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ABSTRACT

Lightweight and conductive MXene/reduced graphene oxide (MX/rGO) aero-

gels have great potential in the field of electromagnetic interference (EMI)

shielding. To achieve better EMI shielding performance, some fabrication ways

and reduction methods for MX/rGO aerogels have been tried, but still far from

the expectation. Herein, we develop a feasible technique to fabricate MX/rGO

aerogels, i.e., unidirectional-freezing and subsequent mild chemical reduction

treatment using the mixture of hydroiodic acid and acetic acid glacial. The

lightweight MX/rGO hybrid aerogel with the weight ratio of MX/rGO 5:5

demonstrates superior electrical conductivity (467 S/m) and EMI shielding

performance (57.67 dB). When the weight ratio of MX/rGO becomes 3:5, the

EMI shielding performance reaches as high as 21,427 dB cm2 g-1, which is

almost higher than the EMI shielding performance of the 3D aerogels reported

by the current available literature. The MX/rGO aerogels developed in this

paper shows the great application potential in protecting the wearable and

intelligent devices.

1 Introduction

With the advent of the 5G era, electronic devices are

becoming more widely used in our daily life. As one

of the most influential factors for the electronical

devices, the electromagnetic interference (EMI) not

only can cause disturbances or failure of the elec-

tronic system, but also harm the human health. Most

of the conventional EMI shielding materials consist of

metals (e.g. Cu or Al). However, the limitations of

metallic materials are also obvious, such as corrosion
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susceptibility, high density and poor processability.

Therefore, a lot of nonmetallic materials, like carbon

nanotubes (CNTs) [1] and reduced graphene oxide

(rGO) [2], have been developed to absorb electro-

magnetic waves. Nonetheless, the EMI performance

of these materials still falls short of expectations.

MXene with a formula of Mn?1XnTx, where M

represents transition metal, X represents C and N,

and T represents a terminating functional group,

such as –O, –OH, and –F, is a new family of two-

dimensional (2D) transition metal carbides or

nitrides. Different from the inert and hydrophobic

graphene, MXene demonstrates diversiform surface

chemistry and layered structure, which allows itself

to be applied in various areas. Up to now, MXene has

been intensively exploited for various potential

applications, such as super-capacitors [3–5], batteries

[6, 7] and EMI shielding material [8–10], due to its

high aspect ratios, excellent mechanical and electrical

properties. Especially, its application in the EMI

shielding field gets more and more attention from

academia. Shahzad et al. [11] successfully prepared

Ti3C2Tx for the first time, and their team reported a

45-lm-thick Ti3C2Tx film with EMI shielding effec-

tiveness of 92 dB. Jin et al. [12] obtained a PVA/

MXene film featured with alternating multilayered

structure via multilayered casting. The 27-lm-thick

multilayered film (containing 19.5 wt% MXene)

exhibited a high conductivity of 716 S/m and a

maximum EMI SE of 44.4 dB.

Currently, the lightweight and flexible EMI

shielding materials with high-performance 3D por-

ous network are in high demand, especially in the

field of smart electronic devices and aerospace

[13, 14]. Some researchers have thus tried to assemble

2D MXene into a 3D porous network structure, in

order to further improve the EMI shielding perfor-

mance [15–17]. Zhao et al. [18] used a sacrificial

template method to construct flexible 3D macrop-

orous MXene films. Liu et al. [19] successfully fabri-

cated the MXene foam by hydrazine-induced

foaming process, and obtained a lightweight and

durable MXene foam. Due to the porous structure,

the EMI shielding effectiveness of MXene foam

reached about 70 dB, compared to its unfoamed

counterpart (53 dB).

