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Abstract: Self-healing polymer materials, capable of autonomously repairing physical damage, 

have been broadly applied in modern technologies. In various self-healing systems, metal–ligand 

coordination bonds have been extensively utilized for their advantages of rich metal–ligand species 

and functionalities. However, common metal-ligand coordination either has excessively stable 

bond strengths or is too weak to construct self-healing materials. This work introduces 

coordination metals into liquid metals (LMs) to form multi-component LMs (mLMs), which 

creatively leverage the inherent fluidity of mLMs to convert common metal-ligand coordination 

(e.g., silver-sulfur and zinc/copper-imidazole systems) into reversible interfacial coordination. 

Such dynamic coordination successfully offers the fantastic self-healing efficiency over 90% for 

general polymers. Considering the ultra-high thermal conductivity of mLMs, self-healable thermal 

interface materials (TIMs) are obtained, which successfully address the long-standing challenge 
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of the irreversible damage in long-term used TIMs. The self-healable TIMs can lower the peak 

temperature of the central processing unit (CPU) by 20 oC under extreme conditions for long time 

(accumulated 16 hours thermal shock, -10 oC to 100 oC). This work provides a universal strategy 

for self-healing materials and greatly broadens the investigations of self-healing, coordination 

chemistry, liquid metal science, soft electronics, and thermal management materials. 

 

Introduction 

Self-healing polymer materials, owing to their inherent capacity for autonomous damage 

remediation, have emerged as indispensable constituents of modern intelligent material systems, 

such as wearable technologies, energy materials, and intelligent medical devices1,2. The current 

dominant strategy for achieving polymer self-healing properties involves introducing reversible 

covalent bonds (e.g., Diels-Alder reactions3, disulfide bonds4,5), non-covalent bonds (e.g., 

hydrogen bonds6-8, ionic bonds9, host-guest interactions10,11, coordination bonds12-14) and physical 

interactions (e.g., phase separation15, magnetic force16, shape memory effect17). These reversible 

interactions enable the fabrication of materials with high healing efficiency, spontaneous healing 

without external conditions, and functional capabilities18,19. In these self-healing systems, metal-

ligand coordination bonds have been successfully and broadly used in self-healing polymer 

materials with the advantages of rich metal-ligand species20,21, selectable and adjustable 

coordination bond strengths (25 to 95% of covalent bonding)22, as well as functionalities of 

different coordination systems (stimulation correspondence, shape memory, and luminescence, 

etc.)23.  

However, the vast majority of metal-ligand coordination bonds either have excessively stable bond 

strengths or are too weak to be suitable for constructing self-healing polymer materials24. To 
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address these challenges, researchers have developed innovative strategies targeting the synthesis 

of new ligands and polymers, aiming to achieve metal-coordinated polymer materials with self-

healing properties25,26. However, incorporating ligands into polymer systems often involves 

elaborate chemical synthesis, leading to greatly elevated costs and difficulties in industrial 

application compared to hydrogen and ionic systems. Additionally, the metal-coordinated polymer 

materials frequently lack ultra-high electrical conductivity (> 1.0×10⁵ S·m⁻¹) and thermal 

conductivity (> 2 W/m·K), which significantly restricts their applications in modern 

technologies27,28. 

Liquid metals (LMs) have drawn considerable interest in the fields of flexible electronics and 

wearable devices owing to their fluidity at room temperature and exceptional thermal/electrical 

conductivity29-33. However, gallium (Ga)-based liquid metals exhibit weak coordination ability 

with common ligands and, like aluminum (Al) metals, have thus been rarely studied in metal-

coordination systems34,35. In recent years, dissolving other metals in liquid metals to create 

functionalized multi-component LMs (mLMs) has gained significant attention. For instance, 

dissolving palladium in Ga can result in new catalytic materials with fluidity36. Mixing metallic 

iron with Ga builds a magnetic metal with high mobility37. Our team has also successfully 

dissolved metals such as bismuth and indium in liquid Ga to prepare phase change materials with 

high thermal conductivity for electronic heat dissipation and packaging38. Therefore, coordination-

active metals such as silver (Ag) and zinc (Zn) are introduced into liquid metals (LMs) to endow 

the resulting multi-component liquid metals (mLMs) with coordination capabilities. The fluidic 

interfaces of mLMs microdroplets enable regeneration of coordination sites through interfacial 

atomic migration, thereby expanding the dynamic coordination unit from molecular to microscopic 

dimensions. This mLMs-based dynamic interfacial strategy can derive its reversibility from the 

self-renewing fluidic interface, rather than being constrained by the strength of coordination bonds. 
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In contrast, existing reversible coordination systems rely on weak bonding interactions at the 

molecular dimensions, where their reversible behavior remains confined by the inherent strength 

of the coordination bonds.  

In this work, through the mLMs interfacial coordination bonds, we creatively leverage the inherent 

fluidity of mLMs to convert classical metal-ligand coordination into reversible interfacial 

interactions and endow general polymers with self-healing capabilities. This work introduces a 

wide range of metal-coordinated bonds into self-healing polymer systems. It thereby overcomes a 

critical limitation of conventional systems, where the bonds are either too strong or too weak to 

enable complete and autonomous healing. In this work, silver-sulfur coordination is fully 

investigated as a representative mLMs system and successfully achieved reversible coordination 

behaviors at the mLMs interfaces, offering the self-healing properties for natural rubber (NR). The 

coordination composites show excellent self-healing efficiencies of over 90% under room 

temperature. More importantly, such mLMs strategy can be applied to common metal-ligand 

coordination bonds and is suitable for general polymers. For example, zinc and copper-imidazole 

coordination are also introduced into liquid metal systems to achieve the surprisingly self-healing 

feature for general acrylic polymers with self-healing efficiency over 90%. Molecular dynamics 

(MD) simulations, Materials Studio (MS) calculations, mechanical evaluations and X-ray 

photoelectron spectroscopy (XPS) analysis strongly demonstrated the dynamic interfacial 

characteristics of mLMs surface atoms and their ligand coordination capability. Considering the 

thermal performance of mLMs, self-healable thermal interface materials (TIMs) are obtained with 

high thermal conductivity (6.8 W/m·K). The self-healable TIMs successfully address the long-

standing challenge of irreversible damage in long-term used high-performance TIMs, which can 

lower the peak temperature of the central processing unit (CPU) by 20 oC under extreme conditions 

for long time (accumulated 16 hours thermal shock from -10 oC to 100 oC). This work creatively 
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combines LMs and metal coordination chemistry, which provides a universal and powerful 

strategy for the next generation of functional self-healable materials. 

