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Ultrafine cellulose nanocrystal-reinforced MXene biomimetic composites
for multifunctional electromagnetic interference shielding

Na Wu'f, Bin Li*', Fei Pan’, Runa Zhang?, Jiurong Liu** and Zhihui Zeng*"

ABSTRACT Polymers are widely employed to improve the
mechanical properties of transition metal carbides and/or
nitrides (MXenes) for constructing high-performance elec-
tromagnetic interference (EMI) shields. The challenges involve
the insulating-polymer-induced compromise of electrical
conductivity and EMI shielding performance of the MXene-
based composites and the employment of nonrenewable, pet-
rochemical polymers. Here, the one-dimensional, ultrafine,
sustainable cellulose nanocrystals (CNCs) are efficiently em-
ployed to reinforce the MXene nanosheets, giving rise to high-
strength, highly flexible biomimetic composites that maintain
excellent electrical conductivity and EMI shielding effective-
ness (SE). The freestanding MXene/CNC nanocomposites gain
EMI SE values of 30 to 66 dB at thicknesses of approximately 2
to 14 pum, leading to ultrahigh specific SE and surface-specific
SE values of 15,155 dB mm™ and 54,125 dB cm? g, respec-
tively, which are comparable to those of the best EMI shields
ever reported. Moreover, the excellent photothermal perfor-
mance of the composite films was achieved, extending the
application scenarios. Combined with the universal, facile,
energy-efficient, and scalable ambient pressure drying pre-
paration approach, the ultrathin, flexible, high-strength, and
multifunctional CNC-reinforced MXene-based biomimetic
films have shown great potential for applications in next-
generation advanced flexible electronic or aerospace systems.

Keywords: MXene, cellulose nanocrystal, EMI shielding, nano-
composite, multifunctional

INTRODUCTION

High-performance electromagnetic interference (EMI) shields
with high EMI shielding effectiveness (SE), low thickness and
density, high mechanical strength and flexibility, as well as
considerable multifunctionalities, have attracted considerable
attention for next-generation electronics with the capability of
achieving electromagnetic compatibility or protection [1-6].
Because of their high electrical conductivity, good mechanical
properties, large-aspect-ratio, and large specific surface area,
low-dimensional carbon nanomaterials such as carbon nano-
tubes (CNTs) [7-11] and graphene [12-14], have shown great

