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A B S T R A C T

Liquid metals, a novel functional material, show significant potential for diverse self-healing applications due to 
their remarkable physical and chemical properties. Their low melting points enable rapid flow in low- 
temperature environments, greatly enhancing material responsiveness during damage repair. The high elec
trical conductivity provides distinct advantages for restoring broken circuits or conductive pathways, while their 
fluidity offers a reliable foundation for filling cracks and reconstructing both mechanical structures and electrical 
functions. These unique characteristics allow liquid metals to demonstrate excellent stability and reliability in 
various complex environments, satisfying demands for high-performance materials under challenging conditions. 
Critically, these properties enable applications spanning stretchable electronics, biomedical devices, and energy 
systems. In the specific context of self-healing batteries, the high chemical reactivity of liquid metals facilitates 
alloying and de-alloying reactions, significantly improving cycle efficiency and lifespan. This paper provides a 
systematic review of the fundamental properties, application forms, and self-healing mechanisms of liquid 
metals. The healing process of electrical properties in the field of flexible materials and the key characteristics of 
mechanically reversible repair in a damaged environment are discussed. Meanwhile, the mechanism of liquid 
metals in the self-healing batteries is analyzed, including the effect of alloying and de-alloying on the optimi
zation of battery performance. Finally, the challenges associated with liquid metals and self-healing materials are 
thoroughly examined, and potential solutions are proposed to address these issues, offering valuable theoretical 
and practical insights for future research and applications of liquid metal-based materials.

1. Introduction

In recent years, the rapid development of electronic information 
technology has driven significant transformations and innovations 
across various industries and disciplines [1]. Electronic devices have 
become indispensable components of modern life and industrial pro
duction. As the functional and performance requirements of electronic 

equipment continue to rise, traditional rigid, low-integration electronic 
devices are increasingly unable to meet the needs of people. Conse
quently, there has been a shift from rigid, low-integration devices to 
flexible, high-integration devices [2]. Flexible electronic devices are 
capable of operating in complex environments and exhibit a high degree 
of adaptability. These devices can bend and fold while maintaining 
functional integrity under external forces, making them a promising 
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candidate material for applications in wearable electronics [3], 
biomedical devices [4], and the energy field [5]. The development of 
flexible electronics heavily relies on breakthroughs in novel materials. 
Among these, metallic materials play a critical role in various applica
tions due to their excellent thermal and electrical conductivity, as well 
as their mechanical properties [6]. However, the application of tradi
tional rigid metals in flexible electronics is limited, especially in sce
narios requiring high flexibility and durability. The emergence of liquid 
metals has accelerated developments in materials science and related 
fields. To date, the primary single-element liquid metals at room tem
perature are mercury (Hg), gallium (Ga), rubidium (Rb), cesium (Cs), 
and francium (Fr) [7]. While Hg has been widely used across various 
fields, its high toxicity and environmental hazards restrict its use in 
modern technology [8]. Rb and Cs, as alkali metals, exhibit high 
chemical reactivity, making them unstable for most applications, 
particularly due to their tendency to react with air [9]. Fr is a radioactive 
element, and its application is limited due to safety concerns and the 
complexity of handling [10,11]. In contrast, Ga and Ga-based liquid 
metal alloys stand out due to their unique advantages. They exhibit high 
electrical and thermal conductivity, good fluidity, low melting point, 
low viscosity, and relatively low toxicity. Additionally, the preparation 
of Ga-based liquid metal alloys is relatively straightforward, and they 
demonstrate excellent recyclability and performance in applications 
[12]. Their ability to remain in a liquid state at room temperature offers 
substantial potential for flexible electronics. (For the remainder of this 
article, unless otherwise specified, “liquid metal, LM” will refer to Ga 
and Ga-based liquid metal alloys.)

The liquid metal also possesses a unique characteristic: when it 
comes into contact with oxygen in the air, Ga rapidly oxidizes to form a 
thin oxide layer, typically composed of Ga2O3 or Ga2O, with a thickness 
generally ranging from 1 to 3 nm [13]. This oxide layer significantly 
reduces the surface tension of the liquid metal and can limit its defor
mation under external forces or other fields, thereby helping to preserve 
its inherent physical properties and functions [14,15]. Importantly, this 
naturally formed oxide layer enables surface modification of the liquid 
metal. Surface engineering can further enhance the compatibility or 
wettability of LM with various substrate materials [16]. This charac
teristic allows liquid metal to exhibit excellent electrical properties and 
good mechanical response when integrated with flexible substrate ma
terials [17]. When the oxide layer is disrupted by external forces, the 
liquid metal possesses a self-healing ability, allowing it to regroup and 
form a new oxide layer, thus maintaining its liquid state and functional 
characteristics [18]. This reconstruction closely aligns with the concept 
of self-healing materials in materials science. Self-healing materials are 
those that can restore their properties after damage, drawing inspiration 
from the natural self-healing mechanisms observed in biological systems 
[19]. Compared to traditional materials, self-healing materials exhibit 
superior performance in terms of service life and reliability. Research in 
self-healing materials typically categorizes them into two types based on 
their healing mechanisms: one relies on the reversibility of bonding 
within the material, utilizing intermolecular interactions or reversible 
chemical bonds to achieve self-healing; the other promotes self-healing 
through the application of external fields/solutions or the designing of 
specific structures [20]. Liquid metals, with their unique properties, 
have long been representative materials for self-healing systems based 
on microencapsulated structures [21]. When materials fracture or break 
under external forces, liquid metals can quickly flow and fill the 
damaged regions, thereby restoring electrical conductivity. Addition
ally, the high fluidity of liquid metals, along with the presence of the 
oxide layer, enables rapid reconstruction after damage, which can also 
alter the mechanical properties of the materials [22]. In the field of 
energy batteries, liquid metal also demonstrates its self-healing capa
bilities. However, its mechanism differs from both external and internal 
self-healing approaches. Instead, liquid metal achieves self-repair 
through its inherent fluidity and extremely high reactivity.

In summary, due to their unique properties, liquid metals present 

broad application prospects in materials science and related fields. They 
not only provide new approaches for the development of self-healing 
materials but also drive innovative designs in flexible electronic de
vices and energy equipment. This review summarizes recent advances in 
the research of liquid metals in self-healing materials, with a focus on 
their performance characteristics, self-healing mechanisms, and appli
cation prospects across various self-healing domains, as shown in Fig. 1. 
It is hoped that this review will provide valuable insights and inspiration 
for future research directions.

2. Development of gallium-based liquid metals and self-healing 
materials

The development roadmap of Ga-based liquid metals and self- 
healing materials is shown in Fig. 2.

The development trajectory of Ga-based liquid metals (green line) 
reveals that the discoveries of indium and gallium marked the beginning 
of a new era in liquid metal materials science. In 1863, German chemists 
Ferdinand Reich and Hieronymous Richter first discovered indium 
through spectral analysis of sphalerite at the Freiberg School of Mines in 
Germany, thereby supplementing element 49 in the periodic table [37]. 
Twelve years later, in 1875, the French chemist Paul-Émile Lecoq de 
Boisbaudran successfully identified gallium, confirming the existence of 
the element previously described as “eka-aluminum” [38]. Notably, its 
strikingly low melting point of just 29.76◦C became a focal point of 
scientific interest. With the advent of the 20th century, the semi
conductor revolution reignited interest in these metals. In 1950, scien
tists successfully synthesized the eutectic indium-gallium alloy (EGaIn), 
which remains in a liquid state at room temperature and exhibits 
exceptional conductivity. This breakthrough was followed in 1954 by 
the development of gallium-indium-tin (GaInSn) ternary alloy through 
tin incorporation, laying the technological foundation for modern flex
ible electronics. These milestones collectively underscore the trans
formative, cross-era significance of multiple liquid metal materials. 
From 2000–2010, research on Ga-based liquid metals continued to 
deepen. During this time, scientific teams worldwide focus on address
ing gaps in their fundamental properties, including electrical, magnetic, 
and thermodynamic properties.

In 2002, Yamanaka et al. achieved a significant breakthrough in the 
controlled deposition of liquid metals on silicon substrates using 
surfactant-mediated epitaxy (SME). Their work demonstrated that SME 
could effectively modify the inherent morphological behavior of liquid 
metals during growth on semiconductor surfaces, enabling a transition 
from droplet formation to the development of ordered planar films. A 
key factor in this process was the use of indium as a surfactant, which 
segregated to the surface layer and promoted the formation of excep
tionally flat liquid metal films. These findings highlighted the potential 
of SME for advancing the fabrication of high-quality thin films and 
quantum structures based on liquid metal systems [55]. In 2005, Pavel 
and colleagues achieved nanoscale temperature control by filling carbon 
nanotubes with gallium. The device consisted of a low-resistance region 
formed by Ga-filled carbon nanotubes and a high-resistance area formed 
by hollow ones. As the temperature rises, the Ga column within the 
channel expands, resulting in a linear decrease in the nanotube’s resis
tance. Precise pre-adjustment of the Ga column’s position using the 
pressure of an atomic force microscope (AFM) promotes this behavior. 
Thanks to the system’s structural features, an electrically controlled 
thermal sensor switch based on the gap length of Ga-filled carbon 
nanotubes was successfully developed [39]. In 2007, Jason and Lyon 
summarized the development of liquid metal ion source (LMIS) and 
field-emission electric propulsion (FEEP) devices. By quenching the 
formation of the Taylor cone at the LMIS tip under discharge current, 
stable and reliable electron and ion emissions were achieved. The ability 
to regenerate the tip effectively addressed the issues of wear and limited 
lifespan associated with traditional probes. These advancements laid an 
important foundation for the future development of liquid metal 
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technology in self-healing applications [56].
Compared with liquid metals, the development trajectory of self- 

healing materials (blue line) has evolved in parallel, with research 
into self-healing mechanisms spanning over a century of scientific 
exploration. This development vividly reflects the interdisciplinary 
integration from bio-inspiration to engineering applications. In 1899, 
Macmillon systematically described the phenomenon of tree bark 
healing through resin secretion after being cut, marking a new under
standing of self-healing mechanisms in nature. In 1903, inspired by 
anatomical and pathological studies of ivory, Miller discovered that 
dental pulp undergoes a self-repair process similar to that observed in 
plants and other biological soft tissues, extending the concept of self- 
healing to higher biological systems [57]. During the 1950s, 
self-healing behaviors were successively observed in non-living systems, 
such as aluminum alloys and polymers [58]. After 1970, self-healing 
properties became closely linked to fuse systems, directly driving the 
large-scale application of self-healing materials in industrial protection 
systems [59]. Building on this foundation, in 1997, Jung et al. proposed 
the first structural self-healing material—a microcapsule system. They 
encapsulated styrene and polystyrene within polyoxymethylene urea 
(PMU) and found that when cracks damaged the microcapsules, the 
internal substances effectively repaired the cracks while maintaining the 
composite’s stiffness [60]. This microcapsule-based self-healing system 

laid the theoretical groundwork for the development of advanced 
composite materials and more sophisticated self-healing structures. 
From 2000–2010, researchers focused on the self-healing mechanisms 
based on chemical bond reformation, marking a critical period of tran
sition from molecular design to engineering applications. Through 
chemical bond reconstruction and structural innovation, the field ach
ieved a leap from microscopic mechanisms to macroscopic performance. 
In 2002, Chen et al. developed a transparent organic polymer material 
with mechanical properties similar to epoxy resin at room temperature. 
At temperatures above 120◦C, 30 % of the monomer bonds broke and 
reformed upon cooling, driven by the formation of a dynamic covalent 
network within the polymer [40]. This study, which demonstrated crack 
repair without additional components, sparked a wave of research into 
intrinsic self-healing mechanisms in polymers. In 2003, Aramaki fabri
cated a highly self-healing and corrosion-resistant protective film on 
zinc electrodes, maintaining over 95 % protection efficiency after hun
dreds of hours of testing [61]. This work provided new insights for 
anti-corrosion strategies in battery systems. In 2006, Trask and Bond 
et al. successfully developed a hollow fiber-based extrinsic self-healing 
structure based on the microcapsule mechanism and applied it to 
laminated composites. The healed laminates exhibited up to 87 % re
covery in mechanical strength [41], showcasing the application of 
bio-inspired healing mechanisms in advanced composite systems. In 

Fig. 1. Summary of the liquid metal, self-healing mechanism, and application of liquid metal in self-healing materials in this review. Antenna [23], Copyright 2021, 
MDPI. Antibacterial coating [24], Copyright 2021, Elsevier. Battery [25], Copyright 2021, Springer Nature. Conductive glue [26], Copyright 2022, Wiley-VCH. 
Capacitor [27], Copyright 2023, MDPI. Electromagnetic (EMI) shielding [28], Copyright 2021, Springer Nature. Electronic skin [29], Copyright 2023, 
Wiley-VCH. Organic light-emitting diode (OLED) [30], Copyright 2020, Wiley-VCH. Sensor [31], Copyright 2023, The Royal Society of Chemistry. Soft robot [32], 
Copyright 2017, PNAS. Switch [33], Copyright 2024, Wiley-VCH. Thermoelectric generator (TEG) [34], Copyright 2023, Wiley-VCH. Tribo-electric Nanogenerator 
(TENG) [35], Copyright 2022, Elsevier. Thermal material [36], Copyright 2021, The Royal Society of Chemistry.
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2008, Toohey et al. arranged hollow fibers in multiple directions to 
create a three-dimensional microvascular structure [42]. This innova
tion overcame the anisotropic limitations of hollow fibers, enabling the 
transport of healing agents to damaged areas via capillary action. This 
study integrated self-healing systems with multi-scale structures, further 
advancing the field.

