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Janus structures have unique properties due to their distinct functionalities on

opposing faces, but have yet to be realized with flowing liquids. We demon-

strate such Janus liquids with a customizable distribution of nanoparticles

(NPs) throughout their structures by joining two aqueous streams of NP dis-

persions in an apolar liquid. Using this anisotropic integration platform, dif-

ferent magnetic, conductive, or non-responsive NPs can be spatially confined

to opposite sides of the original interface using magnetic graphene oxide

(mGO)/GO, Ti3C2Tx/GO, or GO suspensions. The resultant Janus liquids can be

used as templates for versatile, responsive, and mechanically robust aerogels

suitable for piezoresistive sensing, human motion monitoring, and electro-

magnetic interference (EMI) shielding with a tuned absorption mechanism.

The EMI shields outperform their current counterparts in terms of wave

absorption, i.e., SET ≈ 51 dB, SER ≈0.4 dB, and A =0.91, due to their high por-

osity ranging frommicro- tomacro-scales alongwith non-interferingmagnetic

and conductive networks imparted by the Janus architecture.

The self-assembly and jamming of nanoparticles (NPs) at the

liquid–liquid interface is an emerging platform for the fabrication of

soft functional materials, where the inherent properties of NPs can be

integrated into the final structures1–3. In practice, interfacial jamming

can be realized when the functionalized NPs dispersed in one liquid

interact with polymeric/oligomeric ligands with complementary

functionality dissolved in a second immiscible liquid, formingwhat has

been termed NP surfactants (NPSs)1,4–6. This process arrests the

reduction in the interfacial area, stabilizing highly non-equilibrium

shapes of liquids.Due to the nature of jamming, external stimuli can be

used to control the collective properties via manipulating the binding

of the NPSs to the interface, imparting responsiveness to the final

constructs7,8. Reconfigurable on-demand, interfacial jamming allows

the fabrication of novel all-liquid systems, e.g., reconfigurable discrete

droplets9,10, molded liquid objects11, and bicontinuous interfacially

jammed emulsion gels (bijels)12, with unique characteristics and

applications. Q1Q1�Q2�Q2�Q3�Q3�Q4�Q4�Q5�Q5
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Liquid streaming is a new process where a jetted stream of one

liquid in an external immiscible liquid can be stabilized by interfacial

jamming, forming tubular liquid threads1,5,13. For the efficient genera-

tion of these tubular all-liquid structures, the rate of NPSs formation,

assembly, and jamming must be faster than the relaxation of fluids,

while their binding energy must be high enough to impart mechanical

stability14–16. This process generates a robust skin around the tubular

jetted liquid threads that maintains the integrity of this class of

structured liquids1,5,15. Taking advantage of liquid jetting, several new

concepts of structured liquids, e.g., all-liquid printing15–17 and 3D water

in oil tubular emulsions, with tunable morphology and domain size5,

were put forward. But, so far, little advantage has been taken from the

combination of functional NPs and liquid streaming to generate con-

structs with a specific function in soft robotics18, microfluidics15,19,20, or

sensing17,21.

Here, we report a one-step fabrication of Janus structured liquids

with an anisotropic distribution of NPs. Our approach relies on stabi-

lizing and then merging two aqueous streams of NPs in a nonpolar

liquid containing complementary functionalized ligands. The resulting

liquid threads consist of two distinct sections, each composed of

specific groups of NPs. This unique duality inherent in Janus liquids

affords an opportunity to assign distinct functionalities to opposing

sides of the structures and fine-tune them independently. As a proof of

concept and to highlight the future potential of these unique con-

structs, magnetic, conductive, or non-responsive NPs were seques-

tered in opposite sides of these constructs using magnetic graphene

oxide (mGO)/GO, Ti3C2Tx/GO, or GO suspensions, allowing the for-

mation of multi-responsive soft materials that can be heterogeneously

tailored from the micro- to macro-scale.