 

Results 

Gallium is not suitable for use in metal-ligand coordination based self-healing polymers because 

of its weak metal coordination ability. Interestingly, liquid metal Ga acts as a metal solvent. This 

property allows the synthesis of coordination-active mLMs through the incorporation of metals 

such as silver (Ag), copper (Cu), and zinc (Zn). As shown in Fig. 1A, the introduction of mLMs 

into the polymer system resulted in successful interfacial coordination between the active metal 

atoms on the surface of the mLMs and the ligands on the polymer chains. Unlike a common metal-

ligand coordination system, this interfacial coordination occurs exclusively around the active metal 

atoms on the surface of the fluidic mLMs. The fluidity of mLMs plays a critical role in the 

reversible interfacial coordination for self-healing involving mLMs and polymer materials. Fig. 

1B illustrates the self-healing process of interfacial coordination. Firstly, interfacial coordination 

is formed between the active metal atoms on the surface of mLMs and ligands (Fig. 1B1). When 

damaged by external force, defective regions are generated on the surface of mLMs, and the 

interfacial coordination formed between mLMs and ligands is simultaneously damaged (Fig. 1B2). 

Then, due to the fluidity of mLMs, the newly generated active metal atoms and Ga in the defective 

region migrate to the surface and heal the defects. The healed mLMs surface re-engages with the 

ligands on the polymer chains, thereby enabling the self-healing features (Fig. 1B3). In contrast, 

realizing the self-healing capability by common strong metal coordination systems (such as Ag-S) 

is challenging, as demonstrated in Fig. 1C. Owing to the abundant active sites on Ag powder, 

strong Ag-S coordination bonds form between the powder and sulfur ligands in natural rubber 
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(NR), creating a rigid network. The permanent and irreversible nature of the coordination bond at 

the interface makes it difficult for the composite to exhibit self-healing properties. 

Interestingly, the mLMs strategy can make common metal coordination (e.g., the above Ag-Sulfur 

coordination) into dynamic interfacial coordination and provide self-healing properties for general 

polymers. As shown in Fig. 1D and Fig. S1, the stretchable mLMs-NR composites containing 30 

wt.% Ag0.1LMs dispersed in NR are prepared by shear mixing designated as Ag0.1LMs-NR-30. 

Here, mLMs-Polymer-y is used to represent the composition of the sample in this work. m is the 

active metal in the LM, x is the weight ratio between the m and LM, y is the weight percentage of 

the m and LM in the composites and polymer is the base material. The interfacial coordination of 

Ag0.1LMs endows Ag0.1LMs-NR-30 with fantastic self-healing capability. As shown in Fig. 1E1, 

the damaged area of the composite completely heals after 180 min at room temperature, with the 

healed material maintaining tensile properties comparable to the original state (Fig. 1E2). 

Based on the dynamic interfacial coordination formed between mLMs and ligands, the 

autonomous healing capability of mLMs composites is further demonstrated. As shown in Fig. 

2A, the damaged Ag0.1LMs-NR-30 achieved successful self-healing performance within 180 min 

at room temperature. Uniaxial tensile experiments further show that the self-healed samples 

retained tensile capacity under large strains (0, 300 and 450%). This phenomenon can be attributed 

to the reversible interfacial coordination between polysulfide ligands and Ag0.1LMs in the 

composite. Upon mechanical damage, the fluidity of Ag0.1LMs facilitates interfacial diffusion and 

reformation of coordination bonds, enabling self-healing capability while maintaining mechanical 

performance. In addition, DSC analysis of Ag0.1LMs-NR-30 shows no melting peak (Fig. S2A), 

confirming the liquid state of Ag0.1LMs from 0 - 80 oC. This fluidity is maintained due to the 

supercooling effect of micro-sized LM droplets in the composite matrix (Fig. S2B) 39. In addition, 
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the self-healing properties of the Ag0.1LMs-NR-y composites with different filler mass fractions 

(y = 0, 10, 30 and 50) are systematically investigated. As shown in Fig. S3, when Ag0.1LMs is in 

excess (y > 50), it reduces the mechanical strength of the material due to the agglomeration of 

mLMs in composites. In contrast, at low loading (y < 30), the interfacial coordination network is 

defective due to insufficient coordination density. This results in decreased self-healing efficiency. 

The incorporation of Ag0.1LMs with liquidity interfaces dramatically improves the autonomous 

healing performance of the Ag0.1LMs-NR-30 (Fig. 2B). Ag0.1LMs-NR-30 exhibits almost the same 

mechanical behaviors with the original sample after 180 min of self-healing (Fig. 2B), indicating 

effective self-healing properties. Furthermore, 3D microscopy images (Fig. 2B, inset) reveal that 

the microcrack interfaces at the fracture surface are progressively repaired as healing time 

increases (Fig. S4), directly confirming the self-healing capability of Ag0.1LMs-NR-30 composite. 

Notably, pure NR polymer exhibits an extremely low self-healing efficiency of 2.4% (Fig. S5), 

whereas NR polymer with 30 wt.% Ag0.1LMs (Ag0.1LMs-NR-30) significantly enhances self-

healing efficiency to 90.5%. Furthermore, as demonstrated in Fig. 2C, when pure Ga is composited 

with NR, Ga-NR-30 (the weight fraction of Ga in the composite is 30 wt.%) has a self-healing 

efficiency of only 11.3%, confirming the critical role of coordination interactions at the interface. 

In contrast, Ag-NR-3 (3.0 wt.% Ag) displays negligible self-healing efficiency (0.8%), which 

originates solely from polymer chain diffusion (Fig. 2C and S5). This system represents a 

traditional strong metal-coordination system that lacks interfacial liquidity. Upon increasing the 

Ag mass fraction to 30%, the resulting Ag-NR-30 exhibits poor moldability. This is attributed to 

the fact that the excess Ag coordinates with sulfide bonds, which shows too heavy crosslinking to 

impair the molding process (Fig. S5). The mechanism of the self-healing ability can be further 

elucidated by microstructural analyses. The SEM images and element mapping in Fig. 2D show 

that the damaged region is enriched with coordination-active Ag and liquid Ga. Importantly, the 
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fluidic Ga transports Ag to the damaged area, reconstructing an interface capable of coordinating 

with ligands in the polymer matrix and thereby enabling self-healing (Fig. S6). Fig. 2E 

demonstrates that the healing efficiency of Ag0.1LMs-NR-30 exhibits a time-dependent 

enhancement, reaching 90.5% after 180 minutes of healing under room temperature. In addition, 

the Ag0.1LMs-NR-30 has excellent self-healing stability with healing efficiency over 86% in five 

fracture-healing cycle tests (Fig. S7). The self-healing rate of composites is ultimately limited by 

polymer chain mobility. As shown in Fig. S8, with identical Ag0.1LMs content, the low molecular 

weight NR composite (Ag0.1LMs-L-NR-30) reaches 90% healing efficiency in just 120 minutes. 

The relatively higher molecular weight NR composite (Ag0.1LMs-NR-30) is 60 minutes slower to 

complete self-healing. This marked difference confirms that chain migration and rearrangement 

kinetics govern macroscopic healing behavior. The hysteresis curves from mechanical cycling can 

effectively characterize the interfacial healing processes within the materials40. As shown in Fig. 