Research into the fusion of liquid metals and self-healing mecha
nisms spans nearly a century, with a pivotal advancement occurring in 
2009. Michael D. Dickey’s team pioneered the integration of a liquid 
metal alloy (eutectic gallium-indium, EGaIn) with a PDMS elastomer, 

creating a reversibly deformable and mechanically tunable fluidic an
tenna [43]. This antenna exhibited high-efficiency radiation, reversible 
shape reconfiguration, mechanical tuning capability, and self-healing 
properties. This seminal work represented the first successful integra
tion of liquid metal with an elastomer to achieve reversible antenna 
shape reconstruction. This approach overcame the inherent deformation 
limitations of traditional solid metal antennas by leveraging the fluidity 
of liquid metal to ensure electrical continuity during shape changes. It 
thereby offered a novel solution for flexible electronics, wireless sensing, 
and reconfigurable devices. This report formally inaugurated a new era 

Fig. 2. The development roadmap of gallium-based liquid metals and self-healing materials. Ga-filled CNT for electrical switch [39], Copyright 2005, Wiley-VCH. 
Self-healing with hollow glass fibres [41], Copyright 2006, IOP Publishing. Self-healing with microvascular [42], Copyright 2008, Springer Nature. LM first combined 
with self-healing [43], Copyright 2009, Wiley-VCH. LM combined with self-healing integrated circuit [45], Copyright 2012, Wiley-VCH. Self-healing ability of LM in 
dielectric fields [46], Copyright 2013, AIP Publishing. HCI vapor removal of oxide to enhance self-healing [47], Copyright 2016, The Royal Society of Chemistry. 
Suspension 3D printing of LM for self-healing [48], Copyright 2017, Wiley-VCH. Smart passivation materials with LM for self-healing [49], Copyright 2018, 
Wiley-VCH. Ligands regulate the self-healing ability of LM [50], Copyright 2019, Wiley-VCH. LM combined with various reversible chemical bonds [51], Copyright 
2021, Elsevier. Zwitterions functionalize LM for self-healing [52], Copyright 2022, Elsevier. Multiple self-healing integrated circuits [53], Copyright 2023, 
Wiley-VCH. Multi-function customized LM self-healing device [54], Copyright 2024, Wiley-VCH.
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for liquid metal self-healing applications. In 2011, Deshpande et al. 
investigated the interaction between lithium electrodes and Ga-based 
liquid metals, providing fundamental insights into the behavior of gal
lium during battery cycling [44]. This groundbreaking work opened the 
door for liquid metal applications in battery systems, marking a transi
tion from fundamental material research towards practical imple
mentation and providing crucial theoretical and technical guidance for 
developing high-performance liquid metal batteries. The exceptional 
electrical properties of liquid metals spurred the development of 
combining conductive and dielectric materials with elastomers. In 2012, 
Scott R. White’s team introduced an autonomous conductivity restora
tion technique based on microencapsulated liquid metal, aimed at 
addressing breaks in conductive pathways caused by thermomechanical 
failure in highly integrated circuits [45]. Unlike conventional methods 
reliant on external intervention (e.g., heating or manual repair), this 
approach embedded microcapsules within a dielectric layer. During 
crack propagation, the capsules rupture, releasing liquid metal that 
automatically fills the damaged region, enabling rapid reconstruction of 
the conductive path. This study constituted the first systematic valida
tion of microencapsulated liquid metal for circuit self-healing. Experi
mental results demonstrated the system’s ability to autonomously repair 
cracks in conductive paths caused by mechanical damage, achieving 
conductivity restoration within sub-millisecond timescales. This repair 
speed significantly surpassed all previous self-healing technologies and 
met practical real-time operational requirements. Furthermore, the 
restored electrical performance approached the original level. This 
fundamentally addressed a critical limitation of traditional systems, 
which typically restored only a single function. Building upon their 
earlier work, Michael D. Dickey’s team proposed a self-healing, 
stretchable electrical conductor in 2013 [62]. The core design 
involved injecting liquid metal into microchannels formed within a 
self-healing polymer matrix, creating conductive wires possessing both 
mechanical and electrical self-healing capabilities. Following complete 
severance, conductivity could be restored immediately by manually 
realigning the cut ends, while the polymer substrate autonomously 
healed within minutes, significantly enhancing the durability of 
stretchable electronics. This work achieved the first demonstration of 
synchronous bidirectional self-healing, restoring both mechanical 
integrity and electrical functionality after complete material fracture. 
This breakthrough addressed a key constraint of traditional self-healing 
materials, which typically restored only one function. Crucially, unlike 
previous repair methods dependent on external support structures, the 
material could freely realign and heal after complete separation. This 
capability resolved a significant gap in the stretchable electronics field 
concerning dynamic self-repair and reconfiguration. It perfectly 
embodied the combination of internal and external self-healing mech
anisms, lowered technical barriers to creating reconfigurable electronic 
devices, and laid the foundation for developing dynamic adaptive 
electronic systems. In the same year, Liu Jing’s team applied liquid 
metal to dielectric elastomer actuators (DEAs), overcoming the strain 
limitations inherent in traditional rigid electrodes [46]. Moreover, the 
team discovered for the first time that liquid metal electrodes could 
achieve two-dimensional in-plane self-healing through the actuator’s 
own motion. This process repaired electrode fractures and restored 
electrical conductivity. Their work experimentally revealed the mech
anism behind this two-dimensional self-healing in liquid metal elec
trodes, establishing a new paradigm for the reliability design of flexible 
electronic devices. By quantitatively comparing the performance dif
ferences between liquid metal and traditional electrodes, the team 
demonstrated its clear advantages in low-voltage, high-strain scenarios. 
This research not only provides a core technical pathway for developing 
high-performance DEAs but also opens up new directions for enhancing 
the durability design of flexible electronics. In 2016, Li et al. extended 
the use of GaInSn to stretchable electronics using an inkjet printing 
system [47]. Departing from prior studies, they utilized HCl vapor 
permeating through the poly(dimethylsiloxane) (PDMS) channel walls 

to continuously remove the oxide layer on the liquid metal, enabling an 
"all-liquid channel" design. The subsequent year saw liquid metal com
bined with advanced suspension three-dimensional (3D) printing tech
nology to fabricate self-healing materials, further improving precision 
[48]. In 2018, Chu et al. synthesized core-shell structured liquid metal 
microcapsules by in situ polymerization of urea-formaldehyde on a 
liquid metal colloid [49]. Utilizing phase separation between the cap
sules and a liquid prepolymer, they produced a passivating film con
taining liquid metal. The integration of the passivation layer with the 
self-healing system broadened the application scope of liquid 
metal-based self-healing materials. In 2019, Park et al. modulated the 
redox behavior of EGaIn within carboxylated polyurethane using bis 
(trifluoromethanesulfonyl)imide ligands. This strategy enhanced the 
reversible Faradaic reaction of gallium, improving the material’s elec
trical healing efficiency [50]. Michael D. Dickey’s team introduced a 
method for fabricating flexible and stretchable microwires by dielec
trophoretic (DEP) assembly and sintering of EGaIn microdroplets within 
an elastic PDMS matrix in 2020 [63]. The key innovation lay in DEP’s 
ability to assemble EGaIn microdroplets into conductive microfilaments 
with significantly reduced filler loading. This approach eliminated the 
need for post-processing steps, yielding EGaIn microwires with low 
resistance. Furthermore, the use of liquid metal circumvented the 
inherent compatibility mismatch issues in soft polymer composites 
containing solid fillers. During deformation, the inherent fluidity of 
EGaIn maintained metallic conductivity while preventing electrical 
failure upon elastomer fracture. The microwires maintained stable 
resistance when stretched to 100 % strain and under cyclic bending, a 
performance attributed to their serpentine structure. Notably, the 
microwires could be reshaped in situ to electrically reconnect severed 
conductors, restoring up to 74 % of the original conductivity after severe 
mechanical damage. This work constituted the first demonstration of 
DEP-directed alignment of EGaIn microdroplets in a polymer matrix, 
enabling on-demand circuit fabrication on soft substrates. The method 
successfully produced 5-mm-long conductive microwires that main
tained excellent electrical performance under tensile and bending strain. 
Collectively, this study established a new manufacturing paradigm for 
flexible and stretchable electronics with significant application 
potential.

Post-2020, research combining liquid metals with self-healing ma
terials has surged, as illustrated in Fig. 3, reflecting the growing 
emphasis on their integration. Recent research has primarily focused on: 
(1) Designing complex self-healing systems integrating liquid metals 
with multiple self-healing mechanisms to reduce healing time [51]; (2) 
Engineering the surface chemistry of liquid metals to enhance compat
ibility with substrates [52]; (3) Developing multi-scale and cross-scale 
integrated, multi-gradient liquid metal self-healing devices [53]; and 
(4) Tailoring liquid metal self-healing materials for specific application 

Fig. 3. Number of papers published in the past 30 years under different key
words (self-healing; Gallium-based liquid metal; double) Source: Web 
of Science.
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scenarios [54].
As the majority of current self-healing mechanisms involve syner

gistic actions of multiple processes, this work comprehensively sum
marizes the developmental mechanisms of self-healing reported in 
recent years. Self-healing mechanisms are broadly classified into two 
categories: external self-healing and internal self-healing. External self- 
healing refers to mechanisms where the healing capability relies on 
externally supplied, pre-encapsulated, or embedded healing agents, or 
on the application of specific external energy fields (e.g., light, heat, 
electrical current) to drive the repair process. The core substances 
essential for healing (such as monomers, catalysts, or solvents) or the 
core energy input are not inherently available or triggerable by the 
material matrix itself following damage; they must be externally sup
plied or pre-embedded. Internal self-healing denotes mechanisms where 
the healing capability is entirely intrinsic to the material’s inherent 
chemical structure and physical properties. The repair process relies 
solely on internally available reversible chemical bonds/interactions or 
phase transition behaviors. Crucially, under normal environmental 
conditions (or under the specific triggering conditions for which they are 
designed, such as heating or ambient humidity), these mechanisms 
initiate and complete repair without the need for external intervention 
to introduce specific healing agents or apply specific forms of external 
energy fields. The key characteristics of these mechanisms are detailed 
in Table 1.

Beyond the mechanisms cataloged in Table R1, electrostatic in
teractions warrant specific mention. As inherent non-covalent in
teractions within materials (e.g., ionic bonds, ion-dipole interactions), 
electrostatic forces represent an intrinsic material property. The healing 
process relies on the spontaneous reorganization of charged groups/ions 
near the damaged site (e.g., electrostatic attraction in polyelectrolyte 
complexes or ionogels) [133]. Furthermore, internal self-healing 
mechanisms involving reversible chemical bonds, such as 
Thiol-Michael reactions [134], Thioether bonds (R-S-R′) [135,136]
represent an area promising more in-depth research in the future.

The synergistic evolution of liquid metals and self-healing materials 
has given rise to interdisciplinary innovations and emerging industries 
across materials science, electronic engineering, and biomedicine. The 
combination of liquid metal and self-healing mechanisms not only ex
tends the life cycle of materials but also initiates a new research era. 
With continued advancements in fundamental research and engineering 
technologies, smart materials are poised to serve human civilization in 
increasingly intelligent and adaptive ways.

3. The properties of liquid metals and their application forms

Liquid metals have emerged as a research hotspot in materials sci
ence and engineering, primarily due to the simplicity of the preparation 
process. Among the various methods, the most widely used method in
volves heating pure gallium until it melts, followed by the addition of 
other metallic elements (such as In, Se) to induce alloying reactions, 
thereby producing the desired eutectic liquid metals [16]. This approach 
is favored for its straightforward steps, simple operation, and strong 
controllability over alloy composition. However, as research has pro
gressed, the demand for liquid metal materials with specific properties 
has become increasingly prominent, particularly in controlling the 
droplet size of liquid metal, leading to the development of more refined 
preparation techniques.

Currently, techniques for controlling the droplet size of liquid metals 
are mainly divided into two categories: bottom-up synthesis methods 
and top-down synthesis methods [16]. Bottom-up synthesis methods 
primarily include techniques such as vapor deposition, 
high-temperature pyrolysis, and electrochemical processes. These 
methods achieve effective control over droplet size by regulating re
actions involving Ga precursors, combined with precise manipulation of 
the oxide layer on the liquid metal surface. In contrast, top-down syn
thesis methods rely more heavily on microfluidic technology. By 

designing the microchannel structure and adjusting the flow rates of 
fluids, researchers can selectively produce and separate monodisperse 
liquid metal droplets of different sizes [137].

Apart from the diversity of preparation methods, liquid metals have 
many other outstanding physical and chemical properties. For a more 
specific overview of these properties, refer to Table 2 and the de
scriptions provided below. With continued in-depth research and a 
deeper understanding of these properties, liquid metals are expected to 
play an increasingly significant role in future technological innovations.

3.1. Basic characteristics

Compared to Hg, Ga and Ga-based liquid metals exhibit promising 
applications across various advanced technology fields, owing to their 
unique physical properties. Ga has a melting point of 29.8◦C, which is 
significantly higher than that of Hg, causing it to remain in a solid state 
at room temperature (approximately 25◦C). This characteristic offers 
distinct advantages in certain applications. For instance, in lubricants or 
batteries involving temperature fluctuations, Ga can effectively manage 
and regulate heat through solid-liquid phase transitions [141].

However, when Ga forms alloys with other metals, the resulting 
materials often have lower melting and boiling points. This behavior is 
largely attributed to Ga’s internal structure. Ga exists in several meta
stable phases [14], each with relatively low melting points. In the solid 
state, Ga’s structure is characterized by a coexistence of covalent and 
metallic bonds [142]. Upon alloying with other elements, the arrange
ment of Ga atoms changes, increasing interatomic distances. This 
anisotropic structural feature makes the crystal structure of Ga-based 
alloys more prone to fracture at lower temperatures, leading to 
reduced melting and boiling points [143]. For example, in the 
well-studied Galinstan, although many sources cite its melting point as 
− 19◦C, this actually refers to its freezing point. Due to supercooling, the 
actual melting point of Galinstan alloy is around 13.2◦C [144]. This 
distinction makes EGaIn widely used for its excellent performance at 
room temperature, while Galinstan finds broader applications in 
low-temperature environments, particularly for its superconducting 
properties at cryogenic temperatures [145].

