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Note S1 Dispersion protocol for Fe particles in EGaIn
A certain amount of Fe powder (particle size: 500 nm) was weighed and added to EGaIn, followed by continuous mechanical stirring to obtain magnetic liquid metal (MLM). Subsequently, N,N-dimethylformamide (DMF) was added to the beaker containing the MLM, and the mixture was sonicated in an ice bath (~0 °C) at 600 W for 1 h to break the MLM into nanoparticles. No surfactant or surface modification was used. Then, thermoplastic polyurethane (TPU) particles were added together with the MLM nanoparticles, and the mixture was continuously mechanically stirred at 50 °C for 12 h to obtain a uniformly dispersed mixture.
Note S2 Relationships among Ga, In, and Fe oxides
In this coaxial wet-spinning configuration, EGaIn liquid metal droplets interspersed with minor Fe particles are dispersed within the core TPU/DMF flow. Upon extrusion, the nascent fiber encounters the external aqueous coagulation bath, facilitating inward diffusion of dissolved oxygen and water. Thermodynamically, Ga exhibits the highest oxygen affinity, as evidenced by the most negative standard ΔG° change per mole of O2 for the oxidation reaction (4/3 Ga + O2 → 2/3 Ga2O3, ΔG° ≈ -665 kJ mol-1 O2 at 298 K), surpassing that of In (-553 kJ mol-1 O2 for analogous In2O3 formation) and Fe (-495 to -508 kJ mol-1 O2 for Fe2O3 and Fe3O₄, respectively; FeOOH formation is less favorable at -488 kJ mol-1). Consequently, any exposed GaIn droplet rapidly nucleates a continuous, dense nanoscale Ga2O3 skin within milliseconds upon trace O2/H2O ingress. Kinetically and geometrically, this oxide preferentially manifests at the LM-bath interface, interconnecting to curtail local pO2 and H2O fluxes, thereby establishing effective passivation. Concurrently, Fe particles, predominantly enveloped by TPU, exhibit minimal exposure to the exterior; even localized contact yields suppressed oxidation (notably FeOOH formation, requiring elevated water activity and protracted diffusion), further inhibited by the preformed Ga2O3 barrier. Thus, Ga2O3 unequivocally dominates the surface oxide composition on fibers and droplets.
Note S3 Simulation of the electric potential before and after stretching
The conductivity and Poisson’s ratio of MLM-7/TPU are listed in Table S1 and Note S4. The Fe particles are modeled as rigid circles.
[bookmark: _Ref208776957]Table S1 The conductivity and Poisson’s ratio of MLM-7/TPU
	Materials
	Conductivity (S/m)
	Poisson’s ratio
	Young’s modulus

	TPU
	1.2×10-10
	0.49
	750 [kPa]

	EGaIn
	3.4×106
	0.49
	0.624 [Pa]

	Fe
	1.0×107
	0.29
	210 [GPa]


The assumptions are as follows:
1) Fe particles were assumed as rigid circles. The Young’s modulus of Fe is much higher than that of TPU. During macroscopic stretching, the shape of the Fe particles remains unchanged.
2)	Constant volume of TPU during stretching. Rubber-like elastomers commonly have a Poisson’s ratio close to 0.5, meaning they are approximately incompressible.
Before Stretching
In the simulation, the AB side of the composite is grounded by applying a Dirichlet boundary condition. A constant current density of 125 A/m² is imposed on the CD side. Electrical insulation boundary conditions as (S1) are applied to the BC and AD sides, ensuring that no current passes through them. At the interfaces between different phases, contact impedance boundary conditions as (S2) are introduced to account for interfacial resistance.
	
	

	(S1)

	
	

	(S2)


