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ABSTRACT: Lightweight materials with high electrical conductivity and robust
mechanical properties are highly desirable for electromagnetic interference (EMI) shielding
in modern portable and highly integrated electronics. Herein, a three-dimensional (3D)
porous Ti3C2Tx/carbon nanotube (CNT) hybrid aerogel was fabricated via a bidirectional
freezing method for lightweight EMI shielding application. The synergism of the lamellar
and porous structure of the MXene/CNT hybrid aerogels contributed extensively to their
excellent electrical conductivity (9.43 S cm�1) and superior electromagnetic shielding
e�ectiveness (EMI SE) value of 103.9 dB at 3 mm thickness at the X-band frequency, the
latter of which is the best value reported for synthetic porous nanomaterials. The CNT
reinforcement in the MXene/CNT hybrid aerogels enhanced the mechanical robustness
and increased the compressional modulus by 9661% relative to that of the pristine MXene
aerogel. The hybrid aerogel with high electrical conductivity, good mechanical strength, and
superior EMI shielding performance is a promising material for inhibiting EMI pollution.
KEYWORDS: MXene, carbon nanotube, hybrid aerogel, three-dimensional foam, electromagnetic wave shielding

1. INTRODUCTION
The upsurge in the use of electronic systems, covering
communication and medical diagnostic devices, scienti�c
electronics, defense equipment, and industrial devices has led
to a decrease in the size and an increase in the operational
speed of devices.1 However, the extensive use of these smaller
and smarter electronic devices unavoidably generates pollution
known as electromagnetic interference (EMI), which has a
catastrophic impact on the operational performance of
electronic devices and may be harmful for living beings.2,3

EMI shielding materials eliminate EM pollution through
absorption loss (SEA), re�ection loss (SER), and multiple
re�ection loss (SEM) mechanisms.2 Accordingly, lightweight
EMI shielding materials should have high electrical con-
ductivity, low weight, corrosion resistance, superior process-
ability, and a wide absorption bandwidth.4 Therefore, extensive
research has been carried out on carbon materials,5,6 2D
materials,1,3 conjugated polymers,2,7,8 and magnetic and
dielectric materials.9,10

Porous materials such as foams and aerogels exhibit
improved EMI shielding due to the strong multiple re�ection
e�ect and generation of a strong induced current in the 3D
porous structure.11,12 Graphene-based foam systems have
received much attention due to their high speci�c surface
area, low density, and superior �exibility.13,14 However, the low
electrical conductivity, poor mechanical properties, and limited
EMI shielding ability are the major shortcomings of graphene
foams. Graphene-based hybrid foams comprising carbon
materials and metals such as Cu,15 Ag,16 and Cu/Ni17 have
been employed for better EMI shielding, as metals generally
exhibit high electrical conductivity. Using chemical vapor
deposition (CVD), Chen et al. developed a lightweight
graphene�metal hybrid foam with a total EMI shielding
e�ectiveness (SET) of 30 dB at 1 mm thickness in the
frequency range of 30 MHz to 1.5 GHz.1 Kong et al. reported
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the synthesis of a carbon nanowire/graphene architecture
using nickel foam as a 3D template for CVD growth and
achieved an EMI SET of 36 dB at 2 mm thickness in the X-
band frequency range.18 However, the hybrid foams are less
suitable for practical lightweight EMI shielding applications
due to the complex synthesis process, poor �exibility, and
moderate EMI shielding performance.

Recently, a relatively new family of 2D materials termed
MXenes has garnered attention for EMI shielding application
because of their excellent electrical conductivity, high aspect
ratio, good mechanical properties, and hydrophilic surface,
allowing processing from aqueous solutions.19�21 In our
previous work, a 45 � m thick MXene laminate �lm with
exceptional EMI shielding e�ectiveness (EMI SE = 92 dB) was
presented where this value is the highest of any known
synthetic material of the same thickness.3 Liu et al. found that
foam-structured Ti3C2Tx �lms exhibited a signi�cant increase
in the EMI SE from 53 to 70 dB through simple hydrazine
treatment.21 In another work, Han et al. fabricated lightweight
and mechanically �exible MXene aerogels (from Ti3C2Tx,
Ti2CTx, and Ti3CNTx) using a bidirectional freeze-drying
method.22 During the bidirectional freezing method, ice
crystals act as a template, initially nucleating at the bottom
line of a polydimethylsiloxane (PDMS) wedge and yield a
uniform lamellar 3D porous MXene aerogel structure.23 The
maximum EMI SE value of 70.5 dB was achieved for the 1 mm
thick aerogel foam in the X-band frequency range.22 This
excellent EMI SE was attributed to the high electrical
conductivity and uniform 3D lamellar porous structure.
However, these porous aerogels lack mechanical strength.
Thus, fabricating a novel aerogel foam that simultaneously
exhibits mechanical robustness and excellent EMI shielding
performance remains a challenge.