Another noteworthy property of liquid metals is their exceptionally 
high surface tension, approximately 10 times that of deionized water, 
which causes liquid metals to spontaneously form spherical shapes to 
minimize surface free energy [137]. Simultaneously, liquid metals have 
relatively low viscosity, at most 2.4 times that of deionized water. This 
combination of low viscosity and high surface tension allows liquid 
metals to quickly reassemble after being disrupted by external forces, 
forming self-healing systems. This characteristic has significant appli
cations in self-healing materials and flexible electronic devices [146]. 
Furthermore, the high surface tension of liquid metals can be externally 
modulated. For instance, voltage-driven control methods [147] can alter 
the shape and flow properties of liquid metals by manipulating the 
electric double layer between the liquid metal and the substrate mate
rial. However, high surface tension also has challenges, such as poor 
adhesion to most substrates. In the field of printing, surface tension can 
impact the quality of printed patterns, leading to unstable electrical 
connections [139].

3.2. Chemical reactivity

Ga, as a typical post-transition metal, exhibits significant chemical 
reactivity, particularly in its sensitivity to oxygen when exposed to air. 
Liquid metals readily react with atmospheric oxygen, forming a self- 
passivating oxide layer of Ga2O3. This oxide layer not only reduces the 
surface tension of the liquid metal but also significantly alters its rheo
logical properties, allowing the liquid metal to exist in non-spherical 
shapes. The process begins when electrons from the gallium atoms 
migrate to the adsorbed oxygen layer air exposure. This electron transfer 
ionizes the oxygen layer, leading to oxide formation. The electrostatic 
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Table 1 
Summary of different self-healing mechanisms.

Classification of Self- 
healing Mechanisms

Refined 
Classification

Specific 
Mechanism

Schematic Diagram Characteristics Advantages Disadvantages
Representative 
Materials/ 
Methods

Ref.

External 
self-healing

Structures

Microcapsules Wrap the liquid repair agent in the solid shell.

Rapid response 
⋅Simple 
preparation  
⋅Trigger passively

⋅Uneven 
dispersion/size 
⋅Repair stability 
(before/after self- 
healing)

Liquid metal; 
Wax/epoxy 
resin

[64–70]

Hollow fibers
The hollow fiber structure contains the repair agent inside, which is 
dispersed in the matrix material in a specific arrangement.

⋅More repair agent 
⋅Specific 
orientation 
⋅Repair multiple 
times

⋅Complex process 
⋅Size influence 
⋅Prone to clogging

Glass pipette 
tube/ 
epoxy adhesive

[71–78]

Microvascular 
networks

The three-dimensional microvascular network structure containing 
healing agents runs through the entire material matrix

⋅More repair agent 
⋅Multi-directional 
repair 
⋅Repair multiple 
times

⋅Complex process 
⋅Performance 
limitation 
⋅Leakage risk

Nylon wire/ 
epoxy resin

[42]
[79–84]

External Fields 
and Solutions Applied fields

The self-healing method is achieved by relying on the external field 
to drive the internal specific materials.

⋅Local repair 
⋅Controllable 
repair rate 
⋅Contactless repair

⋅Require equipment 
⋅Operational 
limitation 
⋅Materials 
limitation

Thermal field; 
infrared rays [85–87]

Classification of Self- 
healing Mechanisms

Refined 
Classification

Specific 
Mechanism Schematic Diagram Characteristics Advantages Disadvantages

Representative  
Materials/Methods Ref.

External 
self-healing

External Fields 
and Solutions

Shape- 
memory

The shape-memory structure is stimulated to return to its 
original state, driving the internal repair substances to fill the 
damaged area.

⋅Repeatable trigger 
⋅Major deformation 
repair

⋅External 
stimulation 
⋅Unstable 
mechanical 
properties(after 
damage)

Thiol-acrylate-epoxy 
sequential dual-curing 
system

[88–92]

Additive 
solutions

The micropores or microchannels inside the material interact 
with the external solution. After the solution penetrates, the 
repair is achieved through reaction or diffusion.

⋅Add solvent easily 
⋅Flexible 
customization 
⋅Wide application 
range

⋅High 
permeability 
⋅Poor repair 
stability 
⋅Prone to 
pollution

Water; 
Artificial sweat

[93]

Internal 
self-healing

Non-covalent 
Bonding

Hydrogen 
bonds

A kind of electrostatic attraction between hydrogen atoms and 
electronegative atoms (such as O, N, F), which is directional and 
saturated.

⋅Dynamic 
reversibility 
⋅Biocompatibility

⋅Low strength 
⋅Dissociation at 
high 
temperature

Polyvinyl alcohol (PVA) [94–98]

Dipole 
interaction

Dipole interaction is caused by the permanent dipole moments 
between polar molecules attracting each other (δ+→δ-).

⋅Fast response 
⋅No chemical 
residue

⋅Anisotropy 
⋅Specific material 
system 
⋅Sensitive to 
temperature

Fluorine-containing 
copolymers

[99, 
100]
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Classification of Self- 
healing 
Mechanisms

Refined 
Classification

Specific 
Mechanism Schematic Diagram Characteristics Advantages Disadvantages

Representative  
Materials/Methods Ref.

Internal 
self-healing

Non-covalent 
Bonding

Host-guest 
interaction

The non-covalent interactions between large cavity molecules 
(the host) and smaller molecules (the guest).

⋅Molecular 
recognizability 
⋅Customized 
cavity size

⋅Complex 
structural design 
⋅Large steric 
hindrance

Crown ether (CE); 
Cyclodextrin (CD) [101–107]

π-π stacking
This interaction occurs between aromatic groups containing 
delocalized π-electron systems. Stacking method: (1) edge-to- 
face stacking; (2) offset stacking; and (3) face-to-face stacking.

⋅Improve electron 
transfer 
⋅Regulate the 
material 
properties by the 
stacking 
mode

⋅Specific structure 
⋅Weak binding 
force

Graphene-based 
nanomaterials (GNs)

[108–110]

Metal-ligand 
coordination

The interaction between metal ions or complexes and electron- 
donating ligands forms complexes with specific geometric 
configurations.

⋅High 
designability 
⋅Dynamic 
reversibility

⋅Environmental 
sensitivity 
⋅Poor long-term 
stability 
⋅Heavy metal ion 
toxicity

Fe3+-Hydroxyethyl 
cellulose 
/Polyacrylic acid 
(Fe3+-HEC/PAA)

[111–114]

Hydrophobic 
associations

This bonding is unique to amphiphilic molecules carrying both 
hydrophilic and hydrophobic fragments.

⋅Underwater self- 
healing 
⋅Good thermal 
stability

⋅Slow healing 
speed 
⋅Failure in a dry 
environment

Acrylamide 
(hydrophilic); 
Stearyl methacrylate 
(hydrophobic)

[115–117]

Classification of Self- 
healing Mechanisms

Refined 
Classification

Specific 
Mechanism

Schematic 
Diagram

Characteristics Advantages Disadvantages Representative  
Materials/Methods

Ref.

Internal 
self-healing

Covalent 
Bonding

Disulfide 
bonds

A disulfide bond is a dynamic covalent 
bond formed between two sulfur atoms and is REDOX reversible.

⋅Rapid healing 
response 
⋅High 
biocompatibility

⋅Low bonding 
energy 
⋅REDOX reactions

Thiol/disulfide
[118, 
119]

Diels-Alder 
reactions

The Diels-Alder (DA) reaction is a reversible cycloaddition 
reaction between a conjugated diene (with 4 π electrons) and a 
diene (with 2 π electrons).

⋅Dynamic 
reversibility 
⋅High bonding 
energy

⋅High healing 
temperature 
⋅Long healing time

Ethene 
(dienophile); 
1,3-butadiene 
(diene)

[120, 
121]

Imine bonds Imine bonds are mainly formed through the dehydration 
condensation of amines and aldehydes.

⋅Dynamic 
reversibility 
⋅Environmentally 
friendly

⋅Environmental 
sensitivity 
⋅Poor repair 
stability

Ethylenediamine/ 
acetylacetone

[122, 
123]

Borate ester 
bonds

Boric acid ester bonds are formed by the dehydration 
condensation of boric acid and diols.

⋅Rapid healing 
response 
⋅pH sensitivity

⋅Unstable in water 
⋅Specific reaction 
conditions

Boronic acid/ 
1,2-diol

[124, 
125]

Classification of Self- 
healing 
Mechanisms

Refined 
Classification

Specific Mechanism Schematic Diagram Characteristics Advantages Disadvantages Representative  
Materials/Methods

Ref.

(continued on next page)
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potential between the oxide-environment and oxide-metal interface 
(known as the Mott potential) lowers the energy barrier for ionic 
diffusion within the liquid metal, thereby accelerating the growth of the 
oxide layer [144]. The instantaneous growth of the oxide layer on liquid 
metals can be described by the Cabrera-Mott model, as shown in Eq. (1)
[148]: 

1
x
= A − Blnt (1) 

where x represents the oxide layer thickness, t is the oxidation time, and 
A and B are constants.

Despite the continuous increase in oxide layer thickness over time, 
gallium, like its Group III counterpart Al, exhibits a self-limiting 
oxidation behavior. This means that once the oxide layer reaches a 
certain threshold, the oxidation rate slows significantly, thereby pre
serving the internal flowability of the liquid metal. This self-limiting 
behavior stands in shark contrast to the porous and loosely bonded 
oxide layers typically formed during the oxidation of materials such as 
tin (Sn), bismuth (Bi), indium (In), and gadolinium (Gd) [148]. In 
aqueous environments, the Ga2O3 oxide layer on liquid gallium can 
further transform into gallium oxyhydroxide (GaO(OH)). Compared to 
Ga2O3, GaO(OH) exhibits lower passivation and is easier to process and 
remove [148]. This characteristic simplifies the practical handling of 
liquid metal and expands its possibilities for use in diverse environ
ments. Further, the presence of an oxide layer enhances the versatility of 
liquid metal applications; for instance, introducing hydrogen bonds on 
the surface of liquid metals enables high compatibility with hydrogels 
[140,149].

Additionally, the low electrochemical potential of liquid metals of
fers unique advantages in redox reactions, making them particularly 
suitable for electrochemical processes. For example, in the Galinstan 
alloy, Ga can exist in multiple oxidation states, including Ga(0), Ga(I), 
and Ga(III); indium (In) can be found as In(0), In(I), and In(III); while Sn 
exists as Sn(0), Sn(II), and Sn(IV) [148]. This diversity of oxidation 
states allows liquid metals to adapt to various environmental conditions 
during electrochemical reactions, greatly expanding their potential ap
plications in new energy technologies and electrochemical storage 
devices.

3.3. Biological adaptability

Liquid metals hold significant potential for biomedical applications, 
but concerns about their toxicity have drawn attention. Notably, 
compared to the previous generation of liquid metals, mercury, gallium- 
based liquid metals exhibit superior biocompatibility. Mercury has a 
saturated vapor pressure of 1 Pa at 42◦C, indicating its high volatility at 
room temperature. Inhalation of mercury vapor can cause severe and 
often irreversible damage to the nervous system and kidneys. As a result, 
the use of mercury in biomedical applications is tightly regulated. In 
contrast, gallium has a saturated vapor pressure of only 10− 35 Pa at 
29.9◦C, which is far lower than that of mercury [138]. This lower 
volatility means gallium poses a much-reduced inhalation risk to re
searchers and patients at room temperature. Also, liquid metals possess 
antibacterial properties, and studies have already demonstrated their 
application on fabric surfaces [150]. Consequently, gallium and its al
loys have increasingly replaced mercury in biomedical research and 
applications.

Extensive studies have been conducted on the biocompatibility of 
gallium-based liquid metals. For instance, Kim et al. placed liquid metal 
in water to investigate its toxicity and compatibility with human cells. 
The study found that when the liquid metal remained undisturbed, only 
a small amount of Ga3+ was released into the growth medium, and the 
survival rate of human cells remained high, suggesting that the liquid 
metal is relatively safe in this state. However, when the liquid metal was 
subjected to ultrasonic waves or agitation, the release of indium from 

within the liquid metal increased significantly, along with a corre
sponding rise in cytotoxicity [151]. This finding shows the low toxicity 
of liquid metal in static environments, while highlighting the need for 
caution in dynamic conditions. Other studies have explored the toxicity 
of gallium compounds introduced into the body via various routes, 
including intravenous injection, intraperitoneal injection, subcutaneous 
injection, and oral administration [152]. The results indicate that 
toxicity is significantly higher for injection routes compared to oral 
ingestion. Nevertheless, gallium compounds overall exhibit relatively 
low toxicity, providing strong support for continued exploration of 
liquid metals in biomedical applications.

Research on the application of liquid metals in medical fields has 
already gained traction, particularly in utilizing light or magnetic fields 
to realize specific functions within the human body. For example, Lu 
et al. mixed EGaIn with graphene quantum dots (GQDs), significantly 
enhancing the photothermal conversion efficiency of the liquid metal. 
Upon light exposure, spherical nanoparticles first dispersed into nano
scale fragments, which then transformed into hollow nanorods 
composed primarily of GaO(OH), with indium atoms forming nano
spheres [153]. This transformation not only demonstrates the morpho
logical changes of liquid metal under light stimulation but also 
highlights its potential for biomedical applications. In another study, 
Svetlana et al. fabricated well-dispersed, modified EGaIn nanoparticles. 
Under near-infrared laser irradiation, these nanoparticles were dis
rupted, accompanied by a rise in surface temperature. This temperature 
increase was further amplified by eddy currents in the magnetic field, 
providing possibilities for targeted therapy within the body [154]. By 
directing the liquid metal with external magnetic fields or light sources, 
it can accumulate at diseased sites and release drugs. Alternatively, its 
elevated temperature can be used to destroy cancer cells. This approach 
not only enables precise drug delivery but also facilitates direct elimi
nation of tumor cells through localized heating.

