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ABSTRACT: The fast development of terahertz technologies demands high-performance electromagnetic interference (EMI) 
shielding materials to create safe electromagnetic environments. Despite tremendous breakthroughs in achieving superb 

shielding efficiency (SE), conventional shielding materials have high reflectivity and cannot be re-edited or recycled once 

formed, resulting in detrimental secondary electromagnetic pollution and poor adaptability. Herein, a hydrogel-type shielding 
material incorporating MXene and poly(acrylic acid) is fabricated through a biomineralization-inspired assembly route. The 
composite hydrogel exhibits excellent stretchability and recyclability, favorable shape adaptability and adhesiveness, and fast 

self-healing capability, demonstrating great application flexibility and reliability. More interestingly, the shielding performance 

of the hydrogel shows absorption-dominated feature due to the combination of the porous structure, moderate conductivity, 

and internal water-rich environment. High EMI SE of 45.3 dB and broad effective absorption bandwidth (0.2−2.0 THz) with 
excellent refection loss of 23.2 dB can be simultaneously achieved in an extremely thin hydrogel (0.13 mm). Furthermore, such 
hydrogel demonstrates sensitive deformation responses and can be used as an on-skin sensor. This work provides not only an 

alternative strategy for designing next-generation EMI shielding material but also a highly efficient and convenient method for 

fabricating MXene composite on macroscopic scales. 
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erahertz radiation with unique properties has been mainly focused on increasing electrical conductivity,10,12−19 long 

studied and stimulated the rapid development of which is favorable for reducing thickness but would result in terahertz 

technologies in various fields, such as severe reflection and detrimental secondary electromagnetic communication,1,2 

biological sensing,3 imaging,4 and security pollution. To reduce the reflection of a shielding material, detection.5,6 As a result, 

electromagnetic interference (EMI) optimized impedance matching is required to allow the shielding materials toward terahertz 

radiation are highly entrance of radiation into the shield.20,21 Then the penetrated required to eliminate the radiation leaks and 

create safe electromagnetic wave should be attenuated to ensure high EMI electromagnetic environments, especially in terahertz 

circuits SE (Figure S1). Unfortunately, the conductive properties and and quasi-optical systems, ensuring that the delicate 

electronic impedance matching are mutually incompatible.22−25 High devices can work properly.7,8 In particular, the shielding 

electrical conductivity that ensures sufficient conductive loss materials should possess flexibility, minimal thickness, and high 

and attenuation capability would cause impedance mismatch shielding efficiency (SE) to meet the increasingly stringent 

requirements. Generally, the key to obtaining high EMI SE lies 

in minimized radiation transmission by either reflecting or Received: October 22, 2020 attenuating 

the incident waves.9,10 Carbon materials, such as Accepted: December 30, 2020 carbon nanotubes 

and graphene, and their composites were the Published: January 5, 2021 material of choice for 

terahertz EMI shielding due to the low densities and high conductivities.11 However, previous 

efforts to design high-performance EMI shielding materials were 
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Figure 1. Fabrication and structural characterization of the MXene composite hydrogel. (a) Schematic illustrating the formation of MXene 
composite hydrogel. (b) Photograph of an as-synthesized MXene composite hydrogel. (c) XRD, (d) XPS survey, and (e) FT-IR spectra of 

MXene composite hydrogel and the reference samples. SEM images of (f) PAA-ACC hydrogel and (g, h) MXene composite hydrogel. Scale 

bars: (f) 20 μm, (g) 20 μm, (h) 2 μm. 

 
and strong reflection character whereas low conductivity that 

ensures minimized reflection leads to insufficient radiation 

dissipation and poor shielding performance. Designing 

porous structures can relieve the conflict by interrupting the 

conducting networks and promoting internal reflection and 
26−32 

scattering. However, the large thickness is needed to allow 

efficient attenuation of the penetrated wave due to the 

reduction of conductivity.8,33 To the best of our knowledge, 

there is no report on realizing efficient EMI shielding with 

negligible reflection in an ultrathin shielding material. In 

addition, once fabricated, conventional shielding materials 

exhibit fixed shapes and cannot be re-edited and recycled or 

recover from damage, impeding the application flexibility 

and reliability. Therefore, to confront these challenges, a 

pioneering alternative strategy for developing next-
generation highperformance shielding materials beyond the 

usual design strategies is urgently needed to meet the 

escalating demands of the increasing complexity of modern 

devices and service environments. 

