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Hyperelastic, Robust, Fire-Safe Multifunctional MXene
Aerogels with Unprecedented Electromagnetic Interference

Shielding Efficiency

Hengrui Wang, Yue Jiang, Zhewen Ma, Yonggian Shi,* Yanjun Zhu, Ruizhe Huang,
Yuezhan Feng, Zubin Wang, Min Hong, Jiefeng Gao, Long-Cheng Tang, and Pingan Song*

MXene aerogels have shown great potential for many important functional
applications, in particular electromagnetic interference (EMI) shielding.
However, it has been a grand challenge to create mechanically hyperelastic,
air-stable, and durable MXene aerogels for enabling effective EMI protection
at low concentrations due to the difficulties in achieving tailorable porous
structures, excellent mechanical elasticity, and desired antioxidation
capabilities of MXene in air. Here, a facile strategy for fabricating MXene
composite aerogels by co-assembling MXene and cellulose nanofibers during
freeze-drying followed by surface encapsulation with fire-retardant
thermoplastic polyurethane (TPU) is reported. Because of the maximum
utilization of pore structures of MXene, and conductive loss enhanced by
multiple internal reflections, as-prepared aerogel with 3.14 wt% of MXene
exhibits an exceptionally high EMI shielding effectiveness of 93.5 dB, and an
ultra-high MXene utilization efficiency of 2977.71 dB g g~ ', tripling the values
in previous works. Owing to the presence of multiple hydrogen bonding and
the TPU elastomer, the aerogel exhibits a hyperelastic feature with additional
strength, excellent stability, superior durability, and high fire safety. This study
provides a facile strategy for creating multifunctional aerogels with great
potential for applications in EMI protection, wearable devices, thermal
management, pressure sensing, and intelligent fire monitoring.

1. Introduction

MXene, as a recently emerging 2D in-
organic material, typically represented by
Ti,C,T, (T, represents a general surface ter-
mination, such as O, F, or OH groups),
has attracted great attention because of its
metal-like electrical conductivity, tunable
hydrophilic surface, and high mechanical
properties.!] These unique merits make
MXene show great application potential in
the areas of electromagnetic interference
(EMI) shielding,?! flame retardants,’! elec-
trical sensors,!*l etc. However, large as-
pect ratios and high specific surface areas
render 2D lamellar MXene tend to form
agglomeration, thus limiting its EMI ef-
ficiency and other functions, in addition
to its ease of oxidation in moist airl’]

Constructing MXene aerogels represents
an efficient strategy to achieve high EMI ef-
ficiency and multifunction (e.g., thermal in-
sulation, and sensing).['®’ Compared with
MXene films, MXene aerogels often show
higher EMI shielding effectiveness (SE)
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whether they have an either aligned lamellar architecturel®!
or foam-like structure.”l This is because the hierarchical
pores in aerogels can facilitate multiple reflections of incident
electromagnetic waves (EMWs), besides the high electrical
conductivity of MXene. To further boost the EMI shielding
and mechanical properties, some functional fillers, such as
graphene,l®] porous carbon,®! and carbon nanotubes,!% are
added to create MXene composite aerogels because of their
synergistic effects. Moreover, low-density 3D MXene-based
aerogels usually exhibit high adsorption efficiency and good
thermal insulation properties besides their great applica-
tion potential for piezoresistive sensing,!'!l thermal energy
conversion,!?] salt deposition,[*! and stable anode for foldable
batteries!™*] because of their porous structures, high electri-
cal conductivity, and thermoelectric features. Therefore, the
creation of mechanically robust, air-insensitive, multifunc-
tional MXene aerogels with high EMI SE will help expedite
their practical applications in the field of electromagnetic
protection.[”]

Currently, component concoction and microstructure design
are two promising approaches for the fabrication of high-
performance MXene aerogels for effective EMI shielding.!'%!
The presence of heterogeneous dielectric/magnetic components
can introduce additional loss mechanisms, including dielectric,
magnetic, and conductive loss, thus directly contributing to
the EMI SE of the final aerogels. For instance, the addition
of MZXene/nickel ferrite components leads to an enhanced
EMI shielding performance by improving impedance match-
ing, moderate magnetic loss, and multiple interfaces, causing
more dissipation of incident EMWs.['7] Additionally, MXene
hybridized with high electrically conductive Ag nanowires!'®!
and poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS)[*] can result in higher ohmic loss and accumu-
late heterogeneous interface charges to enhance polarization
loss.

Despite great advances in MXene aerogels for EMI shield-
ing, it remains a great challenge to create hyperelastic, mechan-
ically robust, durable multifunctional MXene aerogels for effi-
cient EMI shielding with a very low content of expensive MXene
nanosheets. Regarding EMI efficiency, the construction of con-
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tinuous inner networks in MXene aerogels represents an effec-
tive method to prepare highly efficient EMI shielding materials
at a low loading level of MXene because of the high utilization
efficiency.l">?] With respect to the elasticity (shape recoverability)
and the mechanical property of MXene aerogels, they are directly
dependent on the interfacial interactions and cross-linking of
MXene nanosheets. Although the surfaces of MXene nanosheets
have rich hydroxyl groups capable of forming hydrogen bonding,
pure MXene aerogels show poor elasticity and mechanical prop-
erties. Therefore, some polymers are usually used as binders for
MXene sheets to improve their mechanical properties.!'>?!] The
hydrophilic polymer binders can form strong hydrogen bonding
with MXene and thus avoid the aggregation of the latter, leading
to improved mechanical properties. For instance, polyvinyl alco-
hol (PVA)[?2 and cellulosel?’] were used to create MXene com-
posite aerogels via freeze-drying, and the resultant composite
aerogels show higher mechanical performances in comparison
to both pure MXene and polymer aerogels because of effective
stress transfer. In addition, the significantly mismatched con-
ductivity in the MXene/polymer interface can generate strong
interfacial polarization under the electric field, thereby promot-
ing electromagnetic energy loss and enhancing electromagnetic
protection.[?4]