potential for use in constructing multifunctional, high-perfor-
mance EMI shields. In particular, the combination of low-
dimensional nanomaterials and polymers contributes to the
preparation of electrically conductive nanocomposites with low
density and cost, good mechanical performance, excellent che-
mical stability, and easy processability [3,8,15-17]. Both the
formed nanomaterial-based conductive paths and the interfaces
between nanomaterial and polymer can lead to the high loss
capability of the incident electromagnetic wave (EMW), thus
improving the EMI shielding performance of nanocomposites
[18-24]. For instance, the CNTs were dispersed in polyurethane,
epoxy, or polystyrene to form flexible composites with high EMI
SE values at a low thickness [7,21,25]. Reduced graphene oxide
was also combined with polyurethane to obtain flexible nano-
composites with an EMI SE of 31 dB at a thickness of 2 mm [26].
Despite the impressive progress, challenges in dispersing or
processing the intrinsically inert carbon nanomaterials for
constructing the macrostructures still exist, limiting the scalable
preparation of the nanocarbon-based EMI shields. Moreover,
the relatively low electrical conductivity of the carbon compo-
nents hinders the achievement of high EMI SE of composites.
Furthermore, most polymers are petrochemical and nonrenew-
able, which limits the application potentials of the polymeric
EMI shields [21,25,27-31]. Developing sustainable, highly con-
ductive, and robust nanocomposites for multifunctional, high-
performance EMI shields in a cost-efficient, facile, and scalable
preparation approach remains highly desired yet challenging.
In recent years, a novel type of two-dimensional (2D) tran-
sition metal carbide and/or nitride (MXene) sheets, commonly
known as Ti;C,T, MXenes, have attracted increasing attention
because of their large specific surface area, metallic conductivity,
excellent mechanical properties, and processability in aqueous
solution derived from surface hydrophilic functional groups
(i.e., -O, -F, and -OH) [32-34]. These characteristics ensure
that MXenes are suitable for use in fabricating high-performance
EMI shields [33,35-37]. For example, MXene films were pre-
pared by the vacuum filtration method and showed an excellent
EMI SE of 68 dB at a thickness of approximately 11 um [32],
which led to an ultrahigh surface-specific SE (SSE/d, defined as
the SE divided by the density and thickness of the shields,
[7,32,38]) of 25,863 dBcm”g™!. In comparison to the solid
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copper or stainless steel with SSE values of about 30 dB cm? g™!
[39], MXenes are promising materials for use in lightweight,
flexible, and high-performance EMI shields. However, the main
challenges in constructing high-performance MZXene-based
shields mainly involve the weak gelation capability or interfacial
interactions of MXene nanosheets, resulting in poor mechanical
properties of the macrostructures [40-43]. Currently, the
employment of polymers as matrixes or binders is the most
common approach to reinforce the MXene-based EMI shields
[28-30,32,44-47]. In particular, water-soluble polymers with
hydrophilic groups could induce the generation of strong
hydrogen bonding interactions with MXene nanosheets
[29,32,44-47], promoting the dispersion of MXene nanosheets
and improving the mechanical strength of the composites. For
instance, aramid nanofiber [29,46], polyvinyl alcohol (PVA)
[29,44], and sodium alginate [32] were employed to enhance the
mechanical strength and modulus as well as the toughness of
MXene-based films, showing high EMI SE values of 40, 28, and
57 dB at thicknesses of approximately 3, 100, and 9 um,
respectively. However, relatively large insulating gaps between
MXene nanosheets are inevitable because of the introduced
polymer chains, which significantly decreases the electrical
conductivity and EMI SE of MXene-based composites. Biomass
nanocellulose including cellulose nanofibers (CNFs) or nano-
crystals (CNCs) [2,48-50], extracted from the most abundant
polymer on earth, could have diameters of several to hundreds
of nanometers. The ultrafine 1D fibrous structure of nano-
cellulose could decrease the insulating gaps between MXene
nanosheets, thus maintaining the high electrical conductivity of
MXene-based composites [2,51,52]. Although numerous CNF-
reinforced MXene-based shields with high EMI shielding per-
formance have been prepared [50,52-56], the exploration of
CNC-enhanced MXene-based EMI shielding composites has
rarely been reported. Similar to the CNF, CNC could act as
sustainable nanoscale binders of MXene nanosheets because of
its good gelation capability, excellent mechanical strength and
modulus, and large aspect ratios [2,57,58]. Moreover, compared
with CNF with a stronger tendency to agglomerate, which leads
to the difficulty in obtaining CNF with small diameters, CNC
with a lower density is easier to obtain. This helps reduce the
insulating gaps between MZXene sheets, thus improving the
conductivity and EMI shielding performance of MXene-based
composites. Notably, CNCs have become commercially avail-
able, which is beneficial to the scalable preparation of MXene-
based EMI shields [58,59]. Therefore, accomplishing an energy-
efficient and scalable preparation of high-performance CNC-
enhanced MXene-based EMI shields is highly promising.

Here, we employed the ultrafine (a diameter of approximately
6 nm), large-aspect-ratio 1D CNC to reinforce MXene-based
composites while maintaining high conductivity and EMI SE.
Through a simple, facile, and scalable ambient-pressure drying
approach, the flexible, robust, ultrathin, and highly conductive
MZXene/CNC composite films with excellent EMI SE were pre-
pared. The nacre-like “brick and mortar” microstructure of the
films was achieved because of the efficient intercalation of CNC
between MXene nanosheets, leading to the significantly
enhanced mechanical strength, modulus, and toughness of the
MZXene/CNC composites. The thicknesses and CNC contents of
the composite films were controlled effortlessly, ensuring the
wide-range controllability of the EMI SE values. The MXene/
CNC composite films could reach EMI SE values of 30 to 65 dB
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at thicknesses of 2 to 14 um. At an EMI SE of 30 dB that far
surpasses the commercial SE value of 20 dB, an ultrahigh SSE
value of 54,125 dB cm?* g™!, which is comparable to those of the
best EMI shielding materials ever reported, was achieved for the
MXene/CNC composite films. Combined with the efficient
photothermal performance of the MXene/CNC composites, this
work proposed a facile, cost-efficient, and scalable preparation
approach for obtaining sustainable, robust, multifunctional, and
high-performance MXene-based composites with great potential
for applications in next-generation flexible electronic and aero-
space systems.