Water has been widely demonstrated to be capable of 

generating polarization loss and attenuating electromagnetic 

waves in both gigahertz and terahertz bands.34−38 It can be 

inferred that if enough water molecules could be 
immobilized in a material with moderate conductive 

properties, enhanced attenuation of the penetrated waves can 

be achieved without inducing unnecessary reflection. 

Hydrogel is a class of engineering materials constructed of a 

network of cross-linked hydrophilic building blocks 

surrounded by water,39 showing potential for providing 

absorption-dominated EMI shielding performance. 
Furthermore, in striking contrast to dry materials, soft 

polymer hydrogels can deliver stunning arbitrarily 

shapechanging and self-healing abilities, ensuring the 
formation of conformal and stable interfaces with the 

sheltered objects, holding great promise in wearable 

electronics.39−42 Nevertheless, such polymer hydrogels are 

typically nonconductive, leading to insufficient EMI 

shielding capability. Therefore, a key process for developing 

hydrogel-type EMI shielding materials is to engineer 

approaches to achieve moderate conductivity while retaining 
the unique properties and internal water-rich environment. 

Recently, newly emerged two-dimensional (2D) transition 

metal carbides and/or nitrides, named as MXenes, have 

shown great potential for EMI shielding.10,43−49 The metallic 

electrical conductivity combined with rich surface chemistry 

makes MXene productive for constructing conductive 
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networks in composites and providing considerable 

conductive and polarization losses.50 To this day, various 

macroscopic MXene composite materials were fabricated for 

a wide range of applications.51−54 However, MXene 

composite hydrogels for EMI shielding applications have not 

been explored so far. 

Herein, we demonstrate a strategy that assembles Ti3C2Tx 

MXene sheets through a biomineralization-inspired 

assembly method to fabricate a hydrogel-type shielding 

material with a hybrid structure consisting of MXene, 
poly(acrylic acid) (PAA), and amorphous calcium carbonate 

(ACC) (MXenePAA-ACC). The as-prepared MXene 

composite hydrogel exhibits moderate conductivity, 
excellent stretchability and recyclability, favorable shape 

adaptability and adhesiveness to various surfaces, and fast 

self-healing capability, making it multifunctional with great 

application flexibility and reliability. More importantly, 

benefiting from the combination of porous structure, 

moderate conductivity derived from the MXene network, 

and internal water-rich environment, the hydrogel shows an 
absorption-dominated EMI shielding behavior. A high EMI 

SE of 45.3 dB, an excellent refection loss (RL) of 

23.2 dB, and a broad effective absorption bandwidth (EAB, 

0.2−2.0 THz) can be simultaneously achieved in an 

extremely thin hydrogel (0.13 mm). Furthermore, the 

sensing characteristics of the multifunctional hydrogel are 
also investigated. 

RESULTS AND DISCUSSION 

The MXene composite hydrogel was synthesized through a 

biomineralization-inspired assembly process as 
schematically illustrated in Figure 1a, b.40,55 Ti3C2Tx MXene 

nanosheets were first synthesized through selectively 

chemical etching the Al layers of the Ti3AlC2 powders 
followed by sonicationassisted exfoliation (Figure S2).56 

Their ultrathin and geometric features were observed by 

scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) (Figure S3). The X-ray diffraction 

(XRD) pattern of the exfoliated Ti3C2Tx shows a sharp (002) 

peak at 2θ = 6.62°, which corresponds to an enlarged 

interlayer distance of 1.33 nm as compared with that 

observed in the Ti3AlC2 (0.91 nm), and no diffraction peaks 

of Ti3AlC2 were detected (Figure 1c). These results 

confirmed the successful exfoliation of Ti3C2Tx nanosheets. 