The durability of MXene aerogels is a key factor for their
practical EMI shielding applications. Because MXene sheets
are highly oxygen sensitive and tend to degrade when ex-
posed to a humid air environment, MXene aerogels are more
susceptible to oxidation due to their higher specific area. As
a result, the electrical conductivity of MXene degrades, and
thus its EMI and other physical properties inevitably un-
dergo deterioration.””! To delay or prevent the oxidation pro-
cess, a facile approach is to isolate MXene from the air,!¢]
such as storing MXene aqueous suspensions under argon!?’!
or dispersing MXene in organic solvents (e.g., acetone, ace-
tonitrile, and isopropanol).?®] Also, loading antioxidants, in-
cluding polyanionic salts and sodium L-ascorbate, onto the
MXene surface can significantly retard the oxidation.*’! How-
ever, these methods are not suitable for MXene-based aero-
gels.

This work aims to create mechanically hyperelastic and ro-
bust, air-stable, and durable multifunctional MXene aerogels
for efficient EMI shielding at a very low concentration of MX-
ene. To this end, multifunctional MXene composite aerogels
were prepared by co-assembling Ti;C,T, MXene and cellulose
nanofibers (CNF) via freeze-drying followed by surface encap-
sulation using silicon microencapsulated ammonium polyphos-
phate (SiAPP) filled hydrophobic thermoplastic polyurethane
(TPU). As-designed CNF-MXene aerogels show a porous archi-
tecture because of the presence of 1D CNF. The lightweight MX-
ene composite aerogel (with a density of 0.26 g cm~3) achieves a
very high EMI SE (93.5 dB in X-band) at an ultralow MXene load-
ing of 3.14 wt%, and a record-high EMI utilization efficiency of
2977.71 dB g g™!). TPU/SiAPP acts as a fire-retardant and elastic
binder to enhance the mechanical and fire-retardant properties
of the resultant composite aerogels and serves as an antioxida-
tive coating to improve their air stability. The as-created multi-
functional MXene composite aerogels hold great potential for ap-
plications in the field of defense, aerospace, and smart wearable
electronics.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Preparation and characterization of CNF-MXene composite aerogels (CMTS). a) Schematic illustration for the preparation of CMTS. SEM
images of the CMTS: b) side view and c) internal view. d) Digital photo of CM4TS,, standing in the weeds. €) Compression recovery of CM;4TS,g.
f) Comparison of the EMI utilization efficiency of MXene and EMI SE as a function of MXene content of as-prepared MXene-based aerogel with those

reported in the literature.

2. Results and Discussion

Figure 1a schematically illustrates the fabrication process of
CNF-MXene aerogel (CMA) functionally encapsulated by the
TPU/SIAPP using a combined freeze-drying and surface en-
capsulation approach. Specifically, Ti,C,T, MXene nanosheets
were firstly synthesized by etching Ti;AlC, with LiF and HCl ac-
cording to the reference-outlined method.*%! As-prepared MX-
ene nanosheets were further characterized by X-ray diffraction
(Figure Sla, Supporting Information),! scanning electron mi-
croscopy (SEM) (Figure S1b,c, Supporting Information), trans-
mission electron microscopy (TEM) (Figure S1d, Supporting In-
formation) and atomic force microscopy (AFM) (Figure Slef,
Supporting Information). The thickness of MXene nanosheets,
as determined by AFM, is x1.07-1.21 nm. Upon direct freeze-
drying, the MXene flakes and CNFs self-assembled to form CNF-
MXene (CMA) aerogels, owing to the strong hydrogen bond-
ing interaction between the abundant hydrophilic functional
groups on their surface. To endow aerogels with desired me-
chanical elasticity and robustness as well as oxygen resistance,
CMAs were subsequently encapsulated with flame retardant
TPU/SiAPP mixture. The resultant composite aerogels were de-
noted as CM, TS, where M, and T, represented the concentra-
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tion of MXene (mg g™'), and the mass fraction of SiAPP in the
TPU/SiAPP mixture, respectively.

CM,,TS,, exhibits a heterogeneous porous structure ranging
from 10 to 100 pm in size (Figure 1b,c). Despite being encapsu-
lated with the TPU/SIAPP, the CM,,TS,, still shows a very low
density of 0.26 g cm™ and thus can be effortlessly supported by
bristlegrass (Figure 1d). The composite aerogel exhibits outstand-
ing compressive resilience, maintaining its thickness even after
multiple compression cycles (Figure le; Movie S1, Supporting
Information). As-prepared CM,,TS,, only containing 3.14 wt%
of MXene shows an EMI SE as high as 93.5 dB. As a result, if
the MXene utilization efficiency is defined by the EMI SE di-
vided by the mass percentage of conductive fillers (dB g g7!),
our MXene aerogel reaches a record utilization efficiency up to
2977.71 dB g g7, which is over threefold of the highest value in
literature (Figure 1f). Such an unprecedented EMI shielding effi-
ciency can greatly expedite the practical application of MXene in
industrial settings due to the significantly reduced use cost.