Herein, we report on a Ti3C2Tx/CNT hybrid aerogel with
high electrical conductivity and excellent EMI shielding,
produced by applying the bidirectional technique (Scheme
1). CNTs are incorporated into MXene as a reinforcing �ller to
improve the mechanical properties of the porous Ti3C2Tx
aerogel. The synthesized hybrid aerogels feature lightweight
with high electrical conductivity, mechanically robustness, and
superior EMI shielding capability. The impact of the CNT
reinforcement in the 2D conductive MXene aerogel on the

mechanical and electromagnetic shielding properties is
investigated.

2. EXPERIMENTAL SECTION
2.1. Materials. Ti3AlC2 powder (MAX phase) with a particle size

of <40 � m was purchased from Carbon-Ukraine. Lithium �uoride
(LiF, Alfa Aesar, 98.5%), hydrochloric acid (HCl, Fisher Scienti�c,
37.2%), and multiwall carbon nanotubes (CNTs) with outer
diameters of 8�15 nm, inner diameters of 3�6 nm, and lengths of
30�50 � m (US Research Nanomaterial Inc., USA) were commer-
cially procured. All chemicals were used as received.

2.2. Preparation of Ti3C2Tx. In a typical synthesis, LiF (4.5 g)
powder was dissolved in 9 M HCl aqueous solution (60 mL) in a
Te�on vial and stirred for 30 min. After obtaining a homogeneous
solution, Ti3AlC2 (3 g) was gradually added to the above �uorine ion-
containing etching solution and then continuously stirred for 24 h at
35 °C. The etched Ti3C2Tx �akes were washed thoroughly with
deionized water at 3500 rpm for 5 min. The washing step was
repeated until the pH of the supernatant solution of Ti3C2Tx reached
�6. Finally, the Ti3C2Tx dispersion was centrifuged at 10,000 rpm for
20 min to obtain the delaminated Ti3C2Tx �akes.

2.3. Bidirectional Freezing of Ti3C2Tx/CNT Hybrid Aerogels.
The Ti3C2Tx/CNT (MXCNT) hybrid aerogel was prepared by using
the bidirectional freeze-drying method, as illustrated in Scheme 1.23

The precursor aqueous solution of Ti3C2Tx (10 mL; 12 mg mL�1)
was placed in a polypropylene (PP) bottle with the CNTs, stirred
continuously for 30 min, and then ultrasonicated for 2 h. The
resulting solution was mixed at 2000 rpm in a Thinky mixer for 10
min to obtain a homogeneous dispersion of CNTs in Ti3C2Tx
solution. The obtained suspension was poured on a PDMS wedge
that was placed on a copper plate. The PDMS wedge was assembled
with the copper plate that was placed in a Te�on mold with a
dimension of 23 mm × 11 mm × 45 mm. Subsequently, the colloidal
suspension in the mold was freeze dried at �50 °C under a pressure
of 0.1 Pa for 48 h in a freeze dryer. Here, the Te�on mold controls the
size and shape of the specimen and also provides thermal insulation
from directions other than the base. The sloping PDMS wedge acts as
a separator between the suspension and Cu plate; on cooling, a
temperature di�erence emerges between the base and the top end of
the wedge. With an appropriate cooling rate, two temperature
gradients (horizontal (� TH) and vertical (� TV)) are generated.
During the bidirectional freezing process, freezing of the slurry
proceeds from the bottom to the top end of the slanting wedge, and
nucleation of ice crystals starts only at the bottom end.24 Growth of
the nucleated ice-crystals occurs in two directions: vertically away
from the Cu plate and horizontally along the slanting wedge, resulting
in a uniform, long-range-ordered 3D porous lamellar structure. Three

Scheme 1. Schematic of Bidirectional Freezing Method for Fabrication of Ti3C2Tx/CNT Hybrid Aerogel
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compositions having di�erent Ti3C2Tx/CNT weight ratios, that is,
1:1, 1:2, and 1:3, were prepared and are designated as MXCNT11,
MXCNT12, and MXCNT13, respectively.