However, it is difficult to directly construct a

freestanding, flexible, and 3D porous structure of

MXene sheets, owing to their weak interface inter-

action [20]. Generally, MXene sheets can be

interconnected and bridged to form a robust 3D

structure by introducing polymers or additives as a

linking agent [21]. Xu et al. [22] reported a composite

foam constructed by Ti2CTx and PVA, the specific

shielding effectiveness reached up to 5136 dB cm2 g-1

with 0.15 vol% filler content. Zhou et al. [23] used

sodium alginate as building blocks for the ultrathin

Ti3C2Tx/sodium alginate aerogel films with a

sponge-like structure. The aerogel films presented

excellent EMI shielding effectiveness (54.3 dB).

Apart from that, graphene oxide (GO), with

hydrophobic basal plane and hydrophilic edges,

possesses an outstanding dispersibility and control-

lable gelation capability [24, 25]. Due to the unique

amphiphilic structure and properties of GO, Zhao

et al. [10] demonstrated a GO-assisted hydrothermal

assembly approach to construct 3D Ti3C2Tx porous

architectures, where GO sheets act as a gelation agent

to help MXene form 3D structure. Fan et al. [9]

developed an approach to fabricate a lightweight

MXene/graphene hybrid foam by freeze-drying and

heat reduction treatment. Nevertheless, the whole

preparation process of MXene/rGO hybrid aerogels,

including hydrothermal treatment and dialysis, is to

some extent cumbersome and energy-consuming.

Therefore, new approaches should be developed to

optimize the preparation process of MXene/rGO

hybrid aerogels.

It has been reported that HI and HAc mixture can

effectively reduce GO and help rGO to gain high

conductivity [5, 26]. And the chemical treatment is

mild for MXene compared to the heat reduction

treatment [20]. Hence, we used HI and HAc mixture

to reduce the Ti3C2Tx MXene/GO hybrid aerogel, by

way of unidirectional-freezing and freeze-drying.

The mild chemical treatment allows GO to tightly

connect the MXene flakes into a robust 3D porous

structure and at the same time to effectively reduce

GO and avoid the oxidation of MXene. Therefore, the

electrical conductivity and the EMI SE of the hybrid

aerogel can reach up to 467 S m-1 and 57.67 dB,

which are far higher than those of the rGO aerogels.

Moreover, the lightweight (0.0053 g cm-3) hybrid

aerogel shows an outstanding EMI shielding effec-

tiveness of 21,427 dB cm2 g-1. Our new trial to con-

duct a MXene/rGO 3D porous structure with high

EMI shielding performance is simple, energy-saving

as well as feasible.
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2 Experiment

2.1 Materials

Ti3AlC2 powders were purchased from Jilin 11

Technology Co., Ltd., GO powders from Suzhou

Graphenechina Co., Ltd., lithium fluoride (LiF,

99.9%) from Aladdin, and hydrochloric acid (HCl,

37%) were purchased from Chengdu Chron Chemi-

cals Co., Ltd. The solution of hydroiodic acid (HI)

was obtained from Macklin, and acetic acid glacial

(HAc) was obtained from Guangdong Guanghua Sci-

Tech Co., Ltd. All materials were used without fur-

ther purification.

2.2 Preparation of Ti3C2Tx

Ti3C2Tx was obtained by selectively etching Al spe-

cies from the MAX phase (Ti3AlC2). In a typical

process, 1 g of LiF was dissolved in 20 mL of 9 M

HCl in a Teflon vessel, then 1 g of Ti3AlC2 powder

was added slowly when stirring at 35 �C and the

reaction went on for 24 h. Subsequently, the sus-

pension was washed by the deionized water and

centrifuged at 3500 rpm for several times, until the

pH reached approximately 6.0. Furthermore, the

suspension was sonicated for 1 h followed by cen-

trifugation at 3500 rpm for 1 h; eventually Ti3C2Tx

MXene was obtained after freeze-drying. The char-

acterization of the Ti3C2Tx is all displayed in Fig. S1

of Supporting Information, which proves the suc-

cessful fabrication of the Ti3C2Tx nanosheets.