To obtain MXene composite hydrogels, typically, the 

Ti3C2Tx MXene suspension was mixed with PAA and CaCl2 

under vigorous stirring to form a stable mixture. Then, the 
Na2CO3 solution was added carefully using a pipet until a 

sticky precipitate gradually formed (Figure S4). It can be 

inferred that the MXene nanosheets were fully integrated 

into the hydrogel as the solution became almost clear after 
the fabrication process (Figure S4). All the composite 

hydrogels with varying weight percent of MXene to PAA 

(6.5, 8.5, 10.0, and 12.2 wt %) were fabricated by using the 
same protocol and are termed as 6.5, 8.5, 10.0, and 12.2 wt 

% MXene-PAA-ACC, respectively (Table S1). An excess of 

MXene would lead to poor structural integrity (Figure S5). 
Note that this text will principally refer to the 8.5 wt % 

MXene-PAA-ACC that exhibits optimized properties. The 

XRD results confirm that the d-spacing increased to 1.59 nm 

for MXene-PAA-ACC from 1.33 nm for pristine MXene, 

indicating that the PAA chains and ACC have been 
intercalated between MXene sheets (Figure 1c). The broad 

diffraction scattering could be due to the formation of 

localized regions where the periodicity of MXene layers is 
disturbed by the insertion of PAA chains.57 The X-ray 

photoelectron spectroscopy (XPS) was employed to reveal 

the chemical composition (Figure 1d). In the XPS survey 

spectra, the MXene-PAA-ACC shows much stronger C and 
O signals than pristine MXene, indicating that abundant 

oxygen-containing groups on the PAA chains are introduced, 

which is crucial for providing cross-linking sites in the 
hydrogel. The overlap between Ti 2p peaks in MXene alone 

and MXene-PAA-ACC further indicates that the MXene is 

well protected from oxidation during the fabrication process 

(Figure S6), which is consistent with the XRD data. The 

formation of ACC was confirmed by the appearance of peaks 

of Ca 2p at 347.6 and 351.0 eV in the XPS spectrum, and the 

peaks corresponded to the lattice frequency and the 
symmetric stretching of the carbonate ion in the Raman 

spectra (Figures 1d and S7). Besides, no other crystalline 

peaks can be observed in the XRD pattern, identifying the 

amorphous phase of PAA and ACC. The component of the 

composite hydrogel was further confirmed by thermal 

gravimetric analysis (TGA) (Figure S8). Fourier-transform 

infrared (FT-IR) spectroscopy was performed to provide 
more detailed information for elucidating the cross-linking 

structure (Figure 1e). From the spectrum of MXene, mainly 

peaks assigned to −OH groups were observed. As for the 

pristine PAA, the peak at 1710 cm−1 could be assigned to the 

−COOH group. In the spectrum of MXene-PAA-ACC, the 

peak assigned to −OH shifted to 1640 cm−1 and a new peak 

at 1540 cm−1 (−COO−) was observed, indicating the 

formation of hydrogen bonding and the chelation between 

−COO− and Ca2+.40,55 

Based on the above analysis, a cross-linking mechanism 
can be speculated. During the fabrication process, the 

negatively charged Ti3C2Tx MXene sheets were first slightly 

flocculated in the presence of PAA chains and divalent 

cations (Ca2+) by hydrogen bonding and electrostatic 

interaction. With the addition of CO3
2−, ACC nanoparticles 

were formed to physically cross-link the PAA chains and 
Ti3C2Tx sheets, which push the mixture past the phase 

boundary.55 Finally, an integrated MXene composite 

hydrogel can be gradually formed. Thus, synergistic 

interactions occurred in the hydrogel to form a hierarchically 
cross-linking structure. The SEM images on the cross-

section reveal the homogeneous and porous nature of the 

hydrogels (Figure 1f−h). As compared with the pure PAA 

hydrogel (PAA-ACC) that exhibits smooth fracture 

morphology (Figure 1f), the MXene composite hydrogel 

shows the rough surface of the cracked cell walls (Figure 1g), 

in which the overlapped MXene sheets with a layered 
structure can be observed (Figure 1h). In addition, the 