2.4. Material Characterization. The morphology of the
MXCNT hybrid aerogel was characterized by �eld-emission scanning
electron microscopy (SEM) (FEI Company Inspect F50). Trans-
mission electron microscopy (TEM) was performed using a Tecnai
F20 G2, FEI, USA instrument. Atomic force microscopy (AFM)
measurements of the samples were carried out using an XE-100
microscope (Park Systems, Korea). X-ray di�raction (XRD) analysis
was carried out using a Rigaku Smartlab di�ractometer with Cu K�
radiation (40 kV and 44 mA) in the 2� range of 3�70° at a scan rate
of 2° min�1. X-ray photoelectron spectroscopy (XPS) analysis was
performed to evaluate the chemical bonding in the MXCNT aerogels.
Monochromated Al K� radiation with an energy of 1486.6 eV was
employed. A PHI 5000 VersaProbe (Ulvac-PHI, Japan) analyzer was
used for XPS data acquisition. The electrical conductivity of the
hybrid aerogel samples was determined by the two-probe method,
that is, two connections were made with the sample surfaces with the
help of silver paint. Thereafter, the resistance was measured using an
Agilent 34401A digital multimeter. Compression tests were carried
out using an electronic universal testing machine (Model WL2001,
WithLab) with a load of 18 N and a displacement rate of 1 mm min�1.
The EMI shielding performance of the MXCNT aerogels was
examined using a vector network analyzer (E5071C, Keysight
Technologies, USA) in the frequency range of 8.2�12.4 GHz (X-
band). MXCNT hybrid aerogel samples with dimensions of 22.86
mm × 10.16 mm × 1�3 mm were used for the EMI shielding
measurements.

3. RESULTS AND DISCUSSION
The few-layer Ti3C2Tx �akes were obtained by chemically
etching the Al atoms from Ti3AlC2 (MAX phase) by using LiF
and HCl. Figure 1a shows the typical SEM image of the
Ti3AlC2 MAX phase particles having a layered structure. Figure
1b shows the chemically etched Ti3C2Tx �akes with a lateral
size of 2�5 � m on the Anodisc (anodic aluminum oxide, AAO,
membrane), con�rming successful etching of Al. Furthermore,

the TEM image (Figure 1c) of the as-produced Ti3C2Tx
nano�akes exhibited a 2D sheet morphology. Figure 1d
presents the selective area electron di�raction pattern
(SAED) of Ti3C2Tx with hexagonal crystal symmetry,
indicating that most of the MXene sheets were well
delaminated, in good agreement with the literature.25 The
formation of well-delaminated Ti3C2Tx �akes was also
con�rmed by AFM (Figure S1). The thickness of the pristine
MXene sheets was 1.5�3 nm, corresponding to single- and
double-layer �akes. The lateral size was a few microns. Figure
1e shows the SEM image of the neat CNTs, which were
entangled with each other due to weak van der Waals
interactions, similar to previous observations.26 Figure 1f
illustrates the SEM image of the MXene aerogel fabricated by
bidirectional freeze drying. A uniform, porous, and lamellar
structure was obtained by using the bidirectional freeze
method. TEM images of the MXCNT hybrid aerogels are
shown in Figure 1g�h. Uniform distribution of the CNTs over
the MXene sheets was observed where pink and yellow arrows
are respectively used to mark the CNTs and MXene �akes.
Figure 1h also provides information about the average
diameter of the CNTs, which is around 8�15 nm. The
ultralight Ti3C2Tx/CNT hybrid aerogel can stand on a
dandelion without creating any damage (as shown in Figure
1i), con�rming low density of the aerogels.

Figure 2 shows the morphology and structure of the MXene
and MXCNT hybrid aerogels on di�erent magni�cation scales.

The SEM images show a uniform and aligned 3D porous
cellular architecture obtained through the bidirectional freeze-
drying method,23 ascribed to the dual-temperature gradient in
both directions (horizontal (� TH) and vertical (� TV)) due to
the presence of the slanting PDMS wedge between the copper
plate and MXene/CNT suspension solution, as shown in
Scheme 1. Figure 2a,b shows the SEM images of the MXene
aerogel along the XY and XZ cross sections; a long-range-
ordered lamellar architecture supported with bridges was

Figure 1. SEM images of (a) Ti3AlC2 (MAX phase) and (b) Ti3C2Tx
single �ake. (c) TEM image of Ti3C2Tx. (d) SAED pattern of
Ti3C2Tx. SEM images of (e) CNTs and (f) Ti3C2Tx aerogel. (g, h)
TEM images of MXCNT13 aerogel. (i) photograph of MXCNT13
hybrid aerogel standing on dandelion, indicating its ultralow density.