After Stretching
The volume of the Fe (liquid) and EGaIn droplets are kept constant during stretching. After stretching, the longitudinal elongation of both the TPU in the model is equal to their transversal compression ratio. The EGaIn droplets are transformed from circular to oval shapes. Because the Young’s modulus of the Fe particles is much higher than that of the TPU matrix, the Fe particles remain spherical before and after stretching. However, their centroid positions are displaced in accordance with the deformation of the TPU matrix. 
Note S4 Poisson’s ratio calculations
The Poisson’s ratio of the MLM-7/TPU was experimentally determined to be v = 0.49 at room temperature: following ASTM D638/ISO 527 uniaxial tensile protocols, axial (ε∥) and transverse (ε⊥) strains were recorded within the 0−1% linear-elastic regime and linearly regressed to yield ν = 0.49. 
COMSOL boundary conditions: Electrical insulation conditions are applied on the AC and BD boundaries of the MLM-7/TPU. In addition, the AB boundary is set to be the ground potential. Meanwhile, a current density of 125 A/m2 is imposed on the CD boundary. In specific, its direction towards to the left.
Mesh parameters: for the accurate computation, an extremely dense mesh is applied to all regions. Specially, the maximum element size is limited to 2.12 μm.
Note S5 Numerical Calculation of Electromagnetic Response
The EM parameters were measured using a vector network analyzer. These parameters were then integrated with the conductivity data to calculate the electric and magnetic field distributions. The electromagnetic (EM) responses are numerically calculated using the commercial software Computer Simulation Technology Microwave Studio (CST MWS). Firstly, the basic physical quantities of the electric field and magnetic field are investigated through frequency-domain finite element simulation. In this study, a brick structure of the self-defined Fe-doped EGaIn is constructed with dimensions (lx = 5) mm along the x-axis, (ly = 5) mm along the y-axis, and thickness (td = 3) mm along the z-axis. The material parameters obtained from experiments are incorporated into CST MWS. The dispersive behavior of the material is modeled in CST MWS by specifying frequency-dependent permittivity and permeability, which are derived from experimental data characterizing the material’s dispersion properties. A linearly polarized plane wave is applied as the excitation source in the frequency range of 8.2−12.4 GHz. The plane wave propagates along the negative z-direction, with the electric field vector oriented along the positive x-direction. The background material is defined as vacuum, and the boundary conditions for (xmin), (xmax), (ymin), and (ymax) are set to Unit Cell. Essentially, the Unit Cell boundary condition virtually replicates the modeled structure periodically in the x-y plane up to infinity, enabling simulation of the material's periodic nature. In contrast, the Open (add space) boundary condition is applied to the (zmin) and (zmax) directions to simulate wave absorption and minimize reflections, mimicking an infinite or open environment.
The assumptions for this simulation are as follows:
1) Periodic structure in x-y (Unit Cell). In practical EM shielding assessments, the test specimen is typically regarded as having sufficient lateral dimensions to negate edge effects. To emulate this condition, “Unit Cell” boundary conditions were applied. This configuration mathematically replicates the constructed 5×5 mm Fe-EGaIn/TPU micro-model infinitely across the x-y plane, thereby enabling the simulation of the material’s macroscopic periodic EM response through the analysis of a single representative volume element.
2) Plane wave along -z with E-field along +x. The incident wave is a plane wave propagating along the -z direction, and the electric field direction is along the +x axis. This is a standard test scenario to simulate the normal incidence of EM waves onto the surface of a shielding material.
3) Open boundaries in z for wave absorption. Since the wave propagates along the z-axis, we need to ensure that after the wave passes through the material or is reflected by the material, it does not encounter the “walls” of the simulation box and be reflected back again, interfering with the calculation results.
Note S6 DFT calculation method
In this work, first principles calculations were performed using the Cambridge Sequential Total Energy Package (CASTEP) in Materials Studio. The exchange-correlation potential was described by the Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient approximation (GGA), and spin polarization effects were considered throughout. The plane-wave basis set cutoff energy was set to 550 eV, and the Brillouin zone integration was performed using 3×3×1 gamma k-point sample. In the structure optimization stage, a maximum Hellmann-Feynman force of 0.03 eV/Å was used as the convergence criterion, and both the lattice constants and atomic positions were fully relaxed simultaneously. The self-consistent field iteration was converged when the total energy change was less than 10-6 eV. Given that the Fe element has a localized magnetic moment, its initial magnetic moment was set to 4 μB, and a collinear spin polarization scheme was adopted to ensure an accurate description of the magnetic ground state. 
Supplementary Figures and Tables
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Fig. S1 SEM image of the Fe-EGaIn core
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Fig. S2 SEM images and element mapping of interface between the MLM core and TPU sheath
[image: ]
Fig. S3 Gibbs free energy of surface oxides on MLM droplets
[image: ]
[bookmark: _Hlk218892600]Fig. S4 FTIR spectra of TPU and MLM/TPU
Characteristic polyurethane bands that are shifted relative to pure TPU due to the weakening effect of H-bonding on carbonyl vibration, while other bands remain largely unaffected. Specifically, the N−H stretching vibration (hydrogen-bonded urethane N−H) in neat TPU appears around 3325 cm-1, whereas in the MLM/TPU fiber this band shifts to 3280 cm-1. Similarly, the carbonyl (C=O) stretching band of TPU (around 1728 cm-1 in free TPU) is observed at a lower wavenumber (1663 cm-1) in the composite. Such pronounced red-shifts of the N−H and C=O bands indicate strengthened intermolecular interactions in the composite. Additionally, the spectrum of MLM exhibits a broader absorption in the 3500-3200 cm-1 region, likely due to the overlapping O−H stretching from the oxide layers, further confirming the presence of hydroxyl groups involved in hydrogen bonding. In contrast, the aliphatic C−H stretching vibrations (asymmetric at 2950 cm-1 and symmetric at 2850 cm-1) remain essentially unchanged, indicating that the interactions are selective to the polar urethane groups. In this case, the shifts are attributed to hydrogen bond formation between the TPU chains and the hydroxyl-terminated oxide layers present on the LM/Fe particles. The −OH groups on these oxide surfaces can donate or accept hydrogen bonds with the N−H and C=O groups of TPU, effectively “gluing” the metal droplets to the polymer matrix at a molecular level. These hydrogen bonds improve the interface stability, which is crucial for maintaining good electrical contact under mechanical stress. In fact, the strong interfacial bonding helps preserve the conductive network during fiber stretching, thereby contributing to the observed stability of electrical performance (resistance-strain insensitivity) in the MLM/TPU fibers.
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Fig. S5 XPS Full survey of MLM/TPU
The O 1s spectrum displays deconvoluted peaks attributable to metal oxides (529.5−530.5 eV), hydroxide (O−H) groups (531.5 eV), and C−O bonds (532.5 eV, likely from the TPU matrix), with the prominence of the O−H signal supporting the presence of surface −OH groups on Ga2O3/FeOOH, i.e., a hydroxylated surface on the LM and Fe particles. The In 3d spectrum indicates a mix of oxidation states, with contributions from metallic In0 (443.5 eV), intermediate In+ (444.5 eV), and oxidized In3+ (445 eV), suggesting partial oxidation of In despite its relative stability compared to Ga (consistent with XRD showing metallic In phases). The Ga 3d spectrum (Fig. S5c) shows peaks corresponding to elemental Ga0 (18 eV), Ga+ (19 eV), oxidized Ga3+ (20.5 eV), and an overlapping In 4d signal from metallic In (17 eV). Notably, the Ga peaks are slightly shifted to lower binding energies compared to typical references (e.g., metallic Ga 18.5 eV, Ga2O3 20.4 eV). This shift can be attributed to the formation of hydrogen bonds involving GaOOH, where interactions between Ga−O−H groups and TPU functional groups increase electron density around Ga, reducing the binding energy by weakening the core electron-nucleus attraction. For iron, the Fe 2p spectrum (Fig. S5d) reveals a mixed oxidation state with signals for Fe0 (707 eV), Fe2+ (709.5 eV), Fe3+ (711 eV), and satellites (715−719 eV), confirming partial oxidation of introduced Fe0 during fiber fabrication (ultrasonic dispersion and coagulation), aligning with XRD evidence of FeOOH formation. These XPS results substantiate the partial oxidation and hydroxylation of the LM (EGaIn) and Fe components in the composite. 
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Fig. S6 High-resolution XPS spectra of Fe-doped EGaIn/TPU fibers: a O 1s, b In 3d, c Ga 3d, and d Fe 2p, confirming multiple oxidation states and metallic phases
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Fig. S7 Magnetization curves of MLM/TPU fibers (MLM-3, MLM-5, MLM-7, and MLM-9) showing the variation of magnetization with magnetic field strength
VSM measurements on MLM/TPU with varying Fe contents reveal narrow S-shaped hysteresis loops with negligible coercivity (20−50 Oe) and remanence, indicative of soft ferromagnetic behavior. Uniform Fe dispersion within the LM core facilitates efficient magnetic domain alignment under external fields. The magnetization curves demonstrate that the saturation moment increases progressively with higher Fe doping levels in the MLM/TPU fibers, reflecting enhanced magnetic response at greater loadings. The MLM-7/TPU fiber optimally balances a high saturation magnetization (Ms 12 emu/g, corresponding to 0.12 emu in the measured sample) with minimal conductivity loss compared to higher loadings, yielding superior electro-magnetic performance. The soft magnetic behavior, as indicated by the narrow hysteresis loops, low coercivity, and steep rise near zero field in the curves, enables facile magnetization/demagnetization for rapid, reversible field responses. This supports applications such as remote actuation, magnetic switches, and motion/strain sensors in flexible devices.
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Fig. S8 TGA curves of MLM-7 and TPU
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[bookmark: _Hlk215765307]Fig. S9 SEM images and element mapping of MLM/TPU after freeze-pressure process
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Fig. S10 Resistance-strain curves under uniaxial tension
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Fig. S11 Stress-strain curves of MLM/TPU fibers
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Fig. S12 a Elongation at break, b tensile strength, c Young’s modulus, and d toughness for MLM-3/TPU, MLM-5/TPU, MLM-7/TPU, and MLM-9/TPU
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Fig. S13 a Temperature−time profile under stepwise DC voltage application. b Cycling stability of Joule heating under repeated voltage switching between 0 and 0.8 V of Fe-free LM/TPU
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Fig. S14 Frequency dependence of the SEA, SER, and SET for a MLM-3/TPU, b MLM-5/TPU, c MLM-7/TPU, and d MLM-9/TPU composites in the X-band (8.2−12.4 GHz)