2F, the cyclic tensile curve of Ag0.1LMs-NR-30 after healing (strain: 200%) almost completely 

overlaps with that of the original sample, indicating significant recovery of its elastic properties. 

Notably, during the cycling tests, the hysteresis curve of Ag0.1LMs-NR-30 gradually decreases 

with increasing tensile cycles but fully recovers to its initial state after 30 minutes of rest (Fig. S9). 

This phenomenon is attributed to the rupture-reconstruction mechanism of the dynamic interfacial 

coordination between Ag0.1LMs and sulfide bonds, which not only recovers the elastic properties 

but also ensures exceptional stability under repeated loading. In contrast, the hysteresis curve of 

Ag-NR-3 remains unaffected by increasing cycle numbers (Fig. S10), which is closely related to 

its highly stable crosslinked network within the polymer. The strong coordination interactions 

significantly suppress relative sliding between molecular chains, yet limit the ability of the material 

to self-heal. However, Ga-NR-30 exhibits high residual strain even after 30 minutes of rest 

following 200% strain stretching, demonstrating irreversible structural damage (Fig. S10). Further 
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insight into the interfacial dynamics comes from rheological analysis. As shown in Fig. S11, the 

Ag0.1LMs-NR-30 composite exhibits simultaneously decreasing storage and loss moduli with 

temperature, characteristic of a dynamic network enabled by interfacial fluidity. In contrast, the 

Ag-NR-3 composite shows constant moduli, reflecting a static, irreversible network. These results 

further confirm the critical role of the dynamic interfacial coordination in self-healing 

performance. 

More importantly, the reversible interfacial coordination strategy establishes a universal approach 

for coordination-mediated self-healing, enabling the construction of high-performance self-

healing materials by common coordination bonds. As shown in Fig. 2G, the introduction of the 

interfacial coordination system of Zn-imidazole into polymer materials can also obtain excellent 

self-healing composites. When mechanical damage occurs, interfacial fracture develops within the 

composite. The Zn0.2LMs at the fracture interface spontaneously coordinate with imidazole ligands 

on polymer chains, driving reconstruction of coordination networks that eliminate cracks and 

enabling self-healing of composites. To demonstrate the healing mechanism, polymers containing 

imidazole ligands were synthesized through a facile one-pot free radical polymerization method. 

The monomers (n-butyl acrylate (nBA), 1-vinylimidazole (Vim) and methyl methacrylate 

(MMA)) were selected to copolymerize to obtain PBVM copolymer (P(nBA-co-Vim-co-MMA)) 

(the synthetic procedure is shown in Fig. S12). The 1H NMR spectrum and Fourier infrared (FT-

IR) results indicate successful copolymerization (Fig. S13 - S14). The obtained PBVM is solvent 

blending with Zn0.2LMs to form the Zn0.2LMs-PBVM-12 composite. As shown in Fig. 2H, the cut 

sample of Zn0.2LMs-PBVM-12 (0.2 g) achieves self-healing and supports a 200 g load, 

demonstrating its high load-bearing capacity and structural stability. Optical microscopy 

observations reveal that microcracks disappear completely after 18 hours of healing. Furthermore, 

mechanical tensile tests reveal a 91.9% self-healing efficiency for the Zn0.2LMs-PBVM-12 after 
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18 hours at room temperature (Fig. 2I). In addition, the self-healing capability of Zn0.2LMs-PBVM-

12 originates from Zn0.2LMs-driven coordination interactions. As a result, pure PBVM materials 

do not show self-healing properties (Fig. S15). Similarly, Zn-PBVM-2.4 (without Ga) and Ga-

PBVM-12 (without Zn) are also unable to self-heal. These control experiments confirm that both 

fluidic character and coordination ability are indispensable for achieving self-healing. In addition, 

similar self-healing behaviors are also observed for the copper-imidazole system. With the same 

PBVM polymer, Cu0.05LMs-PBVM-6 showed the self-healing efficiency near 90% (Fig. S16), 

indicating the broad applicability of the reversible interfacial coordination strategy for common 

metal-ligand systems. 

The fabrication process of mLMs is shown in Fig. 3A1, the mLMs are obtained by doping Ag or 

Zn reactive metal particles in Ga matrix at high temperature (~250 °C). Ag or Zn active metals are 

uniformly dispersed as atoms or atomic clusters within the mLMs. Notably, the obtained mLMs 

are also fluidic metals near room temperature, which is verified by dynamic scanning calorimetry 

(DSC) with melting temperatures at 33.4 oC and 29.4 oC, respectively (Fig. S17 - S18). The self-

healing process of mLMs is illustrated in Fig. 3A2. When mLMs are damaged, their intrinsic 

mobility enables the atoms to migrate to the damaged surface, thereby forming the renewable 

surface character for mLMs. The fluidity of mLMs allows coordination-active atoms to migrate 

between adjacent droplets. EDS analysis in Fig. S19 shows that Ag atoms transferred through the 

liquid Ga matrix from Ag-rich to Ag-poor droplets until reaching compositional equilibrium. This 

inter-droplet mobility enables network redistribution of Ag atoms, significantly enhancing the 

efficiency of the self-healing process. To investigate the dispersion state of Ag in the Ag0.1LMs 

matrix, molecular dynamics (MD) simulations are performed using the LAMMPS software under 

canonical ensemble system (NVT) conditions at a temperature of 537.15 K, for a duration of 100 

ps with a time step of 1 fs, and a mixing potential truncation radius of 10.0 Å, constructing an 
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Ag0.1LMs model system composed of 2304 Ga atoms and 256 Ag atoms (Fig. S20). Fig. 3B 

demonstrates the RDF of the atoms of the Ag0.1LMs bulk region, which shows that the radial 

distances of the different atom pairs in the system are Ag-Ag (2.7 Å), Ga-Ga (2.8 Å) and Ag-Ga 

(3.5 Å), respectively. Atomic configuration analysis confirms that Ag atoms are uniformly 

dispersed as isolated atoms or small clusters within the Ag0.1LMs model, with no significant 

aggregation observed. The distribution of Ag atoms at the interface is consistent with that in the 

bulk region (Fig. S21A). Additionally, the atomic density distribution along the Z-direction reveals 

that Ag atoms are uniformly distributed in the Ag0.1LMs model, with a slight shift toward the 

interface (Fig. S21B). SEM and elemental mapping reveal that Ag0.1LMs form spherical droplets 

with smooth surfaces (Fig. 3C). Surface analysis detects both Ga and Ag, confirming the presence 

of active Ag atoms at the liquid interface. The green areas correspond to regions enriched with Ga, 

whereas the red areas indicate Ag atoms distributed on the surface of Ag0.1LMs particles, 

confirming the presence of Ag atoms at the liquid interface. Zn atoms are also identified on the 

surface of Zn0.2LMs (Fig. S22). Similarly, as shown in Fig. 3D, the XRD spectra of Ag0.1LMs 

exhibited characteristic peaks corresponding to Ag and Ga, along with distinct Ag3Ga phase peaks 

detected at approximately 23.6°, 40° and 47.7°. It is noteworthy that similar phase formation and 

elemental dispersion behavior were observed in the Zn0.2LMs (Fig. S23).  

