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Abstract: Developing high-performance and functional hydrogels that mimick biological materials 

in nature is promising yet remains highly challenging. Through a facile, scalable unidirectional 

freezing followed by salting-out approach, a type of hydrogels composed of “trashed” MXene 

sediment (MS) and biomimetic pores are manufactured. By integrating the honeycomb-like ordered 

porous structure, highly conductive MS, and water, the electromagnetic interference (EMI) shielding 

effectiveness is up to 90 dB in the X band and can reach more than 40 dB in the ultra-broadband 

gigahertz band (8.2–40 GHz) for the highly flexible hydrogel, outperforming previously reported 

porous EMI shields. Moreover, thanks to the stable framework of the MS-based hydrogel, the 

influences of water on shielding performance are quantitatively identified. Furthermore, the 

extremely low content of silver nanowire is embedded into the biomimetic hydrogels, leading to the 

significantly improved multiple reflection-induced microwave loss and thus EMI shielding 

performance. Last, the MS-based hydrogels allow sensitive and reliable detection of human motions 

and smart coding. This work thus not only achieves the control of EMI shielding performance via 

the interior porous structure of hydrogels, but also demonstrates a waste-free, low-cost, and scalable 

strategy to prepare multifunctional, high-performance MS-based biomimetic hydrogels.

Keywords: hydrogel, biomimetic, multifunctional, electromagnetic interference, MXene sediment
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Introduction 

The advancement of gigahertz (GHz) band communication technologies has significantly 

brought convenience for humans while it also leads to hazardous electromagnetic interference (EMI) 

or radiation.1-4 To this end, high-performance, easy-manufacturing, adjustable-performance, and 

low-cost EMI shields are urgently desired.5, 6 Since introducing the micrometer-sized pores in EMI 

shields can facilitate multiple reflections of incident electromagnetic waves (EMWs) and effectively 

improve the EMI shielding effectiveness (SE), recently cellular foams/aerogels have attracted more 

and more attention for preparing high-performance EMI shields.7-10 However, compared with the 

bulk shields, the foams/aerogels-based shields generally suffer from fragility as well as poor 

flexibility.11 This limits the development of high-performance EMI shields demanding good 

mechanical toughness, flexibility, and even stretchability, which are especially desired for next-

generation flexible devices. The hydrogels, composed of a cellular structure filled with plenty of 

water and a network of crosslinking hydrophilic building blocks, can reveal satisfactory mechanical 

flexibility, elasticity, toughness, fatigue resistance, and especially stretchability.12-15 Moreover, 

abundant water-enriched pores are promising for increasing the multiple reflections of incident 

EMWs and enhancing the polarization loss capability derived from water molecular and hydrogen-

bond networks.16-18 This promises the hydrogels acting as high-performance EMI shielding 

architectures.

Generally, designing a highly crosslinked polymer framework to sustain the hydrogel without 

collapse and integrating the conductive nanomaterials into the hydrogel to increase the dissipation 

of incident EMWs are essential for obtaining high-performance hydrogel-based EMI shields. 

Thanks to the high conductivity, excellent mechanical properties, and large aspect ratio, the 

Page 3 of 34

ACS Paragon Plus Environment

ACS Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



4

nanomaterials such as carbon nanotube (CNT), graphene, or transition metal carbide and/or nitride 

(MXene) are most popularly employed for improving the mechanical, electrical, and EMI shielding 

performance of hydrogels.19, 20 For instances, the poly(acrylic acid)/chitosan/amorphous calcium 

carbonate hydrogels embedded with 4.76 wt% reduced graphene oxide (rGO) and 4.76 wt% CNTs 

were prepared, respectively, showing an X-band (8.2–12.4 GHz) EMI SE of 48 dB at a thickness of 

3 mm and an X-band SE of ~60 dB at 9 mm thickness, respectively.21 Liu et al. fabricated the 4 wt% 

Ti3C2-MXene-functionalized poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT: 

PSS) hydrogels, showing an X-band EMI SE of 51.7 dB.22 Here, a high fraction of polymer has to 

be employed to crosslink the inorganic conductive nanomaterials for preparing robust hydrogels due 

to the weak interfacial interactions between the nanomaterials, moreover, the challenge in well 

dispersing these conductive nanomaterials with a high fraction in the polymer matrices exists for the 

reported hydrogels.23 However, regarding the hydrogel-based EMI shields, too high content of 

insulting polymer is not beneficial for fully utilizing the conductivity and EMI shielding properties 

of the functional nanomaterials.24 Moreover, since the mechanical strength of the cell walls is not 

satisfactory at too high polymer contents, designing cellular morphology such as biomimetic ordered 

micrometer-sized pores, which has been proven to be efficient to improve the EMI shielding 

performance, remains highly challenging for the hydrogel-based EMI shields.7, 25-27 Developing 

robust hydrogels with fewer polymers and more controllable cellular morphologies are highly 

demanded to advance the development and understanding of the structure-performance relationships 

of hydrogel-based EMI shields. Last but not the least, the preparation or processing of these often-

employed conductive nanomaterials including CNTs, graphene, and MXene layers for preparing the 