The photothermal and magnetothermal properties of liquid metals 
provide two effective mechanisms for biomedical applications, 
including sterilization and anti-tumor treatments. The first mechanism 
involves liquid metal shape changes that directly disrupt cell mem
branes or walls, interfere with membrane potentials, and generate free 
radicals. This method avoids the issue of antibiotic resistance associated 
with prolonged drug use and can be broadly applied to various microbial 
killing processes, directly and effectively damaging or eliminating cells. 
The second mechanism involves energy conversion, where light or 
magnetic energy is transformed into heat, for sterilization [155]. This 
technique can target deep tissues that are difficult to reach with tradi
tional therapies, allowing light to be applied to otherwise inaccessible 
areas inside the body. As a result, it reduces the need for chemical agents 
and minimizes the side effects of drugs.

3.4. Application performance

Liquid metals, with their unique combination of fluidity and metallic 
properties, have demonstrated immense potential in various emerging 
fields. While their electrical and thermal conductivity may not match 
excellent conductive materials such as gold, silver, or copper, liquid 
metals still outperform most polymers and other nearly insulating ma
terials in these aspects. However, the application of liquid metals often 
requires solving the problem of their high surface tension. In most cases, 
liquid metals must be dissolved in solvents or encapsulated for practical 
application [138]. Particularly in flexible and wearable devices, liquid 
metals offer excellent conductivity and thermal performance while 
retaining fluidity. This provides a new approach to designing flexible 
electronic devices with excellent performance.

In earlier studies, Ag and Cu were commonly used in hydrogels as 
conductive phases due to their superior conductivity. However, these 
rigid metals require a high solid content to achieve the percolation 
threshold in hydrogels, which degrades their mechanical properties. To 
lower the percolation threshold and enhance the mechanical 
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Fig. 4. Different forms of liquid metal in materials. (a) Liquid metal is molded on the surface of the substrate by printing and spraying. Direct printing [178], 
Copyright 2020, Wiley-VCH. Thermal transformer printing [168], Copyright 2022, American Chemical Society. Atomized spraying [169], Copyright 2014, Springer 
Nature. Meniscus-guided printing [170], Copyright 2022, Springer Nature. Rolling printing [172], Copyright 2018, Wiley-VCH. 3D printing [173], Copyright 2018, 
Wiley-VCH. (b) Liquid metal is encapsulated inside the substrate by injecting, laminating. Injection packages [174], Copyright 2022, The Royal Society of Chemistry. 
Stacked packages [175], Copyright 2022, AAAS. Embedded packages [179], Copyright 2022, The Royal Society of Chemistry. (c) Liquid metal is dispersed 
throughout the three-dimensional structure of the substrate via mold casting,sugar-template immersion, and grinding hot-press methods. Mixing + molding [180], 
Copyright 2024, Elsevier. Sugar template + immersion [176], Copyright 2020, Wiley-VCH. Grinding + hot pressing [177], Copyright 2022, Elsevier.
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performance of hydrogels, researchers have turned to amorphous 
conductive fillers such as ionic liquids and liquid metals [138]. Ionic 
liquids conduct electricity through the movement of internal anions and 
cations under an electric field, but ion enrichment may occur during 
application, affecting signal stability at high current densities [156]. In 
contrast, liquid metals, due to their metallic nature, allow electrons to 
move rapidly under an electric field. The collision between electrons and 
metal atoms is also one of the reasons for their excellent thermal 
conductivity.

As an alternative to mercury, gallium-based liquid metals exhibit a 
unique property of volumetric expansion with temperature, making 
them ideal candidates for use in thermometers and thermocouples as 
temperature indicators. These discoveries further broaden the potential 
for liquid metals in temperature-related applications. Moreover, liquid 
metals are often temperature-sensitive in practical applications, and 
their low melting points give rise to a distinctive behavior of negative 
thermal expansion during the liquid-to-solid transition [157]. 
Leveraging this property, Wang et al. designed an insulator-conductor 
reversible hydrogel. Liquid metal droplets solidify upon freezing and 
are encapsulated in elastomer to form conductive pathways. As the 
temperature rises, the droplets re-melt and disperse, breaking the 
conductive paths and rendering the material insulating [158]. This 
semiconductor-like behavior at variable temperatures expands the 
application range of liquid metals.

In studies of electrical properties, researchers have combined liquid 
metals with hydrogels to develop a novel material known as liquid metal 
embedded elastomer (LMEE). Experiments revealed that at low liquid 
metal content, the internal conductive pathways of the material were 
incomplete, requiring external pressure to force the liquid metal to 
rupture and form conductive connections [159]. Hydroxyl groups (-OH) 
in the hydrogel exhibit a strong affinity with the Ga2O3 on the surface of 
the liquid metal, enhancing the binding of the liquid metal inside the 
hydrogel. This improves overall conductivity while preserving the 
hydrogel’s mechanical properties, enabling the material to respond 
quickly to external stimulation [160]. To further enhance the electrical 
performance, researchers began combining traditional rigid conductive 
metals with liquid metals. Wang et al. developed a composite conductive 
polymer by integrating Ag and EGaIn into an the organic elastomer. 
During tensile testing, the rupture of liquid metal particles maintained 
electrical connections between silver flakes and particles, significantly 
improving the elastomer’s tensile performance and electrical stability. 
The EGaIn particles act as electrical anchors for silver, a critical factor in 
maintaining both the mechanical and electrical properties of the com
posite materials [161].

In addition to electrical properties, liquid metals also exhibit notable 
dielectric properties. Bartlett et al. studied EGaIn-silicone elastomer 
composites and found that as the liquid metal content increased, the 
effective relative dielectric constant of the composite material rose 
significantly. When the liquid metal content reached 50 %, the effective 
relative dielectric constant was more than 400 % higher than that of the 
pure elastomer, while the dissipation factor remained low. Furthermore, 
reducing the liquid metal particle size also helped increase the effective 
dielectric constant, offering new possibilities for developing high- 
performance dielectric materials [162].

Despite their advantages in thermodynamic and electrical properties, 
liquid metals have weak inherent magnetism, requiring specific treat
ment to transform them into magnetically responsive materials. Mag
netic processing of liquid metals typically involves stirring, grinding, or 
ultrasonication of magnetic particles with the liquid metal in a strong 
alkaline environment. Removing the oxide layer of liquid metal accel
erates the mixing or reaction between the highly reactive internal metal 
of liquid metal and the magnetic material [163]. Cao et al. prepared a 
ferromagnetic liquid metal putty-like material (FM-LMP) by pouring 
EGaIn into NdFeB and stirring under a strong magnetic field. Although 
this material was prone to demagnetization, it exhibited superior elec
trical performance compared to unmixed magnetic materials [164]. 

Additionally, the magnetized liquid metal displayed strong plasticity 
similar to putty, and when the NdFeB content reached 20 wt%, the 
storage modulus of FM-LMP increased to 2.8 × 106 Pa. Another method 
for preparing magnetically responsive liquid metals involves forming 
core-shell structures with liquid metal as the core and magnetic material 
as the shell. Kim et al. used electroplating to coat low-residual-stress 
permanent magnets (CoNiMnP) on the surface of Galinstan particles. 
However, the external magnetic field caused the surface coating to 
break, due to the non-uniformity of the coating, resulting in the coated 
liquid metal droplets that were no longer spherical, which negatively 
affected their movement on paper [165]. Zhang et al. prepared the 
Ni/Al/EGaIn motor by plating a nickel (Ni) cap on the surface of EGaIn 
and then adding aluminum foil to a NaOH solution. By coating the 
surface of liquid metal with magnetic metals, liquid metal gains mag
netic responsiveness, greatly expanding its potential application in the 
field of magnetics [166].

3.5. Forms of liquid metals in applications

As discussed above, due to their intrinsic high surface tension, liquid 
metals are rarely applied directly in scientific research or industrial 
production. Instead, they are predominantly used by being encapsulated 
or mixed within matrix materials or solvents. In this section, we sum
marize the action forms in which liquid metals are utilized in applica
tions, as illustrated in Fig. 4. Specifically, these applications can be 
categorized into three main forms: 

(1) Liquid metal applied to the material surface

This approach involves patterning polymers containing liquid metal 
on flexible substrates through printing or coating techniques, as shown 
in Fig. 4(a). Various methods, such as direct writing, thermal transfer, 
atomized spraying, meniscus-guided printing, rolling printing, and 3D 
printing, are employed, each with its own advantages and fields of 
application. Direct writing allows precise patterning of micron- to 
nanoscale inks, commonly used in electronic circuit boards and sensors 
in the field of information technology [167]. Thermal transfer, a 
well-established modern industrial printing technique, is widely used for 
printing on surfaces like automobiles and textiles [168]. Atomized 
spraying efficiently deposits materials onto both flexible and rigid sur
faces, ensuring high material utilization and uniform coating, making it 
suitable for functional coating applications [169]. Meniscus-guided 
printing is a novel technology that uses solvent evaporation to form a 
meniscal-like liquid-gas interface during the printing process. This en
ables precise control of droplet flow and evaporation, making it ideal for 
high-precision printing [170,171]. Rolling printing, with its scalability 
and high efficiency, is a proven technique for industrial applications and 
is extensively used in the mass production of components like RFID tags 
[172]. While 3D printing is slower compared to other methods, its 
ability to design and print additively makes it suitable for high-precision 
and complex geometric shapes, commonly used for custom prosthetics 
and organs in the biomedical field [173]. 

(2) Liquid metal packaged within the material

When liquid metal is not mixed with polymers or solvents, it is 
typically encapsulated within substrate materials, as shown in Fig. 4(b). 
Liquid metal is imported into internal channels of the substrate, forming 
conductive pathways through direct contact. Injection packages involve 
preparing a substrate with internal channels, which are then filled with 
liquid metal using pressure devices like syringes, followed by sealing 
[174]. Stacked packages build on injection packages by adding vertical 
designs, enhancing the mechanical strength and integration of the 
overall structure [175]. In contrast, embedded packages position liquid 
metal in surface grooves rather than internal channels, making it more 
suitable for heat dissipation applications. These methods preserve the 
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excellent electrical and thermal conductivity of liquid metals while 
effectively controlling their flow areas, facilitating easy recycling and 
reuse.

(3) Liquid metal mixed with the material

Mixing liquid metal with substrate material is one of the most 
common methods used in laboratory preparation because it is simple 
and does not require complex equipment, as shown in Fig. 4(c). The 
mixing-molding method enables the combination of materials in various 
states and morphologies, which are then cast into custom molds for 
curing under specific conditions [31]. This method is frequently 
employed in the preparation of flexible electronic hydrogels. In contrast, 
the sugar template-immersion method reverses this process by first 
forming a porous structure from a sugar template, which is then 
immersed in liquid metal to create a sugar/liquid metal composite 
[176]. After dissolving the sugar in water or another solvent, the porous 
liquid metal structure is placed into an elastomer solution for curing. 
Owing to its unique structural properties, this method is often used for 
fabricating scaffolds in bioengineering. The grinding-hot pressing 
method is commonly applied in electronic packaging materials [177]. 
Grinding ensures thorough mixing of liquid metal with electronic and 
thermal conductive phases, followed by hot pressing to interconnect 
substrates while eliminating voids in the liquid metal paste. This results 
in a higher density after curing compared to previous methods.

The versatility and adaptability of liquid metal applications allow for 
customization to meet diverse needs, ranging from surface coating to 
encapsulation and mixing. Each form offers distinct advantages and 
serves specific fields, showcasing the vast potential of liquid metals in 
both scientific research and industrial applications. As research on liquid 
metals advances and technologies evolve, these application methods are 
expected to further expand their potential, driving innovation in new 
materials and technologies.

4. Application and healing mechanism of liquid metal self- 
healing materials

As materials science continues to advance, materials with a wide 
range of excellent physical and chemical properties are being increas
ingly applied across various fields. In recent years, wearable flexible 
electronic materials have attracted significant research interest due to 
their potential in human motion detection and physiological signal 
monitoring. These materials are typically composites of elastomers and 
conductive fillers, designed to retain excellent conductivity even under 
substantial bending and stretching. Additionally, they need to quickly 
self-repair after damage from external mechanical stress to restore their 
original properties. While the traditional internal self-healing materials 
have certain self-healing ability, they often have poor conductivity or 
are even insulating, which limits their suitability for signal transmission.

Researchers often enhance conductivity by incorporating conductive 
elements, such as silver nanoparticles and graphene. However, when 
these materials fracture, the conductive particles may prevent surface 
healing. Moreover, the interface compatibility between these solid 
particles and elastomers is often limited, potentially shortening the 
material’s lifespan. Liquid metals, with their excellent fluidity and self- 
healing properties, are considered ideal candidates for addressing these 
challenges. Especially, liquid metals form an oxide layer on their sur
face, enhancing compatibility with elastomeric substrates and enabling 
highly integrated composite materials. Their fluidity, coupled with the 
use of microencapsulation, allows liquid metals to adjust their form 
flexibly during stretching or deformation, thereby enhancing the ma
terial’s adaptability.

Beyond the inherent fluidity of liquid metals, their high surface 
tension is an indispensable property in self-healing processes [181]. It 
serves as a critical factor in maintaining the structural stability of 
microencapsulated LM self-healing systems. While the native oxide layer 

on LM surfaces can impede droplet coalescence, the high surface tension 
enables LM droplets to overcome atomic-scale separation distances, 
effectively breaching the oxide layer’s barrier [182–184]. This facili
tates droplet merging, enlarges the liquid bridge, and ultimately estab
lishes conductive pathways. Furthermore, driven by surface tension, the 
coalesced LM forms a stable liquid bridge. This configuration signifi
cantly resists re-separation under external disturbances (e.g., mechani
cal vibration), ensuring the durability and efficacy of the healed 
structure. The efficiency of self-healing is also profoundly influenced by 
LM droplet size [185]. Higher surface tension combined with smaller 
droplet size accelerates coalescence kinetics [186,187]. Nanoscale LM 
droplets rapidly aggregate under the influence of surface tension, 
thereby enhancing self-healing efficiency. This capability ensures robust 
aggregation even within complex environments.