[image: ]
Fig. S15 SEA/SET of MLM/TPU
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Fig. S16 Frequency dependence of the T, R, and A for a MLM-3/TPU, b MLM-5/TPU, c MLM-7/TPU, and d MLM-9/TPU composites in the X-band (8.2−12.4 GHz)
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[bookmark: _Hlk215659532]Fig. S17 Impedance (z = Zin/Z0) of MLM/TPU textiles, where Z0 = 30 Ω
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Fig. S18 Frequency dependence of the a, c shielding effectiveness and b, d power coefficient for a−b pure TPU and c−d TPU/LM composites
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Fig. S19 E-field distribution of MLM/TPU: a MLM-3/TPU, b MLM-5/TPU, c MLM-7/TPU, d MLM-9/TPU
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Fig. S20 Frequency dependence of a SE and b power coefficient curves of commercial silver-plated conductive fabric
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Fig. S21 Frequency dependence of a, c SE and b, d power coefficients of MLM-7/TPU after a−b 100 loading−unloading cycles at 100% tensile strain and c−d subsequent storage at -20 °C for 24 h
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Fig. S22 Images showing the deformation of MLM/TPU textiles when stretched from different directions
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Table S2 Summary of electrical properties for representative LM composites/textiles: conductivity and ΔR/R0 at the stated tensile strain
	[bookmark: _Hlk209127847]Materials
	Conductivity (S m-1)
	ΔR/R0
	Refs.