EMI shielding hydrogels still suffers from high cost, low yields, or additional functionalization 
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treatments, thereby limiting the practical application requiring cost and environmental efficiency. 

We notice that the MXene sediment (MS), consisting of unetched MAX and unexfoliated 

multilayered MXene (m-MXene) as well as a tiny amount of residual single/few-layered MXene, is 

generally trashed away during preparing the MXene layers that have been widely developed in 

supercapacitors, biomedicine, and sensors.28-30 This surges the constructing cost of burgeoning 

MXene-based devices and wastes quite some amount of materials. Interestingly, we have ascertained 

that the “trashed” MS shows high electrical conductivity, high yield, and high concentration in water, 

which are highly anticipated for preparing high-performance EMI shields or hydrogel-based devices.

Here, through a facile, scalable unidirectional freezing and subsequent salting-out approach, 

we successfully employed a small amount of polyvinyl alcohol (PVA) to crosslink the MS for 

preparing a type of robust, highly conductive hydrogels with unidirectional, micrometer-sized 

honeycomb-like pores. The high-toughness cell walls, derived from the synergy of PVA and MS, 

not only stabilized the biomimetic ordered pore structure but also contributed to the high mechanical 

flexibility and stretchability of the MS-based hydrogels. The synergistic interactions of pores, MS-

based conductive network, and considerable interfaces between MS and PVA, rendered the 

hydrogels with high EMI shielding performance. Our MS-based hydrogels exhibited the X-band 

EMI SE of 31 to 91 dB at a thickness of 1.0 to 7.5 mm, respectively, and the SE of the 2.0 mm-thick 

hydrogels was more than 40 dB over the ultra-broadband GHz frequency range, involving X-band, 

Ku-band (12.4–18 GHz), K-band (18–26.5 GHz), and Ka-band (26.5–40 GHz). This performance 

was on par with that of the best EMI shielding materials ever reported. Moreover, we quantitatively 

identified the influences of water on EMI shielding performance via a facile, resumable control of 

the water fraction in the hydrogel, advancing a valuable understanding of the superiority of hydrogel 
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for EMI shielding monoliths. Furthermore, the extremely low content of silver nanowire (AgNW) 

was easily embedded into the MS-based biomimetic hydrogel, significantly enhancing the EMI 

shielding performance. With a mere 0.16 wt% AgNW, the EMI SE of the hydrogels drastically 

increased from 44 to 66 dB when the propagation direction of the incident EMWs was perpendicular 

to the aligned pore channels. In addition, the mechanical ultra-flexibility of the conductive MS-

based hydrogels contributed to the implementation of high-performance human motion detections 

as wearable sensors. The multifunctional MS-based hydrogels thus possess high application 

potentials for next-generation electronics.

Results and discussion 

The fabrication processes of MS-based hydrogels are exhibited in Figure 1a, which comprises 

the delamination of Ti3AlC2 MAX, directional freezing, and salting-out approach. Through 

minimally intensive layer delamination on rocklike Ti3AlC2 MAX (Figure S1),25 the supernatant 

with high-quality single/few-layered Ti3C2Tx MXene nanosheets (supernatant) was separated 

(Figure S2), and the sediment composed of unetched MAX phase and un-exfoliated m-MXene as 

well as a tiny amount of MXene layers was left. Generally, the sediment was typically discarded, 

which resulted in the waste of materials and surges in MXene synthesis costs.31-33 To avoid this, 

after decanting the supernatant, the sediment was redispersed in the water to form homogeneous MS 

aqueous dispersion with an extremely high solid content that MXene dispersion cannot reach. This 

is reflected by the vicious feature and stability of MS (Figure 1b). The components of MS have 

presented in the X-ray diffraction (XRD) patterns in Figure S3. The typical diffraction peaks of 

Ti3C2Tx MXene and Ti3AlC2 MAX could be indexed in the patterns of MS, illustrating the presence 
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of unetched MAX phase and un-exfoliated m-MXene.34-36 Scanning electron microscope (SEM) 

images and energy dispersive spectroscopy (EDS) mappings are also applied to record the existence 

of the phase components in MS (Figure 1c and Figure S4). As shown in the transmission electron 

microscope (TEM) images (Figure 1d and e, and Figure S5), the coexistence of MAX phase, m-

MXene, and MXene layers is further verified in MS, which is consistent with the analysis in XRD 

and SEM. 