Additionally, during phase transitions, the volumetric expansion of 
LM requires surface tension to counterbalance disruptive forces and 
maintain droplet integrity [188]. In chemical cross-linking processes, 
surface tension promotes intimate contact between the LM and func
tional groups (e.g., -OH, -NH₂) within the polymer matrix [189]. This 
facilitates the formation of dynamic chemical bonds, strengthening the 
self-healing capacity of the composite material. These fundamental as
pects of surface tension governing LM self-healing will be systematically 
explored in the subsequent sections.

In the event of mechanical damage or cracking, the liquid metal can 
quickly flow to the damaged area, filling the cracks and restoring the 
conductive path, thus achieving the self-healing function of the material. 
This fast recovery mechanism not only significantly improves the 
durability of flexible electronic materials but also broadens their po
tential in various applications.

In addition to applications in flexible electronics, the high chemical 
reactivity of liquid metals enables alloying and de-alloying processes 
with active metal electrodes. This mechanism partially addresses battery 
failure issues, thereby enhancing battery performance and extending 
service life.

Since this paper focuses on liquid metal’s self-healing applications, 
its applied mechanisms inherently involve external self-healing. Thus, 
classification based solely on internal versus external self-healing 
methods is impractical. In subsequent sections, we first categorize ap
plications by domain: flexible electronics and energy applications. For 
flexible electronics, we further classify external self-healing mechanisms 
based on whether they require external fields or solutions, distinguish
ing autonomous self-healing (no external intervention) from assisted 
self-healing (requiring external resources) [190,191]. In energy appli
cations, self-healing primarily leverages liquid metals’ chemical prop
erties- especially their high reactivity- to achieve self-repair. This 
mechanism is most prominent in batteries with metal electrodes.

4.1. Self-healing liquid metal materials without external resources 
supporting

In the study of self-healing materials, liquid metal is typically 
embedded in polymer matrices as microdroplets. These small droplets 
form a thin oxide layer on their surfaces, which has a significant effect 
on electrical conductivity. Additionally, the gap between droplets con
tributes to high resistance. To address this, Markvicka et al. developed a 
method where liquid metal is mixed with a flexible silicone elastomer 
and then cured [159]. When the cured elastomer is subjected to external 
force, the internal liquid metal droplets are broken and redistributed to 
form a larger area of conductive path, thereby reducing the increase in 
resistance caused by the oxidation layer on the particle surface, as 
shown in Fig. 5(a). Such pressure-induced formation of low-resistance 
conductive paths is a feature that traditional solid conductive phases 
cannot achieve.

Further experiments revealed that when these newly formed 
conductive paths are damaged, the liquid metal can regenerate new 
circuits in situ. This behavior is enabled by the fluidity of liquid metal, 
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allowing droplets to quickly reconnect and re-establish conductive paths 
in the damaged areas, thus preserving conductivity after damage. Figs. 5
(b) and 5(c) illustrate changes in resistance when the elastomer is sub
jected to cutting and puncturing damage, respectively. The effects of 
different damage types on resistance vary: when the elastomer is cut 
with a blade, the position of the conductive path remains relatively 
unchanged, and the liquid metal in the original path flows towards the 
surrounding damaged areas, reducing the amount of liquid metal in the 
conductive path, which is the primary cause of increased resistance in 
the elastomer.

In contrast, when the material is damaged by a punch, the external 
force causes liquid metal droplets around the puncture to rupture and 
disperse, allowing the conductive path to reconfigure with reduced 
resistance [192]. This self-reconfiguration characteristic of conductive 
paths is widely utilized in imprinting processes, allowing the conductive 
circuits to be customized into various shapes, as illustrated in Fig. 5(d). 
Fig. 5(e) shows the resistance changes in an elastomer treated with 
imprinting after being punctured. Compared to the unstamped material 
in Fig. 5(c), which shows a slight resistance fluctuation when punching, 
the resistance curve of the imprinted material is more stable, demon
strating enhanced damage resistance. This liquid metal-based self-
healing conductive network not only exhibits excellent electrical 
stability and damage recovery capabilities but also provides new design 
strategies for applications in flexible electronic materials, especially in 
smart sensing and wearable devices.

In liquid metal research, the limited resistance to external pressure 
due to a thin surface oxide layer is a challenge. To enhance its 
compressive strength, Zheng et al. applied a silver coating to the surface 
of EGaIn using a chemical reduction method, forming Ag@LM core-shell 
particles [193]. They also studied the maximum load under mechanical 
stress. Nanoindentation tests revealed that the mechanical behavior of 
the Ag@LM particles could be divided into three different stages, as 
shown in Fig. 5(f). In the first stage, as the indenter came into contact 
with the particle surface, the pressure increased with displacement. In 
the second stage, while displacement continued to increase, the applied 
force remained almost constant, indicating gradual compression of the 
liquid metal structure. At 1500 nm, cracks began to form within the 
liquid metal, leading to leakage. By 1750 nm, the indenter came into 
contact with other particles, showing a trend similar to that observed in 
the first stage. This study demonstrated that the critical force for 
maintaining the integrity of the Ag@LM structure is around 500 µN, 
observed at the early part of the second stage (approximately 150 nm). 
These findings provide new insights into achieving self-healing of liquid 
metal under minimal external stress.

The binding of silver and liquid metal is not limited to Ag@LM core- 
shell structures. Lin et al. developed a stretchable conductive composite 
made of silver nanowires and liquid metal (Ag NW/LM) [194], exhib
iting remarkable electrical stability under high strain, as shown in Fig. 5
(g). In tensile tests, the top silver nanowire layer fractured first, which in 
turn facilitated the release of the underlying liquid metal to fill the 
cracks and maintain a smooth surface, ensuring stable electrical output 
under high strain. Experiments showed that the conductive layer made 
of a single Ag layer failed at around 80 % strain, while the dual-layer Ag 

NW/LM design continued to function at 1000 % strain, greatly 
expanding the composite’s potential applications.

The self-healing capabilities of liquid metal also present unique ad
vantages in battery applications. Han et al. mixed nanosilicon with 
GaInSn liquid metal to prepare anodes for lithium-ion batteries [195]. 
During the initial lithiation process, the silicon nanoparticles expanded 
significantly. Due to external stress, the liquid metal fractured and 
dispersed uniformly throughout the electrode, providing a wetting ef
fect, as shown in Fig. 5(h) and (i). STEM imaging revealed that the liquid 
metal could sufficiently fill the cracks formed by silicon expansion, 
reducing electrode volume changes and minimizing the contact area 
between the electrode and electrolyte, ultimately extending the bat
tery’s lifespan.

However, one major challenge in the practical applications of liquid 
metal is its incompatibility with non-metallic materials, which limits its 
performance optimization. To address this problem, Xin et al. developed 
a liquid-metal-embedded sulfur polymer composite (LMESP) material 
by mixing liquid metal with 1,3-diisopropylbenzene (DIB) and adding 
elemental sulfur [196], which undergoes ring-opening polymerization, 
as shown in Fig. 5(j). This reaction resulted in interactions between the 
liquid metal and polysulfide loops/thiol groups, further evidenced by 
XPS spectra showing peaks for Ga 2d, Ga 3d, In 3d, O 1 s, C 1 s, and S 2p 
in Fig. 5(k). When the fractured surfaces of the material came into 
contact, the fluidity of the liquid metal, along with interactions between 
polysulfide loops/thiol ligands and polymer chains, enabled 
self-healing, as shown in Fig. 5(l). The LMESP composite achieved 
self-healing at room temperature within 24 h, and the resistance was 
restored to 1.86 Ω, close to the original 1.1 Ω. In contrast, conventional 
pure sulfur polymers typically require high temperatures for 
self-healing. The integration of liquid metal with sulfur compounds 
overcame this limitation: the liquid metal showed excellent compati
bility with the polymer matrix, while sulfur bonds with a low glass 
transition temperature enabled effective self-healing at room tempera
ture. Thus, the combination of internal and external self-healing 
mechanisms in LMESP produced a synergistic effect, achieving a 
“1 + 1 > 2” outcome.

The fluidity of liquid metals is a distinguishing feature that sets them 
apart from other conductive metal materials, and this characteristic is 
particularly prominent in the self-healing processes of elastomers. 
During fracture and the subsequent healing process, the position of the 
liquid metal tends to shift, resulting in structural differences between the 
healed section and the corresponding area of the original elastomer. This 
behavior causes questions about whether repeated stretching could lead 
to a fracture at the same location.

Li and colleagues employed EGaIn as an initiator in a one-pot syn
thesis to create a composite hydrogel consisting of liquid metal, PVA, 
and P (acrylamide-co-octadecyl methacrylate (P(AAm-co-SMA)), 
referred to as LM/PVA/P(AAm-co-SMA) hydrogel [197]. Within this 
material system, self-healing is primarily driven by the hydrophobic 
association network of P(AAm-co-SMA), hydrogen bonding between the 
PVA and P(AAm-co-SMA) networks, and physical crosslinking involving 
the liquid metal and these networks. These various physical crosslinking 
interactions enable the hydrogel to dissipate large energy, resulting in a 

Fig. 5. Self-healing mechanisms of LM without the assistance of external conditions and applications. (a) Schematic of the internal self-healing mechanism of LM 
after damage to the substrate, where the liquid metal reconfigures to generate new circuits; (b) Changes in overall resistance of LM after self-healing after cutting the 
substrate; (c) Changes in overall resistance of liquid metal after self-healing after perforator piercing the substrate [159], Copyright 2018, Springer Nature. (d) 
Stabilized conductive paths inside the substrate using embossing; (e) Resistance and strain curves of complexe after multiple perforations and stretching [192], 
Copyright 2021, Springer Nature. (f) Typical force–distance curve for Ag@LMPs [193], Copyright 2020, Wiley-VCH. (g) Schematic of LM self-healing during 
stretching and SEM image at crack, scale: 2 μm [194], Copyright 2023, American Chemical Society. (h) Schematic diagram of LM self-healing during Li/Si anode 
charging and discharging process. (i) STEM plots of Li/Si anode before and after charging and discharging [195], Copyright 2018, Elsevier. (j) Schematic diagram of 
LM interaction with surfaces, polysulfide loops, and thiol terminal groups; (k) XPS spectrum for LM obtained from LMESP; (l) Illustration of self-healing process of 
LMESP materials [196], Copyright 2019, Wiley-VCH. (m) Self-healed hydrogel did not break at the original fracture after secondary stretching; (n) Histogram of 
self-healing efficiency represented by different indicators at different times [197], Copyright 2023, The Royal Society of Chemistry. (o) Schematic diagram of the 
treatment of the substrate to change the wettability of LM in the material [198], Copyright 2022, Wiley-VCH. (p) Elastic modulus change curve of hydrogel when 
strain is switched from 1 % to 1000 % in alternating steps. (q) Bright field image during hydrogel self-healing process [199], Copyright 2021, Springer Nature.
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Fig. 6. Schematic diagrams of self-healing that require the use of external fields or additional substances, and applications.Self-healing with force: (a) Photographs of 
electrical properties that can be reproduced in contact with a cross-section. (b) SEM images before and after section repair. (c) Schematic diagram of the overall 
sensing performance with the help of the Teflon stick repair. (d) Schematic of the change in finger movement resistance measured by the original and repaired sensors 
[200], Copyright 2023, American Chemical Society. Self-healing with vapor exposure: (e) Schematic representation of the polymer-solvent transition before and after 
vapor exposure. (f) Schematic of vapor exposure-assisted self-healing. (g) Optical profilometer images before and after fracture healing [201], Copyright 2021, 
Springer Nature. Self-healing with magnetic field: (h) Schematic diagram of Fe-EGaIn self-healing under the action of a magnetic field. (i) Picture of a robot working 
again after a magnet-guided repair of a damaged conductive line [202], Copyright 2019, Wiley-VCH. Self-healing with thermal energy: (j) Schematic as well as 
photograph of LMF composite thermal self-healing process. (k) Comparison of heat dissipation results between matrix and LMF composites by infrared thermography 
[203], Copyright 2022, Elsevier. Self-healing with electrothermal conversion: (l) TEM images of LM@MXene nanocomposites; (m) Schematic diagram of two 
interfacial interactions between LM and MXene. (n) Self-healing efficiency with different LM contents and stress-strain curves of 3LMW films before and after healing. 
(o) Optical images of the self-healing process of damaged 3LMW films under a 5 V voltage at different time intervals. (p) EMI SE changes of 6LMW films before and 
after 10 healing cycles [204], Copyright 2022, Elsevier.
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fracture elongation of up to 2000 %. At room temperature, after 24 h of 
healing treatment, the healing efficiency of the material can reach more 
than 99 %. The study further examined the fracture behavior of the 
healed hydrogel under subsequent stretching. As shown in Fig. 5(m), the 
location of the second fracture did not coincide with that of the first, 
indicating that the presence of liquid metal does not significantly impact 
the tensile performance of the hydrogel despite structural differences in 
the healed regions. Fig. 5(n) illustrates self-healing efficiencies across 
different healing times, showing that electrical properties recover 
almost instantly upon contact between fractured surfaces, while me
chanical properties, such as stress and strain, require prolonged cross
linking of covalent and non-covalent bonds for complete restoration.