Such precise control over the functionality of Janus constructs

becomes even more pronounced when these structured liquids are

used as templates, enabling the development of customized compo-

sitions and arrangements for task-oriented aerogels. The potential

applications of Janus aerogels are vast, especially when a deliberate

connection is established between the functionality of the Janus

building blocks and the ultimate application. For instance, the devel-

opment of Janus aerogels with non-interfering magnetic/conductive

opposing sections represents a breakthrough in electromagnetic

interference (EMI) shielding. By integrating alternating magnetic/

conductive domains within the aerogel structure, Janus constructs

surpass existing shieldingmaterials, offering superiorwave absorption

properties. This addresses a long-standing challenge in EMI shielding

and positions Janus aerogels as highly promising candidates for next-

generation shielding materials. This integration platform is also used

to make functional aerogels flexible, where functionality, e.g., elec-

trical conductivity, is customized through one side of the structures,

and mechanical flexibility is mainly derived from the opposite side.

This adjustable strategy opens up numerous opportunities in pressure

sensing and human motion monitoring.

Results and discussion
Shaping GO non-responsive liquid threads
The fabrication of Janus liquids requires: (1) jetting separate liquid

threads, (2) bringing the liquid threads together during jetting, (3) and

merging the threads. Three different 2DNPs, including grapheneoxide

(GO), GO decorated with Fe3O4 or magnetic GO (mGO), and highly

conductive Ti3C2Tx, were prepared, dispersed in water, and jetted (see

Figs. S1–5 and the corresponding discussion in Supplementary Infor-

mation regarding the synthesis and characterization of the 2D NPs).

We initially produced non-responsive liquid threads by streaming

5–10mg/ml aqueous GO suspensions into hexane containing 1mg/ml

PSS-[3-(2-aminoethyl) amino]propyl-heptaisobutyl substituted POSS

(POSS-NH2) (Fig. 1a, S6a, b, and Video S1). Here, the rapid co-assembly

of GOand POSS at the interface forms an interfacial skin thatwraps the

jetted liquid thread5,16. This interfacial skin prevents the jet from

breaking up intodroplets, suppressing Plateau–Rayleigh instabilities1,4.

The interfacial layer imparts mechanical stability to these highly non-

equilibrium-shaped aqueous threads, allowing them to remain intact

even after being agitated or aged for months (Fig. S6b and Video S2).

The formation of the non-responsive liquid threads is based on

the dual hydrophobic/hydrophilic nature of GO, i.e., the hydrophobic

basal plane and hydrophilic functionality such as hydroxyl, carboxylic,

and epoxy groups, which promotes the very rapid migration and

assembly of these NPs at the oil/water interface5,13,22. When GO is in the

a

b c d e f

g h i j

Fig. 1 | Shaping GO non-responsive liquid threads and Ti3C2Tx beads. a Digital

images demonstrating tubule formation upon streaming GO aqueous suspension

(10mg/ml) into hexane-POSS. b–e FESEM images of worm-like aerogels of GO.

f Digital and g confocal images of Ti3C2Tx beads. h–j FESEM images of Ti3C2Tx

aerogel beads. The red arrows in (d) and (i, j) highlight the laminated skin that

covers the bulk of aerogels. Scale bars in (a, f), (b), (c), (d, g), (h, i), and (e–j)

correspond to 2 cm, 2000, 1000, 500, 400, and 100 µm, respectively.
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aqueous phase, both sides of the hydrophobic basal planes are in

contact with water; however, upon migration to and assembly at the

interface, not only are the bare water oil contacts removed by the

insertion of the GO, but one-half of the non-favorable GO basal plane/

water contacts are eliminated5. This represents a significant gain in the

free energy and a reduction in the equilibrium interfacial tension (IFT)

from ~49 to 30mN/m (Fig. S5a)5,22. The POSS in the oil phase rapidly

interacts with the hydrophilic functional groups on GO, making this

exposed plane of the GOmore hydrophobic, anchoring the GO/POSS,

i.e., essentially sheet-like NPSs, to the interface, dramatically reducing

the IFT to 3.25mN/m. The rigid structure of POSS, a cubic inorganic

silica-cage core with side chains, significantly increases themechanical

integrity of the GO/POSS assemblies, making them ideal for stabilizing

a jetted aqueous thread5,23. In order to further evaluate the GO/POSS

interfacial layers, the worm-like liquid threads of GOwere freeze-dried

and assessed by a field emission scanning electron microscope

(FESEM). A compact and laminated skin covering the bulk of these

highly porous tubes was observed in these constructs (Fig. 1b–e).