MXene composite hydrogel exhibits a smaller pore size and 

thinner cellular wall, leading to higher pore density (Figures 
S9, S10). The porous structure combined with the 

hydrophilic nature of MXene and PAA finally ensures a 
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water-rich environment inside the composite hydrogel 

(Figure S11). 

The rheology properties are investigated by dynamic 

mechanical measurements. As shown in Figure S12a, the 

dynamic modulus (G′) is very close to, or even lower, than 

the loss modulus (G′′) in the low-frequency range for the 

PAAACC, indicating the liquid-like behaviors (Figure S13). 

Adding MXene nanosheets can effectively strengthen the 

hydrogel and results in a solid-like behavior, as verified by 

the G′/G′′ value that exceeds 1 in the whole frequency range 

0.1−10 Hz (Figure S12a). Note that the G′ increased slightly 

with frequency, reflecting the existence of the physical cross-

links in the hydrogel.58 In addition, the MXene-PAA-ACC 

exhibits a high initial viscosity (∼104 Pa·s) and an obvious 

shear-thinning behavior (Figure S12b). These rheology 

properties indicate that the MXene composite hydrogel can 

be pinched into arbitrary shapes to conform to different 

surfaces, representing a significant advantage over other 

solid materials that cannot be re-edited once fabricated. 

The MXene composite hydrogel possesses many 

interesting features. For instance, the hydrogel is highly 
stretchable and malleable. As shown in Figures 2a and S14, 

a piece of the hydrogel can be repeatedly stretched into a 

fiber-like material with a stretchability over 1500% strain 

before breaking. The superb stretchability is attributed to the 

high water content and the numerous hydrogen bonding, 

which can provide space for the solid components to reorient 
and break to dissipate the stress during the deformation 

process, respectively.59 The rheology behaviors further 

endow the hydrogel with excellent processability (Figure 2b, 

c). As shown in Figure 2c, the hydrogel serves as ink for 
extrusion printing and can be smoothly extruded from a 

nozzle to form complex shapes, offering an attractive 

opportunity for satisfying the demanding design rules and 
large-scale applications. More importantly, due to the soft, 

sticky, and malleable features, the composite hydrogel can 

conformally adhere to objects with complex 3D geometry 

and can keep intact during deformation, demonstrating its 

significant advantage as compared with conventional solid 

EMI shielding materials, such as MXene films that possess 

superb shielding performance but very limited adaptability 

to deformation (Figure 2d−f). 

 

Figure 2. Photographs showing the (a) stretchability, (b, c) processability, (d−f) shape adaptability and adhesiveness, and (g, h) fast selfhealing 

capability of the MXene composite hydrogel. (i) The variation of resistance during a cutting−healing process under ambient conditions. (j) 

Cycling of the cutting−healing processes. 
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Self-healing ability that can significantly extend the 

service life and make the material more reliable for practical 

applications is another useful function for high-performance 
EMI shielding materials. Herein, the rapid and reproducible 

self-healing ability of the hydrogel is demonstrated in Figure 

2g−j. Once two pieces of the hydrogel are gently attached, 

the interface can be healed instantaneously at ambient 

conditions without any further assistance and the healed 

hydrogel still demonstrates good stretchability (Figures 2g, 

S14−S16, and Movie S1). Figure 2h presents a circuit 

composed of a LED bulb and a piece of MXene composite 

hydrogel as the conductor. The LED bulb can be fully lighted 

when a large driving voltage (18 V) was applied, indicating 
the moderate conductivity of the hydrogel. Then the 

hydrogel was cut and separated into two halves and the LED 

bulb extinguished. Finally, when the two separated 

hydrogels were attached, the LED bulb immediately glowed 
again. To further investigate the self-healing property, the 

resistance change during the healing process was recorded. 