Based on the atomic distribution characteristics of mLMs, the active Ag atoms uniformly 

distributed at the mLMs interface can form active sites capable of coordination with functional 

ligands. Interestingly, coupled with the inherent fluidity, the interfacial active region in mLMs also 

exhibits fluidity and thus shows damage-reconstruction, endowing a renewable interfacial 

coordination feature for mLMs after surface damage. XPS analyses further confirmed the atomic 

structure features of the mLMs interface. As shown in Fig. 3E, the characteristic peaks of Ga 2p 

and Ag 3d are observed simultaneously on the surface of Ag0.1LMs. Notably, the characteristic 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

 

 

 

peaks of Ga 2p and Ag 3d are still observed on the newly exposed surface after interfacial damage 

with consistent peak positions and intensities. This result clearly demonstrates the distinctive 

liquid-like interfacial self-healing of Ag0.1LMs. And mechanism relies on their inherent fluidity, 

which enables spontaneous reorganization after interfacial damage. More importantly, as shown 

in Fig. S24, the Ag 3d peak of Ag0.1LMs shifts to a higher binding energy (0.6 eV) compared to 

conventional Ag powder. The higher binding energy indicates the polarization of Ag atoms and 

similar results are observed in previous reports36. The Ag atoms on the surface of Ag0.1LMs are 

polarized by the local environment in liquid metal Ga, leading to partial positive electroneutrality 

of Ag atoms. Similar to previous work41,42, these polarized metal atoms provided anchor points for 

coordination at the interface with the polymer, and the entire polymer chain interacts with the 

Ag0.1LMs by coordination adsorption, providing the basis for material self-healing. The surface 

atomic activity of mLMs plays a crucial role in the renewable interfacial coordination. As shown 

in Fig. 3F, the Linear Scanning Voltammogram (LSV) polarization curves of Ga, Ag0.1LMs, and 

Zn0.2LMs are presented. The results indicate that the overpotentials for Ag0.1LMs and Zn0.2LMs 

are significantly lower than those of Ga at current densities of 20 mA·cm⁻² and 50 mA·cm⁻². As 

previous reported43, the lower overpotentials suggested that the reaction kinetics of the mLMs are 

faster (Fig. S25), which further highlights the high reactivity of Ag and Zn atoms located on the 

surface of mLMs. Materials Studio (MS) calculations demonstrate significant differences in the 

interaction of Ag, Ga and Ag0.1LMs with sulfur (Fig. S26). As shown in Fig. 3G, the strong Ag-S 

binding energy results from coordination bonding. This creates a rigid interfacial structure that 

prevents self-healing. In contrast, Ga exhibits a lower binding energy with S, only 61% of the 

binding energy of Ag to S, making it challenging for Ga surfaces to effectively anchor S atoms. 

For Ag0.1LMs, the binding energy is intermediate between pure Ag and Ga, compared to pure Ag-

S coordination, the Ag0.1LMs weakened the binding between Ag and S by reducing the exposure 
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of Ag atoms, which is favorable for the renewable interfacial coordination. Furthermore, the XPS 

spectrum of Fig. S27 shows a characteristic peak of Ag-S coordination bonding in the S 2p 

spectrum of Ag0.1LMs-NR-30. In contrast, no similar peak is observed for Ga-NR-30. These 

results further supported the existence of Ag-S coordination at the interface for Ag0.1LMs. In 

addition, the significantly weaker Ag-S peak in Ag0.1LMs-NR-30 compared to Ag-NR-3 further 

confirms that Ag atoms are diluted in the Ga matrix, resulting in fewer effectively exposed atoms 

at the interface and demonstrating the dynamic nature of the liquid Ga interface (Fig. S27 C, D). 

For the Zn-imidazole coordination system, the ability of Zn0.2LMs and Ga to coordinate with the 

imidazole ligand is evaluated by sedimentation experiments. As shown in Fig. 3H, in the PBVM 

solution with dichloromethane as the solvent (50 mg/mL), Zn0.2LMs remained well dispersed in 

the PBVM solution for 24 h, whereas Ga exhibited significant sedimentation as early as 12 hours. 

This difference demonstrates the coordination between the imidazole groups in the PBVM solution 

and Zn0.2LMs. Additionally, the XPS characterization (Fig. 3I) further confirms the mechanism of 

interfacial coordination. In the N 1s spectrum, the imidazole functional group (C-N=) in Zn0.2LMs-

PBVM-12 shows a 0.12 eV shift toward lower energy compared to PBVM (Fig. S28). In contrast, 

the same functional group in the pure Ga system does not exhibit an obvious shift. 

The above studies demonstrate the notable benefits of mLMs-polymer composites for self-healing 

properties. Given the excellent thermal conductivity of mLMs, the self-healable mLMs-polymer 

composites will be excellent TIMs for modern electronics. The central processing unit (CPU), as 

the data processing center in a computer, generates significant heat and becomes a key high-

temperature component on the motherboard (Fig. S29). To address this challenge, we fabricate 

Ag0.1LMs-NR films (70 wt.% filler) that combine the high thermal conductivity of Ag0.1LMs with 

the flexibility of NR, yielding excellent thermal dissipation. These films are applied as TIMs 

between the CPU and the heat sink. As shown in Fig. 4A, the Ag0.1LMs-NR-70 film covers the 
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CPU surface, and the flexibility of the Ag0.1LMs-NR-70 film makes it to conform closely to the 

CPU surface, effectively eliminating air gaps and thereby improving heat dissipation efficiency. 

As shown in Fig. 4B, the thermal conductivity of Ag0.1LMs-NR-70 films increases significantly 

with increasing Ag0.1LMs filler loading. At 70 wt.% Ag0.1LMs filler content, Ag0.1LMs-NR-70 

exhibits a thermal conductivity of 3.2 W/m·K. When the filler content is increased to 90 wt.%, the 

thermal conductivity rose to 6.8 W/m·K, a 20-fold enhancement over pure NR. Further, At the 

same filler mass fraction, the thermal conductivity of Ag0.1LMs-NR-70 is increased by 33.3% 

compared to Ga-NR-70, indicating that the Ag atoms in Ag0.1LMs form coordination with the 

sulfur atoms in the molecular chain of NR, thereby lowering the interfacial thermal resistance and 

significantly enhancing the thermal conductivity (Fig. S30). The prepared Ag0.1LMs-NR-70 films 

demonstrated high thermal conductivity and outperformed most reported Ga-based thermally 

conductive composites fabricated via the simple shear-mixing method (Table S1). In addition, due 

to polymer barrier effect, the Ag0.1LMs-NR-70 films exhibits excellent electrical insulation 

properties and prevented leakage of Ag0.1LMs, even at a high filler content of 70 wt.% (Fig. S31). 