Freeze-drying processing is an efficient route to construct
lightweight porous structures.l'32] As-developed CMA aerogel
has an uneven and irregular porous structure with a size rang-
ing from several hundred micrometers to several millimeters, as
reflected by cross-sectional SEM images (Figure 2a—d). With an
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Figure 2. Structural characterization of CNF-MXene composite aerogels (CMTS). a—d) Cross-section SEM images of CM4A. e-h) Cross-section SEM
images of CM4TS,,. i) EDS mapping images of different elements for CM4TS,,.

increase in MXene concentration, a channel structure is formed,
and pores in the aerogel become smaller to a certain extent
(Figure S2a,b, Supporting Information). The large and discon-
tinuous channels in the CMA not only facilitate the penetra-
tion of polymer monomers or solutions into the aerogel for fur-
ther functionalization, but also reduce capillary forces to pre-
vent aerogel contraction. Interestingly, although both pure MX-
ene aerogel (MA) and cellulose aerogel (CA) have continuous
3D porous structures (Figure S3, Supporting Information), they
cannot maintain the original morphology when being immersed
in the solution, making them impossible to be encapsulated by
TPU, even for the CMA sample (Figure S4, Supporting Informa-
tion). This result is probably attributed to strong hydrogen bond-
ing interactions formed by CNF embedded in MXene.

The XRD spectra (Figure S5a, Supporting Information) re-
veal the intercalation of CNF into MXene, resulting from the
increased interlayer spacing of MXenes in the CMA. The peak
assigned to (002) lattice plane of the CMA shifts to a lower an-
gle, compared to that of the MA, suggesting successful inter-
calation of CNF into the interlayer of MXene.*¥] The strength-
ened interconnection within MXene flakes originates from the
CNF binders, which provide hydrogen bonding with the MX-
ene flakes. This physical hydrogen-bond cross-linking is further
confirmed by Fourier-transform infrared (FTIR) spectra (Figure
S5b, Supporting Information). It is easy to observe the weakened
characteristic absorption peak of hydroxyl groups in the CMA at
3340 cm™! and a 10 cm™ redshift compared to that of CA. These
results suggest that strong hydrogen bonding between MXene
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and CNF is the driving force for intercalation, well agreeing with
previous studies.**l Therefore, the CMA can maintain its origi-
nal thickness after multiple compression and rebound, demon-
strating its robust mechanical elasticity (Movie S2, Supporting
Information).

To enhance both the mechanical and flame retardant proper-
ties of CMA, it was impregnated into TPU/SiAPP dispersion to
achieve surface encapsulation. The TPU/SiAPP was then cured
on the CMA aerogels surface (Figure S6, Supporting Informa-
tion) to create a rough surface that effectively prevents moisture
from entering the aerogels and alleviates the oxidation of MXene.
Flame-retardant TPU encapsulation makes the pore structure of
CMA more uniform and smoother (Figure 2e,g). Increasing MX-
ene contents in the aerogel leads to smaller and denser pores,
as revealed by the SEM results of CMTS,, (Figure S7a—d, Sup-
porting Information). The cross-section SEM images indicate the
successful penetration of flame retardant TPU into the skeleton
of the aerogel (Figure 2fh; Figure S7e-h, Supporting Informa-
tion). According to energy-dispersive X-ray spectroscopy (EDS)
mappings (Figure 2i), C, O, and Ti elements are distributed uni-
formly in the aerogel, while P and Si elements are only found
to be rich in the skeleton and the aerogel surface, indicating the
complete penetration of these polymer/composite materials are
successfully assembled into the skeleton of aerogels and their
surfaces (Figure S8, Supporting Information). These findings
demonstrate the successful integration of TPU/SiAPP with CMA,
which contributes to improved mechanical, flame retardant, and
oxygen-resistant properties of the CMTS.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Excellent EMI efficiency of CNF-MXene composite aerogels. a) The EMI SE curves of composite aerogels under the X-band. b) The SEt, SE,,
and SEg values of composite aerogels under the X-band. c) The shielding parameters A, R, and T of composite aerogels under the X-band. d) The EMI SE
curves of composite aerogels under the K-band. e) The SE+, SE,, and SEg values of composite aerogels under the K-band. f) The shielding parameters
A, R, and T of composite aerogels under the K-band. g) The proposed EMI shielding mechanism.

The EMI shielding performances of the CM, TS, with differ-
ent MXene concentrations in the X-band range (8.2-12.4 GHz)
and the K-band range (18.0-26.5 GHz) are shown in Figure 3a,d,
respectively. The EMI SE values of composite aerogels increase
with improving MXene content. The average EMI SE values of
the CM,,TS,, are as high as 93.5 and 106.7 dB in X- and K-band,
respectively, indicating that it is capable of blocking more than
99.99999997% of EMWs. Even at a low concentration of MXene,
the CM,TS,, still shows an average EMI SE of 66.6 dB in the
K-band, which is much higher than the minimum standard of
commercial application (20 dB).13! To understand the shielding
mechanism of EMWs incident into the interior of the composite
aerogels, the total EMI SE (SE;), reflection loss (SEy), and ab-
sorption loss (SE,) of all electrically conductive aerogel samples
are plotted in Figure 3b,e. The values of SE, for the aerogel sam-
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ples are enhanced both in X- and K-band with increasing MX-
ene loading, whereas the values of SE; of the composite aerogels
are maintained at a relatively low level, indicating an absorption-
dominant EMI shielding mechanism. The presence of MXene in-
troduces more absorption shielding, which is different from tra-
ditional conductive materials, such as metal or graphite.**] The
absorption shielding mechanism can effectively avoid secondary
electromagnetic pollution caused by those conductive materials
based on reflective shielding. A possible reason is that porous
structures of MXene serve as resonators inside the material. The
approximate hexagonal MXene micropore formed by ice crystals
sublimation creates abundant internal reflections, resulting in
more EMWs adsorption loss.