In consideration of weak interactions between MS particles that cannot form the freestanding 

architecture, the PVA is utilized as an adhesive to construct the MS-based hydrogel. In the 

meanwhile, such “trashed” MS particles interconnect to efficiently improve the conductivity of 

hydrogel as well, which is vital for high-performance EMI shielding. Specifically, by pouring the 

MS/PVA suspensions into a Teflon mold with a metallic bottom immersed in liquid nitrogen, the 

ice crystals grew and elongated along the temperature gradient, extruding the MS and PVA to form 

a composite framework.37 More importantly, benefiting from this extrusion, a higher solid 

concentration and a closer packing of PVA chains and MS were obtained for the subsequent salting-

out approach.12 After immersing the freezing gel in a kosmotropic salt solution, the preconcentrated 

PVA chains, and MS further strongly coalesced to form the crosslinked, high-strength cell walls, 

which were stabilized by multiple intermolecular hydrogen-bonding and hydrophobic interactions.14, 

38, 39 In Figure 1f, the ordered and aligned micrometer-sized pore channels of MS/PVA hydrogels 

are exhibited in the through-plane direction that is parallel to the growth direction of ice crystals, 

compared with the random pores in the in-plane direction (Figure S6). The MS is uniformly 

distributed in the hydrogels as verified by the EDS mappings (Figure 1g). Profiting from the low-

cost MS and the facile, scalable preparation approach, the large-area MS-based hydrogel with 
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dimensions of 21 × 30 cm2 (larger than the A4 paper) is prepared (Figure 1h). The hydrogel can also 

support a person weighing 65 kg without any damage (Figure 1h), showing the good mechanical 

toughness and stability. In addition, the MS-based hydrogels also exhibit good mechanical flexibility 

including bending, twisting, and even stretching (Figure 1i), outperforming that of the typical 

cellular foams/aerogels. The MS-based hydrogel holds up a load more than 200 times heavier than 

itself, further showing the high toughness.

To further analyze the mechanical properties, the tensile stress-strain curves are shown in 

Figure 1j. With increasing PVA content, the applied stress on hydrogels can be transferred from 

rigid MS particles to the surrounding soft polymers, resulting in the increased fracture strain of 

hydrogels. However, a higher MS content or a lower PVA content of hydrogel has higher tensile 

strength and modulus due to the high modulus of inorganic MS as well as the generated strong 

interfaces between MS and PVA (Figure 1j and k). The MS-based hydrogels with a small fraction 

of polymer such as 20 wt% PVA show the highest tensile strength and modulus. It is also easy to 

understand that a too less polymer content such as 10 wt% PVA is not beneficial for achieving high 

mechanical properties (inset in Figure 1j), further implying the weak interfacial interactions between 

MS particles and the importance of the introduction of a small fraction PVA. In order to reveal the 

mechanical properties of hydrogels with material consumption, the MC, defined as the ratio of 

modulus to the solid content of hydrogels, is calculated. Compared with the hydrogels ever reported 

(Figure 1l and Table S1), the MS-based hydrogels with 20 wt% PVA possess a higher MC, showing 

the superior mechanical property of the MS-based hydrogels even at a low material consumption. 

Therefore, the aligned cell walls are robust and hardly collapsed, leading to the successful 

implementation of the biomimetic ordered pore microstructure. Considering the effects of aligned 
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pore structure on mechanical strength, the mechanical tests are carried out in both parallel and 

perpendicular directions concerning pore channel directions, as exhibited in Figure S7. The parallel 

tensile strength and modulus are ~140 and ~248 kPa, respectively, higher than those in the 

perpendicular direction with ~101 and 120 kPa, respectively. In short, thanks to the rational design 

of building blocks, MS-based hydrogels showed promising mechanical performance.