Figure 2. SEM images of (a)�(e) MXene aerogels, (f)�(h)
MXCNT11, (i)�(k) MXCNT12, and (l)(n) MXCNT13 at di�erent
magni�cations.
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obtained, as depicted in Figure 2c�e. The lamellar architecture
of the aerogel can be altered by tuning the suspension
concentration, slope of the wedge, and cooling rate; these
parameters have a distinctive e�ect on the nucleation and
growth of the ice crystals.24 It should be noted that unlike the
bidirectional freeze-drying method, the conventional unidirec-
tional freeze-drying method yields a nonlamellar porous
structure due to unidirectional orientations of the ice crystals,
as shown in Figure S2. This di�erence in the architecture is
attributed to the unidirectional growth of the ice crystals in the
conventional method where the crystals grow only in the
vertical direction, displacing the MXene sheets onto the
adjacent ice crystals.24,27 After sublimation, the ice crystals
vanish, resulting in a nonlamellar porous structure. Figure 2f�
h,i�k,l�n shows SEM images of MXCNT11, MXCNT12, and
MXCNT13, respectively, where these hybrid aerogels were
prepared by increasing the weight ratio of CNTs in the MXene
suspension. Higher magni�cation SEM images (Figure 2g,j,m)
illustrate the formation of bridges between adjacent horizontal
MXene layers, establishing a network for electron transport
and conferring e�cient load-bearing capacity. Furthermore,
CNTs (marked with red arrows) were uniformly distributed on
the wrinkled MXene sheets (Figure 2h,k,n). This is in
agreement with the TEM analysis. Previous studies suggest
that a uniform porous and aligned 3D framework should have a

critical e�ect on attenuation of incident EM waves through
multiple re�ections in the porous matrix.28,29

Figure 3a shows the XRD patterns of the CNTs, Ti3C2Tx,
and MXCNT aerogels. The characteristic peaks of the CNTs
were observed at 2� = 25.76° and 43.10°, corresponding to the
(002) and (100) planes of graphitic carbon, respectively.30,31

The XRD pro�le of Ti3C2Tx shows a sharp peak at 2� = 7.35°
that is assigned to the basal (002) planes of the 2D titanium
carbide layers, and it con�rms successful etching of Al from the
Ti3AlC2.3 The MXCNT hybrid aerogel exhibits all the
corresponding XRD peaks of Ti3C2Tx and the CNTs,
con�rming the presence of the CNTs in the Ti3C2Tx matrix.
Interestingly, the peak corresponding to the (002) plane of
MXene was upshifted from 7.35° to 8.30° in the pro�le of the
MXCNT hybrid aerogels. This shift indicates that the
interlayer d-spacing between the MXene layers was decreased
on increasing the concentration of CNTs in the MXCNT
hybrid aerogel. This increases the compactness of the hybrid
aerogel structure, which may enhance the mechanical strength.
The intensity of the peak at 2� = 25.76° for the MXCNT
hybrid aerogels increased with the concentration of CNTs in
Ti3C2Tx. The continuous framework structure of the Ti3C2Tx
layers with supporting pillars was also con�rmed by
observation of the peaks of the (110) and (010) planes for
the MXCNT hybrid aerogels.22,32 The surface composition of
the Ti3C2Tx and MXCNT aerogels was probed using XPS