EXPERIMENTAL SECTION

Preparation of the MXene aqueous dispersion and MXene/CNC
composites

Aqueous Ti;C, MXene dispersions were prepared by chemical
etching of the aluminum layer and mechanical delamination of
the Ti;AlC, MAX [16,60]. Briefly, 2.0 g Ti;AlC, MAX (Laizhou
Kai Kai Ceramic Materials Co., Ltd, China) was added to 3.2 g
lithium fluoride (Sigma-Aldrich, USA) dissolved in 40 mL
hydrochloric acid (9 mol L™ Sigma-Aldrich, USA). Then, the
dispersion was heated at a temperature of 35°C for 24 h for
etching. Subsequently, the mixture was washed by centrifugation
at 3500 r min™' with ultrapure water to achieve a pH of
approximately 6. Finally, after the suspension was vigorously
shaken for 30 min and centrifuged at 3500 r min™’, the super-
natant MXene aqueous dispersion was collected with a con-
centration of 0.75 wt%. Then, the CNC aqueous dispersion with
a similar concentration of 0.75 wt% was added and mixed with
the MXene dispersion. After the mixed dispersion was cast in a
polypropylene mold and dried at a temperature of 50°C, the
ambient-pressure-dried freestanding MXene/CNC composite
films with various CNC mass ratios were prepared. The thick-
nesses of the MXene/CNC composites were controlled by
adjusting the mass ratio of the precursor mixed dispersion. In
the same preparation process, the pure MXene films were also
prepared.

Characterization

The microstructure was characterized by scanning electron
microscopy (SEM; FEI Nano SEM 230), transmission electron
microscopy (TEM; JEOL JEM2200fS), and atomic force micro-
scopy (AFM; Bruker ICON3). The tensile stress-strain curves
were obtained by a mechanical tester (IS-200N), and more than
three samples for each component of the films were tested. The
resistance (R) of the films was measured by a Keithley 4200
electrometer using the four-probe method and employed to
calculate the electrical conductivity (8) via the equation & = I/(R
x A), where A and [ are the effective area and length, respec-
tively. The EMI SE of the films was measured by a vector net-
work analyzer (Agilent 8517A) using the waveguide method. At
least three specimens were tested for each component. The S-
parameters were recorded and applied to calculate the total SE
(SEr), shielding by reflection (SEg), and shielding by absorption
(SE4) as shown in our previous studies [7,16]. A xenon lamp
(MC-PF300-UV, Merry Change) was used as the light source to
conduct the photothermal conversion experiment of the films.
The surface temperature of the film was measured in real time
by a digital thermometer (unit-t ut325). Infrared thermal images
of the films were obtained by a thermal imager (fotric223).
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RESULTS AND DISCUSSION

The schematic of the preparation of the CNC-reinforced
MXene-based composite films in an ambient-pressure drying
approach is shown in Fig. la—c. First, CNC is extracted from
cellulose fibers, which are the dominant component making up
approximately 50% of wood biomass (Fig. 1a). The TEM images
exhibited an average diameter of approximately 6 nm and an
aspect ratio of approximately 50 for the 1D CNCs; thus, the
transparent, stable CNC aqueous dispersion with obvious Tyn-
dall effect was shown (Fig. 1d). Then, the MXene aqueous dis-
persion with a high zeta potential of approximately —40 mV was
prepared via the chemical etching and mechanical delamination
of the MAX precursors with a compact rock-like structure
(Fig. Sla). The preparation details of the MXene nanosheets
have been presented in our previous studies [16,60]. According
to the TEM and electron diffraction data, the MXene sheets have