Flexible and highly thermally conductive Ag0.1LMs-NR-70 films are utilized as advanced TIMs 

to be further evaluated by a CPU. Fig. 4C and Fig. S32 present the infrared thermography and 

temperature-time curves with the CPU running at 100% power loading. The CPU covers with NR 

film exhibited a significant increase in temperature during operation, reaching an operating 

temperature of approximately 100 °C in 120 seconds. In contrast, the CPU covered with Ag0.1LMs-

NR-70 films exhibited a gradual increase in temperature from 40 °C to 64 °C during the first 60 

seconds, then stabilized at approximately 68 °C at 120 seconds. The Ag0.1LMs-NR-70 

demonstrated a significant reduction in CPU operating temperature, achieving a decrease of 32 °C 

compared to NR films without Ag0.1LMs. Additionally, as a control, the CPU covered with Ga-

NR film operated at a temperature approximately 4 °C higher than that of the Ag0.1LMs-NR-70 
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films, which was stabilized at about 72 °C. The results demonstrated that Ag0.1LMs-NR-70 and 

Ga-NR-70 films were able to effectively reduce the rate of temperature rise and peak temperature 

during CPU operation.  

Although Ga-NR-70 and Ag0.1LMs-NR-70 possess similar thermal conductivity, the self-healing 

property of Ag0.1LMs-NR-70 ensures its long-term thermal management efficiency. As shown in 

Fig. 4D, the damages created by the blade-scratching on Ag0.1LMs-NR-70 surface gradually 

disappeared over time and fully healed after 6 hours under near room temperature. In contrast, the 

scratches on the Ga-NR-70 surface under the same conditions did not show obvious changes after 

6 h (Fig. S33). The self-healing properties of Ag0.1LMs-NR-70 films enable them to maintain 

efficient thermal management. As shown in Fig. 4E, interfacial damage in the Ag0.1LMs-NR-70 

films reduced their heat transfer efficiency, which in turn raised the maximum CPU temperature 

by 6 °C compared to the initial state. However, after 6 h of self-healing, the thermal performance 

of the healed Ag0.1LMs-NR was effectively restored, with the maximum CPU temperature 

dropping to about 68 ℃, which was similar as the intact Ag0.1LMs-NR-70. 

The self-healable TIMs in this work will successfully address the long-standing industrial 

challenge44-46 of the irreversible damage in long-term used TIMs. Fig. 4F evaluates the long-term 

stability of Ag0.1LMs-NR-70 and Ga-NR-70 under extreme conditions. Ag0.1LMs-NR-70 and Ga-

NR-70 films were treated with harsh thermal shocks from -10 °C to 100 °C for different cycles (0 

- 500 times, accumulative 16 hours, see supplementary information for detailed thermal shock 

experiment). The treated TIMs were covered on the working CPU (100% power loading) and the 

real-time temperature of the CPU was monitored. During the long-term 500 cycles of harsh thermal 

shocks, CPUs with Ag0.1LMs-NR-70 TIMs exhibited nearly constant working temperature at 

initial 68 °C to final 73 °C (Fig. 4F). In sharp contrast, after 16 hours intensive thermal shock 
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treatment, the temperature of the CPU covered with Ga-NR-70 TIMs increased from 72 oC to 93 

oC in about 250 cycles of the extreme thermal shocks. The surface changes of the films during the 

extreme thermal shocks were further observed by SEM images (Fig. 4F, insets). Initially, the 

surface of Ga-NR-70 was smooth and defect-free, exhibiting no visible defects or cracks. In 

contrast, Ga-NR-70 developed surface irregularities, voids, and cracks after the 16 hours thermal 

shock treatment. These defects hindered heat transfer and compromised the material's performance. 

However, the Ag0.1LMs-NR-70 TIM exhibits no obvious change on its surface due to the self-

healing capability to heal the surface micro-cracks to maintain its thermal conductivity at 2.9 

W/m·K (Fig. S34). Finally, Fig. 4G presents the real-time maximum CPU temperature for the 

thermally shocked Ga-NR-70 TIM. The temperature rise to 93°C after 120 seconds of operation. 

In contrast, the CPU covers with the Ag0.1MLs-NR-70 treated with the same extreme conditions 

shown much better heat dissipation performance by stabilizing the temperature at about 73 °C after 

120 seconds. The above results indicate that the dynamic interfacial LM coordination strategy 

could be a highly promising route to address the long-standing industrial challenge for the long-

term stability of high-performance TIMs. 

 

 

Discussion 

In summary, this work combines LMs and metal coordination chemistry to convert most of the 

current irreversible metal-ligand bonds into reversible interfacial interactions, which can offer the 

desirable self-healing feature for general polymers. The reversible coordination behavior at the 

mLMs interfaces successfully offers the self-healing properties with healing efficiency over 90% 

for general polymers via silver-sulfur and zinc/cooper -imidazole coordination systems. Molecular 
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simulations (e.g., MD and MS), mechanical characterization, and XPS analysis strongly supported 

the dynamic interfacial characteristics of mLMs surface atoms and their ligand interaction 

capability. Multi-functional TIMs with combined high thermal conductivity and self-healing 

performance were obtained and successfully addressed the long-standing challenge of irreversible 

damage in TIMs under harsh environments, showing long-term stability and exceptional damage 

recovery capability. This work will extremely broaden the studies of self-healing materials, 

coordination chemistry, liquid metal science, soft electronics, thermal management materials, and 

many other fields, which should be highly interesting for lots of scientists in material science and 

engineering. 

Methods 

Materials: Gallium (Ga, 99.999%, melting point: 29.8 oC) was purchased from Changge Shuochen 

Metal Co., Ltd. Silver powder (Φ: 25 μm, 99.9995%, melting point: 961.8 oC) was purchased from 

Nangong Xindun Alloy Welding Spraying Co., Ltd. Zinc powder (Φ: 20 μm, 99.99%, melting 

point: 419.5 oC), copper powder (Φ: 22 μm, 99.99%, melting point: 1083.4 oC), Sulfur (S8, AR, 

99.5%), other rubber additives (zinc oxide, ZnO, AR, 99%, stearic acid, Sta, GC, 95%; N-

cyclohexyl benzothiazole-2-sulfenamide, CZ, HPLC, 98%) and methyl methacrylate (MMA, GC, 

99.0%) were purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. Natural rubber 

(NR, complex viscosity η* = 454 kPa·s, 100 oC) was purchased from Hainan Rubber Industrial 