In hydrogels with low liquid metal content, the fluidity of the liquid 
metal is mostly limited to the area around the fracture. However, for 
materials where liquid metal is encapsulated within the matrix, a frac
ture could result in leakage of liquid metal, leading to potential short 
circuits or even device failure. To address this issue, Fang and colleagues 
used 3D printing to encapsulate EGaIn within microchannels, creating 
an elastic, self-healing circuit layer that was then integrated with other 
components to form a device called “iMethy” [198]. To prevent liquid 
metal leakage at the fracture surface, they applied a rolling-printing 
technique to add an oxide layer as an affinity layer on the PDMS me
chanical skeleton. On the PDMS surface, EGaIn exhibited a high 
“non-equilibrium” contact angle, and the affinity layer changed the 
wettability between EGaIn and PDMS, as shown in Fig. 5(o). Even after 
multiple healing cycles, the electrical functionality of the conductive 
pathways was maintained at a basic level of stability. This work not only 
reveals the self-healing capabilities and mechanisms of liquid metal 
hydrogels but also explores their fracture behavior and electrical sta
bility under repeated stretching, providing valuable insights for the 
design of future flexible and self-healing electronic devices.

Based on the excellent self-healing and other beneficial properties of 
various materials, Xu et al. have thoroughly examined the potential of 
biomimetic self-healing materials with liquid metal in clinically relevant 
applications [199]. They highlight that energy dissipation during 
chemical bond rupture is closely associated with diverse interactions 
and complex physical processes within the material. This makes the 
presence of reversible chemical bonds within the crosslinked network of 
hydrogels critical for enhancing overall material performance. By 
increasing the diversity and complexity of reversible bonds in the 
hydrogel’s crosslinked network, the self-healing and other key proper
ties of the material can be significantly improved.

To achieve this objective, the research team synthesized four distinct 
precursor materials: catechol-functionalized chitosan (CHI-C), choles
terol hemisuccinate (CH), cholesteryl and aldehyde-modified dextran 
(Dex-ALD-CH), poly(3,4-ethylenedioxythiophene)-heparin (PEDOT: 
Hep), and TA-coated LM nanodroplets (LM-TA). These materials were 
blended to form conductive biopolymers/liquid metal hydrogels with 
dynamic self-healing properties, termed DECPLMH, which contain 
multiple self-healing mechanisms. Specifically, the hydrogel’s external 
self-healing mechanism stems from the encapsulated liquid metal mi
crocapsules, while internal self-healing relies on a series of reversible 
bonds. The self-healing mechanisms within DECPLMH include revers
ible covalent bonds (e.g., imine bonds, Schiff base bonds) and various 
non-covalent interactions, such as hydrogen bonding, electrostatic in
teractions, anion/cation-π interactions, π-π stacking, hydrophobic in
teractions, and coordination interactions between the liquid metal and 
polyphenolic groups. These reversible bonds form an interconnected 
dynamic hydrogel network, making the material highly adhesive and 
cohesive strengths under external stress. The research team evaluated 
the self-healing properties of the hydrogel with strain-dependent oscil
latory rheology. In cyclic testing with alternating strains from 1 % to 
1000 %, changes in storage modulus (G’) and loss modulus (G’’) 
revealed that the hydrogel exhibits viscoelastic fluid characteristics 
under high strain and rapidly recovers its gel state under low strain, as 
shown in Fig. 5(p). The multi-cycle stability of the material 

demonstrates a highly robust self-healing process, further confirming its 
excellent self-healing capabilities. Additionally, in a real-time electrical 
monitoring system, DECPLMH exhibited a current drop to zero upon 
being cut, and electrical conductivity rapidly recovered when the sev
ered interface was reconnected, and the hydrogel recovery process is 
shown in Fig. 5(q). Notably, the hydrogel fully self-healed within 
approximately one minute after cutting, the healing rate significantly 
superior to that of many conventional self-healing hydrogels, which 
fully demonstrates the role of multiple self-healing mechanisms and its 
cross-linked structure on the overall performance of the material.

4.2. Liquid metal self-healing materials with external resource supporting

Compared to self-healing materials that only rely on reversible 
chemical bonds and microstructures, those enhanced by external re
sources do not require complex internal chemical bond designs within 
the elastomer to achieve rapid healing. The addition of external fields or 
materials not only accelerates the self-healing efficiency but also enables 
the customization of self-healing materials for specific applications. In 
the field of self-healing materials, a wide variety of external resources 
can be employed, offering great flexibility and adaptability in material 
design.

For instance, Yang et al. used a one-pot two-step method with pol
yetheramine (PEA), adipic acid dihydrazide (ADH), terephthalaldehyde 
(TA), and benzene-1,3,5-tricarbaldehyde (TFB) as raw materials to 
develop a highly stretchable elastomer, PE0.5–0.2 (where 0.5 and 0.2 
represent the molar ratios of ADH to PEA amine groups and TFB to 
acrolein aldehyde groups, respectively) [200]. Based on this elastomer, 
they prepared PVP@LM conductive ink using ethanol as the solvent, 
which was evenly coated onto the surface of the elastomer to create a 
flexible sensor. The sensor was then connected to a circuit containing a 
DC power supply and an LED, as shown in Fig. 6(a). When the material 
was cut, the LED turned off immediately, but it relight after self-healing. 
Fig. 6(b) presents SEM images of the fracture before and after healing, 
indicating that the crack becomes barely visible after healing. In the 
conductive layer above the elastomer, carbonyl groups of PVP form 
ion-dipole interactions with Ga2O3/Ga³ ⁺ on the surface of the liquid 
metal, which allows PVP to completely encapsulate the liquid metal 
droplets. There is a slight distance between droplets, requiring a 
poly-tetrafluoroethylene (PTFE) rod to be rolled over the damaged area 
to reactivate the conductive layer, as illustrated in Fig. 6(c). This 
externally applied force not only re-establishes conductive pathways by 
reconnecting broken liquid metal droplets but also promotes contact 
between the flexible layer’s broken sections. After healing, the elastomer 
was used to monitor finger joint motion, as shown in Fig. 6(d). The 
electrical signal output of the healed sensor showed minimal fluctuation 
compared to the original sensor, demonstrating the remarkable effec
tiveness of external field-assisted self-healing.

As previously mentioned, in cyclic testing with alternating strains of 
hydrogels, the self-healing performance is reflected in the trans
formation between viscoelastic liquid and gel states. Based on this 
property, Lopes et al. designed a steam exposure technique for self- 
healing, reversible polymer gels applicable in integrated circuits 
[201]. They prepared a styrene-isoprene block copolymer (SIS) sub
strate, using styrene and toluene in a 1:2 ratio. The Ag-EGaIN-SIS 
composite conductive ink was then printed onto this substrate, and 
surface-mounted device (SMD) resistors were placed on the conductive 
circuits. The circuit is placed in a sealed chamber as a whole, and toluene 
vapor is generated by the evaporation of the solvent contained in the 
fabric or paper soaked in toluene, thus realizing the automatic welding 
of the chip and sealing of the printed circuit, as shown in Fig. 6(e). In the 
presence of toluene vapor, both the conductive ink and the substrate 
underwent a sol-gel transition, with the SMD components sinking into 
the softened SIS substrate due to capillary forces, thus completing the 
encapsulation of components in the circuit without the need for heating. 
Simultaneously, the microstructure of the Ag-EGaIn conductive ink 
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changed, resulting in enhanced conductivity. Figs. 6(f) and 6(g) show a 
schematic of the steam-exposed, self-healing process for cut materials 
and an optical profilometer image. Exposure to toluene vapor acceler
ates the sol-gel transition during self-healing, reducing healing time. 
While the material is in the viscoelastic healing state, liquid metal 
mobility is further promoted, aiding the recovery of electrical and me
chanical properties. Unlike other gels, low-density solvents have a 
higher evaporation rate, which can speed up the healing process. 
However, extended exposure to high-density vapor may alter the overall 
thickness of the device, potentially impacting performance.

To minimize the impact of external resources on the overall perfor
mance of the material, such resources should primarily target damaged 
areas rather than the material as a whole. Guo et al. designed a 
magnetically responsive liquid metal electronic component with this 
concept [202]. Since liquid metal itself has limited magnetic respon
siveness, they mixed Fe particles with the liquid metal. The oxide layer 
formed on the liquid metal surface effectively encapsulates the Fe par
ticles, resulting in Fe-EGaIn particles with magnetic responsiveness. 
These Fe-EGaIn particles exhibit good wettability with fructose but poor 
wettability with PVA. Take advantage of this property, the researchers 
printed a fructose layer onto a PVA substrate using a ball-point pen, then 
used a magnet to selectively and uniformly attract the magnetic 
Fe-EGaIn particles to the fructose layer, forming a conductive pathway. 
In practical applications, a magnet placed under the PVA substrate 
guides the movement of the particles without affecting the PVA sub
strate itself. When the material is damaged, moving the magnet laterally 
around the break causes additional Fe-EGaIn particles to be drawn to the 
damaged area, accelerating the self-healing rate, as shown in Fig. 6(h). 
The healing time for a single cut is approximately 3 s, while multiple 
cuts heal within 10 s. Fig. 6(i) provides a top-down view of the robot’s 
damage and magnetic repair process. After being repaired by a magnet, 
the robot quickly continued to move along its original path. This remote 
repair method minimizes physical contact and, by controlling the 
fluidity of the liquid metal, enables self-healing without the internal 
particle breakage and material loss that can occur in liquid metal 
hydrogel composites.

However, the combination of iron and liquid metal also has some 
drawbacks. While the addition of iron imparts magnetic responsiveness 
to the liquid metal, it also reduces the overall fluidity of Fe-EGaIn. 
Consequently, the Fe content is thus a crucial parameter in experimen
tation: a low iron content may lead to insufficient magnetic respon
siveness, while a high content can result in sharp, spiked structures 
during movement, leading to phase separation between Fe and the 
liquid metal and impairing self-healing performance. Nevertheless, the 
fluidity of the liquid metal reduces resistance to Fe movement within the 
matrix, preserving the electrical performance of the material.

In addition to surface printing or coating, self-healing liquid metal- 
based materials can also work in encapsulated forms within a polymer 
matrix. Due to its metallic properties, liquid metal has not only excellent 
electrical conductivity but also exceptional thermal conductivity. Lv 
et al. developed a thermally self-healing liquid metal foam composite 
(LMF composite) by encapsulating liquid metal within a polymer [203]. 
Unlike the sugar-template method mentioned previously, this approach 
uses a salt-template method, which does not caramelize at high tem
peratures. By mixing salt and water in a 37:1 ratio, drying it to form a 
salt template, and immersing it in molten 
styrene-ethylene-propylene-styrene (SEPS) fluid for cooling, a porous 
SEPS elastomer material was obtained after water washing. By vacuum 
technology, liquid metal was injected into this porous structure, forming 
the LMF composite. After cutting the surface of the material, the 
self-healing process was activated by applying a hot air gun at 130◦C for 
1 min, which melts and fuses the cut surfaces, as shown in Fig. 6(j). 
Aside from the thermoplasticity and excellent flowability of SEPS upon 
heating, combined with the flowing liquid metal filler, ensured that the 
material remained undamaged after being cut. This is a key factor in 
maintaining the overall mechanical and thermal stability of the material 

post-healing. The recovery rates for both mechanical and thermal per
formance after cutting were around 98 %. To further investigate the 
material’s high thermal conductivity, the researchers attached heating 
wires to both the LMF composite and an SEPS substrate and applied a 
300 mA current for 1 min before cutting off the power. Infrared imaging 
results, as shown in Fig. 6(k), indicate that the LMF composite dissipates 
heat more effectively than the SEPS substrate, showing the superior 
thermal conductivity characteristic of liquid metal. The excellent heat 
dissipation capability of the internal LMF composite does not occur 
when the external SEPS have healed, and the internal heat cannot be 
consumed quickly, helping to maintain stability during the application 
and self-healing process.

Liquid metal represents an extremely promising technology for 
electrical self-healing by leveraging its unique physicochemical prop
erties combined with electrically driven mechanisms. Liu Jing’s team 
developed a direct-printing method for liquid metal electrodes in DEAs, 
enabling self-healing solely through applied electric fields [46]. When 
both electrodes carry opposite charges, the entire device functions as a 
capacitor. At converging electrode boundaries (where gaps narrow and 
electrostatic attraction intensifies), the liquid metal ruptures its oxide 
skin and merges. Simultaneously, during DEA actuation, 
voltage-induced microflow drives liquid metal outward from the elec
trode center, with flow reversing upon voltage removal. These dual 
mechanisms—oxide rupture at tips and field-directed micro
flow—operate independently or synergistically throughout actuation 
cycles to achieve self-repair. This printing approach facilitates compat
ibility with diverse materials and surfaces while simplifying 
manufacturing and reducing costs. The resulting electrodes achieve 2D 
planar self-healing under operational electric fields, significantly 
enhancing fault tolerance and harsh-environment adaptability in DEA 
applications.

The application of thermal energy in self-healing materials is not 
limited to external sources; internally generated heat (such as Joule 
heating induced by electric fields) can also act as an effective heating 
method. Zhou et al. developed a novel electromagnetic interference 
(EMI) shielding material based on LM@Mxene particles embedded in a 
waterborne polyurethane (WPU) polymer matrix [204]. To enhance the 
stability and dispersion of liquid metal in WPU, they used a ball milling 
technique to evenly mix Mxene with liquid metal, producing homoge
neous LM@Mxene composite particles, as shown in Fig. 6(l). The key to 
the realization of ball milling technology relies on the electrostatic 
interaction between liquid metal and Mxene, along with coordination 
reactions between Ga3+ ions in the oxidized layer of the liquid metal and 
oxygen groups on the Mxene surface, illustrated in Fig. 6(m). Through 
surface modification of Mxene, hydrogen bonding between LM@Mxene 
and WPU was enhanced, significantly improving the compatibility of 
liquid metal within the WPU matrix. Additionally, the polymer chain 
structure of WPU effectively suppressed LM leakage under tensile stress. 
The addition of solid particles can also limit the crack propagation in the 
WPU matrix, thus improving the mechanical properties of LMW films. 
The material system is labeled xLMW, with the x representing the 
addition ratio of LM@Mxene. Specifically, x values of 1, 2, 3, 4, 5, and 6 
correspond to LM contents of 3 wt%, 6 wt%, 9 wt%, 12 wt%, 15 wt%, 
and 18 wt%, respectively.