an average lateral size of approximately 2 um and a hexagonal
atomic structure (Fig. le, f). Fig. 1g shows the AFM image of a
single-layer MXene at a thickness of approximately 1.5 nm. The
similar hydrophilic surface functional groups of CNC and
MZXene promoted a stable dispersion of MXene/CNC (Fig. S1b)
[11,16]. Furthermore, CNCs could adhere well to MXene flakes
because of the strong hydrogen bonding interactions formed
between functional groups. This resulted in the intercalation of
CNC between the MXene flakes and the formation of a nacre-
like “brick and mortar” microstructure of the MXene/CNC films
in the ambient-pressure drying process (Fig. 1c) [16,52,61]. This
helped improve the mechanical strength of the MXene/CNC
films, which could be easily manufactured even at thicknesses of
approximately a few micrometers. A typical MXene/CNC
composite film containing 30 wt% CNC exhibited mechanical
ultraflexibility, including bendability and rollability (Fig. 1h).
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Figure 1 Manufacture and characterization of the MXene/CNC film. Schematics of the preparation of (a) CNC, (b) MXene, and (c) MXene/CNC
composites. (d) TEM image of CNC. (e) TEM, (f) electron diffraction, and (g) AFM (inset shows the height profile of a monolayer) images of the MXene
nanosheets. (h) Photographs of the freestanding MXene/CNC film showing ultraflexibility including bendability and rollability, (i, j) cross-sectional SEM and
(k) TEM images of the MXene/CNC composite films showing the layered microstructure.
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The excellent mechanical properties of the composite films also
contributed to the preparation of the freestanding films even at
thicknesses as low as several micrometers (Fig. 1i-k).

The introduction of the CNC to the MXene-based films effi-
ciently improved the mechanical properties, including tensile
strength, Young’s modulus, and fracture strain (Fig. 2a). First,
with the increase in the CNC contents, the mechanical strength,
modulus, and toughness of the MXene/CNC composites
increased significantly. For instance, the introduction of 50 wt%
CNC to the MXene-based composites resulted in a significant
enhancement in tensile strength, modulus, and mechanical
toughness, which showed an increase of 590%, 300%, and 720%,
respectively (Fig. 2b), in comparison with those of pure MXene
films. Furthermore, excess CNCs led to decrease in mechanical
strength and modulus because of decreased CNC-MXene
interfaces, which were instrumental in promoting stress transfer
in the composites. However, compared with those of pure
MXene films, the intercalation of CNC, resulting in the biomi-
metic nacre-like microstructure of the MXene/CNC composites,
still contributed to an obvious enhancement in the mechanical
strength, modulus, and toughness, indicating the important role
that CNCs play in achieving robust and durable composites.

Moreover, the employment of ultrafine 1D CNC helped retain
the small insulating gaps between MXene sheets, which could
maintain the high electrical conductivity of the composites.
Because of the intercalation of CNCs, the (002) characteristic
peak in the X-ray diffraction (XRD) patterns of the MXene-
based films slightly downshifted with the increase in CNC
contents, corresponding to a slightly increased interlayer spacing

between MXene nanosheets of the composites (Fig. 2c). Com-
pared with that of 1.24 nm for the pure MXene films, the
MZXene/CNC films with 30 and 70 wt% CNCs showed interlayer
gaps of 1.27 and 1.31 nm, respectively. These small insulating
gaps were instrumental in maintaining the high conductivity of
the MXene/CNC composites [16,51]. By contrast, the commonly
used polymers, such as PVA or polyethylene glycol (PEG), were
used to prepare the MXene-based films with various polymer
contents, which showed a more significantly decreased con-
ductivity with increased polymer contents (Fig. 2d). For
instance, at a polymer content of 30 wt%, the MXene/PVA and
MZXene/PEG composites showed conductivities of 3.0 and
7.3 Scm™ respectively, which are three orders of magnitude
lower than that of the MXene/CNC composites with 30 wt%
CNC (Fig. 2d). The high conductivity maintained for the
MXene/CNC composites derived from the efficient use of
ultrafine 1D CNC between MXene layers was instrumental in
achieving excellent EMI shielding performance. Briefly, in
addition to the significantly enhanced mechanical performance,
CNC could maintain the excellent electrical conductivity of the
MXene-based films.