Increasing PVA or decreasing MS content is against the formation of the conductive network 

in the hydrogel, leading to the declined conductivity from 1.6 to 0.2 S/m (Figure 1m). Similarly, as 

shown in Figure 2a, the increased PVA content results in the declined EMI SE. The average X-band 

SE value of 44.7 dB, signifying that more than 99.997% of incident EMWs are blocked, is obtained 

for the 2 mm-thick MS-based hydrogels with 20 wt% PVA. With increasing PVA content to 80 

wt%, the average SE of hydrogels dramatically reduces to 22.2 dB, which still surpasses the 

commercial SE requirement of 20 dB.40-42 Compared with a SE of ~0.4 dB of freeze-dried PVA 

aerogel (Figure S8a), the EMI SE of pure PVA hydrogel is ~17 dB, demonstrating the role of the 

interior water plays in improving the EMI SE. It is also observed that the theoretically calculated SE 

of the DI water is displayed from 8.8 to 15.6 dB in the X band, which is slightly lower than the tested 

SE value of the pure PVA hydrogels (Figure S8b). This can be attributed to the multiple reflection 

capability derived from the internal porous structure.30, 43 Despite the powerful capability of water 

for dissipating EMWs, the pure PVA hydrogel cannot achieve a satisfactory SE value due to the lack 

of a conductive component. This indicates the necessity of MS in the composite hydrogels for high 

EMI shielding performance. 

In general, EMI shielding performance is influenced by the reflection, absorption, and multiple 

reflections, corresponding to the mobile charge carriers, electric dipoles, and interior 
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interfaces/surfaces, respectively.44 To clarify the EMI shielding mechanism of hydrogels, the total 

SE (SET), and shielding by reflection (SER) and absorption (SEA) are exhibited (Figure 2b). Here, 

the SEA dominated SET of the hydrogels, which is similar to that of other porous foams/aerogels 

ever reported.45, 46 The increased PVA fraction leads to the decreased mobile charge carriers, and 

thus the SER is decreased. Furthermore, the declined MS content impairs the interfacial polarization 

and dipole polarization of surface functional groups on MS. These dramatically decrease the SEA 

and thus SET of MS-based hydrogels with increased PVA contents. The transmission (T), absorption 

(A), and reflection (R) power coefficients of MS-based hydrogels are utilized to further reveal the 

shielding process, as shown in Figure 2c. The R values mainly depend on the difference in 

impedance between two sides of the incident interface. Thus, the decreased conductivity stemming 

from increased PVA content improves the impedance matching between hydrogel and air, inducing 

the declined R. Since the reflection behavior arises before absorption, the variation tendency of A is 

opposite. Most (62%–85%) of incident EMWs are firstly reflected because of the mismatched 

impedance at the hydrogel/air interface, and a fraction of EMWs (15%–37%) penetrates the hydrogel 

and are dissipated by the cell walls and water. For the pure PVA hydrogel, the R is also higher than 

A because the permittivity of water causes the mismatched impendence (Figure S8c). Here, the 

micrometer-sized pore-induced multiple reflections of incident EMWs can lead to increased 

interactions between the EMWs and the cell walls.7, 10, 25, 26 Thus, the hydrogels have a high SE and 

a low transmission (T<10-4). In a word, the synergistic interactions of the MS, PVA, water, and pore 

structure in the hydrogels contribute to the high EMI shielding performance.

Adjusting the thickness of MS-based hydrogels is an efficient approach to control the EMI SE. 

As shown in Figure 2d, with increased thickness of hydrogels from 1.0 to 7.5 mm, the EMI SE lifts 
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from 31 to 91 dB. The thicker hydrogel conduces to more interactions between EMWs and cell 

walls, exhibiting higher SEA and SET (Figure 2e). At a thickness of 7.5 mm, the EMI SE can reach 

up to 91 dB, surpassing that of most porous architectures and showing great potential in EMI 

shielding applications. Furthermore, the solid content directly affects the EMI shielding 

performance.47 By altering the addition of DI water in MS/PVA precursor dispersion, a series of 

MS-based hydrogels with various solid contents (12.5 wt%–21 wt%) were constructed. As the solid 

content increases, the EMI SE values lift from 31 to 49 dB, achieving a significant improvement 

(Figure 2f). The quantitative and wide-range controllability of the EMI SE is thus achieved by 

controlling the thickness and solid content of the hydrogels. To exhibit superior shielding 

performance, the SE divided by sample thickness (SE/d) values of hydrogels-based shields and 

typical aerogel/foam-based shields are summarized in Table S2. The performance of our hydrogel-

based EMI shields is comparable to that among the best shielding materials ever reported. More 

importantly, the functional MS embedded into hydrogels has an immense superiority in easily 

controlling the concentration with a wide range of 20–90 wt% in total solid, which is hardly rivaled 

by other conductive nanomaterials (Table S1). This leads to extremely wide-range controllability of 

MS contents in our MS-based hydrogels and thus EMI SE values. In other words, only a small 

fraction of insulating polymers, easily deteriorating the utilization of intrinsic conductivity of MS, 

is enough for preparing the robust, functional MS-based hydrogels, which outperforms that of the 

other hydrogels ever reported.