As shown in Figure 2i, the resistance increased to infinity 

immediately once the hydrogel was cut off and then returned 

to the original value in a very short time as the two separated 

parts were attached, indicating the complete recovery of the 
hydrogel. Even though the cutting and healing processes 

were repeated a few times, the resistance is still stable and 

similar to the initial value, demonstrating the stable 

selfhealing performance (Figure 2j). The self-healing 

property should be originated from the rich functional groups 

on PAA chains and MXene sheets, which provide abundant 
sites for forming interfacial hydrogen bonds with each other 

and crosslinking interactions with calcium ions during the 

healing process.55,60 The composite hydrogels can be 

solidified by drying to form rigid composites (Figure S17). 

The dried samples can be readily converted into hydrogels 

by swelling in water, and the self-healing ability and 

flexibility could be well retained even after few drying-

swelling cycles (Figure S18). It is worth mentioning that the 

self-healing process of dried samples can also be triggered 

by moisture, during which the damage can be healed by 
dropping water on the fractured surfaces to allow swelling 

and then putting them together for a while (Figure S19). 

Therefore, the MXene composite hydrogel with desirable 

shape-changing and fast self-healing ability can adapt to 
arbitrary complex surfaces and recover from serious damage 

quickly, guaranteeing its reliability as a high-performance 

EMI shielding material for applications in complex 

environments. 

To explore the EMI shielding performance of the MXene 

composite hydrogel, the electrical properties are studied first. 

Figure 3a shows the dependence of electrical conductivity on 
the MXene content. The conductivity slightly increases with 

the MXene content but is maintained in a low range from 0.1 

 

Figure 3. Absorption-dominated terahertz EMI shielding performance. (a) Electrical conductivity of MXene composite hydrogels. (b) 
THzTDS spectra and (c) EMI SE of MXene composite hydrogels. (d) RL curves of MXene composite hydrogels. (e) Comparison of terahertz 
EMI shielding and absorption performances between MXene composite hydrogel and reference samples. (f) Proposed absorptiondominated 
EMI shielding mechanism of the MXene composite hydrogel. (g) SEM image showing the surface morphology of the MXene composite 
hydrogel. (h) Comparison of the terahertz shielding and absorption performances. (i) Terahertz EMI shielding performances of a MXene 

composite hydrogel (0.29 mm) at different states. Scale bar: (g) 10 μm. 
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to 0.8 S m−1. The moderate conductive property could play a 

key role in ensuring the optimized impedance matching 

while maintaining considerable attenuation capability 
(Figure S1).22,23 The terahertz EMI shielding performance in 

the frequency range 0.2−2.0 THz was measured by terahertz 

timedomain spectroscopy (THz-TDS) at transmission mode 
(Figure S20a). The terahertz time-domain spectra show that 

the transmitted terahertz radiation intensities of the MXene 

composite hydrogels are much smaller than that of the 

incident wave and become almost undetectable when 
MXene content exceeds 8.5 wt %, qualitatively 

demonstrating that the incident terahertz electromagnetic 

waves are almost fully shielded (Figure 3b). The 
corresponding average EMI SE values are 38.6, 45.3, 52.4, 

and 52.8 dB for 6.5, 8.5, 10.0, and 12.2 wt % MXene 

composite hydrogels, respectively. 

The reflection behaviors of the hydrogels were explored 

by a THz-TDS system at reflection mode (Figure S20b). In 

this mode, the hydrogel is with its back surface against an 

aluminum plate, which can almost fully reflect the radiation. 