The researchers evaluated the EMI and self-healing properties of the 
composite materials with different LM contents, with results displayed 
in Fig. 6(n) and (o). For xLMW samples with cut damage, applying a 5 V 
circuit induced conductive connections among LM@Mxene particles, 
generating Joule heat in the damaged area, as shown in Fig. 6(p). This 
internal heating mechanism accelerates molecular chain mobility and 
facilitates the reformation of reversible bonds, significantly enhancing 
self-healing efficiency. Among the composites, 3LMW exhibited the 
highest self-healing efficiency at 87 %, while 6LMW achieved 62 %. The 
lower efficiency of 6LMW is attributed to partial contamination at the 
interface caused by the high solid phase content after fracture, which 
affects the cross-linking of hydrogen bonds in the WPU matrix. Both of 
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Table 3 
Performance comparison of liquid metals in flexible electronic device applications.

LM in materials LM composition Substrates Synergistic mechanisms
Healing  
conditions

Initial  
performance Performance after self-healing Repair efficiency Application Ref.

Surface EGaIn
TSPU/Diol–Upy/ 
BT

Hydrogen bonds 100 ℃，36 h Strain: ~2500 % Strain: ~2400 % 94.60 % Soft electronic device [205]

Surface EGaIn PHEA-co-PEGDA Hydrogen bonds R.T., 5 min Strain: ~1500 % Strain: ~800 % 53.33 % Self-healable electrodes [178]

Surface GaInSn
PE 
(PEA/ADH/TA/ 
DMAc)

Imine bonds/ 
Hydrogen bonds Force field

GFs: 0.08 
(response ranges:  
0–100 %)

GFs: 0.07 
(response ranges:  
0–100 %)

87.50 % Wearable electronics [200]

Encapsulation EGaIn PVA Hydrogen bonds R.T., 24 h Strain: ~339 % Strain: ~150 % 44.25 % Soft robotics [206]

Encapsulation EGaIn PMI Hydrogen bonds/ 
Disulfide bonds

R.T., 72 h
Tensile strength: 
~3.54 MPa 
Elongation at break: 995 %

Tensile strength: 
~2.83 MPa 
Elongation at break: 933 %

~80 % Wearable electronics [207]

Encapsulation EGaIn ɑ-TA-BA Hydrogen bonds/ 
Disulfide bonds

60 ℃，8 h Strain: ~760 % Strain: ~760 % ~100 % Flexible electronics [208]

LM in 
materials

LM  
composition Substrates Synergistic mechanisms

Healing  
conditions

Initial  
performance

Performance after  
self-healing

Repair  
efficiency Application Ref.

Encapsulation EGaIn
Styrene-ethylene-propylene- 
styrene

Substrate melting 
(Fluidity) 130 ℃, 1 min

Thermal 
conductivity: 
8.9 Wm− 1K− 1

Thermal 
conductivity: 
6.8 Wm− 1K− 1

~80 %
Flexible heat dissipation 
material [203]

Encapsulation EGaIn PDMS-MDU-IU Hydrogen bonds Artificial sweat, 2 h Resistance: 0.8 Ω Resistance: 1.1 Ω 72.73 % E-skin [93]

Encapsulation GaInSn SHP Imine bonds/ 
Disulfide bonds

R.T., 8 h Stress: ~173 kPa 
Strain: ~218 %

Stress: ~164 kPa 
Strain: ~214 %

Stress: 95 % 
Strain: 98 %

Wearable electronics [209]

Encapsulation GaInSn
PVP/Honey 
/H2O

Substrate 
melting

80 % humidity  
90 min Strain: ~30 % Strain: ~25 % ~ 80 % Stretchable electronics [210]

Encapsulation GaInSn OC-PU Hydrogen bonds 65 ℃, 6 h

Sensitivity: 
0.011 kPa− 1 

(Range: 0–50 kPa) 
Sensitivity: 
0.003 kPa− 1 

(Range: 50–200 kPa)

Sensitivity: 
0.011 kPa− 1 

(Range: 0–50 kPa) 
Sensitivity: 
0.002 kPa− 1 

(Range: 50–200 kPa)

100 % 
(Range: 
0–50 kPa) 
~66.67 % 
(Range: 
50–200 kPa)

Skin-attachable  
integrated devices

[211]

Mixture Ga PU
Diels–Alder (DA) 
reactions

120 ℃, 10 min, and  
65 ℃, 72 h

Modulus: ~235 MPa 
Strength: ~18 MPa 
Strain: ~814 %

Modulus: ~216 MPa 
Strength: ~13 MPa 
Strain: ~553 %

Modulus: 
92 % 
Strength: 71 % 
Strain: 68 %

Soft robotics/ 
Transient devices [212]

LM in 
materials

LM  
composition

Substrates Synergistic 
mechanisms

Healing  
conditions

Initial  
performance

Performance after  
self-healing

Repair  
efficiency

Application Ref.

Mixture Ga PAA Hydrogen bonds/ 
Metal-ligand coordination

R.T., 24 h Stress: ~136 kPa Stress: ~125 kPa
Stress: 92 % 
Strain: 87 % 
Conductivity: 100 %

Flexible electronics [213]

Mixture Ga PAA Hydrogen bonds/ 
Electrostatic interactions

R.T., 20 min Stress: ~117 kPa Stress: ~96 kPa ~82 % Wearable electronics [214]

Mixture EGaIn SPU Disulfide bonds 120 ℃, 24 h EMI SE: 36 db 
(LM40–300)

EMI SE: 32 db 
(LM40–300)

88.89 % Electromagnetic  
interference shielding

[215]

Mixture EGaIn SBS π–π stacking 80 ℃, 30 min
Conductivity: 
12000 S/cm

Conductivity: 
8500 S/cm 70.83 % Flexible electronics [216]

Mixture EGaIn PAA
Electrostatic interactions/ 
Metal-ligand coordination/ 
Hydrogen bonds

R.T., 2 h Strain: ~2907 % Strain: ~2712 % ~93.39 % Wearable electronics [217]

Mixture EGaIn PAA Hydrogen bonds/ 
Electrostatic interactions

R.T., 3 h Strain: ~2270 % Strain: ~1450 % ~65 % Wearable electronics [218]

LM in 
materials

LM  
composition Substrates

Synergistic 
mechanisms

Healing  
conditions

Initial  
performance

Performance after  
self-healing

Repair  
efficiency Application Ref.

Mixture EGaIn PAM
Metal-ligand coordination/ 
Hydrogen bonds

R.T., 1 min Strain: ~2080 kPa Strain: ~318 kPa ~15.29 %
Wearable flexible  
electronics

[219]

(continued on next page)
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Table 3 (continued )

Mixture EGaIn PDES Hydrophobic interactions/ 
Hydrogen bonds

R.T., 24 h Stress: ~137 kPa 
Strain: ~2700 %

Stress: ~130 kPa 
Strain: ~2650 %

Stress: ~ 95 % 
Strain: ~ 98 %

Sensing specific  
handwriting

[220]

Mixture EGaIn DECPLMH

Hydrogen bonds/ 
Imine bonds/ 
π–π stacking/ 
Electrostatic interaction/ 
Hydrophobic interaction/

R.T., 1 min Current response: 
~3.33 mA/cm2

Current response: 
~2.72 mA/cm2 ~81.68 % Bioadhesive [199]

Mixture EGaIn PVA/Borax Hydrogen bonds R.T., 5 min
Strain: ~445 % 
(Freezing 10 min)

Strain: ~430 % 
(Freezing 10 min)

0.964 Soft robotics [221]

Mixture EGaIn Gelatin/ 
Ethylene glycol

Electrostatic interaction/ 
Hydrogen bonds

70 ℃，12 h Strain: ~225 % 
(200 % LM contents)

Strain: ~225 % 
(200 % LM contents)

~100 % Wearable electronics [222]

LM in 
materials

LM  
composition Substrates

Synergistic 
mechanisms

Healing  
conditions

Initial  
performance

Performance after  
self-healing

Repair  
efficiency Application Ref.

Mixture EGaIn PAM/SA
Metal-ligand coordination/ 
Hydrogen bonds

R.T., 6 s
Current: 
~0.0193 mA

Current: 
~0.0182 mA

~94.30 % Wearable electronics [223]

Mixture EGaIn PAM/SA Hydrophobic interactions/ 
Hydrogen bonds

R.T., ≤ 10 s Current: 
~0.0725 mA

Current: 
~0.0725 mA

~100 % Health monitoring [224]

Mixture EGaIn P(AAm-co-SMA)
Hydrophobic association/ 
Hydrogen bonds R.T., 24 h

Stress: ~0.200 MPa 
Strain: ~1218 %

Stress: ~0.194 MPa 
Strain: ~1208 %

Stress: ~ 97 % 
Strain: ~ 100 % Infrared camouflage [197]

Mixture EGaIn PVA/TO-CNF
Hydrogen bonds/ 
Borate ester bonds R.T., 30 min

Stress: ~560 kPa 
Strain: ~515 %

Stress: ~535 kPa 
Strain: ~515 %

Stress: ~ 96 % 
Strain: ~ 100 %

Electromagnetic  
interference shielding [225]

Mixture EGaIn
HEA/EDDT/ 
TMADA

Thiol-Michael reactions/ 
Hydrogen bonds/ 
Thioether bonds

90 ℃，24 h Resistance: 40 Ω Resistance: 48 Ω 0.8333 Modular soft robotics [226]

Mixture GaInSn PU Diels–Alder (DA) reactions/ 
Hydrogen bonds

120 ℃, 2 h, and  
60 ℃, 48 h

R/R0: 1 R/R0: ~1.62 ~61.73 % Flexible transient electronics [70]

LM in 
materials

LM  
composition Substrates Synergistic mechanisms

Healing  
conditions

Initial  
performance

Performance after  
self-healing

Repair  
efficiency Application Ref.

Mixture GaInSn WPU Hydrogen bonds 5 V voltage,  
15 min

Stress: 6 MPa 
(3LMW)

Stress: ~5.1 MPa 
(3LMW)

87 % Electromagnetic  
interference shielding

[204]

Mixture GaInSn PUUE
Hydrogen bonds/ 
Metal-ligand 
coordination

60 ℃, 40 h
Elongation at break: 
3485 %

Elongation at break: 3470 % ~100 % Flexible electronics [227]

Mixture EGaInSn TPU Hydrogen bonds
160 ℃, 
10 min Resistance: ~6 Ω Resistance: ~6 Ω ~100 %

Electromagnetic and ray 
shielding [228]

Mixture EGaInSn

PEG2000- 
b- 
P (TMC- 
co-MCC)n

Metal-ligand 
coordination/ 
Hydrogen bonds

808 nm near-infrared laser (1 W/ 
cm2),  
7 min

Strain: ~120 % Strain: ~108 % 90.30 % Flexible sensors [229]

Mixture/ 
Surface EGaIn WPU/FM Hydrogen bonds 90 ℃, 24 h

Tensile strength: 
22.19 MPa  
Elongation at break: 
493.98 %

Tensile strength: 
23.15 MPa  
Elongation at break: 
360.04 %

104.32 % Wearable electronics [230]
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Fig. 7. Self-healing mechanism and application of LM in batteries. (a) Schematic and SEM images of the key problems in batteries using metal as the negative 
electrode, and the new liquid Ga negative electrode that improves the problems. (b and d) Comparison of the cycling performance and coulombic efficiency of 
symmetric cells with aluminum foil and liquid Ga. (c) SEM image of Al electrode after 28 cycles. (e) Schematic diagram of surface solidification evolution of liquid Ga 
anode during alloying at different current densities [234], Copyright 2019, Elsevier. (f) Different stages of LiGa electrodes in the cycling process and a schematic 
diagram of alloying. (g and h) Images and XRD patterns of electrode surface changes at different cycling stages (corresponds to Fig. 7(f) diagram) [44], Copyright 
2011, The Electrochemical Society. (i) Schematic representation of the preparation process of LM-Ti3C2Tx and lithiation and delithiation during the battery cycling 
process [236], Copyright 2022, The Royal Society of Chemistry. (j) Schematic representation of EGaSn as well as EGaSn@PPy during the cycling process [237], 
Copyright 2022, Elsevier. (k) Comparison of cycling performance of LM-Ti3C2Tx and LMNPs anodes under the same conditions [236], Copyright 2022, The Royal 
Society of Chemistry.
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these composites outperformed pure WPU, which had a self-healing 
efficiency of 21 %. More importantly, 6LMW still retains more than 
96 % of the EMI performance after self-healing. The electromagnetic 
shielding performance is mainly supported by LM@Mxene particles. 
This self-healing strategy, which uses externally applied voltage to 
convert internal joule heat, gives the film excellent self-healing capa
bilities and ensures that the electromagnetic shielding performance re
mains at a high level even when the material is damaged, thus 
guaranteeing the stable use of the material in complex environments. 
This design offers an effective self-repair solution for liquid metal-based 
materials across various application domains.

Liquid metal, as a novel self-healing material, demonstrates unique 
advantages in autonomously restoring the electrical properties of ma
terials. However, this “leakage” healing approach, while effective for 
electrical performance recovery, may adversely affect the mechanical 
properties of elastomers such as strength and toughness, potentially 
limiting its application in specific fields. When investigating the prop
erties of liquid metal self-healing materials, comparative analysis of pre- 
and post-repair performance data reveals comprehensive insights into 
their restoration efficacy and limitations. As shown in Table 3, the 
conditions for external self-healing are specified under “Healing condi
tions”, while other self-healing mechanisms synergizing with it are 
detailed in the “Synergistic mechanisms” section. Based on this obser
vation, we can conclude that an increased number of synergistic self- 
healing mechanisms within a material correlates significantly with 
reduced self-healing duration. This phenomenon occurs because multi
ple complementary mechanisms—such as crack closure via liquid metal 
flow, dynamic bond reorganization, and reactive interface regener
ation—operate concurrently through distinct pathways.