	Fe3O4/EGaIn/PVA
	95 ± 3 kΩ
	/
	[S1]

	Ni/EGaIn/Ecoflex
	2.55×105
	56% at 250%
	[S2]

	PVA/EGaInSn/Ni
	0.015−0.041
	25%−45% at 5%−50%
	[S3]

	Fe/EGaIn/PDMS
	~3.04×105
	99.9% at 25%
	[S4]

	Ni/EGaIn/PDMS
	~1.43×105
	99.9% at 10%
	[S4]

	Liquid-elastomer
	1.37×103
	<10% at 50%
	[S5]

	Fe-EGaIn/gelatin-alginate
	2×105
	55% at 100%
	[S6]

	PDMS-EGaIn
	14605.4
	32.2% at 50%
	[S7]

	TPU/Fe-EGaIn
	1.9×103−4.7×104
	∆SET/SET0 = 2.59% 
	[S8]

	EGaIn/MWCNTs/PDMS
	1.315×10-2
	110% at 120%
	[S9]

	Aramid nanofiber/EGaIn/Gd2O3
	1.075×105
	2% at 120%
	[S10]

	F@Ag-EGaIn
	2145
	137% at 120%
	[S11]

	Galinstan/PDMS
	1.34×103
	4.305% at 117%
	[S12]

	Fe3O4-EGaIn/PDMS
	25
	88.9% at 20%
	[S13]

	MLM/TPU
	2.1×104
	6% at 100%
	This study


	Table S3. Performance of some recent studies using LMs as heaters
	Liquid metal
	Maximum heating temperature
	Heating time
	Cooling time
	Stability
	Refs.