Generally, two main reflection signals including the reflected 

signal from the surface of samples (IR1) and the signal 

reflected by aluminum plate (IR2) could be detected for 

materials with a large thickness due to the significant 

difference in the transmission distance of IR1 and IR2.61 As 

shown in Figure S21, the peaks of IR1 and IR2 merged due to 
the extremely small thickness of the samples. The intensities 

of reflected signals from the composite hydrogels are much 

smaller than that from the aluminum plate, demonstrating the 

minimized surface reflection and the effective wave 

dissipation inside the hydrogels. Figure 3d shows the RL 
curves of MXene composite hydrogels. All of the samples 

exhibit superior radiationabsorbing features in the measured 

frequency range. For the 8.5 wt % MXene-PAA-ACC with 

a small thickness of 0.13 mm, the maximum RL value 
(RLMAX) reaches 23.2 dB and the EAB is 1.8 THz, which 

fully covers the measured frequency range. Excessive 

MXene inevitably increases more reflection, which can 

enhance the EMI SE but compromises the absorption 

performance. 

To further ascertain the shielding mechanism, the terahertz 

EMI shielding and absorption performances of the MXene 
composite hydrogel and foam and the pure PAA-ACC 

hydrogel are compared, respectively (Figure 3e). The 

PAAACC hydrogel is insulating, but it still shows a 
moderate EMI SE value of 12.6 dB and strong 

electromagnetic absorption capability (RLMAX = 31.3 dB, 

EAB = 1.75 THz), confirming the positive effect of water in 

dissipating the penetrated wave. For the MXene composite 

hydrogel, its average RL value slightly decreased due to the 

formation of conductive MXene network, which inevitably 

leads to higher surface reflection. However, with the addition 

of MXene, a much higher EMI SE of 45.3 dB can be 

achieved because the increased conductive and polarization 

losses derived from the MXene network contribute to the 
enhanced attenuation of the penetrated wave at the same 

 

Figure 4. (a) Normalized electrical resistance versus stretch for the sensor. (b) Normalized resistance changes of the sensor  under different 

tensile deformation. (c) Normalized resistance changes of the sensor under the strain of 50% with different deformation frequencies. 

Resistance changes of the sensor in response to different body movements: (d) finger bending, (e) arm bending, (f) swallow, and (g) frown. 
Resistance changes in response to (h) water droplet and (i) signature on the sensor. 
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time, which also agrees well with the dielectric constants 

(Figure S22). Note that the corresponding freezedried 

MXene composite foam possesses both poor shielding and 

absorption performances. Therefore, the synergistic effect of 

conductive MXene network and internal water-rich 

environment should play a key role in efficiently shielding 

the incident electromagnetic wave with minimized 

reflection. 

Based on the above results, we can speculate an 

absorptiondominated EMI shielding mechanism, as 
schematically illustrated in Figure 3f. First, the 

electromagnetic wave can enter the hydrogel without 

significant reflection due to the surface open porous structure 

(Figure 3g) and the moderate conductivity that ensure the 

optimized impedance matching.23,30 Then the penetrated 

wave propagated in the cells of the hydrogel and was 

repeatedly scattered and reflected by the conductive cell 

walls, which can extend the path length of the wave and 

enhance its interaction with the interfaces before 

transmission.22,43 The surface terminations on the MXene 

sheets and the significant mismatch of conductivity in the 

interfaces between MXene and PAA can also effectively 

increase polarization losses to promote the attenuation of the 
penetrated wave.43,62 Last but not least, the penetrated 

radiation energy would concentrate in the water area that is 

capable of providing both strong polarization loss and 
dielectric loss, and vortex-like current loops can be induced 

to further dissipate the electromagnetic energy.38,63 Note that 

thicker samples have stronger EMI shielding capability 

while maintaining desirable absorption performance (Figure 
S23). Thus, with the absorption-dominated EMI shielding 

feature, our MXene hydrogel is ranked at the top of the 

comparison chart, showing its distinct advantage as 
compared with both the terahertz EMI shielding materials 

and the terahertz absorption materials reported so far (Figure 

3h and Table S2). More interestingly, the terahertz EMI 

shielding performance can be well maintained even after 
repeated cutting-healing and stretching processes, 

demonstrating the reliability of the composite hydrogel to be 

applied in flexible devices (Figures 3i and S24). 