The X-band EMI shielding performance of the same mass of
MXene-based films with various CNC contents was assessed
(Fig. 3a). With the increase in CNC content, the EMI SE
decreased. However, the high EMI SE values of the MXene/CNC
composites could be maintained even with the increase in CNC
mass ratios, e.g., for the same mass of MXene-based composite
films, the EMI SE values of the pure MXene films (approxi-
mately 4.8 pm), MXene/CNC films with 30wt% CNC
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Figure 2 Properties and structure characterization of the MXene/CNC films. (a) Tensile stress-strain curves of the MXene-based composites with various
CNC contents and (b) the corresponding tensile strength, modulus, and toughness. (c) XRD patterns of the MXene-based composites with various CNC
contents. (d) Electrical conductivities of the MXene/CNC, MXene/PVA, and MXene/PEG composites with various mass ratios of polymers.
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Figure 3 EMI shielding performance. (a) X-band EMI SE of the MXene/CNC films with various CNC contents, (b) EMI SE values for the MXene/CNC,
MXene/PVA, and MXene/PEG composites with various mass ratios of polymers, and (c) EMI shielding performances (SEr, SE5, and SEg) at 10 GHz of the
MXene/CNC films with various CNC contents. SEM images of MXene/CNC composites with 30 wt% CNC films at thicknesses of approximately (d) 5 and
(e) 2 um. (f) X-band EMI SE of the MXene/CNC composites (30 wt% CNC) with various thicknesses. (g) X-band EMI SE of the MXene/CNC composites
before and after being bent 5000 times at a bending speed of 0.5 Hz. (h) EMI SE of the MXene/CNC composites in the ultrabroadband GHz frequency range.

(approximately 7 um), and MXene/CNC films with 50 wt%
CNC were 52, 48, and 43 dB, respectively. Even at a CNC
content of 90 wt%, the EMI SE values were higher than the
commercial SE value of 20dB, corresponding to a 99%
attenuation of the incident EM waves [56,62,63]. To better
understand the important influence of the introduced ultrafine
1D CNCs on the EMI shielding performance of the MXene-
based films, the EMI SEs of the same mass of MXene/PEG,
MXene/PVA, and MXene/CNC composite films were compared
(Fig. 3b). Notably, the MXene/CNC composite films showed
higher EMI SE values than the MXene/PEG and MXene/PVA
composites at the same polymer mass ratios. For instance, at the
polymer content of 30 wt%, the EMI SE values of the MXene/
CNC, MXene/PEG, and MXene/PVA composite films reached
48, 38, and 28 dB, respectively. At the polymer content of
90 wt%, the MXene/PVA composite films even had too low EMI
SE values to be used. In the previously reported studies [52,64],
CNFs, with diameters of 20-50 nm, were used to reinforce the
MXene-based films, which only showed an EMI SE of 25.8 dB at
a thickness of 47 pm; thus, its performance is not as good as our

April 2023 | Vol.66 No.4
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MXene/CNC composites embedded with ultrafine CNCs. In
summary, our ultrafine 1D CNCs exhibited superior properties
beneficial to the preparation of robust MXene-based composites
without significantly compromising the electrical conductivity
and EMI SE, thereby outperforming other conductive polymer
composites (CPCs) (Table S1).

The EMI shielding performance of the conductive composites
was determined by the reflection, absorption, and multiple
reflections of incident EMWs [7,17,38], which referred to the
mobile charge carriers, electric dipoles, and interior interfaces/
surfaces, respectively. Thus SEr, SEg, and SEx were calculated
(Fig. 3c). SEg slightly decreased with the increase in CNC con-
tents because of the slightly decreased electrical conductivity of
the MXene/CNC composites. In addition to the abundant charge
carriers originating from MXene and the generated electric
dipoles derived from the MXene functional groups under the
electric field of incident EMWSs [57], the layered microstructure
of the MXene nanosheets is beneficial to the multiple reflections
or scatterings of incident EMWs. Combined with the interfacial
polarization capability derived from the large mismatch of
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conductivity in the interfacial region of MXene and CNC, the
EMW absorbing capability of the MXene/CNC composites can
be improved. SE, decreased with the decrease in MXene content
or increase in CNC content. However, SE, was still higher than
SEg, which was similar to that of the other CPCs ever reported
[25,31,34,65].