Figure 3. XRD patterns (a, b) and Ti 2p XPS spectra (c, d, e, and f) of MXene and MXCNT aerogels.
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analysis, as shown in Figure 3b�f. The survey spectrum shows
the presence of four main elements, that is, carbon, titanium,
oxygen, and �uorine, terminating on the surface of the
aerogels, which is in agreement with previous studies.33 The
high-resolution titanium Ti (2p) spectra of Ti3C2Tx and the
MXCNT aerogels exhibit di�erent chemical states of titanium.
The recorded spectra were deconvoluted into six peaks at
455.6, 456.8, 459.0, 461.4, 462.6, and 464.6 eV, corresponding
to Ti�C 2p3/2, Ti(II) 2p3, Ti�O 2p3, Ti(II) 2p1, Ti�C 2p1,
and Ti�O 2p1, respectively.33,34 The Ti�C 2p3/2 peak was
the most intense, and the Ti�O 2p1 peak was the weakest; the
Ti�C signal originates from Ti atoms in the Ti3C2Tx
nanosheets, which is a distinctive characteristic of the Ti3C2
spectrum.35 The intensity of the XPS peaks of the Ti�O bond
in the MXCNT hybrid aerogels remained the same compared
to that of the Ti3C2Tx aerogel, indicating no oxidation
occurred during aerogel processing or upon exposure to air.
Etching the MAX phase with HF resulted in OH, O, and F
surface termination of MXenes. The deconvoluted XPS O (1s)
data show four major characteristic peaks at 530.1, 531.4,
532.8, and 534.2 eV, attributed to TiO2, C�Ti�Ox, C�Ti�
(OH)x, and the absorbed H2O, respectively, as shown in
Figure S3. The intensity of the �uorine peaks at 684.0 eV
remained unchanged for all the samples, indicating the

presence of terminal �uorine in the hybrid aerogels. Moreover,
the XPS data con�rmed the presence of � C� O and �OH
groups. These �uorine, hydroxyl, and oxygen species act as
local dipoles and result in dipole polarization.3 Thus, the
interactions between the surface-terminated dipoles and
incident EM waves lead to polarization loss, which in turn
contributes to the superior EMI shielding.

The density (� ), porosity (p), and electrical conductivity
values of the aerogels are listed in Table 1. The porosities of
the Ti3C2Tx and MXCNT aerogels with di�erent CNT/
Ti3C2Tx ratios were calculated using the following formula

= Š
+

×
� �( )( )

p
V

1 100

M M

aerogel

MX

MX

CNT

CNT

(1)

where MMX and MCNT are the mass of Ti3C2Tx and CNT, and
� MX and � CNT represent the densities of Ti3C2Tx and the
CNTs, respectively. Vaerogel is the volume of the aerogel. The
as-prepared MXCNT hybrid aerogels are classi�ed as ultralight
materials, and the porosity of the aerogels was in the range of
98.6�93.7%. Moreover, the ultralow weight, high porosity, and
low density (0.016�0.042 g cm�3) are attributed to the unique
structure formed by the bidirectional freezing. The ultralight

Table 1. Density, Porosity, Electrical Conductivity, and Compression Modulus of the Aerogel Samples

electrical conductivity (S cm�1)

s. no samples density (g cm�3) porosity (%) longitudinal transversal compression modulus (Pa)

1 MXene 0.016 98.6 0.87 0.10 5.9
2 MXCNT11 0.025 97.7 1.36 0.50 230
3 MXCNT12 0.033 95.4 3.03 1.58 460
4 MXCNT13 0.042 93.7 9.43 5.98 570

Figure 4. (a) Stress�strain curves of aerogels (MXene, MXCNT11, MXCNT12, and MXCNT13) and (b) at high magni�cation scale. (c) Typical
photographs of MXCNT aerogel supporting (d) >500 times and (e) >2100 times its own weight without collapsing.
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MXCNT aerogels are suitable candidates for applications
requiring lightweight materials, such as portable electronics,
automobiles, the aerospace industry, and communication
systems. Electrical conductivity is one of the prime parameters
for the design of EMI shielding materials. The electrical
conductivity was measured in two di�erent directions
including longitudinal (Z) and transversal (X) directions.
The electrical conductivity of the pristine Ti3C2Tx aerogel was
quanti�ed as 0.87 and 0.10 S cm�1 for longitudinal and
transversal directions, respectively. The MXCNT hybrid
aerogels with compositional ratios of 1:1, 1:2, and 1:3 have
longitudinal electrical conductivities of 1.36, 3.03, and 9.43 S
cm�1, respectively. On the other hand, transversal electrical
conductivities of MXCNT aerogels are 0.50, 1.58, and 5.98 S
cm�1, respectively. The electrical conductivity increased with a
higher CNT content in the Ti3C2Tx/CNT hybrid aerogels.
Interestingly, even though the aerogels have a lamella structure
with the strong shape anisotropy, the electrical properties of
the MXCNT hybrid aerogel do not show big di�erence in both
directions. It indicates that the enhanced electrical conductivity
of the MXCNT hybrid aerogel is attributed to the uniform
distribution of the CNTs in the Ti3C2Tx phase, which also
leads to stronger connections between the adjacent lamellar
walls providing conductive bridges as well as high density of
MXCNT compared to pure MXene aerogel. Thus, the 3D
porous conducting network of the MXCNT hybrid aerogels
provides e�cient conduction paths for electron transport in
both longitudinal and transversal directions (Table 1).