Thanks to the high mechanical flexibility and stability, the MS-based hydrogels demonstrate 

good EMI shielding stability and reliability even after the 1000-cycle bending treatments (Figure 2g 

and Figure S9a). This shows the potential of MS-based hydrogels in the wearable application. With 
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the iterative upgrading of communications technologies, the working frequency of electrical devices 

shifts to a higher GHz frequency range. The EMI SE of MS-based hydrogels is higher than 40 dB 

(Figure 2h) in the typical GHz frequency range including X band, Ku band (12.4–18 GHz), K band 

(18–26.5 GHz), and Ka band (26.5–40 GHz), further verifying the high, GHz broadband shielding 

performance and high application potential.

Apart from the mechanical ultra-flexibility, another immense superiority of the hydrogel-based 

EMI shields that the cellular aerogel/foams cannot rival is the potent polarization loss capability 

derived from the water filled in the pores.16, 48 Nevertheless, this critical factor has been barely 

explored and never quantified in detail. Herein, an in-situ and reversible control of the water fraction 

of MS-based hydrogels is achieved, when the pore structure and macrostructure of hydrogels can be 

maintained due to the good mechanical properties of the MS-based cell walls (Figure 3a). With 

decreasing water content, the EMI SE exhibits an obvious decline from 44 to 14 dB, corresponding 

to the values of the original MS-based hydrogels and aerogels without water, respectively (Figure 

3b, c). Furthermore, because of the strong crosslinking and hydrophilia of building blocks, the water 

fraction can be recuperated after the freeze-dried MS-based hydrogel (MS/PVA aerogel) is 

immersed in DI water. The EMI shielding performance (SET, SEA, and SER) of recuperative 

hydrogels accordingly return. This quantitatively shows the contribution of the water to the EMI 

shielding performance of the hydrogels. Moreover, we can conclude that owing to the plentiful water 

incorporated into the porous hydrogels, the EMI SE greatly outperforms that of the corresponding 

cellular foams/aerogels with the same building framework. This reveals the huge advantages of 

hydrogels in preparing high-performance EMI shields. It is also worthy to note that the mechanical 

flexibility and stretchability can return well for the MS-based hydrogel transforming from the 
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corresponding aerogel, implying the good mechanical strength and stability of the MS-based 

scaffolds in hydrogels (Figure S9b). This reversibility between our MS-based hydrogel and aerogel 

also assures the storage stability of our hydrogels in practical applications. In short, a quantified 

evaluation of the influences of water on EMI shielding performance for the hydrogels is efficiently 

achieved, achieving the designation of high-performance EMI shielding hydrogels. 

AgNW with a large aspect ratio are employed to improve the conductivity of cell walls (Figure 

S10), further improving the EMI shielding performance of the MS-based hydrogels. 46 Interestingly, 

with a tiny addition of 0.16 wt% (the mass fraction of AgNW in the freeze-dried solid samples), the 

average X-band SET increases more than 20 dB from 44 to 66 dB (Figure 3d). Herein, the SEA 

increases extensively from ~35 to ~57 dB. The embedded high-conductive one-dimensional AgNW 

can effectively connect the dispersive MS fillers to optimize the conductive network. As a result, 

the cell walls with a higher conductivity could enhance the EMW loss capability of incident EMWs, 

improving the EMI SE of the hydrogels. More interestingly, the interactions between EMWs and 

cell walls were further amplified by the biomimetic aligned pore structure of the hydrogels.7, 26 As 

for MS-based hydrogels, the EMI SE is measured when the propagation direction of the incident 

EMWs is parallel and perpendicular to the aligned pore channels, respectively.5 For the MS-based 

hydrogels, the perpendicular EMI SE (pe-SE), corresponding to that when the propagation direction 

of the incident EMWs is perpendicular to the aligned pore channels, is ~44 dB and slightly higher 

than that of ~43 dB in the parallel direction (pa-SE). This is different from that an obvious anisotropy 

in EMI SE can be observed in the anisotropic porous foams/aerogels ever reported.25-27 We assume 

that although the multiple reflections of incident EMWs in different propagation directions are 

different, the relatively low EMW absorption capability of cell walls cannot make a significant 
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difference in the SET of hydrogels without AgNW. This is also demonstrated by the low pe-SE and 

pa-SE values of the corresponding freeze-dried MS-based aerogels (Figure S11). However, the 

addition of low-content AgNW further promotes the pa-SE from 43 to 60 dB, which is significantly 

lower than that of the pe-SE of 66 dB (Figure 3e). Compared with pa-SEA, the higher pe-SEA further 

illustrates that the aligned cell walls can contribute to the multiple reflections of incident EMWs and 

thus significantly increasing the EMI SE for the hydrogels (Figure 3f). In short, the AgNW can 

increase the intrinsic conductivity and enhance the EMW dissipated capability of cell walls, which 

can be further amplified by the biomimetic ordered porous structure of the MS-based hydrogels. 