In the facile casting approach, the MXene/CNC composites’
thicknesses were controlled easily, contributing to the wide-
range controllability of the EMI SE values (Fig. 3d-f). The EMI
SE values of 30 wt% MXene/CNC composites increased with the
increase in thickness, e.g., the EMI SE reached 43 and 66 dB at
thicknesses of 5 and 14 um, respectively (Fig. 3d, f). Even at a
thickness as low as 2.0 um, the EMI SE value was more than
30 dB (Fig. 3e, ), with the transmission of EMWs being less than
0.001%. Moreover, the EMI shielding performance became
stable for MXene/CNC composites upon mechanical deforma-
tion, e.g., the EMI SE changed slightly even when the composite
films were bent for 5000 cycles (Fig. 3g). Furthermore, in the
ultrabroadband GHz frequency range of 8.2 to 40 GHz, covering
the X-band (8.2-12.4 GHz), Ku-band (12.4-18 GHz), K-band
(18-26.5 GHz), and Ka-band (26.5-40 GHz), EMI SE values of
more than 50 dB could be obtained for the thin MXene/CNC
composite films (Fig. 3h), further showing their application
potentials. Briefly, the controllable and high EMI SE in the
ultrabroadband frequency range as well as the high EMI
shielding stability, ensure that the MXene/CNC composites can
be employed in high-performance EMI shielding architectures.

Notably, a high SE accompanied by a minimum thickness is
vital to the development of high-performance EMI shielding
architectures [2,3,7,32]. The high EMI SE of the MXene/CNC
composites was maintained at such a low thickness. To make a

comparison, SE/d, defined as the SE divided by the thickness,
was employed as a critical index to evaluate the EMI shielding
performance. The SE/d values reached 4700 to 15,155 dB mm™
for the MXene/CNC films, significantly surpassing those of most
previously reported shields (Table S1). Further considering the
low density, the SSE/d value of the MXene/CNC composite films
could reach 16,786 to 54,125 dB cm” g™', which are comparable
to that of the best EMI shields (Fig. 4a). More details on the
comparison of typical EMI shields are listed in Table S1. For
example, even at a high EMI SE 66 dB, the MXene/CNC com-
posite films exhibited an SSE/d value of 16,786 dB cm* g™,
which was two to three orders of magnitude larger than that of
the commonly employed EMI shields or CPCs. The excellent
EMI shielding performance of the MXene/CNC composite was
ascribed to the synergy of a highly conductive, MXene layer,
ultrafine 1D CNCs intercalated between MXene nanosheets, and
numerous interfaces generated between the MXene and CNCs,
which synergistically led to the high conduction loss, strong
polarization loss, and multiple reflections or scatterings of
incident EMWs (Fig. 4b). Moreover, the nacre-like “brick and
mortar” microstructure of the MXene/CNC composites and the
strong interfacial interactions between MXene and CNCs were
instrumental in achieving high mechanical strength and tough-
ness. Regarding the EMI SE and tensile strength, the MXene/
CNC composite films performed better than most macro-
structures (Fig. 4c). In other words, the rational utilization of the
ultrafine, 1D CNCs led to the excellent mechanical strength of
the MXene/CNC composites without compromising the excel-
lent EMI SE of MXene. Combined with the universal, cost-
efficient, and scalable preparation method, the lightweight,
flexible, ultrathin, and high-strength MXene/CNC composites
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Figure 4 Performance comparison and EMI shielding mechanism. (a) Comparison of the SSE values of typical EMI shields with various thicknesses.
(b) Schematic of the proposed EMI shielding mechanism of the MXene/CNC composite films with excellent EMI shielding performance. (c) Comparison of
the MXene/CNC films with other shields in terms of EMI SE and tensile strength.
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show excellent EMI shielding performance and application
potentials in spacecraft, aircraft, or portable electronics.