The normalized relationships between the reflection coeffi-
cient (R), absorption coefficient (A), and transmission coefficient

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 1. Comparison of EMI SE properties of MXene-based materials reported in the literature.

Materials Filler type Filler content [wt%)] EMI SE [dB] EMI utilization efficiency Fire-retardant Reference
[dBgg (Yes/no)

CNF /TSy Ti, G, T, 1.76 58.0 3295.45 Yes This work
CNF /TSy Ti,C,T, 2.13 71.0 3333.33 Yes This work
CNF/TSy Ti,C,T, 3.14 935 2977.71 Yes This work
Epoxy Ti;C,T,-RGO 80 56.4 70.5 No 18]

PS Ti; G, T, 6.2 62 1000 No 37
ANF Ti; G, T, 40 44.7 111.75 No [38]
SA Tiy G, T, 6.1 53.9 883.61 No 139]
Epoxy Ti,C,T, 4.25 46 1082.35 No [40]
CNF APP/Ti;C,T, 60 55 91.67 Yes [47]
Wood TisC,T, 30 71.8 23933 No [4]
ANFs Ti, G, T, 21 56.8 270.48 No [42]
SA Ti, G, T, 90 57 63.33 No [43]

/ Ti,C,T, Bulk 32 32 No [44]

/ Ti,CT, Bulk 50 50 No [45]

/ Ti;CNT, Bulk 61.4 61.4 No [25]
HEC Ti;C,T, 96.8 24 24.79 No [46]
ANF Ti; G, T, 60 245 40.83 Yes [47]
ANF Ti,C,T, 90 33.1 36.78 No 48]
ANF Ti,C,T, /AgNW 20 48.1 240.5 No [49]
PVDF Ti3C,T,/Ni 20 19.5 97.5 No [50]
PCF Ti, G, T, 8.5 65 764.70 Yes [57]
APU Ti; G, T, 21.1 76.2 361.14 No [52]
PAA Tiy G, T, 8.5 453 532.94 No [24a]
PP Ti,C,T, 70 92.1 131.57 Yes 53]

/ RGO/Ti;C, T, Bulk 83.3 83.3 No [54]
PEG Ti;C,T,/RGO 14.7 36 244.90 No [55]

(T) were calculated to further evaluate the surface EMI shield-
ing mechanism for the above samples (Figure 3c,f). With the
merging of the MXene component, the T value of the compos-
ite aerogels is close to 0, indicating a superior EMI shielding
ability. Compared to the CA, the composite aerogels filled with
MXene present a higher R-value, mainly attributed to the inter-
face reflections caused by the high conductive MXene in the aero-
gel skeleton. With the increased loading of MXene, the R values
for composite aerogels exhibited a slight improvement in both
X- and K-band, which are 0.74 and 0.67, respectively. The increase
of MXene aerogel SE also confirms the enhancement of MXene
reflection shielding in Figure 3b,e, correspondingly.

In general, the ultrahigh EMI shielding performance of our
composite aerogels is attributed to the porous microstructure
and multicomponent, which leads to multiple shielding mech-
anisms including reflection and absorption at abundant inter-
faces (Figure 3g). Especially, MXene provides an efficient con-
ductive network that enables reflection shielding at the interface.
When the incident EMW reaches the surface of CMxTS,, aerogel,
part of the EMW is immediately reflected into the air, while the
residual EMW entering the composite aerogel generates multi-
ple internal reflections between MXene porous structures, lead-
ing to conductive loss to dissipate energy.[**! Additionally, rich
surface terminals and local defects existing in MXene produce
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dipolar polarization to improve the ultimate EMI shielding ca-
pacity. Due to the great difference in electrical conduction be-
tween TPU and MXene, the polarization phenomenon at their
interface further enhances the attenuation constant. The ultra-
high EMI SE endows CM, TS,, with superior EMW shielding in
real scenarios (Figure S9, Supporting Information), providing an
additional way to resist a complex electromagnetic environment.
The results demonstrate that the EMWs generated by electronic
products can be effectively shielded by the mechanically robust
and flexible CM, TS,,.