Figure 4a shows the compressive stress�strain curves for the
MXene and MXCNT aerogels, and Figure 4b shows a
magni�ed view. All aerogels were subjected to compression
at a displacement rate of 1 mm min�1 up to 50% strain. In the
MXene/CNT hybrid aerogels, the compressive strain increased
linearly up to 3�5% with increasing stress, attributed to the
uniform-ordered lamellar arrangement of the MXene sheets in
the direction of the compressive force. A gradual sti�ening was
initiated in the hybrid aerogels above the �35% strain. A

photographic image of the MXCNT hybrid aerogel is depicted
in Figure 4c. Figure 4e shows that the MXCNT hybrid aerogel
with a mass of 169 mg can support more than 2100 times
(355,000 mg) of its own weight without disintegrating under
35% compression. The strain of 12.1% is recovered when the
applied load is removed.

The initial compression moduli of MXene, MXCNT1,
MXCNT12, and MXCNT13 are listed in Table 1. The
compression moduli for MXCNT11, MXCNT12, and
MXCNT13 increased by 3898, 7796, and 9661% in
comparison to that of the neat MXene aerogel, respectively.
The excellent compression modulus of the MXCNT hybrid
aerogels is attributed to the uniform porous cellular framework
supported by vertical pillars, which ensures deformation of the
cell walls on compression rather than sliding between the
walls.36 Second, the uniform distribution of the CNTs also
reinforces the MXene matrix and confers mechanical robust-
ness to the MXCNT hybrid aerogels in the direction to the
applied compression force.

The ability of a material to shield electronic devices or its
environment from incident EM waves is expressed as the
electromagnetic interference shielding e�ectiveness (EMI SE).
For electrically conductive materials, theoretically, the EMI SE
can be represented by the Simon formula:3,37

�
�= + +

�L

�N

�M�M�M�M�M
�\

�^

�]�]�]�]�]f
t fSE 50 10 log 1.7

(2)

Here, � is the electrical conductivity (S cm�1), f is the
frequency (MHz), and t is the thickness (cm) of the shielding
material. Thus, the EMI SE shows strong dependence on the
electrical conductivity and thickness of the shielding material.

Mathematically, the EMI SE can be de�ned as the ratio of
the power of the transmitted and incident EM waves on a
logarithmic scale, as depicted in eq 3.

Figure 5. (a) EMI SET, (b) SEA, and SER of MXene, MXCNT11, MXCNT12, and MXCNT13 aerogels with 3 mm thickness as function of
frequency. (c) EMI SET, SEA, and SER for MXene, MXCNT11, MXCNT12, and MXCNT13 with 3 mm thickness at 12.4 GHz. (d)�(f) E�ect of
compression on EMI SET, SEA, and SER of MXene, MXCNT11, MXCNT12, and MXCNT13 at 12.4 GHz.
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=
P

P
SE (dB) 10 logT

T

I (3)

The total EMI shielding e�ectiveness (EMI SET) is the sum
of the contributions of shielding due to re�ection (SER),
absorption (SEA), and multiple re�ection (SEM); nevertheless,
the SEM can be neglected when the thickness of the sample is
greater than skin depth or the SET is larger than 15 dB.

= + +SE SE SE SET R A M (4)

SET and SER are calculated using the transmission (T) and
re�ection (R) coe�cients obtained from the vector network
analyzer scattering parameters (S11, S12, S21, and S22) and is
given by:

= | | = | |R S S11
2

22
2 (5)

= | | = | |T S S21
2

12
2 (6)

From the R and T values, SET and SER, respectively, are
calculated as:3,12
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SEA can be calculated with the values obtained from eqs 5 and
6:
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Figure 5 shows the EMI SE of the MXene and MXCNT
aerogels in the X-band (8.2�12.4 GHz) frequency range at
room temperature. The maximum EMI SE of 103.99 dB was
obtained with MXCNT13 at 12.4 GHz at a thickness of 3 mm,
as shown in Figure 5a. The shielding e�ectiveness of the
MXene, MXCNT11, and MXCNT12 aerogels was 65.56,
78.56, and 87.34 dB at 12.4 GHz at the same thickness,
respectively. The corresponding contributions of the SEA and
SER to the total EMI shielding performance are shown in
Figure 5b; the SEA contributes considerably more to the total
EMI SE than the SER for all the MXCNT aerogels. The EMI
shielding performance of the MXCNT hybrid aerogels
increased as the CNT content increased, as shown in Figure
5c.