In addition to providing absorption-dominated 

electromagnetic protection functions, the MXene composite 
hydrogel also shows electromechanical responses to 

deformation and can be used as a sensor for perceiving body 

motions and digitally monitoring vital signals, which is 
highly needed for wearable smart electronics.64,65 Here, a 

sensor was fabricated by using elastomeric VHB tape as the 

substrate to encapsulate the hydrogel. As shown in Figure 4a, 

the electrical resistance of the sensor monotonically 
increases with the increasing strain under uniaxial stretch. 

Note that the resistance increased slowly in the initial strain 

range, which ensures that the EMI shielding performances 

would not be significantly affected when deformation is 

caused by the movement of the sheltered objects. The 

resistance response of the sensor was measured by applying 

different cyclic tensile strains and stretching rates (Figure 4b, 

c). The sensor can detect minor deformation with a strain of 

only 1% and the resistance change can reach stable state even 

at high stretching rates of 500 mm min−1, demonstrating the 

reliability of the sensor. The sensor was further used to detect 

body movements. As shown in Figure 4d, e, the response 

behaviors of the sensor were recorded when the finger and 

arm were repeatedly bent. The sensor can respond to the 

movements repeatedly and detect the bending angles. In 

addition, more complex and subtle body movements, such as 

swallow and frown, can be successfully detected by 
mounting the sensor on the neck and forehead, respectively 

(Figure 4f, g). Both of the movements can yield distinct 

response behaviors, and the resistance signals are fully 
recoverable and repeatable. Note that the hydrogel with 

adhesiveness can also be used as an on-skin sensor by 

directly adhering to any positions on the human body (Figure 

S25). Moreover, the sensor presents pressure-sensing 
properties and can be used for recognizing signatures, further 

demonstrating the multifunctionality of our MXene 

composite hydrogels for applications in various scenarios 
(Figure 4h, i). Therefore, with the combination of these 

advantageous attributes, the MXene composite hydrogel 

holds great potential for application in the next-generation 

electronics beyond the conventional EMI shielding 

materials. 

CONCLUSIONS 

In summary, we have developed a multifunctional MXene 

composite hydrogel with excellent stretchability and 
recyclability, favorable shape adaptability and adhesiveness, 

fast selfhealing ability, and sensing capability to provide 

efficient terahertz EMI shielding. The synergy among the 

moderate conductivity, porous structure, and internal water-

rich environment renders the hydrogel with absorption-

dominated EMI shielding performance. The EMI SE of a 

0.13 mm thick hydrogel reaches 45.3 dB with an RLMAX 

value of 23.2 dB and a broad EAB covering the full 

measured frequency range (0.2− 2.0 THz), outperforming 

that of other terahertz shielding and absorption materials 
reported so far. Moreover, the hydrogeltype shielding 

material can conformally adhere to objects with arbitrarily 

complex geometry and quickly recover from damage, 

showing great promise for applications in wearable 

electronics and artificial skin. Accordingly, we believe this 

work can provide an alternative strategy for designing next-

generation terahertz EMI shielding materials and a highly 

efficient and convenient method for developing 

multifunctional 3D MXene structure on macroscopic scales, 

which will significantly extend the applications of MXene 

materials. 