This leads to a good EMI shielding performance.

To better understand the high EMI shielding performance of MS-based hydrogels, the 

schematic diagram of EMI shielding is presented in Figure 3g. Thanks to the high electrical 

conductivity of MS, the increased mobile charge carriers and conductivity of the hydrogels result in 

the high reflection loss of incident EMWs.49 Subsequently, the EMWs propagating into the aligned 

pore channels undergo multiple reflections or scatterings due to the abundant cell wall-pore 

interfaces, prolonging the propagation path of EMWs for more interactions with the cell walls 

owning high EMW loss capability. In the hydrogels, the synergistic efforts of multiple reflections, 

conductive loss, and polarization loss stemming from charge carriers of MS and AgNW, 

heterogeneous interfaces, and changed hydrogen bond networks associated with water molecules, 

result in the almost perfect consumption of the EMW energy. In addition, some defects and 

functional groups derived from MS can induce polarization loss, improving the EMI shielding 

performance. Particularly, the conductivity of cell walls further increases with the addition of AgNW, 

which led to the significant enhancement of multiple reflections induced EMW loss due to the 
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biomimetic aligned porous structure of the MS-based hydrogels. This leads to the distinct anisotropic 

EMI shielding performance of MS-based hydrogels, which has never been reported in previous work. 

This also contributes to the significant improvement of the EMI shielding performance of the MS-

based hydrogels. In a word, combined with the simple, facile, and scalable preparation approach, 

we reuse the “trashed MXene” to fabricate the ultra-flexible and durable MS-based biomimetic 

ordered porous hydrogels with good EMI shielding performance. 

Developing multifunctionalities is vital and a growing tendency for future EMI shielding 

materials. Since our MS-based hydrogels are highly flexible and robust, we briefly explore that they 

can be effortlessly attached to the human body as wearable sensors for detecting human motions.50 

The MS-based hydrogels with 60 wt% PVA are selected to construct the wearable sensors since they 

have a similar modulus to the soft tissues, such as muscles and tendons in the human body (Figure 

4a). Upon stretching the hydrogels, the resistance is increased because of the elongated conductive 

path. The gauge factor (GF) corresponding to the sensitivity of the hydrogel sensors is also 

calculated (Figure 4b), which reveals a relatively high strain sensitivity. The resistance change of 

the sensor is reversible and repeatable, at the 12.5%, 30%, and 50% cyclic strains, showing reliable 

sensing performance. Imitating the bending of joints, when the hydrogel sensor is bent from the 

straightened state (0°) to 30°, 60°, and 90° and then held steady, respectively, the resistance increases 

accordingly due to the bending induced stretching and then remains constant. This exhibits the 

usefulness of our sensors in detecting various human motions from small to large strain activities. 

As the finger attached to the sensor bends and returns, the resistance of the hydrogel sensor increases 

sensitively and recovers periodically (Figure 4e–g). In addition, subtle motion such as tapping is 

well detected (Figure 4h). From this, the Morse Code can be edited and transmitted remotely by 
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tapping, and some numbers and words such as “123”, “MS” and “HYDROGEL” are compiled 

(Figure 4i), respectively. These explorations further extend the application potentials of the MS-

based hydrogels as flexible, multifunctional, high-performance next-generation electronics.

Conclusions 

The MS-based hydrogels with biomimetic ordered pore structures are fabricated via scalable 

ice-templated freezing and salting-out treatments. The robust framework composed of highly 

crosslinked MS not only stabilizes the aligned micrometer-sized pore structure but also contributes 

to the formation of high-strength hydrogels with mechanical ultra-flexibility, including bendability 

and even stretchability. Upon the synergistic effects of the MS-based conductive network,30 PVA 

chains, water, and porous structure, the MS-based hydrogels exhibit good EMI shielding 

performance. Our MS-based hydrogels possess the EMI SE of 31 to 91 dB at a thickness of 1.0 to 

7.5 mm, respectively, and an SE of more than 40 dB at a thickness of 2.0 mm in the ultra-broadband 