Shaping mGO/GO magnetic liquid threads
Using a mixed suspension of GO and mGO, magnetic liquid threads

could be produced in a similar manner. The jetting of mGO/GO sus-

pension in hexane containing POSS and the response of the magnetic

liquid tubules to an externalmagnetic field are shown in Fig. S7a, b and

Video S3. The mixed aqueous suspension of mGO and GO contained

50wt% of GO and mGO, with a total solid concentration of 10mg/ml.

We note that liquid threads could be produced with only mGO. How-

ever, upon freeze-drying, relatively poor structural stability and high

volume shrinkage were observed due to the weak interfacial skin

(Fig. S7c, d)5. Both were significantly improved in the hybrid system.

Shaping Ti3C2Tx/GO conductive liquid threads
Ti3C2Tx was chosen as a benchmark for generating conductive liquid

threads due to its high electrical conductivity and ability to be pro-

cessed in water, unlike other types of conductive nanomaterials24.

However, when pure Ti3C2Tx is jetted into the hexane/POSS domain, it

breaks into small droplets, forming liquid beads (Fig. 1f, g, S8a–c, and

Video S4). Unlike GO, which acts as a surfactant and rapidly assembles

at the interface and provides structural stability, Ti3C2Tx is negatively

charged and does not assemble at the oil/water interface initially17. At a

Ti3C2Tx concentration of 10mg/ml and without POSS in the sur-

rounding hexane phase, the equilibrium IFT is ~48mN/m, almost equal

to that of pure water against hexane, which is ~49mN/m (Fig. S5a). In

this case, the POSS must first assemble at the interface, followed by

diffusion of the Ti3C2Tx that interacts with the assembled POSS17,18,25,26.

While POSS significantly reduces the interfacial energy, the binding

energy per POSS is not sufficient to withstand the compressive forces

exertedwhendroplets begin to form. Consequently, the streambreaks

up into droplets5,13.

A solution of POSS in hexane against pure water has an IFT of

~18mN/m, demonstrating the surfactant-like characteristics of

POSS1,13. However, with POSS being dissolved in hexane, the equili-

brium IFT of 10mg/ml Ti3C2Tx in water against hexane containing

POSS dramatically decreased to ~10mN/m (Fig. S5c, d), confirming the

formation and assembly of the Ti3C2Tx/POSSNPSs at the interface
5,23,27.

Evidence of the interfacial Ti3C2Tx/POSS assembly is also found in the

FESEM images of freeze-driedTi3C2Tx aerogel beads,where a compact,

layered skin, distinct from the porous interior of the cells forming the

aerogel, is evident. This indicates the formation of NPS assemblies,

even when using pure Ti3C2Tx (Figs. 1h–j and S8d–h). We note that

pureTi3C2Tx also assembles at the interface, though the assemblies are

much weaker in comparison to those formed with GO, which has an

equilibrium IFT of ~3.25 mN/m against a solution of POSS in hexane

(Fig. S5b).

To address the stability of MXene jetted streams, a mixture of GO

and Ti3C2Tx was used that yielded aqueous tubules similar to that

found with GO, where the functionality of the final constructs, i.e.,

electrical conductivity, was attained from Ti3C2Tx and the interfacial

NPSs assemblies mainly relied on the GO’s interfacial activity (Figs. 2a

and S9 and Video S5). The equilibrium IFT of aqueous Ti3C2Tx/GO

suspensions against pure hexane was considerably reduced, when

compared to pure Ti3C2Tx suspension, demonstrating the superior

interfacial activity of GO (Fig. S5a). This reduction was even more

evident when POSS was added to the hexane, where, for suspensions

of 20 and 50wt%GO, i.e., 2 and 5mg/ml of GO in 10mg/ml Ti3C2Tx/GO

suspensions, the IFTs were ~2.75 and 2.5mN/m, respectively

(Fig. S5b–d). These results confirm that the GO and POSS strongly

assemble at the interface and stabilize the Ti3C2Tx/GO streams. The

formation of interfacial Ti3C2Tx/GO/POSS assemblies is also evident in

FESEM images of jetted Ti3C2Tx/GO tubules, where a laminated skin

covers the jetted stream of these highly porous tubes (Figs. 2b–e

and S10).