The integration of other efficient functionalities into the EMI
shields is important for next-generation electronics with the
Internet of Things capability [66-68]. The local surface plasmon
resonance effect and metal-like characteristics of MXene con-
tributed to the excellent photothermal performance of the flex-
ible MXene/CNC films [69]. Herein, the photothermal
conversion performance of the MXene/CNC composite films
was explored under the irradiation of a xenon lamp simulating
sunlight. The surface temperature of the MXene/CNC films
increased and reached the equilibrium temperature rapidly
(Fig. 5a). A high equilibrium temperature of 80°C could be
achieved for the films with an MXene content of only 10 wt%
when the light power density was 150 mW cm™, which was
superior to that of 52°C for the pure CNC film. The equilibrium
temperatures of the MXene/CNC films containing 30, 50, 70,
and 90 wt% MXene linearly increased to 82, 84, 88, and 92°C,
respectively (Fig. 5b), which effectively proved the critical role
that MXene played in improving the photothermal performance
of the composite films. The equilibrium temperature was con-
stant at a fixed light power density and could be easily adjusted
by controlling the light power density. For example, the equili-
brium temperatures of the films rapidly reached 37, 46, 67, 82,

and 106°C at power densities of 25, 50, 100, 150, and
200 mW cm™?, respectively (Fig. 5c). The infrared thermal
images with uniform temperature distribution (Fig. 5d) further
showed the stable and uniform heating performance of the films.
As a typical instance, the flexible film was attached to human
skin to demonstrate its potential as a photothermal therapy
device. The film could be heated rapidly from room temperature
to a suitable hyperthermia temperature of 56°C even at a low
light power density (Fig. 5e). Furthermore, we tested the pho-
tothermal stability of the films at light power densities of 100
and 150 mW cm™ The temperature change could be regulated
by turning the light on and off (Fig. 5f). Moreover, the stable
temperature of the composite films could be maintained for a
long period or after the films were employed many times
(Fig. 5g). The film showed a rapid cooling process when the light
was turned off, also demonstrating excellent photothermal sta-
bility and reliability, which is critical for the heaters in practical
applications. Briefly, the MXene/CNC composite films exhibit
great potential for fast, reversible, and reliable wearable heaters
with outstanding photothermal performance.

CONCLUSIONS
We employed renewable CNCs to reinforce MXene-based films
without significantly compromising the electrical conductivity
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Figure 5 Photothermal performances of the MXene/CNC composite films. (a) Photothermal curves of the films with various MXene contents under xenon
lamp irradiation at a power density of 150 mW cm™. (b) Equilibrium temperatures of the MXene/CNC composite films with various MXene contents.
(c) Photothermal curves of the 50 wt% MXene films at various light power densities. The infrared thermal images of the films (d) at various light power
densities and (e) used as wearable thermotherapy. (f) Photothermal curves of the 50 wt% MZXene films under the on/off light cycles. (g) Lifetime and stability

tests of the films after ten cycles.
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and EMI shielding performance via a cost-efficient, facile, and
scalable ambient-pressure drying preparation approach. Ultra-
fine, high-strength, low-density, and large-aspect-ratio 1D CNCs
were efficiently intercalated between MXene nanosheets,
resulting in freestanding biomimetic composite films with
excellent mechanical strength, modulus, toughness, and ultra-
flexibility, high conductivity, and controllable and outstanding
EMI shielding performance. The CNC-reinforced MXene-based
films reached EMI SE values of 30 to 66 dB at thicknesses of 2 to
14 um. Excellent SE/d and SSE values of up to 15,155 dB mm™
and 54,125dB cm®g™!, respectively, were achieved for the
MXene/CNC composites, far exceeding typical CPCs or most
EMI shields ever reported. Compared with the other MXene/
polymer nanocomposites including MXene/PVA or MXene/
PEG films at similar polymer contents, our CNC-reinforced
MZXene-based composites performed better in both electrical
conductivity and EMI SE. This was attributed to the synergy of
the ultrafine 1D CNC and 2D highly conductive MXene, as well
as the abundant MXene-CNC interfaces generated, enabling
excellent conduction and polarization losses and EMI shielding
performance. Combined with the integrated photothermal per-
formance, this work demonstrates that sustainable, scalable,
high-performance, and multifunctional MXene-based biomi-
metic composites have great potential for applications in next-
generation flexible electronics or aerospace systems.
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