GHz band (8.2–40 GHz). Particularly, we quantitatively identify the influences of water of hydrogels 

on EMI shielding performance via a resumable approach to control the water fraction. Moreover, 

with the addition of AgNWs, the shielding performance of the MS-based hydrogels significantly 

increases, which is derived from the enhanced multiple reflections loss caused by the biomimetic 

aligned porous structure. This contributes to the implementation of an anisotropic EMI shielding 

performance for the hydrogel-based EMI shields, achieving the preparation of hydrogel with 

controllable EMI shielding performance derived from interior porous structure beyond the material 

constituent. This also leads to significantly improved EMI shielding performance of the MS-based 

hydrogels, which outperform other EMI shielding materials ever reported. In addition, the MS-based 
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hydrogels show sensitive and reliable detections of human motions and smart coding as wearable 

flexible devices. The preparation of the MS-based hydrogels based on the “MXene trash” is waste-

free, scalable, and low-cost. Combined with the multifunctional, outstanding EMI shielding 

performance, the high-strength, ultra-flexible MS-based hydrogels suggest promising application 

potentials for next-generation electronics.

Experimental  

Preparation of the MS and MS-based hydrogels. The etching of the Ti3AlC2 MAX phase (Laizhou 

Kai Kai Ceramic Materials Co., Ltd.) was performed using the minimally intensive layer 

delamination or “MILD” synthesis route as shown in our previous work. Typically, 0.5 g lithium 

fluoride was dissolved in a 20 mL 4.5 M hydrochloric acid solution. Afterward, 0.5 g Ti3AlC2 MAX 

was added to the aforementioned mixture and incubated at 35°C for 24 h. After the reaction, the 

suspension was centrifuged at 3500 rpm and redispersed with deionized water until the pH was up 

to 6. Subsequently, the suspension was shaken for 20 min and centrifuged at 3500 rpm for 5 min. 

After decanting the supernatant, the MS that was generally trashed was left at the bottom of the 

centrifuge tube. A certain amount of PVA (PVA-124, the average degree of polymerization of 2, 

400 to 2, 500, 98%–99% hydrolyzed) aqueous solution and MS were mixed to form a series of 

homogeneous mixtures with various MS contents, and the Table S3 enumerated the details of the 

mixtures. The concentration of PVA in the homogeneous mixture was 4 wt%. Subsequently, the 

homogeneous mixture was poured into a container made of polytetrafluoroethylene (PTFE) and a 

metallic bottom as a cold finger immersed in the liquid nitrogen for directional freezing. The frozen 

samples were then immersed into a 4.0 M sodium chloride solution for crosslinking of 24 h. After 
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soaking the hydrogel samples in DI water to remove the ions, the MS-based hydrogels with aligned 

micrometer-sized pores were fabricated. The MS-based hydrogels containing a small fraction of 

AgNWs were prepared via the same procedure with an extra addition of AgNWs (an average length 

of 100–200 μm and an average diameter of 50 nm, Nanjing XFNANO Materials Tech Co., Ltd) in 

a mixture of MS and PVA. To figure out the effects of water on EMI shielding, the MS-based 

hydrogels were freeze-dried with different time to acquire a series of hydrogels with different water 

contents.

Characterization. For characterization of the pore morphology and microstructure of the hydrogels, 

all hydrogel samples were freeze-dried using a freeze-dryer (SCIENTZ-12N). Scanning electron 

microscopy (SEM, Hitachi SU-70) and transmission electron microscopy (TEM, JEOL JEM-2100) 

were employed to characterize the morphology and microstructure. The phase information and 

surface chemical states were investigated using an X-ray diffractometer (XRD, Cu Kα, DMAX-

2500PC, Rigaku). The mechanical performance of the MS-based hydrogels was carried out by IS-

200N and at least five samples were tested for each component of samples. Unless special mentioned, 

the tensile direction was parallel to the oriented channel direction. The resistances were measured 

in a four-probe method by the Tonghui test system (TH26011CS) to calculate the electrical 

conductivity (δ). The hydrogels with aligned pores showed similar electrical conductivity due to the 

interconnected conductive cell walls in different directions. EMI SE values and electromagnetic 

parameters in the frequency range of 8.2–40.0 GHz were measured by a vector network analyzer 

(VNA, Agilent PNA N5244A) in the waveguide method. Unless special mentioned, the EMI SE 

was measured when the propagation direction of the incident EMWs was perpendicular to the 

aligned pore channels. More than three specimens were tested for each component. The size of the 
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tested samples was cut into 22.86 mm × 10.16 mm (length × width) in the tested frequency range of 