Figures S11–S14 also demonstrate the potential for precise

adjustment of the dimensions of aqueous tubes and the macro-scale

a

b c d e

Fig. 2 | Shaping Ti3C2Tx/GO worm-like constructs. a Digital images demonstrat-

ing tubule formation upon streaming 10mg/ml Ti3C2Tx/GO aqueous containing

20wt% GO. The rapid assembly of NPSs suppresses the Plateau-Rayleigh instabil-

ities and stabilizes the aqueous jet of Ti3C2Tx/GO. b–e FESEM images of Ti3C2Tx/GO

worm-like aerogels. The red arrow in (d) highlights the laminated skin that covers

the bulk of aerogels. Scale bars in (a–e) correspond to 2 cm, 2000, 500, 200, and

100 µm, respectively.
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voids between Ti3C2Tx/GO tubules through a liquid streaming

approach. As illustrated in Figs. S11 and S12, the size of the extruded

tubules can be varied from 450 to 850 µm by only using needles with

different gauge numbers ranging from 21 to 15. Additionally, the pre-

sence of macro-scale voids among the Ti3C2Tx/GO tubules is clearly

evident in the cross-sectional X-ray micro-computed tomography

(micro-CT) images of these structures (Figs. S13 and S14). The size and

distribution of these macro-scale pores can be regulated by altering

the dimensions of the extruded filaments. This remarkable flexibility in

controlling the macro-scale porosity of Ti3C2Tx/GO worm-like struc-

tures opens up exciting possibilities for diverse applications, including

electromagnetic interference (EMI) shielding, oil absorption, and gas

absorption/detection, where precise control over macro-to-micro

scale porosities is of paramount importance.

Fabrication of Janus liquids and aerogels
Magnetic/conductive and conductive/non-responsive Janus liquid

tubules were fabricated by merging aqueous streams of 10mg/ml

Ti3C2Tx/GO (20wt%GO) andmGO/GO (50wt%GO)or pureGO(Fig. 3a,

b and S15 and Videos S6 and S7). The heterogeneous content of the

opposing sections of the Janus threads is shown in Fig. S16a–d. Inter-

estingly, the ratio of magnetic and conductive or non-responsive parts

of the Janus liquid tubules can be readily controlled by tuning the

jetting parameters. For example, using needles with different inner

diameters for jetting each suspension, e.g., 200 µm for Ti3C2Tx/GOand

400 µm for mGO/GO, enabled the fabrication of Janus liquid tubules

where the volume of the magnetic portion was larger than that of the

Ti3C2Tx suspension.

The Janus structured liquids were transformed to lightweight

magnetic/conductive aerogels, e.g., ρ ~ 7mg/cm3 in the case of

Ti3C2Tx/GO:mGO/GO structures printed with 200 µm needles (Fig. 3c,

d andVideo S8). The electrical conductivity of the Janus aerogels arises

from the Ti3C2Tx-containing sections, while the magnetic response is

attributed to mGO present on the opposite side of the filaments.

Compared to conventional magnetic/conductive composite aerogels,

the functionalities of Janus aerogels arise from different macroscopic

sections of the constructs and can be easily tuned independently, i.e.,

alternating layers of magnetic and conductive NPs. In this way, we

a

b c d

e f g h i

j k l m n

Fig. 3 | Shaping Janus liquid threads. a Schematic illustration of Janus liquid

threads formation. In this graphical representation, GO and Ti3C2Tx nanosheets are

represented by gold and black colors, respectively. b Magnetic/conductive Janus

structures were fabricated by merging streams of Ti3C2Tx/GO (20wt% GO) and

mGO/GO (50wt% GO). c, d Digital images of Ti3C2Tx/GO:mGO/GO magnetic/con-

ductive aerogels. FESEM and EDX analysis of (e–i) Ti3C2Tx/GO:mGO/GO and

j–n Ti3C2Tx/GO:GO Janus aerogels. Scale bars in (b–d) and (e–n) correspond to

2 cm and 1000 µm, respectively.
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addressed the current challenge of electrically conductive network

rupture upon the introduction of less-conductive magnetic

particles28,29.