	EGaIn
	71.9 ℃ (1.2 V)
	6.5s
	6.5s
	NA
	[S14]

	EGaIn
	80 ℃ (5 V)
	<1 min
	<1 min
	NA
	[S15]

	EGaIn
	50 ℃ (1.5 V)
	<3 min
	<3 min
	NA
	[S16]

	Galinstan
	110.6 ℃ (4 V)
	NA
	NA
	Maintain 83 ℃ for 4000 s at 3 V
	[S17]

	EGaIn
	110 °C (5 V)
	NA
	NA
	Stable 200 heating and cooling cycles (4.5 V, heating for 30 s, cooling for 30 s)
	[S18]

	Galinstan
	65.2 ℃ (0.6 V)
	NA
	NA
	Maintain 44 ℃ 3000 s at 0.4 V
	[S19]

	EGaIn
	120 ℃ (0.8 V)
	18s
	18s
	Stable heating and cooling cycle for 200 times
	[S20]

	EGaIn
	200 ℃ (0.8 V)
	10s
	10s
	Stable heating and cooling cycle for
	[S21]

	EGaIn
	70 ℃ (1 A)
	NA
	NA
	NA
	[S22]

	Gallium
	101.1 ℃ (6 V)
	10s
	10s
	NA
	[S23]

	Galinstan
	150 ℃ (3 V)
	NA
	NA
	ΔT = 0 (0% to 60% strain)
	[S24]

	EGaIn
	65 ℃ (0.6 V)
	60s
	60s
	Stable heating and cooling cycle for 20 times at 0.4 V
	[S25]

	EGaIn
	200 ℃ (3.5 V)
	60s
	60s
	Stable heating and cooling cycle for 20 times at 2.5 V
	[S26]

	EGaIn
	80 ℃ (0.6 V)
	NA
	NA
	Stable heating and cooling cycle for 30 times at 0.4 V
	[S27]

	EGaIn
	179 ℃ (1.75 V)
	<10 s
	<10 s
	NA
	[S28]

	Galinstan
	102 ℃ (2 V)
	NA
	NA
	Stable heating and cooling cycle for 50 times at 2 V
	[S29]

	EGaIn
	110 ℃ (4 V)
	NA
	NA
	Maintain 110 ℃ for 7800 s at 4 V
	[S30]

	Fe-EGaIn
	75.8 ℃ (1.2 V)
	10 s
	10 s
	Stable heating and cooling cycle for 12 times at 0.8 V
	This study


Table S4 Representative studies on EGaIn-based systems highlighting their EMI SET, mechanical properties, electrical conductivity, and stability.

	EGaIn system
	Thickness
	SE values (dB)
	R value
	Mechanical properties
	Conductivity (S·m-1)
	ΔR/R0
	Refs.

	
	
	SET
	SER
	
	
	
	
	

	EGaIn/TPU fibers 
	/
	30.0
	4.8
	0.669
	tensile strength =1.91 MPa
elastic modulus = 2.74 MPa
elongation at break = 516%
toughness = 6.83 MJ·m-3 
		4.12×104



	0.0078 at 50% strain
	[S31]

	EGaIn-MXene/EG/PAA  
	1.5 mm
	52
	5
	0.684
	tensile strength = 7.7 MPa
tensile strain = 0.25% 
	4.0 × 102
	/
	[S32]

	TPU/EGaIn foam
	1.2 mm
	49.5
	/
	0.88
	tensile strength = 2.5−18.9 MPa
elongation-at-break = 313−741 %
	2.6 × 103
	0.15 at 200% strain
	[S33]

	PAA-NHS/Ag NPs/SEBS 
	650 µm
	53.2
	8.7
	0.865
	robust adhesion = 2.1 J cm-2 
	3.4 × 104
	/
	[S34]

	PVA/EGaInSn-Ni Hydrogels 
	3.0 mm
	65.8
	3.3
	0.532
	stretchability >800% 
	0.041
	
	[S3]

	PDMS/EGaIn 
	0.4 mm
	35.4
	/
	0.90
	elongation at break >150% 
	3.1 × 104
	<0.09 at 0−60% strain

	[S24]

	EGaIn/t-PDMS 
	10 mm
	50
	5
	0.684
	elongation at break: 110−130%
	4 × 104
	/
	[S35]

	Phosphorylated cellulose nanofibrils/EGaIn 
	70 μm
	29.8
	10
	0.900
	strength at break = 16.1 MPa
strain at break = 5.2%
	1.27 × 104
	/
	[S36]