8.2–12.4 GHz (X-band), 15.74 mm × 7.87 mm (length × width) in the tested frequency range of 

12.4–18 GHz (Ku-band), 10.67 mm × 5.33 mm (length × width) in the tested frequency range of 

18–26.5 GHz (K-band), and 7.12 mm × 3.56 mm (length × width) in the tested frequency range of 

26.5–40 GHz (Ka-band). The S-parameters were recorded and used to calculate the SET, SER, and 

SEA, power coefficient of A, R, and T based on the following formulas:

𝑅 = |𝑆11|2 = |𝑆22|2 (1)

𝑇 = |𝑆12|2 = |𝑆21|2 (2)

𝐴 = 1 ― 𝑅 ― 𝑇 (3)

𝑆𝐸𝑇 (dB) = 10log (1
𝑇) (4)

𝑆𝐸𝑅 (dB) = ―10log (1 ― 𝑆11
2) = ―10log (1 ― 𝑆22

2) (5)

𝑆𝐸𝐴 (dB) = 𝑆𝐸𝑇 ― 𝑆𝐸𝑅 (6)

Supporting Information

Supporting Information is available free of charge. SEM image of Ti3AlC2 MAX; Basic 

characterization of Ti3C2Tx MXene nanosheets; XRD patterns, SEM, EDS, and TEM images of MS-

based samples; supplementary mechanical properties and EMI SE of samples; the stability curve of 

conductivity of hydrogel; the SEM images, XRD patterns, and EDS mappings of Ag NWs and 

corresponding hydrogels; the supplementary EMI SE of the freeze-dried hydrogels; comparison of 

modulus and EMI shielding performance of MS-based hydrogels.
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Figure 1. (a) Schematic showing the preparation process of the MS-based hydrogels. (b) Photos of 

as-prepared MS (top) and that strands for 1 hour (bottom), showing a highly viscous nature. (c) SEM 

image of the MS particles. (d) TEM (inset shows electron diffraction image) image of the MS, 

including (e) un-exfoliated m-MXene. (f) SEM image of MS-based hydrogels (parallel to pore 

channel) and (g) the element mappings of C, O, Ti, Al, and F. (h) Large-area MS-based hydrogel 

that is larger than an A4 paper (around 21×30 cm2) and a photo of the hydrogel that sustains a person 
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weighing 65 kg. (i) Photographs of the ultra-flexible MS-based hydrogels with bending, twisting, 

and stretching capability (left), and an MS-based hydrogel stripe (~1 g) holding up a load of 200 g 

(right), (j) Tensile stress-strain curves, (k) tensile strength and Youngs’s modulus, (l) the comparison 

of MS with other typical hydrogels, and (m) electrical conductivity of the MS-based hydrogels with 

various PVA contents.
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Figure 2. (a) The X-band EMI SE, (b) SER, SEA, and SET, (c) power coefficients of the hydrogels 

with various PVA contents. (d) EMI SE and (e) SER, SEA, and SET of various thicknesses of MS-

based (20 wt% PVA) hydrogels. (f) Effects of solid content (the mass fraction of MS and PVA) on 

the EMI SE of MS-based hydrogels (20 wt% PVA). (g) The X-band EMI SE of MS-based hydrogels 

(20 wt% PVA) before and after 1000 cycles of bending. (h) The EMI SE in the ultra-broadband GHz 

frequency ranges including X, Ku, K, and Ka bands. 
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Figure 3. (a) The schematic showing the reversible conversion between hydrogel and aerogel. (b) 

The EMI SE and (c) SEA, SER, and SET values of MS-based hydrogels with various water contents. 

(d) The SEA, SER, and SET values of the MS-based and AgNWs-MS-based hydrogels (~20 wt% 

PVA). (e) The EMI SE, and (f) SEA, SER, and SET of the MS-based and AgNWs-MS-based 

hydrogels (~20 wt% PVA) in different directions. (g) The EMI shielding mechanism of the 

hydrogels with biomimetic ordered porous structure. 
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Figure 4. (a) Young's modulus of natural soft tissues. (b) The resistance changes and strain GF of 

MS-based hydrogels. (c) Relatively resistance change of MS-based hydrogels under different tensile 

strains. Resistance changes of the sensor in response to different mechanical signals: (e) bending-

induced stretch with various angles, (e, f) finger bending, and (g) fast clicking. Through the relative 

resistance change signals responding to the decoding of (h) “123”, “MS”, and “HYDROGEL”.
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