The morphology of the Janus structures was investigated by

FESEM and energy-dispersive X-ray spectroscopy (EDX) analysis and is

shown in Figs. 3e–n, S16e–l, and S17–S21. The Janus aerogels showdual

porosities, which is the characteristic of worm-like aerogels, i.e.,

macro-scale porosities between the Janus tubes and micro-scale por-

osities within the tubules. Figures S17 and S18 illustrate the con-

trollable manipulation of tube size and the subsequent connections

and entanglements between tubules in Janus structures achieved by

employing needles of different sizes during the streaming process.

Additionally, to emphasize the micro-scale porosities within these

aerogels, Figs. S19 and S20 display FESEM images of hierarchical

aerogels fabricated from pure GO ink, mGO/GO (20wt% GO), and

Ti3C2Tx/GO (20wt% GO) suspensions. It’s noteworthy that the forma-

tion of these micro-scale pores results from the crystallization of ice

during the freezing process, which is subsequently preserved upon

freeze-drying. Furthermore, the heterogeneous distribution of NPs

throughout the Ti3C2Tx/GO:mGO/GO and Ti3C2Tx/GO:GO tubules is

evident in EDX analysis, where a distinct boundary on the surface of

the Janus aerogels filament is observed (Figs. 3e–n and S21).

The interfacial skin of these Janus worm-like constructs plays a

crucial role indetermining theirmechanical stability5. In comparison to

worm-like aerogels of Ti3C2Tx/GO, both Janus aerogels of Ti3C2Tx/

GO:GO and Ti3C2Tx:mGO/GO showed enhanced compressibility and

mechanical stability (Fig. S22 andVideos S9–S12). These characteristics

can be explained by the formation of a GO network throughout the

tubes and the altered stress distribution on Ti3C2Tx/GO parts that have

a semi-cylindrical shape in the case of Janus tubes5,30.

Janus EMI shields with absorption-dominant characteristics
Before discussing the absorption-dominant behavior of Janus aerogels,

an examination of the EMI shielding characteristics of the worm-like

structures composed of Ti3C2Tx/GO (20wt% GO), mGO/GO (50wt%

GO), and pure GO is conducted. It is noteworthy that both mGO/GO

(50wt% GO) and pure GO fail to exhibit the impedance mismatch

characteristics crucial for effective EMI shielding, primarily due to their

lack of electrical conductivity. Consequently, these structures are

considered unsuitable for mitigating unwanted electromagnetic

interference, as exemplified in Figs. S23 and S25.

In contrast, the conductive worm-like structures of Ti3C2Tx/GO

(20wt% GO) demonstrate an exceptional shielding effectiveness of

69.2 dB, a noteworthy achievement for lightweight electromagnetic

shields (Fig. S23). Importantly, this EMI shielding behavior is achieved

without the need for thermal or chemical reduction processes. How-

ever, it is crucial to emphasize that the conductive properties of these

structures, characterized by an electrical conductivity of approxi-

mately 120 ± 10 S/m, result in a high reflectance index of approxi-

mately 70%, corresponding to an absorptance of around 30%. This

high reflectance introduces secondary reflection issues, a challenge

that we endeavor to address through the development of Janus

aerogels.

To underscore the future potential of the Janus liquid constructs,

magnetic/conductive Janus aerogels were used to address a key chal-

lenge in EMI shielding: the high reflection index. The Janus aerogels of

Ti3C2Tx/GO (20wt% GO) and mGO/GO (50wt% GO), jetted with two

200 µm nozzles, showed exceptional absorption-dominant shielding

behavior, e.g., SET = 23.4 dB, SER =0.8 dB, and A = 83% (Figs. 4a and

S26). This unique behavior can be explained by the high porosity

ranging from the micro- to macro-scales and alternating magnetic/

conductive domains of the aerogels, creating numerous interfaces

within a small volume. Here, by incorporating a magnetic component

Fig. 4 | Janus aerogels for EMI shielding. a EMI shielding characteristicsofTi3C2Tx/

GO (20wt% GO) andmGO/GO (50wt% GO) Janus aerogels prepared by two 200 µm

nozzles. b Schematic illustration of internal scattering in Ti3C2Tx/GO (20wt% GO)

and mGO/GO (50wt% GO) Janus aerogels from macro-to micro-scale. c, d EMI

shielding characteristics of copper coated magnetic/conductive Janus aerogels.