2.3 Fabrication of MX/rGO hybrid aerogel

Firstly, the prepared MXene was directly mixed with

GO dispersion (4 mL, 5 mg mL-1), and then soni-

cated for about 10 min to obtain a homogeneous

MXene/GO solution. Secondly, the mixed solution

was poured into a homemade container with a cop-

per base and put it into liquid nitrogen for the uni-

directional freezing. After freeze-drying, the

prepared MXene/GO (MX/GO) hybrid aerogels

were immersed in a mixture of HI and HAc (20 mL,

volume ratio is 1:2) for 20 min at room temperature

and then heated at 60 �C for 1 h to reduce the GO.

Finally, the obtained MX/rGO aerogels were washed

several times with ethanol and water alternately to

completely remove the rest of the acid and then

freeze-drying again. For simplification, the MX/rGO

aerogels with different weight ratios (i.e., 0:5, 1:5, 2:5,

3:5, 4:5 and 5:5) were donated as MX/rGO-0, MX/

rGO-1, MX/rGO-2, MX/rGO-3, MX/rGO-4 and MX/

rGO-5, respectively. The fabrication procedure of the

materials is shown in Fig. 1. Besides, the control

samples with random structure were also obtained

by directly pouring the mixture of MXene and GO in

the petri dish followed by the freezing processing,

while keeping the rest of the procedure the same.

2.4 Characterization

Fourier transform infrared spectra (FTIR) of the

samples were performed with a Bruker Tensor 27

equipment (Bruker Corp., Germany) at 4000-

400 cm-1 frequency range. XPS analyses of the sam-

ples were carried out by PHI5400 device (PE Corp.,

England). XRD of the samples was performed on a

Shimadzu-7000 type X-ray diffraction (Cu Ka,

k = 0.154 nm, Shimadzu, Japan). Raman spectrum

was carried out by a WITec Alpha300R. SEM images

of the samples were carried out on a Verios G4 XHR

equipment (Thermo Fisher Scientific Corp., USA) at

an accelerating voltage of 10 kV. TEM images of the

samples were collected on a Talos F200X/TEM

microscope (FEI Co., USA). AFM images of the

samples were captured by a Dimension Fast Scan

AFM (Bruker Corp., USA). Electrical conductivity (r)
values of the samples were measured by RTS-8

(Guangzhou Four Probes Technology Corp., China).

EMI shielding parameters of the samples over the X-

band frequency range (8.2–12.4 GHz) were measured

on a MS4644A Vector Network Analyzer (Anritsu

Corp., Japan) by wave-guide method according to

ASTMD5568-08, and the corresponding size is 22.86

mm 9 10.16 mm. It is worth noting that the test

direction of electromagnetic radiation is set to be

perpendicular to the growth direction unless speci-

fied. The reflection (R), transmission (T), and

absorption (A) coefficients were obtained by calcu-

lating the scattering parameters (S11 and S21). The

total electromagnetic interference shielding efficiency

(SET), electromagnetic interference absorption (SEA)

and electromagnetic interference reflection (SER) can

be obtained by Eqs. 1–6 [27].

Rþ Aþ T ¼ 1 ð1Þ

R ¼ jS11j2 ¼ jS2j2 ð2Þ
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T ¼ jS12j2 ¼ jS21j2 ð3Þ

SER ¼ 10 log
1

1� R

� �
ð4Þ

SEA=10 log
1� R

T

� �
ð5Þ

SET ¼ SER þ SEA þ SEM ð6Þ

The SER is related to the impedance mismatch

between air and the absorber, while the SEA is

resulted from the energy dissipation of electromag-

netic radiation. The SEM is induced by the scattering

effect of homogeneity in the material and it can be

neglected when SEA[ 10 dB [28].