The EMI shielding performance of aerogels depends on the
degree of compression, as shown in Figure 5d�f and Figure S4.
The as-prepared sample has a thickness of 3 mm. Samples with
thicknesses of 2 and 1 mm were prepared by compression of
the as-prepared aerogels. SEA of the 3 mm thick MXCNT13
hybrid aerogel decreased from 98.14 to 87.24 dB and SER
increased from 5.63 to 9.98 dB upon compression to 1 mm
thickness (Figure 5e�f). Consequently, with decreased
thickness, the SEA contribution decreased while the SER
increased for all samples.1,35,36 This could be attributed to
the decrease in the porosity of the 3D aerogel structure upon
compression. Compression of the porous 3D structure

decreases the cell-matrix interface area, resulting in abatement
of multiple re�ections and scattering of EM radiation among
the cell walls, leading to a reduction of the EMI SET of the
aerogels.31 Still, the performance of all aerogels remains
outstanding and su�cient for practical application even at 1
mm thickness.

Figure 6 presents a comparison of the MXCNT hybrid
aerogel and the reported materials for EMI shielding

application such as carbon (graphene oxide, reduced graphene
oxide, and CNTs), polymers (polyurethane, polyvinyl alcohol,
polystyrene, etc.), metals (Cu, Ni, Ag, etc.), MXenes (Ti3C2Tx,
Ti2CTx, and Ti3CNTx), and their hybrids having foam and �lm
structures. The EMI SE values for all the samples are also listed
in Table S1. The encircled points in Figure 6 show that the
MXCNT hybrid aerogels exhibit the largest EMI SET among
the synthesized porous nanomaterials.

Figure 7 shows the proposed mechanism for EMI shielding
by the MXCNT hybrid aerogels. When the incident EM waves
hit the surface of the conventional shielding material, some of
the waves are re�ected, absorbed, and transmitted. The
astonishing EMI shielding performance of the MXCNT hybrid
aerogels is attributed to the 3D porous lamellar network, which
signi�cantly improves the contribution of the SEA to the SET.
When EM passes through the aerogel, it experiences multiple
re�ections and multiple scattering within the microporous
cellular framework of the CNT-reinforced MXene slabs
supported by vertical pillars.19 Moreover, formation of the
aligned structure in the aerogels provides a conductive pathway
for electron transport or migration, which leads to conduction
losses.11,12,28 The attenuation of the EM waves is a combined
result of dipolar and interfacial polarization, arising from the
MXene surface terminations (OH, O, and F), localized defects,
and accumulation of charge at the heterogeneous interfaces
between the MXene and CNTs.38,39 These results demonstrate
that the MXCNT hybrid aerogel is a prospectively e�ective
material for lightweight EMI shielding application.

4. CONCLUSIONS
Ti3C2Tx/CNT 3D lamellar hybrid aerogels were prepared by a
bidirectional freezing method and evaluated for use in
inhibition of electromagnetic pollution. The aerogels have a
regular, porous, and cellular framework structure in which
lamellar Ti3C2Tx sheets are supported by the CNT-reinforced
pillars. The synthesized aerogels exhibit lightweight, good
mechanical strength, high electrical conductivity, and excellent

Figure 6. Comparison of EMI shielding performance of MXCNT
aerogels (encircled) with those in the literature data for porous
materials.
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EMI shielding performance. Introduction of the CNTs into
Ti3C2Tx increases the compression modulus of the aerogels,
with a two orders of magnitude increase in comparison to pure
MXene aerogel. The EMI SE values for 3 mm thick MXene
and compositions having MXene/CNT ratios 1:1, 1:2, and 1:3
were 63.56, 78.56, 87.34, and 103.99 dB in the X-band
frequency range, respectively. The excellent EMI shielding
performance of the MXCNT hybrid aerogels is attributed to
the 3D porous structure with a high-conducting and uniform
lamellar structure. Thus, the present work demonstrates an
e�cient method for the assembly of 3D hybrid aerogels as
promising candidates for EMI shielding applications with
immense utility in the radio-frequency region.
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