This shield consists of a 3mm Janus aerogel covered with 0.05mm conductive

copper tape fromone side. The Janus aerogel of this shield is designed in away that

themagnetic parts’ volume is larger than the conductive domain. c summarizes the

EMI shielding characteristics of the aerogel sides, while d showcases those char-

acteristics thatbelong to the copper sideof the shield. eAcomparisonof the SET vs.

A of the magnetic/conductive Janus structures with the previous best practices in

the literature. For more information, see Table S1.
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(mGO/GO), Janus aerogels ensure magnetic loss, while the conductive

element (Ti3C2Tx/GO) contributes to dielectric loss, enabling efficient

absorption and dissipation of electromagnetic waves31,32. Due to the

very low electrical conductivity ofmagnetic domains, their impedance

almostmatches free space and allows the penetrationof EMwaves into

the bulk of aerogels33. Even with conductive domains, a large portion

of EM waves can pass through due to the shallow thickness of con-

ductive sections that always have magnetic domains next to them34,35.

Upon penetrating these aerogels, the energy of EM waves gets dis-

sipated due to numerous interfaces arranged inside these structures

from micro- to macro-scales and prolonged the interaction of the

waves with electrical/magnetic dipoles and domains with finite elec-

trical conductivity. In addition, the Janus structures have numerous

interfaces between conductive andmagnetic domains with impedance

match/mismatch characteristics that can further boost the scattering

and absorption of EM waves. This unique absorption mechanism,

schematically represented in Fig. 4b, not only safeguards human

health and sensitive equipment from EMwaves but alsominimizes the

secondary EMI pollution, which is as detrimental as the original waves.

Using themagnetic/conductive Janus aerogels, we also developed

a unique EMI trap with SET = 51dB, SER =0.4 dB, and A = 91%. This

structure is comprised of a 3mm Janus aerogel covered with 0.05mm

conductive copper tape from one side. From the aerogel sides, we

observed a unique absorption behavior, while the copper side mainly

reflected the EM waves, i.e., similar to that of pure copper tape

(Figs. 4c, d and S27–S29). The Janus aerogel was prepared so that the

magnetic section’s volume fraction was larger than that of the con-

ductive section; specifically, mGO/GO (50wt% GO) and Ti3C2Tx/GO

(20wt% GO) suspensions were jetted from 400 and 200 µm nozzles,

respectively. Therefore, the impedance mismatch between this Janus

structure and free space was even lower than the Janus aerogels

described previously, allowing the incident waves to penetrate the

structure with minimum reflection. Once the EM waves penetrate the

structure, their energy gets dissipated due to the presence of multi-

scale porosities and alternating magnetic/conductive layers that sig-

nificantly boost the internal scattering. This construct is essentially a

trap for EMwaves. Figure 4e andTable S1 compare the SET andAof this

shield with others. The exceptional EMI shielding performance and

unique absorption-dominant behavior make these structures ideal for

medical and military applications, where SET > 30dB and a low

reflection index are of utmost importance34,36.

Janus piezoresistive sensors for human motion monitoring
The Janus aerogels of Ti3C2Tx/GO (20wt% GO) and GO show excellent

reversible compressive behavior, where the structures that were

compressed up to 70% rapidly recovered to their original shape after

release (Fig. 5a, b). The stress-strain curves of these Janus aerogels at

different sets of strains show mechanical robustness, which is crucial

for high-performance piezoresistive sensors (Fig. 5a). Fatigue hyster-

esis tests were performed on the prepared aerogels, subjecting them

to 100 compressive cycles at large strains of 40% and 50%. The results

showed minor plastic deformation, where the aerogels maintained

~80% of their initial Young’s moduli and maximum stresses (Fig. S30).

Besides, the interfacial skin that covers the bulk of the aerogels

maintains the mechanical integrity of these structures that remained

intact after 100 compressive cycles, indicating their mechanical

robustness (Fig. S31).