To compare the effectiveness of shielding materials

equitably, the density of the materials were also taken

into account. The related equation was described as:

SSE ¼ SET

q
ð7Þ

3 Results and discussion

3.1 Characterization of the MX/rGO hybrid
aerogels

Selective FTIR spectra of MXene, GO and MX/rGO

hybrid aerogels are presented in Fig. 2a. All the FTIR

spectra of MX/rGO hybrid aerogels are displayed in

Fig. S2. Peaks of GO at 3408 cm-1, 1727 cm-1,

1224 cm-1 and 1052 cm-1 are assigned to the char-

acteristic absorption of O–H, C=O, C–O–C and C–OH

group, respectively [29]. For MX/rGO hybrid

aerogels, many functional groups on the GO surface

have been reduced after the chemical treatment,

although there are two remaining shallow charac-

teristic peaks locating in 3408 cm-1 and 1727 cm-1 in

the FTIR spectra, corresponding to O–H, C=O group,

respectively. As the MXene content increases, these

two peaks get weaker and weaker. The successful

removal of most oxygen-containing groups proves

the efficient reduction of GO by the HI and HAc

mixture. The efficient reduction of GO predicts its

good electrical conductivity, and will contribute to

the electromagnetic shielding performance of MX/

rGO hybrid aerogels.

The presence of both MXene and rGO in MX/rGO

hybrid aerogel is further confirmed by comparing the

XRD patterns (Fig. 2b). MX/rGO-5 and MX/rGO-0

possess the same peak at 25.1�, which is ascribed to

rGO [5]. The (002) peak of MX/rGO-5 at 6.7� indi-

cates the well-preserved structure of MXene sheets

after the chemical reduction treatment, and the (002)

peak slightly shifts to the right compared to MXene,

indicating the decrease of interlayer spacing, maybe

caused by the stacking in the aerogel.

Raman spectra of MXene, MX/rGO-0 and MX/

rGO-5 hybrid aerogels are shown in Fig. 2c. All the

Raman spectra of MX/rGO hybrid aerogels are dis-

played in Fig. S3. The characteristic peaks of MXene

are shown in the left part of Fig. 2c. The peaks at 198

and 719 cm-1 are A1g symmetry out-of-plane vibra-

tions of Ti and C atoms, respectively, while the peaks

of Eg group vibrations appear at 283, 371 and

621 cm-1, including in-plane shearing vibrations of

Ti, C and surface functional group on MXene [30].

The similar patterns of MX/rGO-5 and MXene

Fig. 1 Schematic illustration

of the fabrication process of

MX/rGO hybrid aerogels
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demonstrate the presence of MXene in MX/rGO-5

hybrid aerogel. In the right part, the distinct D and G

bands of MX/rGO-0 and MX/rGO-5 indicate the

presence of rGO in MX/rGO-5 hybrid aerogel. In

summary, MXene and rGO are successfully com-

bined in MX/rGO-5 hybrid aerogel.

To further ascertain the coexistence of MXene and

rGO, X-ray photoelectron spectroscopy (XPS) is

employed here. As shown in Figs. 2d and S4, it is

clear to observe that the main elements of MXene are

Ti, C, O and F, originating from the oxygen-contain-

ing functional groups and F groups on the surface of

the MXene after the in situ HF etching. The peaks at

35 eV, 60 eV, 456 eV and 562 eV separately corre-

spond to the characteristic peaks of Ti 3p, Ti 3s, Ti 2p

and Ti 2s. Besides, the peaks at 285 eV, 532 eV and

685 eV are assigned to C 1s, O 1s and F 1s, respec-

tively [31].

The high-resolution XPS spectra of Ti 2p and C 1s

core levels of MX/rGO-5 hybrid aerogel are shown in

Fig. 2e and f. The C 1s core level is fitted with five

components centered at 281.5 eV, 282.3 eV, 284.8 eV,

286.2 eV, and 288.7 eV, which assign to C–Ti, C–Ti–

O/F, C–C, C–O and C=O bonds, respectively. The

slight peak of C=O bond reflects the reduction of GO

in the aerogel has not fully realized [10]. The Ti 2p

core level consists of three doublets (Ti 2p3/2–Ti 2p1/

2). The peaks of Ti 2p3/2 components locating at

455.1 eV, 456.1 eV, and 457.8 eV correspond to Ti–C,

Ti (II), and Ti–O bonds, respectively [31]. Similar to

other work, a shallow peak of Ti–O bond still exist,

assigning to the TiO2 formed by the weak oxidation

of MXene [20, 32].