As shown in Figure 1f, the EMI utilization efficiency of
CM,TS,, is compared with that of MXene-based composite in
previous works (see Table 1). Although the MXene/epoxy com-
posite containing 4.25 wt% shows a high EMI utilization effi-
ciency of 1082.35 dB g g~1,[*°l but only exhibits an EMI SE of
46 dB, indicating its inadequate EMI shielding efficiency.[**l Al-
though a high loading 70 wt% MXene leads to an ultrahigh EMI
SE of 92.1 dB in the polypropylene (PP) matrix,>* the utiliza-
tion efficiency of MXene is as low as 131.57 dB g g™', which
means that its manufacturing cost is very high to meet the
EMI SE requirement in the industry. In comparison, our MX-
ene aerogel shows a record-high MXene utilization efficiency
of 2977.71 dB g g7!, triple that of other advanced shielding
materials ever reported. Moreover, the CM,TS,, achieves an
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Figure 4. Excellent durability and mechanical robustness. a) Digital photos of CM 4TS, immersed in water for 48 h. b) The EMI SE curves of composite
aerogels before and after immersion under the X-band. c) The EMI SE histograms of composite aerogels before and after immersion under the K-band.
d) Compression cycle curves of CM14TS,o under 20% strain. e) The EMI SE histograms of composite aerogels before and after compression under the
X-band. f) The EMI SE histograms of composite aerogels before and after compression under the K-band. g,h) The SEM images for CM 4TS, before and
after compression, respectively. i) The illustrated diagram for the compression-rebound mechanism. j) The digital photos of CM14TS,, before and after
aging one year. k) Digital photo of MXene/CNF aerogel (CM;4A) without TPU protective layer after aging one year. I) The EMI SE curves of CM4TS,

MXene composite aerogel before and after aging treatment.

ultrahigh EMI SE of 93.5 dB only with an MXene loading level of
3.14 wt%. This means that a minimum loading level of MXene
is required to achieve a satisfactory EMI SE, which can accelerate
the practical application of expensive MXene in the industry. The
water resistance of composite aerogels is critical for their practi-
cal applications. Water droplets can stay on the surface of com-
posite aerogels without penetrating the aerogels, showing their
high hydrophobic characteristic (Figure S10, Supporting Infor-
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mation). Such excellent hydrophobicity enables the materials to
possess a self-cleaning ability. Simply rinsing with water droplets
can remove stains on the surface of the materials (Figure S11
and Movie S3, Supporting Information). After being immersed
in water for 48 h, the EMI shielding performance of the CM, TS,
does not decrease significantly (Figure 4a—c), demonstrating its
excellent water resistance. The EMI SE of the CM,, TS, can reach
93.5 dB in the K-band, indicating that the composite aerogel has
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outstanding EMI shielding ability even after prolonged exposure
to water. Moreover, the CM,,TS,, can maintain its structural in-
tegrity without any sign of degradation or disintegration under
the impact of water flow (Movie S4, Supporting Information).
This observation suggests that the flame-retardant TPU provides
efficient protection to the aerogel structure against water intru-
sion, which ensures an unchanged performance for the compos-
ite aerogels in harsh aquatic environments.

To assess the mechanical resilience of the composite aero-
gels, we performed compressive cycling tests on each material
under a strain of 20%. The obtained results indicate that CA
shows low mechanical stability with compression stress of less
than 1.5 kPa due to irreversible strain upon suffering from shock
(Figure S12a,b and Movie S5, Supporting Information). Notably,
encapsulating with TPU or TPU/SiAPP increases the compres-
sion stress of the CA (Figure S13a—c, Supporting Information).
In contrast, CM,,A only displays maximum compressive stress
of 0.75 kPa, though slight compressive resilience is observed
(Figure S13d, Supporting Information). This is possibly due to
its relatively loose pore structure.

Compared to those of CA, CT, CTS,, or CMA, the mechani-
cal strength and toughness of CM,TS,, increase with an incre-
ment of MXene content under 100 compression cycles (Figures
S13e—g, S14, and S15, Supporting Information). Particularly, the
CM,, TS, exhibits prominent reversibility at a strain of 20%, with
a maximum compressive stress of 4.79 kPa, five times as high as
that of the MA (Figure 4d). Moreover, its maximum stress recov-
ery ratio remains stable at ~#90.3% even after 100 compression cy-
cles. The CM,TS,, can maintain its EMI shielding performance
after compression (Figure 4e,f), indicating its superiority in both
mechanical resilience and EMI shielding.

The incorporation of TPU significantly contributes to the
enhanced mechanical properties of the resulting composite
aerogels. The surface morphologies of the TPU encapsulated
composite aerogel before and after compression are shown
in Figure 4gh, respectively. The density and size of pores
in the aerogel are consistent before and after compression
(Figure S16a—g, Supporting Information). Furthermore, the
flame-retardant TPU uniformly coats the surface and inside the
void of the aerogel (Figure S16h, Supporting Information), acting
as a wrapping support for enhancing the resilience of the aerogel.
In contrast, the pristine CMA has wrinkles in the pores after com-
pression (Figure S17, Supporting Information). Although the hy-
drogen bonds between CNF and MXene act as supporters, they
are still susceptible to cracking and do not contribute to pressure
resistance. Compared to the pure CA (Figure S18a—d, Support-
ing Information), both CT and CTS,,, display more orderly inner
pores (Figure S18e-1, Supporting Information), which can lead
to better resilience performances.

Above results enable us to gain a better understanding of
the mechanism governing the enhanced mechanical proper-
ties of CM,TS,,. As illustrated in Figure 4i, 1D CNFs and 2D
Ti,C,T, nanosheets form a solid aerogel skeleton through hy-
drogen bonding. The additional TPU encapsulation and im-
mersion further strengthen the frameworks of these aero-
gels. Upon compression, the CNF-MXene skeleton wrapped
by the flame-retardant TPU elastomer begins to compress.
The hydrogen bonding between them and the excellent pro-
tection of the TPU elastomer can prevent the formation of
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irreversible compression deformation during compression and
avoid the occurrence of displacement and deformation during re-
bound. Overall, the synergistic effects among hydrogen bonds,
flexible CNFs, anisotropic interconnection networks, and the
TPU elastomer guarantee superior compression resilience of
the CMA.