Co., Ltd, China, Low molecular weight rubber (L-NR, complex viscosity η* = 155 kPa·s, 100 oC) 

was purchased from Hong Manli Rubber Products Co., Ltd. 1-Vinylimidazole (VIM, 99%), n-

butyl acrylate (BA, CP, 98%), dichloromethane (DCM, AR, 99.5%), and 2-hydroxy-2-

methylpropiophenone (HMPP, 99%) were purchased from Shanghai McLean Biochemical 

Technology Co. Ltd. 
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Preparation of metal-polymer composite: (1) Ag0.1LMs: The metals Ga (18 g), Ag (2 g) (mass ratio 

of Ga: Ag = 9: 1) were put in a 10 mL round-bottom flask. The mixtures were then heated in an 

electric heater above 250 oC (melting point of Ga: 29.8 oC, Ag: 961.8 oC) under a nitrogen 

atmosphere until all metals got melted. After a slight cooling (about 100 oC), the melt was 

mechanically stirred at 500 rpm to ensure homogeneity. Finally, the Ag0.1LMs were obtained by 

moving the flask out of the electric heater and cooling the mixture at room temperature for 30 min. 

(2) The Zn0.2LMs (Ga: Zn mass ratio 8:2, 16 g Ga and 4 g Zn) and Cu0.05LMs (Ga: Cu mass ratio 

19:1, 19 g Ga and 1 g Cu) were prepared in the same way as Ag0.1LMs. (3) Ag0.1LMs-NR-y: The 

preparation of Ag0.1LMs-NR-y composites with 15% mass fraction was taken as an example. NR 

(10 g), rubber additives (ZnO (0.5 g), SA (0.2 g), CZ (0.12 g)), Sulfur (0.12 g) and Ag0.1LMs (4.7 

g) were sequentially added to an open mill (STD-2KL) and shear-mixed at 60 oC at 30 rpm for 15 

minutes to ensure uniform dispersion of the filler. The 0.5-mm-thick Ag0.1LMs-NR-30 composite 

was fabricated by hot-pressing the mixture at 150 oC under 20-ton pressure for 16 minutes with a 

dumbbell-shaped mold and a melt-compounder (AP2113, AUPLEX). Other samples with different 

filler contents were prepared using the method described above. (4) PBVM: in a typical free-

radical co-polymerization procedure, VIM (1.37 g, 14.6 mmol), BA (5.23 g, 40.9 mmol), MMA 

(0.29 g, 2.9 mmol) and Photoinitiator HMPP (0.048 g, 0.292 mmol) (mole ratio of VIM: BA: 

MMA=5: 14: 1) were placed into a bottle equipped with a magnetic stirrer, and irradiated under 

UV light (365 nm) for 10 min, PBVM had been obtained. (5) Zn0.2LMs-PBVM-y: PBVM (1 g) 

was dissolved in dichloromethane (20 mL) and stirred at 400 rpm for 12 h at 45 oC to ensure 

complete dissolution, forming a viscous PBVM solution. Following this, Zn0.2LMs (0.12 g) was 

added to the solution and manually ground with a pestle at room temperature until Zn0.2LMs was 

uniformly dispersed in the solution. The mixture was then transferred to a vial and stirred at 400 

rpm at 45 oC for 24 h. Finally, the mixture was poured into a polytetrafluoroethylene mold, left to 
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evaporate at room temperature for 4 h, and subsequently dried in an oven at 80 oC for 12 h to 

obtain the Zn0.2LMs-PBVM-12 composite. Comparative samples were prepared using the same 

procedure. 

Instruments: mLMs were mixed by LED Digital Overhead Stirrer (DLAB 8033100200 OS20-S) 

and heated by electric heater mantle (PTHW250ML). The mLMs and natural rubber (NR) were 

mixed by an open mill (STD-2KL) and a melt-compounder (AP2113, AUPLEX) to obtain mLMs-

NR composites. Oven (DZF-6020) was used to control the temperature and maintain an isothermal 

condition. An oven (DZF-6020) was used to control the temperature and remove solvents from the 

mLMs-PBVM composites. The surface structure of the mLMs-polymer composite was observed 

by a digital microscope (Leica DVM6). The mechanical and self-healing performance of mLMs-

polymer composites was performed on a universal testing machine (MTS E42). The microstructure 

and healing process of mLMs and mLMs-NR composites were characterized by a Field Emission 

Scanning Electron Microscope (FEI Inspect F50). The Energy-dispersive X-ray spectroscopy 

(EDS) of mLMs-NR composites was used to characterize the element distributions. The chemical 

compositions of samples were characterized by the X-ray photoemission spectrometer (XPS, 

ESCALAB 250Xi) with Al Kα radiation (λ = 1486.6 eV). X-ray diffraction (XRD) was measured 

with Ultima IV. The mLMs were loaded onto quartz glass for measurement. Scanning range: 5° - 

110°, scanning speed: 5 °/min, optical grating: 5mm. Gel Permeation Chromatography (GPC) The 

PL-GPC 220 (Polymer Laboratories) was operated to measure samples at 40 oC with DMF as 

mobile phase. The functional group components of PBVM were characterized by using Fourier 

transform infrared spectroscopy (FT-IR) Characterization. 1H nuclear magnetic resonance (1H 

NMR) spectroscopy was performed on the Avance III HD 600 MHz 300 MHz spectrometer.  

Differential scanning calorimetry (DSC) characterization was carried out using the DSC25 thermal 

analyzer (TA) instruments to characterize thermal transitions. The samples (5~10 mg) were loaded 
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into DSC pans, then quenched to -50 °C and subsequently heated to 60 °C at a rate of 5 °C/min. 

The thermal conductivity of NR, Ga-NR and Ag0.1LMs-NR films was measured on a thermal 

conductivity tester (XIATECH TC3000E). It should be noted that the measured value of thermal 

conductivity was the apparent thermal conductivity. The general tests were performed at room 

temperature. The rheology data of the samples was collected by a rheometer Discover HR20, TA 

Instruments. All the samples were fabricated into a small round sheet (Φ = 20 ± 0.5 mm, H = 2 ± 

1 mm). The temperature sweep was in oscillation mode from 30 to 200 oC with 10 oC /min at 10 

rad/s, 3.0% strain. 