The SEM images of rGO aerogel and MX/rGO

hybrid aerogels with a continuous three-dimensional

network coupled with parallel-plane structure are

presented in Fig. 3. Due to the directional extrusion

of ice crystals in the ice-template method, MX/rGO-0,

MX/rGO-3 and MX/rGO-5 possess anisotropic

structures as indicated by the red arrow in Fig. 3a, c

and e. With the increase of the MXene content, the

content of rGO, which acts as a cross-linking agent,

relatively decreases, so the planar-spacing becomes

lager, from about 3 lm for MX/rGO-0 to about 10 lm
for MX/rGO-3 (Fig. 3d) and about 12 lm for MX/

rGO-5 (Fig. 3f). Interestingly, the walls of the paral-

lel–plane structures of MX/rGO-3 and MX/rGO-5

become thicker. The thicker ‘‘wall’’ and larger ‘‘room’’

can effectively increase the multiple reflection in the

hybrid aerogel, which is beneficial to enhance the

Fig. 2 a FTIR spectra of MXene, GO, MX/GO-5 and MX/rGO-5.

b XRD patterns of MXene, MX/rGO-0 and MX/rGO-5. c Raman

spectra of MXene, MX/rGO-0 and MX/rGO-5. d XPS spectra of

MXene and MX/rGO-5. High-resolution e C 1s and f Ti 2p

spectra of MX/rGO-5
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EMI shielding performance. The EDS energy spectra

of MX/rGO-3 hybrid aerogel are shown in Fig. 3g, in

which the Ti signals come from MXene and the C

signals from MXene and rGO, respectively. The

homogeneous distribution of Ti element in MX/rGO-

3 elucidates that MXene have been uniformly com-

pounded with rGO. The density of the MX/rGO-3

hybrid aerogel (25 mg) is about 0.0104 g cm-3. This

aerogel is light enough to steadily rest on a fleshy

plant (Fig. 3h). The MX/rGO-3 hybrid aerogel exhi-

bits excellent load capacity and resilience as shown in

Fig. 3i. The MX/rGO-3 hybrid aerogel can support a

copper column (70 g), which is more than 2500 times

heavier than its original weight. After removing the

copper column, the aerogel is able to return to the

original brick-like shape.

3.2 Electrical and EMI-shielding
performance of MX/rGO hybrid
aerogels

The electrical and electromagnetic shielding proper-

ties of MX/rGO hybrid aerogels are shown in Fig. 4.

The anisotropic structure provides a more regular

electrically conductive path through the aerogels.

Thus, the conductivity of MX/rGO-0 (142 S m-1) is

higher than other pure rGO foam [9]. With the

addition of MXene, the conductivity of MX/rGO

Fig. 3 SEM images of a, b MX/rGO-0, c, d MX/rGO-3 and e,

f MX/rGO-5 cross section. The red arrows represent the direction

of the porous structure. g EDS diagram of the selected area in (e).

h, i Digital images of MX/rGO-3 resting on a plant, supporting a

copper column with a weight of 70 g and returning to its original

shape after removing the copper column (Color figure online)
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hybrid aerogels gradually increases. As for MX/rGO-

5, the conductivity reaches as high as 467 S m-1, and

its low resistivity allows the bulb in the circuit to light

normally (Fig. 4a).

Furthermore, the conductivity also contributes to

the electromagnetic shielding performance. As

shown in Fig. 4b, with the increase of MXene, the

EMI SE of MX/rGO hybrid aerogels exhibits an

obvious increasement from 38.07 to 57.67 dB, which

is higher than 20.29 dB of MX/rGO-0 aerogel.