In addition, the TPU layer can serve as a protective coating to
prevent MXene aerogels from oxidation in the air. As-prepared
CM,,TS,, does not show oxidation, and obvious collapse on the
aerogel surface does not occur after aging for one year (Figure 4j),
indicating its exceptional durability in the air. In sharp compari-
son, the CNF/MXene aerogel (CM19A) without TPU protection
presents an apparent oxidation phenomenon after one year of ag-
ing (Figure 4k; Figure S19, Supporting Information). The EMI
SE furtherly confirms the protection effect of TPU encapsulation
on MXene aerogels. The CM A aerogels show a substantial de-
crease in EMI SE from 92.6 to 27.0 dB. In contrast, the EMI SE
of the CM,, TS, only reduces from 93.5 to 72.6 dB after one year
(Figure 41), clearly demonstrating that the TPU layer protects MX-
ene from oxidation.

The practical applications of most EMI shielding compos-
ite aerogels have been often limited by their high flammability.
Therefore, it is necessary to reduce their high flammability and
to effectively monitor major fire risks to avoid catastrophic fire
disasters. Among our as-prepared aerogels, the CM,TS,, com-
posite aerogels have the highest thermal stability with the high-
est char residual content, which can be attributed to the syner-
gistic effect between SiAPP and MXene (Figure S20, Support-
ing Information). The alcohol lamp burning experiment reveals
that CA and CT have high flammability (Figure S21a,b, Movies
S6 and S7, Supporting Information) because CT has a high fire
risk due to the inherent flammability of CNF and TPU. However,
CM,,TS,, can self-extinguish immediately upon the removal of
the alcohol lamp (Figure S21c and Movie S8, Supporting Infor-
mation). Moreover, the total heat release, smoke production rate,
total smoke release, and carbon monoxide production rate of
CM,TS,, are reduced to different extents relative to those of CT
(Figure S22 and Table S1, Supporting Information), indicating
the high fire safety of CM,TS,,.

Digital photographs (Figure S23, Supporting Information) and
SEM images of the char residues (Figures S24 and S25, Support-
ing Information) manifest that compared with CT and CTS,,,
CM,TS,, generates a continuous dense and smooth char residue
with the highest graphitization degree (Figures S26 and S27,
Supporting Information), which prevents the heat transfer and
the release of toxic fumes from composite aerogels. Interest-
ingly, N and P elements are found to be mainly present in the
external layer of char residue, while the Ti element predomi-
nantly occurs in the internal layer of char residue for CM;,TS,,,
which is responsible for the formation of high-quality char lay-
ers (Figures S28-S30, Supporting Information). Upon being
heated, the SiAPP will degrade to generate polyphosphoric acid
which can promote the formation of a continuous and compact
char layer. Meanwhile, SiAPP also thermally decomposes into
phosphorus-containing radicals, such as PO,e, HPOe, and POe,
to capture the radicals produced by the chain breakage of TPU
(Figure S31, Supporting Information). In brief, SIAPP and MX-
ene work synergistically to achieve such excellent flame retar-
dancy for CM, TS,,.
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Figure 5. Multifunctionalities of as-prepared MXene composite aerogels. a) Video snapshots of the fire-warning test, demonstrating its good fire re-
tardancy and fire-warning capabilities. b) Thermal infrared images of CM 4TS, captured at 0 and 600 s, respectively. The temperature of the heating
platform was set to 80 °C, showing its excellent thermal insulation property. c) Variation of the temperature detected on the upper surface of CM 4TS,
and the heating platform. d) Schematic illustration for the fabrication of the pressure sensor. ) R/Ry at 20% strain for 100 cycles. f) Pressure-response
curves for CM1TS,g. g) The reflection loss data of CM, TS,, samples. h) EAB of CM, TS, in X- and Ku-band. i) The Cole-Cole semicircles of CM;4TS,q.

Apart from outstanding flame retardancy, the CM, TS, aero-  ing Information), further verifying its superior flame-retardant
gel exhibits the ability to monitor fires at a very early stage.  performance.
As shown in Figure 5a, the CM,,TS,, can trigger the alarm The aerogels often show low thermal conductivity, making
within 1 s after igniting, and the fire self-extinguishes within  them good thermal insulation materials. CM;,TS,, possesses a
10 s after the alcohol lamp is removed (Movie S9, Support-  low thermal conductivity of 0.047 W m~! K=!, which is only half
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of that of CA (Figure S32a, Supporting Information). To demon-
strate the thermal insulation performance, as-prepared compos-
ite aerogels were placed on a heating platform with its bottom
surface closely contacting the platform and heated uniformly to
80 °C (Figure S32b, Supporting Information). Based on ther-
mal infrared images of the samples captured at 0 and 600 s
(Figure 5b,c), the temperature of the CM,,TS,, is ~#32.7 °C lower
than the ambient temperature (80 °C) after 600 s of heating,
demonstrating its excellent thermal insulation ability.