Data Availability  

The data generated in this study are provided in the Source Data file. All data are available in the 

main text or the supplementary information. Source data are provided with this paper. All data are 

available from the corresponding author upon request.  
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Figure Captions 

Fig. 1: Self-healing mechanisms by dynamic interfacial coordination of mLMs. (A) mLMs 

form interfacial coordination bonds with ligands on the polymer chain. mLMs atomic-scale 

micrograph (left) and mLMs are uniformly dispersed in the polymer and interact with their ligands 

(center), microscopic enlargement of the interfacial coordination of active metal atoms at the 

surface of mLMs (right). (B) Self-healing process for dynamic interfacial coordination between 

mLMs and polymers. (B1) Interfacial coordination between ligands and surface-active metal atoms 

on mLMs; (B2) When damaged, defects are generated on the surface of mLMs; (B3) The surface 
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is restructured with the fluidic mLMs, thus re-forming the interfacial coordination bonds to achieve 

healing; Re-coordination (abbreviated as Re-Coord.). (C) Non-self-healable materials formed by 

pure Ag metal particles and polymer chains with ligands. Atomic Ag (left) forming strong normal 

coordination bonds with the polymer material (right). (D) Photographs of highly deformable 

mLMs/NR (Natural Rubber) composites (mLMs are Ag-Ga alloys with a mass fraction of 30 wt.% 

in the composite, where the Ag to Ga mass ratio is 1:9, designated as Ag0.1MLs). (E) Photographs 

of the healing process of mLMs-NR composites, which were damaged with holes (E1) and 

stretchable again after 180 min healing (E2), Scale bar, 25 mm. 

Fig. 2: Self-healing properties of mLMs composites. (A) Evaluation of damage-healing 

properties of Ag0.1LMs-NR-30 composites. (A1-A2) Dumbbell-type specimens are completely cut 

into two parts and underwent healing for 180 min under room temperature. The inset shows the 

dynamic coordination between Ag0.1LMs and sulfur ligands in the self-healed Ag0.1LMs-NR-30. 

(A3) Photographs of healed Ag0.1LMs-NR-30 under different tensile strains (strains of 0%, 300%, 

and 450%). (B) Tensile stress-strain curves of Ag0.1LMs-NR-30: original sample and after 

autonomous healing for 30, 90, and 180 min at room temperature. The inset displays 3D optical 

profilometry images of cracks in the damaged area (left) and after 180 min self-healing (right). 

color bar: 0 - 40 μm. (C) Representative tensile stress-strain plots of non-self-healable Ag-NR-3 

and Ga-NR-30 composites. The dashed lines indicate the stress-strain curves of the samples healed 

for 180 min after cutting. The inset shows the zoom-in part in the early 110% strain of the tensile 

curves. (D) The EDS (Energy Dispersive X-ray Spectroscopy) elemental distribution and scanning 

electron microscope (SEM) images of the damaged and healed Ag0.1LMs-NR-30 sample. Red, 

green, and yellow dots correspond to S, Ag, and Ga elements, respectively. (E) Healing time 

dependence (30, 90, 180, 720 min) of self-healing efficiency for Ag0.1LMs-NR-30 composites. 

Self-healing efficiency is defined as the area ratio between healed and original stress-strain curves. 
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Data are the mean ± s.d.; n= 3. (F) Cyclic stress-strain curves of Ag0.1LMs-NR-30 at 200% strain 

(stretching rate: 20 mm/min). Dashed lines indicate the healed sample re-tested after complete 

damage and 180 min self-healing. (G) Schematic diagram of the self-healing mechanism for 

Zn0.2LMs-PBVM-12 composite (PBVM is a copolymer of n-butyl acrylate (nBA), 1-

vinylimidazole (Vim), and methyl methacrylate (MMA)). (H) Load-bearing capacity of self-

healed Zn0.2LMs-PBVM-12 composites. (H1) After 18 h of self-healing, the Zn0.2LMs-PBVM-12 

composites (0.2 g) can withstand a load of 200 g. Optical microscopy images of Zn0.2LMs-PBVM-

12 composites: as-cut damaged state (H2) and restored structure after 18 h self-healing (H3). (I) 

The tensile stress-strain curves of the original Zn0.2LMs-PBVM-12 composites and their damaged 

samples under varying self-healing durations (4, 8, and 18 h). 

Fig. 3: Structure of mLMs and dynamic interfacial coordination mechanism. (A) Schematic 

diagram of the fluidity and self-healing performance of mLMs. (A1) Active metal particles (Ag, 

Zn, etc.) dissolve in liquid Ga at ~250 °C to form mLMs. (A2) Self-healable mLMs through active 

metal migration towards the damaged interface. (B) Radial distribution function (RDF) of Ag and 

Ga atoms in Ag0.1LMs according to molecular dynamics (MD) simulations. The inset shows a 

representative screenshot of the atomic configuration of Ag0.1LMs. (C) The EDS elemental 

distribution and SEM images of the Ag0.1LMs. Red, green dots correspond to Ag and Ga elements, 

respectively. Scale bar: 10 μm. (D) The X-ray diffraction (XRD) spectra of Ag0.1LMs. (E) XPS 

full spectra of Ag0.1LMs before and after damage. The magnified inset on the right clearly displays 

the Ag 3d peak. (F) Anodic Linear Scanning Voltammogram (LSV) profiles of Ag0.1LMs, Ga, and 

Zn0.2LMs in 1 M KOH (scan rate: 10 mV/s). At both 20 and 50 mA·cm⁻² current densities, 

Ag0.1LMs and Zn0.2LMs exhibit significantly lower overpotentials than Ga. (G) The Ag-S, 

Ag0.1LMs-S, and Ga-S binding energies are simulated using the universal force field (UFF) in 

Materials Studio. The systems are kinetically optimized for 50 ps at 298 K under stochastic 
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conditions. A step size of 1 fs and a truncation radius of 12.5 Å are used. The Ag-S binding energy 

(32.6 kcal/mol) is normalized to 1 as a reference, the relative binding energies of Ga-S and 

Ag0.1LMs-S exhibit values of 0.61 and 0.81, respectively. In the structural diagrams, yellow, blue, 

and brown spheres represent S, Ag and Ga atoms, respectively. (H) The stability of Zn0.2LMs and 

Ga in PBVM solutions (dichloromethane as solvent) is evaluated using sedimentation experiments. 

Zn0.2LMs remained well dispersed in PBVM solution for 24 hours, while Ga exhibited significant 

sedimentation within 12 hours. (I) XPS N 1s spectral analysis of Zn0.2LMs-PBVM-12 and Ga-

PBVM-12. The coordination of Zn0.2LMs to C-N= caused a 0.12 eV energy shift in the C=N 

binding energy, the uncoordinated -C-NH group showed no obvious shift. 