METHODS 

Synthesis of MXene. Ti3C2Tx MXene was synthesized by a 

chemical etching method as reported.56 Typically, 1.6 g of lithium 

fluoride (Aladdin) was mixed with 20 mL of 9 M hydrochloric acid 

under stirring in a Teflon bottle. Then, 1 g of Ti3AlC2 powder 

(average particle size ≤38 μm) was added into the above-mentioned 

solution and the mixture was stirred at 35 °C for 24 h. After the 

etching reaction, the products were washed with deionized water 

repeatedly until the pH value of the supernatant is higher than 5. 

Finally, the etched products were mildly sonicated under inert gas 

flow followed by centrifuging to remove impurities and obtain a 

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c08830/suppl_file/nn0c08830_si_001.pdf
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delaminated Ti3C2Tx MXene suspension. To measure the 

conductivity of the MXene, the MXene suspension was vacuum-

filtrated to obtain a freestanding MXene film, which showed a 

conductivity of 2000 S/cm. 

 Fabrication of MXene Composite Hydrogels and PAA 

Hydrogel. In a typical procedure, 266.6 mg of CaCl2 were dissolved 

in 6 mL of 0.4 M PAA solution (Mw ≈ 100 000 g mol−1, 

SigmaAldrich) to obtain a PAA/CaCl2 solution. Subsequently, the 

PAA/ CaCl2 solution and MXene suspension (4 mg mL−1) were 

mixed with different volume ratios under magnetic stirring for 30 

min. Then a solution of 0.1 M Na2CO3 was slowly injected into the 

mixture while the mixture was vigorously stirred. During the 

process of adding Na2CO3 solution, flocculation can be observed 

and the sticky precipitates gradually accumulated around the 

stirring bar to form an integrated composite hydrogel. Finally, the 

composite hydrogel was collected and washed with deionized 

water. To fabricate the PAA hydrogel, the Na2CO3 solution was 

slowly injected into the solution of 0.4 M PAA and 0.4 M CaCl2 

under vigorous stirring and the asformed white precipitate was 

collected and washed. The volume of MXene, PAA/CaCl2, and 

Na2CO3 solutions used to fabricate samples with different MXene 

content is listed in Table S1. 

Characterization. The microstructures of the freeze-dried 

hydrogel were observed using a TESCAN MIRA SEM. The 

morphologies and geometric features of MXene sheets were 

confirmed by Bruker AFM. XRD data were collected with a Bruker 

D8 Advance XRD (Cu Kα radiation, λ = 1.54 Å). Chemical 

compositions of samples were confirmed with a Thermo Fisher 

Escalab 250 XPS and a Nicolet Nexus 670 FT-IR spectrometer. The 

rheological properties were measured by an AR2000ex rheometer. 

The electrical property was measured by an RTS-8 four-probe 

resistivity meter. The resistance signals were recorded in a 

CHI660E electrochemical workstation. The mechanical property 

was tested by a Xiangjie XJ830 universal testing machine. Raman 

analysis was performed on a Renishaw InVia Raman microscope. 

TGA was performed on a NETZSCH TGA209F1 at a rate of 10 °C 

min−1 under a nitrogen atmosphere. 

Terahertz Shielding and Absorption Measurements. The 

terahertz EMI shielding performance and the reflection behaviors 

were obtained using THz-TDS at transmission mode and reflection 

mode, respectively. The measurements were performed at room 

temperature. The humidity in the test room was controlled in a low 

range (<5%). The terahertz pulse was generated using a GaAs 

photoconductive antenna with a Ti:sapphire laser as the excitation 

source. The terahertz signals were detected by a silicon-on-sapphire 

photoconductive antenna. The EMI SE values were calculated 

using the following equation:8 

 EMI SE =−20 log(E Es/ a) (1) 

where Es and Ea refer to the amplitudes of transmission terahertz 

pulses for the samples and the air cavity, respectively. 
The RL values of the samples were calculated according to the 

following equation:61 

 RL(dB) =−10 log(E Er/ i) (2) 

where Er and Ei refer to the amplitude of the reflection signal of the 

samples and the amplitude of the incident terahertz pulse, 

respectively. 
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