Compressible and elastic carbon aerogels have been widely in-
vestigated for their potential application in wearable pressure-
or strain-sensing electronics and electronic skins due to their
chemical and thermal stability, excellent conductivity, and shape
memory.*® As-developed CM,,TS,, was utilized as a pressure-
sensing material by sandwiching it between two copper elec-
trodes (Figure 5d). The electronic resistance was recorded as the
surface pressure of the copper electrode was changed. The nor-
malized electrical resistance (R/R,) of the CM,,TS,, exhibits a
linear decrease at stresses below 10 kPa (Figure 5e), suggesting a
rapid increase in contact area among carbon lamellae. Moreover,
the R/R, curve maintains a consistent shape even after 100 cycles,
indicating highly stable conductivity during cyclic compression.
The flexible and elastic carbon layers in CM,,TS,, are respon-
sible for the excellent stability of the R/R, curve. The electronic
resistance variation ratios (AR/R, = (R,—Rp)/R,, where R, and
R, denote the resistance without and with applied pressure, re-
spectively) were calculated based on measured values and plotted
as a function of applied pressure (P) and shown in Figure 5f. The
pressure sensitivity (S) was defined as the slope of the curves (S
= 5(AR/R,)/6P.57] The low-pressure regime from 0 to 7.0 kPa ex-
hibits a linearly increasing slope with a sensitivity of 0.022 kPa~'.
In the large-pressure regime (10.0-20.0 kPa), the sensitivity of
the CM,,TS,, is 0.052 kPa~!. These results demonstrate that the
CM,,TS,, has excellent pressure sensitivity, making it a promis-
ing candidate for the manufacture of low-cost wearable materials,
artificial skin, and sensors.

As depicted in Figure 5g, our composite aerogels possess
excellent EMW absorption performance, as evidenced by their
strong absorption capabilities in frequency bands ranging from
the X-band to the Ku-band. The CM;;TS,, shows a robust ab-
sorption performance of —45.55 dB at 11.88 GHz, while the
CM,,TS,, exhibits an RL, ;, of —37.07 dB at 10.09 GHz. Simi-
larly, the CM,TS,, displays an RL,; of —17.81 dB at 13.58 GHz
(Figure S33, Supporting Information). The CM,,TS,, presents
strong absorption of 52.06 dB at 9.67 GHz and remarkable broad-
band absorption capabilities. Impressively, the largest effective
absorption bandwidth of 5.10 GHz (9.2445-13.345 GHz) can
be obtained at a matching thickness of 2.55 mm for CM,,TS2,
instead of CMTS,, (4.93 GHz), CM,TS,, (1.70 GHz), and
CM,TS,, (2.80 GHz) (Figure 5h). Figure 5i depicts the Cole-Cole
plots of the CM,,TS,,, showing a response behavior of dielec-
tric loss, where each semicircle corresponds to a Debye polar-
ization relaxation. The CM,,TS,, exhibits several obvious semi-
circles, suggesting that its relaxation process can be attributed
to residual defects in MXene, dipole polarization generated by
residual oxygen-containing groups, polarization generated by de-
localized electrons, interface polarization at the interface between
MXene and CNF, and interface polarization at the interface of
MXene nanoparticles themselves. A similar phenomenon can be
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observed in other CM, TS,, composite aerogels (Figure S34, Sup-
porting Information). These findings clarify the diverse mech-
anisms underlying the exceptional EMI shielding properties of
CM,,TS,,, opening a promising route for the design of advanced
EMI shielding materials.

3. Conclusion

We develop a novel approach for fabricating a series of
lightweight, flexible, and hydrophobic MXene composite aero-
gels with superior EMI-shielding, mechanical ultra-elasticity and
robustness, flame retardancy, heat insulation, and weather re-
sistance. The CNF-MXene aerogel is successfully encapsulated
by flame retardant TPU, resulting in extraordinary water toler-
ance, outstanding durability, and high flexibility for the com-
posite aerogels. Furthermore, the favorable porous structures
not only greatly improve the EMI performance to 93.5 dB, but
also lead to an ultra-high utilization efficiency of MXene up to
2977.71 dB g g7' by providing more multiple interfaces to atten-
uate the EMWs. Our mechanically hyperelastic, robust, durable,
and multifunctional MXene composite aerogels with remark-
able EMI shielding performance show great potential in defense,
aerospace, and smart wearable electronics.

4. Experimental Section

Raw Materials:  Cellulose nanofibers (CNF) aqueous solution (1 wt%)
purchased from Guilin Qihong Technology Co., Ltd., had a diameter of
4—10 nm and a length of 1-3 um. The Ti;AIC, powders with a size of
400 mesh (99%) were obtained from 11 Technology Co., Ltd. (Changchun,
China). Lithium fluoride (LiF, 98.5%) and hydrochloric acid (HCl, 36.5%)
were afforded by the Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Thermoplastic polyurethane elastomer (TPU, 65E85) was pro-
duced by Bangtai Chemical Industry Co., Ltd. (Baoding, China). Silicon
microencapsulated ammonium polyphosphate (SiAPP) (203) was bought
from Sichuan Refining Chemical Co., Ltd., (Chengdu, China), which
was synthesized by mixing ammonium polyphosphate, tetraethoxysilane
(TEOS), alkylphenol polyoxyethylene (APEO), and ammonia in solution.
N, N-Dimethylformamide (DMF, analytical reagent (AR)) was obtained
from Aladdin Reagent Co., Ltd., (Shanghai, China).

Synthesis of CNF-Ti;C, T, Hybrid Aerogel:  Ti;C,T, MXene nanosheets
were prepared from Ti;AlC, according to the modified HF etching
method.[®] A facile fabrication process of the hybrid aerogels was in-
troduced in this paper. Firstly, the MXene aqueous solution (8, 11, and
19 mg g~ ') was added into a three-necked flask and stirred under ultra-
sonic conditions for 30 min under the glaciofluvial condition. After that,
CNF aqueous solution (10 mg mL~") was dropped into the solution un-
der sonication and stirred for 2 h to obtain a homogenous CNF-MXene
solution. Then, the CNF-MXene solution was frozen at —25 °C for 48 h
and lyophilized in a freeze dryer under —50 °C for 48 h to obtain CNF-
MXene aerogel (CMA). As a comparison, pure MXene aerogel (MA) was
also prepared.