Fig. 4: Self-healable thermal interface materials (TIMs) from Ag0.1LMs-NR films. (A) 

Photograph of the motherboard of a computer with a Central Processing Unit (CPU, Intel Core i3-

2120) covered with Ag0.1LMs-NR-70 film. Schematic diagram illustrates the working principle of 

Ag0.1LMs-NR-70. The flexible Ag0.1LMs-NR film can be laminated between the heat sink and the 

CPU. (B) Thermal conductivity (λ) of Ag0.1MLs-NR films with different mass fractions of metals 

(0%, 30%, 50%, 70%, 90%). Data are the mean ± s.d., n = 3. (C) Infrared thermography images of 

CPUs covered with NR, Ga-NR-70, and Ag0.1LMs-NR-70 films at different running time (0 s, 10 

s, 60 s, and 120 s) during operation at 100% power loading. Top image was the optical photographs 

of the different films with the same dimensions (30 mm × 30 mm × 0.5 mm). (D) Optical 

microscopic images for surface-damaged Ag0.1LMs-NR-70 film before and after different healing 

times (2 h, 6 h). (E) Temperature-time curves of a 100% power loaded CPU covered with damaged 

and self-healed Ag0.1LMs-NR70 film in Fig. 4D. Insets display optical graphs for the samples on 

the working CPU. (F) Durability evaluation of Ag0.1LMs-NR-70 and Ga-NR-70 TIMs under 

extreme conditions. TIMs are processed under different cycles (0-500) of harsh thermal shocks 

from -10 oC- 100 oC (60 s - 60 s). The treated TIMs are covered on CPUs operating at full power 
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to record the final stabilized temperature versus the number of cycles. The inset shows the SEM 

images of the film of Ag0.1LMs-NR-70 and Ga-NR-70 after 0 and 500 times of thermal shocks. 

(G) After 500 cycles of extreme thermal shock treatment of the films, the temperature-time curves 

of a CPU covered with as-treated Ag0.1LMs-NR-70 and Ga-NR-70 films were recorded. Difference 

of 20 oC is observed for these two TIMs. 

 

 

 

Editorial Summary 

Self-healing polymer materials based on metal–ligand coordination bonds have been extensively utilized for their 

advantages of rich metal–ligand species and functionalities but the strength of the metal bonds is not easily tunable. 

Here, the authors introduce coordination metals into liquid metals leveraging the inherent fluidity of multi-

component liquid metals to convert common metal-ligand coordination into reversible interfacial coordination. 

 

Peer review information: Nature Communications thanks Bing Guo and the other, anonymous, reviewer for their 

contribution to the peer review of this work. A peer review file is available. 

 



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

Atomic view

A Self-healable materials

mLMs

Damage
B

C

Surface
coordination

B1 B2

B3

Atomic view Ag particles

Non self-healable materials
Normal

coordination

Active metal Ga Functional group: ligand Polymer chain

D

E2E1



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

30 90 180 720
20

40

60

80

100
H

e
a
li
n

g
 e

ff
ic

ie
n

c
y
 (

%
)

Time (min)
50 100 150 200

0.0

0.2

0.4

0.6

S
tr

e
s
s
 (

M
P

a
)

Strain (%)

 Original

 Healing 180 min

150 300 450 600
0

2

4

6

S
tr

e
s

s
 (

M
P

a
)

Strain (%)

 Ga-NR-30

 Ag-NR-3

30 60 90
0.0

0.2

0.4

0.6

S
tr

e
s
s
 (

M
P

a
)

Strain (%)

A1 Damage

HealA2

0%

30 mm

300% 450%

A3

S Ag GaD

Crack

Healed

50 μm

50 μm

0 100 200 300 400 500

0.0

0.5

1.0

1.5

2.0

S
tr

e
s

s
 (

M
P

a
)

Strain (%)

 Ag0.1LMs-NR-30

 Healing for 30 min

 Healing for 90 min

 Healing for 180 min

B

200 μm

Crack Healed 40

0
μm

C

200 g

1 cm

F

H1 H2

1 cm

H3
Damage Heal

G
0 200 400 600 800

0.4

0.8

1.2

1.6

2.0

S
tr

e
s
s
 (

M
P

a
)

Strain (%)

 Zn0.2LMs-PBVM-12

 Healing for 18 h

 Healing for 8 h

 Healing for 4 h

I

E

32.8

56.2

90.5 91.2

Zn0.2LMs-PBVM



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

0.2 0.4 0.6 0.8 1.0
0

20

40

60

80

100

C
u

rr
e
n

t 
d

e
n

s
it

y
 (

m
A

 c
m

-2
)

E (V vs.OER)

 Ag0.1LMs

 Zn0.2LMs

 Ga

1200 1000 800 600 400 200 380 360

In
te

n
s

it
y

 (
a

.u
.)

Binding Energy (eV)

396 398 400 402

 C-N=

 C-N-H

Zn0.2LMs-PBVM-12

Ga-PBVM-12

N 1s

In
te

n
s
it

y
 (

a
.u

.)

Binding Energy (eV)

20 30 40 50 60 70 80

¨

¨

¨

¨

Ag3Ga

Ga

¨

¨

¨

¨
¨

¨¨¨
¨

In
te

n
s
it

y
 (

a
.u

.)

2 (degree)

¨

Ag

2 3 4 5

0

15

30

45

60

g
 (

r)

Radial distance (Å)

 Ag-Ag

 Ga-Ga

 Ag-Ga

Ga

Liquid  Ga

Active metal

Heating
mLMs

HealDamage

mLMs

DisperseA1

A2

B C

10 μm

Ag

y

x

Ag Ga

Metal Ag

Metal Ga

Ag0.1LMs

D E
Ag 3dGa

Ag0.1LMs-damage

Ag0.1LMs-orginal

Ga 2p

50 mA·cm-2

20 mA·cm-2

Ag-S Ag0.1LMs-S Ga-S

1
0.81

0.61

H Zn0.2LMs

0 h

Ga

12 h 24 h

12 h 24 h

G

0 h
ΔeV=0.12 eV

I

F



ARTI
CLE

 IN
 P

RES
S

ARTICLE IN PRESS

0 50 100 150
40

50

60

70

80

T
e

m
p

e
ra

tu
re

 (
o
C

)

Time (s)

 Original

 Crack

 Healing

0 20 40 60 80 100
0

2

4

6

8

l
 (

W
/m
·K

)

Mass fraction of metal (%)

0 30 60 90 120 150
40

60

80

100

T
e

m
p

e
ra

tu
re

 (
o
C

)

Time (s)

 Ga-NR

 Ag0.1LMs-NR

0 50 100 150 200 250 300 350 400 450 500
60

80

100

120

140

T
e
m

p
e
ra

tu
re

 (
°C

)

number of  Cycles (n) 

Ga-NR Ag0.1LMs-NR Ag0.1LMs-NRGa-NR

200 μm 200 μm 200 μm 200 μm

N=0

N=500

Ga-NR

Ag0.1LMs-NR

F

Crack 2 h 6 h

2 mm

D
ΔT=6 oC

HealingCrack

E

NR Ga-NR Ag0.1LMs-NR

10 °C 100 °C

CBA

TIM

CPU (heat source)

Ag0.1LMs-NR

Heat sink

Heater

D
e

s
k

to
p

m
o

th
e

rb
o

a
rd

D
e

s
k

to
p

m
o

th
e

rb
o

a
rd

D
e

s
k

to
p

m
o

th
e

rb
o

a
rd

CPU

TIM

ΔT=20 oC

Thermal 

insulation

Sample

Sample

Thermal 

insulation

Q

Sensor

G

0 s

10 s

60 s

120 s