	PDMS-EGaIn/textiles
	0.35 mm
	72.6
	10.6
	0.913
	tensile strength = 10.6 MPa
elongation at break > 230%
	14 605.4
	0.323 at 50% strain    
	[S7]

	EGaIn/PDMS foam
	10.2 mm
	45.2
	7.2
	0.809
	compression modulus = 50−360 kPa (0−60%) 
		800



	/
	[S37]

	Silver-plated conductive fabric
	2.2 mm
	62.0
	14.4
	0.96
	elongation at break = 60%
	6.2 × 104
	/
	

	Fe-EGaIn/TPU
	2.5 mm
	33.82
	2.84
	0.480
	elongation at break = 444 %
toughness = 4.27 MJ·m-3
	2.1 × 104
	0.16 at 200% strain
	This study
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Nano - Micro  Letters   S 1 /S2 1   Supporting Information   for   Textile - Scale Liquid - Metal Fibers with Strain - Invariant Conductivity  Enable Absorption - Enhanced   EMI Shielding   Ruosong Li 1 ,  Ruyi Tao 1 ,  Youpeng   Huangfu 2 ,  Z hongyi Bai 3 ,   Liping Wei * , 1 ,  Yuan Yan* , 1 ,  Rui  Zhang 4 ,   Daidi Fan 1,  * ,   Biao Zhao 4, 5,  *   1   School of Chemical Engineering ,  Northwest University, Xi’an   710127,  P. R.  China   2   State Key Laboratory of Electrical Insulation and Power Equipment, School of Electrical  Engineering ,  Xi’an Jiaotong University, Xi’an   710049,  P. R.  Ch ina   3   Henan Key Laboratory of Aeronautical Materials and Application Technology, School of  Mechatronics Engineering, Collaborative Innovation Center of Processing and Detecting for  Aerospace High Performance Materials ,  Zhengzhou University of Aeronautics, Zhengzhou   450046, P. R. China   4   Institute of Advanced Ceramics ,  Henan Academy of Sciences, Zhengzhou   450046,  P. R.  China   5   School of Microelectronics ,  Fudan University, Shanghai 200433,  P. R.  China   *  Correspondin g a uthors. E - mail: ,  weiliping@nwu.edu.cn   ( Liping Wei ) ;   y.yan@nwu.edu.cn   ( Yuan Yan ) ;   fandaidi@nwu.edu.cn   ( Daidi Fan ) ;   zhao_biao@fudan.edu.cn   ( Biao Zhao )     N ote S1   Dispersion protocol for Fe particles in EGaIn   A certain amount of Fe powder (particle size: 500 nm) was weighed and added to EGaIn,  followed by continuous mechanical stirring to obtain magnetic liquid metal (MLM).  Subsequently, N,N - dimethylformamide (DMF) was added to the beaker containing the MLM,  an d the mixture was sonicated in an ice bath (~0 °C) at 600 W for 1 h to break the MLM into  nanoparticles. No surfactant or surface modification was used. Then, thermoplastic  polyurethane (TPU) particles were added together with the MLM nanoparticles, and th e mixture  was continuously mechanically stirred at 50 °C for 12 h to obtain a uniformly dispersed mixture.   Note  S2   Relationships among Ga, In, and Fe oxides   In this coaxial wet - spinning configuration, EGaIn liquid metal droplets interspersed with minor  Fe particles are dispersed within the core TPU/DMF flow. Upon extrusion, the nascent fiber  encounters the external aqueous coagulation bath, facilitating inward   diffusion of dissolved  oxygen and water. Thermodynamically, Ga exhibits the highest oxygen affinity, as evidenced  by the most negative standard  Δ G° change per mole of O 2   for the oxidation reaction (4/3 Ga +  O 2   → 2/3 Ga 2 O 3 ,  Δ G° ≈  - 665 kJ mol - 1   O 2   at 298 K) , surpassing that of In ( - 553 kJ mol - 1   O 2   for  analogous In 2 O 3   formation) and Fe ( - 495 to  - 508 kJ mol - 1   O 2   for Fe 2 O 3   and Fe 3 O₄, respectively;  FeOOH formation is less favorable at  - 488 kJ mol - 1 ). Consequently, any exposed GaIn droplet  rapidly nucleates a continuous, dense nanoscale Ga 2 O 3   skin within milliseconds upon trace  O 2 /H 2 O ingress. Kinetically and geometrically, this oxide preferentially manifests at the LM - bath interface, interconnecting to curtail local pO 2   and H 2 O fluxes, thereby establishing 