Fabrication of Encapsulated CNF-MXene Composite Aerogels: To pre-
pare composite aerogels with better mechanical properties, excellent
flame retardancy, and weather resistance, CMA was subsequently encap-
sulated with TPU/SiAPP solution to environmental stability and service life
of the multifunctional aerogel by preventing the oxidation and degradation
of its MXene component. The mixture of 48.0 g TPU, and 480 mL DMF was
stirred uniformly and transparently at 80 °C for 2 h. Afterward, 12.0 g SiIAPP
was added to the solution and mechanically stirred for 30 min. Then, the
aerogels were immersed in the mixture for 90 s. Finally, the encapsulated
aerogels were dried under vacuum at 80 °C for 48 h. To facilitate the fol-
lowing discussion, the materials were named, such as CMgTS,,, where
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C, M, and T represented CNF, MXene, and TPU, respectively, and the
suffixes 8 and 20 respectively represented the MXene concentration of
8 mg g~ and the mass fraction of SiAPP in TPU. As a comparison, pure
CNF aerogel (CA) encapsulated with TPU or TPU/SiAPP was also pre-
pared.

Characterization: The electromagnetic-field intensity of the environ-
ment was measured with an electromagnetic-field tester (LZT-1000, Long
Zhentian (Beijing) Electronic Instrument Co., Ltd.). Scanning electron mi-
croscopy (SEM, FEI Nova NanoSEM230, USA) was used to observe the
surface morphologies of the composite aerogels and their char residues.
X-ray diffraction (XRD) patterns were obtained by DY1602/Empyrean X-ray
diffractometer (Panalytical, Netherlands) equipped with Cu K radiation
(4= 154178 A). Fourier transform infrared (FTIR) spectra were estimated
by Nicolet S50 spectrometer (Nicolet Instrument Company, USA). The
scanning range was in the wavenumber of 4000-400 cm~".

Thermogravimetric analysis (TGA) of the flame retardant and com-
posite aerogels was investigated using an automatic sampling syn-
chronous thermal analyzer (STA449F5) from 30 to 800 °C with a ramp
rate of 20 °C min~! in an argon atmosphere. The combustion prop-
erty of composite aerogels was investigated by a TTech-GBT16172-2
type cone calorimetry (TESTech, Suzhou, China) with a dimension of
100.0 x 100.0 x 10.0 mm? according to the 1SO 5660 standard under a
heat flux of 35 kW m~2. Raman spectroscopy was measured on a Raman
microscope (InviaReflex, Renishaw Invia, UK) in a wavenumber range of
200-2000 cm~', and the excitation wavelength was 532 nm. X-ray photo-
electron spectrum (XPS) was measured using a Thermo Fisher Scientific
K-Alpha spectrometer (Waltham, USA). The excitation source was an Al Ka
ray at 1253.6 eV. Transmission electron microscope (TEM) images were
collected by a TECNAI G2 F20 instrument with an accelerating voltage of
200 kV (FEI Co., USA). The thickness of exfoliated Ti;C, T, was measured
by atomic force microscopy (AFM, Veeco DI Multimode V, USA) in a scan-
ning mode.

Temperature sensing and fire warning tests were demonstrated by con-
necting CM9TSy (100 mm X 20 mm X & mm) with a digital multi-
meter (DMM6500 6 1/2, Keithley Instrument, US), an alarm device, and
a hot plate in series through the wire. An alcohol lamp flame with a
length of 40 mm was used for the fire-warning test. The triggered time
versus the output voltage curve was recorded. The electrical resistance
of the CM4TS,, was measured using a digital multimeter (Keysight,
34465A, USA) connected to the computer. The top and bottom surfaces of
CM 4TS, cylinders were glued to copper foils with conductive silver paint,
and the copper foils were connected to the multimeter using copper wires
for electric resistance measurement. The electromagnetic parameters in
the frequency of 2-18 GHz were obtained by a vector network analyzer
(Agilent HP-8722ES) using the coaxial-line method. The samples were ma-
chined to a toroidal shape of 7.0 mm in outer diameter, 3.04 mm in inner
diameter, and a thickness of ~3.5 mm for the characterization.

The specimens for compression testing were prepared accord-
ing to ASTM D695. The specimens were fabricated as blocks of
60 mm X 60 mm X 10 mm. The compression testing was carried out
by Instron 3366 testing machine with a load capacity of 10 kN at a con-
stant compression rate of 2 mm min~'. The EMI SE of the CM, TS, com-
posite aerogels in the X-band range (8.2-12.4 GHz) and K-band range
(18.0-26.5 GHz), and their S-parameters (Sq; and S,;) were measured
by waveguide method (Vector Network Analyzer N5222B) according to
ASTM D4935-2010. According to Schelkunoff's theory, total EMI SE (SE7)
is composed of reflection (SEg) and absorption (SE,).l'3 The detailed cal-
culation follows Equations (1-4).

R=|S1[% T=15n) ]
1=A+R+T @)
SEg = —10log|1—R|, SE, = —10log|T/ (1 - R)| 3)
SE; = SEg + SEp = —10logT 4)
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where R, A, and T mean reflection, absorption, and transmission coeffi-
cients, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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