The cyclic piezoresistive sensing performance of the Janus aero-

gel under different compressive strains is shown in Fig. 5c. Upon

compression, the density of the interconnected conductive sections of

the Janus aerogels on micro- and macro-scales increases, causing an

exponential increase in conductance. By increasing the compressive

strain to 60%, face-to-face contact between adjacent conductive

domains becomes more effective, leading to a higher sensitivity.

Additionally, it is important tomention that the inclusion of GO on the

opposite side of the Janus aerogels was aimed at improving the overall

mechanical properties and compressibility, which cannot be achieved

solely with the worm-like Ti3C2Tx/GO (20wt% GO), as depicted in

Fig. S22 and Videos S9–S12, alongwith their corresponding discussion.

The performance of pressure sensors is evaluated based on their

sensitivity, i.e., S=
ΔI

I0

ΔP
, and response/recovery times, which are calcu-

lated to be 1-8.18 kPa−1 and 300/250ms for the Janus aerogels,

respectively (Fig. 5d–f)37,38. These characteristics are comparable to

some of the best sensors available with the significant advantage that

no chemical/thermal reduction or pre-processing, e.g., freeze-casting,

is needed for the Janus aerogels (see Table S2 and the corresponding

discussion). Consequently, these interfacially driven morphologies

open up numerous opportunities in pressure sensing and human

motion monitoring.

The Janus aerogels were also used as touch sensors, where the

touch strength and frequency can be obtained by analyzing the signal

curves (Fig. 5g, h and Videos S13 and S14). To assess the durability of

these sensors, five participantswere asked to touch the sensor, and the

response was recorded over the course of the experiment (Figs. 5i, j

and S32). Even after 2000 compression cycles, the base line of the

sensor and response/recovery signals were stable, underscoring their

potential for applications ranging fromwearable electronics tohuman-

machine interfaces. The response of the sensors remained stable for

up to three months (Fig. S33 and Video S15). Only the oxidation of

Ti3C2Tx lowered the base line of the sensor, which is translated into a

lower electrical conductivity34,39. However, the Janus aerogels’

response/recovery signals and piezoresistive sensing performances

remained stable.

The Janus aerogels of Ti3C2Tx/GO were also used for real-time

human motion and health monitoring. Stable, reproducible signals

were produced from the repeated bending of fingers and

contraction–relaxation of biceps muscles, both large-scale body

movements (Fig. 5k, l). Subtle motions, including the movement of

facial muscles, talking, and coughing, were also monitored. The Janus

aerogel devices could distinguish the vocalization of different letters

and even polysyllabic words when attached to the skin outside of the

larynx of a human subject (Figs. 5m and S34 and Video S16). The

response of this system to coughing is shown in Fig. 5n, demonstrating

the feasibility of our sensor for health monitoring devices. The sensi-

tivity to facial movement is shown in Fig. 5o for multiple cycles of

contraction and relaxation of forehead muscles. This response can

possibly be used for human emotion recognition as one of the many

potential applications of Janus aerogels.

In summary, Janus all-liquid systems with anisotropic and custo-

mizable distributions of NPs were developed through interfacial

assembly and jammingofNPs at the liquid-liquid interface. These Janus

liquids offer greater versatility and tailorability when compared to

conventional composites, as they allow for the precise, independent

tuning of different functionalities on the different sides of the Janus

architecture, resulting in multi-responsive soft materials with well-

defined characteristics. The potential of these anisotropic platforms

has been demonstrated through proof-of-concept applications suchas

absorption-dominant EMI shielding, piezoresistive sensing, and

human motion monitoring. We anticipate that the Janus liquid

approach will have many more potential uses in areas such as dual-

encapsulation of cells and active matter, vessels for biphasic chemical

synthesis and chemical separations,multi-modal sensors, and all-liquid

robots, where the simultaneous encoding ofmultiple functionalities in

a single construct is highly beneficial. Overall, our results suggest that

Janus liquids are unique alternatives to traditional composites, blends,

and grafted systems, where different functionalities can be achieved

simultaneously in a single structure without interference.
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Data availability
All data generated in this study have been securely deposited on Fig-

share and are openly accessible at the following: https://doi.org/10.

6084/m9.figshare.24455059.
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