Meanwhile, the porous structures provide more

effective interfaces to reflect and attenuate the inci-

dent electromagnetic wave, which promotes the

electromagnetic shielding effectiveness of the hybrid

aerogels. As for 3-mm-thick MX/rGO-5 hybrid

aerogel, the shielding performance reaches 57.67 dB,

showing a high capability to block 99.9998% of inci-

dent waves and only 0.0002% transmission, far

exceeds the target value for commercial application

(20 dB). The detailed data of electrical conductivity

and EMI SE of MX/rGO hybrid aerogels are listed in

Table S1.

Fig. 4 a Conductivity of MX/rGO hybrid aerogels with different

ratios and a homemade circuit. b Electromagnetic shielding

efficiency, c average SET, SEA, SER and d T, R and A

coefficient of MX/rGO hybrid aerogels with a thickness of 3

mm. e Electromagnetic shielding effectiveness of MX/rGO-3

hybrid aerogels with different thickness. f Comparison of SET,

SER and SER of MX/rGO-3 hybrid aerogels with different density.

g EMI shielding performances of MX/rGO-5 with different

structures when the incident EM waves come from different

directions. h Comparison of the SSE/t as a function of density for

various foam-like materials. The numbers inside the figure are the

reference numbers listed in Table 1. i A schematic diagram of the

possible EMI shielding mechanism of MX/rGO-5 hybrid aerogel

J Mater Sci: Mater Electron (2022) 33:4093–4103 4099



Both SET and SEA increase obviously with the

loading of MXene in Fig. 4c, whereas SER increases

only slightly and is always lower than SEA. The

increase of SET with the loading of MXene principally

comes from the contribution of SEA. For example, the

average SER, SEA, and SET in X band of the MX/rGO-

5 are 6.46, 51.21, and 57.67 dB, respectively. About

88.8% of the incident electromagnetic wave is atten-

uated by the electromagnetic absorption. It is

important to note that the absorption occurs after the

reflection by the material, so that SEA only denotes

the ability of shielding material to attenuate electro-

magnetic waves that have already transmitted into

the material [14].

According to the above formula (1–3), the T, A and

R coefficient, which signify the power balance of

electromagnetic waves interacting with the shielding

materials, are calculated from S11 and S21 parameters

[33]. As shown in Fig. 4d, the R coefficient increases

with the increasing MXene mass ratio, while A

coefficient declines. The presence of MXene brings

more free electron on the surface of MX/rGO hybrid

aerogel, and the better electrical conductivity results

in the impedance mismatch at interfaces [34]. As for

MX/rGO-0 and MX/rGO-1, the A is higher than R,

indicating that the dominant shielding mechanism of

them is absorption. While the A is lower than R in

MX/rGO-3, MX/rGO-4 and MX/rGO-5, so that the

more decisive shielding mechanism of them is

reflection because of their excellent electrical con-

ductivity. Therefore, the dominant mechanism of

electromagnetic shielding of MX/rGO aerogels is

dependent on the MXene mass ratio.

Apart from the ratio of MXene, the shielding

materials’ thickness is another vital factor that influ-

ences the electromagnetic shielding performance. As

the thickness of the shielding material increases, the

electromagnetic waves will be absorbed, attenuated

and reflected more times in the shielding materials.

Therefore, the thicker the aerogels are, the higher the

electromagnetic shielding performance of MX/rGO-3

hybrid aerogel is, as shown in Fig. 4e. For example,

the average EMI SE of MX/rGO-3 hybrid aerogel

with 5 mm thickness in X band reaches up to 53.09

dB, which is much higher than the 1-mm-thick hybrid

aerogel (26.21 dB).

By changing the concentration of the MX/GO

solution, MX/rGO-3 hybrid aerogels with different

density (i.e., 0.0053 g cm-3, 0.0104 g cm-3, 0.0148 g

cm-3) were also prepared, and their SET, SEA and SER

are shown in Fig. 4f. Apparently, the electromagnetic

shielding performance becomes higher with the

increase of density, and their main shielding factor is

still the absorption effect. The aerogels with the

increased density give rise to the decrease of the pore

diameter, but enrich the quantity of pores in hybrid

aerogels. A higher density of the porous structure

enhances the perfection of the conductive network in

the MX/rGO hybrid aerogels, so that the electro-

magnetic shielding performance is highly improved.

As for the hybrid aerogels with anisotropic struc-

ture, it is necessary to measure the EMI shielding

performance from different directions. In Fig. 4g, the

average EMI SE perpendicular to the orientation

(57.67 dB) is better than that parallel to the orientation

(42.24 dB), because there are more MXene and rGO

nanosheets distributed along the orientation direc-

tion. Meanwhile, we prepared by ordinary freezing

method a random-structured hybrid aerogel (with

the same ratio as MX/rGO-5), in which the nanosh-

eets are freely distributed (as shown in Fig. S5), and

the average EMI SE (50.04 dB) falls in the middle.

These results further indicate that the hybrid aerogels

with anisotropic structures demonstrate the aniso-

tropic electromagnetic shielding properties. The

underlying electromagnetic shielding mechanism

will be studied in the future.

To eliminate the effects of thickness, the results of

SSE divided by the sample thickness (SSE/t) [35] are

summarized in Fig. 4 h and 1. Traditionally, the

foam-like materials consisting of metals, CNTs or

graphene are promising for EMI shielding applica-

tions. For example, the SSE/t of a graphene aerogel is

1763 dB cm2 g-1, and a CNT-sponge is 4621 dB cm2

g-1 [36, 37]. In this work, the SSE/t of MX/rGO-3

hybrid aerogels reaches as high as 21,427 dB cm2 g-1,

higher than most of the shielding materials reported

so far. To better elucidate the EMI shielding mecha-

nism of MX/rGO-5 hybrid aerogel, a schematic dia-

gram of the possible paths of electromagnetic waves

across the aerogel is shown in Fig. 4i. The abundant

free electrons on the surface of MX/rGO hybrid

aerogels give themselves a lot of paths with high

conductivity. When the incident electromagnetic

waves reach the surface of the aerogel, a part of

electromagnetic waves will be reflected immediately.

After the remaining electromagnetic waves enter the

aerogels, when they passing through the conductive

3D network, it will result in ohmic loss and reducing

their energy. Meanwhile, multiple absorption

4100 J Mater Sci: Mater Electron (2022) 33:4093–4103



attenuation and reflection consumption will occur

within the inner porous structures. In addition, the

surface functional groups, heterogeneous interfaces

and structural defects between the MXene and rGO

provide various dipole polarizations, which further

attenuates the incident electromagnetic wave [38, 39].

Eventually, the electromagnetic waves are dissipated

in the form of heat in the MX/rGO hybrid aerogels.

4 Conclusions

A lightweight MX/rGO hybrid aerogel with superior

electrical conductivity and EMI performance has

been successfully prepared in this work. The MX/GO

aerogels with continuous and stable network struc-

tures were constructed by unidirectional freezing and

freeze-drying. Then, the mild chemical reduction

treatment using HI and HAc mixture effectively

reduced GO and avoided MXene from being hugely

oxidated. The MX/rGO-5 hybrid aerogel exhibited an

optimal electrical conductivity of 467 S m-1, and the

maximum EMI SE value of 57.67 dB (average in

X-band). The SSE/t of MX/rGO-3 hybrid aerogel

with a low density reaches as high as 21,427 cm2 g-1.

The mild chemical reduction treatment guaranteed

the remarkable electrical property, EMI shielding

performance and SSE/t of MX/rGO hybrid aerogels.

This work provides a new strategy for the fabrication

of lightweight and efficient 3D electromagnetic

shielding materials.
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