Specifically, increased internal self-healing chemical bonds create 
more dynamic reversible reaction sites within the material. These sites 
enable a rapid damage response through bond dissociation and refor
mation, accelerating the self-healing process of mechanical properties. 
The enhanced reversible chemical bond density consequently reduces 
repair time while improving overall efficiency. Furthermore, the coor
dinated operation of multiple healing mechanisms empowers materials 
with superior environmental adaptability, significantly expanding their 
potential applications. This trend holds substantial scientific signifi
cance, indicating that synergistic interactions between multiple self- 
healing mechanisms can dramatically enhance repair efficiency, 
thereby paving the way for new advancements in materials science.

In conclusion, while liquid metal self-healing materials show 
remarkable potential for electrical property restoration, their mechani
cal performance impacts require deeper investigation. Strategically 
increasing endogenous healing bonds and leveraging multi-mechanism 
synergy presents an effective pathway to enhance repair efficiency, 
representing a crucial development trend in advanced materials science. 
This integrated approach not only addresses current limitations but also 
opens new frontiers for functional material design.

4.3. Alloying and De-alloying Self-healing Electrodes Based on Liquid 
Metal

As summarized above, during the self-healing process of elastomers, 
liquid metal demonstrates its remarkable fluidity and metallic proper
ties. Its excellent fluidity enables it to swiftly migrate toward cracks or 
fractures, effectively facilitating the reconnection of damaged surfaces. 
The metallic nature of liquid metal is reflected in its outstanding elec
trical and thermal conductivity. The conductivity allows the material to 
self-heal during electrification, and the current in the conductive path 
can also be converted into Joule heat to assist the internal cross-linking 
of the self-healing material. Meanwhile, the superior thermal conduc
tivity ensures the stable dissipation of heat from the elastomer and its 
surroundings, further promoting the self-healing process.

In the application of self-healing electrodes, in addition to the above- 
mentioned use of liquid metal dispersion to reduce the impact of volume 

changes caused by cracks, the high chemical reactivity of the liquid 
metal surface also plays a crucial role. Specifically, the liquid metal can 
complete the self-healing of the electrode through alloying and de- 
alloying during the electrode working process.

Currently, rechargeable battery electrodes face three primary chal
lenges. The first challenge is the formation of dendritic crystals, caused 
by the uneven deposition of active materials on the electrode surface 
during charge and discharge cycles [231]. The second challenge arises 
from behavior such as pitting corrosion at the electrodes, driven by 
factors like high overpotential differences, which negatively impact 
cycling efficiency [232]. The third challenge is the pulverization of 
electrode materials. During prolonged charge-discharge cycling, 
continuous phase transitions induce volume expansion and stress 
accumulation, which are the primary causes of material pulverization 
[233]. The introduction of liquid metal has partially mitigated these 
issues, as illustrated in Fig. 7(a).

Jiao and colleagues used liquid metal Ga as the anode material for 
rechargeable aluminum-ion batteries in the AlCl3-[EMIm]Cl system 
[234]. At a current density of 2 mA cm− 2 and a fixed area capacity of 2 
mAh cm− 2, they conducted voltage hysteresis and cycling stability tests 
on Ga-Al batteries and Al-Al symmetric batteries, as shown in Fig. 7(b). 
The results demonstrated that using liquid metal Ga as the anode 
significantly enhanced the battery’s cycling life and stability. In 
contrast, traditional Al anodes exhibited a high voltage hysteresis of 
about 200 mV after 14 cycles, and the battery failed after 28 cycles. The 
SEM image of the detached Al powder is shown in Fig. 7(c), corre
sponding to the red line in Fig. 7(d), which represents the 28th cycle of 
the Al anode. The redox electrochemical reaction of conventional Al 
electrodes is described by Eq. (2): 

4Al2Cl7− + 3e− ⇋Al+7AlCl4− (2) 

The corrosion during the cycling process leads to the formation of 
“dead” Al, which reduces the battery’s lifespan. However, when liquid 
metal Ga is used as the anode, underpotential deposition (UPD) of Al 
occurs on the Ga surface, resulting in the formation of AlGax alloys, as 
described by Eq. (3): 

4Al2Cl7− + 3e− + xGa⇋AlGax + 7AlCl4− (3) 

Based on this process, the researchers adjusted the current density to 
investigate its effect on the Ga alloying process. The experimental results 
revealed that the critical anodic current density required to maintain the 
Ga anode in a liquid state is 7 mA cm− 2. At this current density, the 
diffusion rate of Al into the liquid Ga anode slightly exceeds or closely 
matches the reduction rate of Al. This balance between alloying and de- 
alloying rates enhances the battery lifespan, as illustrated in Fig. 7(e). 
However, when the anodic current density exceeds this critical value, 
the electrochemical reduction rate of Al increases. This prevents the 
reduced Al from diffusing efficiently into the liquid Ga anode, leading to 
surface issues such as dendrite formation, similar to those observed with 
conventional Al electrodes. Thus, the introduction of liquid metal as the 
anode material effectively mitigates the corrosion problems associated 
with traditional electrodes, significantly improving the cycling lifespan 
and stability of rechargeable batteries.

In addition to rechargeable aluminum-ion batteries, liquid metals are 
also frequently incorporated into lithium-ion batteries. Deshpande et al. 
fabricated a coin cell using liquid metal Ga and 304 stainless steel foil as 
the working electrode, with lithium metal foil serving as the counter 
electrode [44]. Because the melting point of liquid Ga is 29.8◦C, the 
electrochemical cycling experiments were conducted at 40◦C to main
tain Ga in its liquid state. Owing to the high chemical reactivity of liquid 
Ga, alloying and de-alloying reactions occur between Li and Ga during 
the electrochemical process. The relationship between the open-circuit 
voltage and the specific capacity of the liquid Ga electrode is shown in 
Fig. 7(f). The morphological changes of the Ga electrode at stages I, II, 
III, and IV are depicted in Fig. 7(g). The in-situ XRD analysis of the 
alloying and de-alloying processes is presented in Fig. 7(h), 
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Table 4 
The addition of liquid metals in the field of battery performance comparison.

Battery type LM Composition Usage Charge Storage Mechanism Performance without LM Cycle number Performance with LM Cycle number Capacity retention Ref.

Li-ion GaSn Anode Intercalation/Insertion Reaction
~100 mAh⋅g− 1 

(2 A⋅g− 1) (LMNPs) 1500
552 mAh⋅g− 1 

(2 A⋅g− 1) (LMNPs@CS) 1500
LMNPs@CS: 91.30 % 
LMNPs: ~40 % [239]

Li-ion GaSn Anode Alloying reaction — —
413 mAh⋅g− 1 

(5 A⋅g− 1)
5000 ~100 % [240]

Li-ion GaIn Anode Metal electrodeposition ＜30 mAh⋅g− 1 

（0.5 C） ＜130 ＞100 mAh⋅g− 1 

（0.5 C） ＞320 — [241]

Li-ion EGaIn Anode Alloying reaction
＜200 mAh⋅g− 1 

(1 A⋅g− 1) ＜60
~160 mAh⋅g− 1 

(1 A⋅g− 1) 800 ~83 % [242]

Li-ion EGaIn Anode Alloying reaction
20 mAh⋅g− 1 

(5 A⋅g− 1) (LMNP) 2000
489 mAh⋅g− 1 

(5 A⋅g− 1) (LM-Ti3C2Tx)
4500

LMNP: 5.5 % 
LM-Ti3C2Tx:90.8 % [236]

Li-ion EGaSn Anode Alloying reaction ＜400 mAh⋅g− 1 

(0.2 A⋅g− 1) (EGaSn)
＜100 590.6 mAh⋅g− 1 

(0.2 A⋅g− 1) (EGaSn(PPy))
500 ~100 % [237]

Li-ion GaInSn Anode Alloying reaction
~266.1 mAh⋅g− 1 

(0.5 A⋅g− 1) (NP-SiGe) 100
1141.3 mAh⋅g− 1 

(0.5 A⋅g− 1) 
(NP-SiGe/LM1:2)

100
NP-SiGe: 11.1 % 
NP-SiGe/LM1:2: ~60 % [243]

Li-ion GaInSn Anode Conversion reaction
~50 mAh⋅g− 1 

(1 A⋅g− 1) (LM2@WSe2)
500

224.5 mAh⋅g− 1 

(1 A⋅g− 1) (LM5@WSe2)
500

LM2@WSe2: 20.0 % 
LM5@WSe2: 51.6 % [244]

Battery type LM Composition Usage Charge Storage Mechanism Performance without LM Cycle number Performance with LM Cycle number Capacity retention Ref.

Li-ion GaInSn Anode Intercalation/Insertion Reaction 243.3 mAh⋅g− 1 

（2.1 A⋅g− 1） 100 806.7 mAh⋅g− 1 

(2.1 A⋅g− 1) (20 % GaInSn)
100 — [245]

Li-ion GaInSnZn Anode Alloying reaction 688 mAh⋅g− 1 

(2 A⋅g− 1)
300 846 mAh⋅g− 1 

(2 A⋅g− 1) (80℃)
300 — [246]

Zn-ion Ga Anode Metal electrodeposition
~63.7 mAh⋅g− 1 

(1 A⋅g− 1) 1000
~271.4 mAh⋅g− 1 

(1 A⋅g− 1) 100
Zn@CP: ~36.73 %% 
Zn-Ga@CP: ~100 % [247]

Zn-ion GaIn Anode
Metal electrodeposition 
/Alloying reaction

~100 mAh⋅cm− 3 

(2 A⋅cm− 3)
600

~160 mAh⋅cm− 3 

(2 A⋅cm− 3)
600

Zn: ~67.88 % 
Zn@LM: ~100 %

[248]

Zn-ion GaInSn Anode Metal electrodeposition 
/Alloying reaction

~28 mAh⋅g− 1 

(2 A⋅g− 1)
1000 ~162 mAh⋅g− 1 

(2 A⋅g− 1)
1000 Zn/AgT: ~19.51 % 

Zn@LM/AgT: ~89.29 %
[249]

Zn-ion GaInSn Anode Metal electrodeposition
~30 mAh⋅g− 1 

(2 A⋅g− 1) ~600
69 mAh⋅g− 1 

(2 A⋅g− 1) (80℃) 1000
Zn@CC: ~50 % 
Zn@LM@CC: ~95 % [250]

Zn-ion GaInZn Anode Metal electrodeposition
51.3 mAh⋅g− 1 

(5 A⋅g− 1) ~2010
149.3 mAh⋅g− 1 

(5 A⋅g− 1) 10000
Zn: ~49.02 % 
LM@Zn: ~127.82 % [251]

Zn-ion GaInSnZn Anode Metal electrodeposition
~25 mAh⋅g− 1 

(0.5 A⋅g− 1)
500

~72 mAh⋅g− 1 

(0.5 A⋅g− 1)
500

Zn: ~49.02 % 
SLC− 2: ~72.52 %

[252]

Battery type LM Composition Usage Charge Storage Mechanism Performance without LM Cycle number Performance with LM Cycle number Capacity retention Ref.

Na-ion Ga Anode Alloying reaction
~30 mAh⋅g− 1 

（10 C） ~470
100 mAh⋅g− 1 

（10 C） 500
Na: ~39.45 % 
NGAL-Na: ~100 % [253]

Na-ion Ga Anode Alloying reaction
~78 mAh⋅g− 1 

（2 C） 200
~100 mAh⋅g− 1 

（2 C） 200
NVP-SSFNa: 69.4 % 
NVP-Ga-SSFNa: 92.6 % [254]

Na-ion GaIn Anode Alloying reaction
~50 mAh⋅g− 1 

（0.5 C） 78
~100 mAh⋅g− 1 

（0.5 C） 100
NZSP: 47.8 % 
LM@NZSP: 85.1 %

[255]

Na-ion GaSb Anode Conversion reaction 193 mAh⋅cm− 3 

（50 mA⋅g− 1） 300 773 mAh⋅cm− 3 

（50 mA⋅g− 1） 300 Hard C: ~100 % 
GaSb/C: ~100 %

[256]

Na-ion GaInSn Anode Conversion reaction
~50 mAh⋅g− 1 

(0.5 A⋅g− 1) 300
~150 mAh⋅g− 1 

(0.5 A⋅g− 1) 300
MoS2-PVDF: ~17.8 % 
MoS2-LM: ~90.5 % [257]

Na-ion GaInSn Anode Alloying reaction
~20 mAh⋅g− 1 

（5 C） ＜50
~90 mAh⋅g− 1 

（5 C） 250
Na-CF: < 20 % 
Na-GSIC: 80.4 % [258]

Mg-ion Ga Anode Alloying reaction 33 mAh⋅g− 1 

(0.1 A⋅g− 1) (ssm-Ga)
100 225.7 mAh⋅g− 1 

(0.1 A⋅g− 1) (ssm-CuGa2-Ga)
100 ssm-Ga: ~90.28 % 

ssm-CuGa2-Ga: ~13.20 %
[259]

Battery type LM Composition Usage Charge Storage Mechanism Performance without LM Cycle number Performance with LM Cycle number Capacity retention Ref.

Mg-ion Ga Anode Alloying reaction — —
~300 mAh⋅g− 1 

（3 C） 200 ~156.85 % [260]

(continued on next page)
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corresponding to stages (1) through (7) in Fig. 7(f). The results indicate 
that three intermetallic alloy phases—Li2Ga7, LiGa, and Li2Ga—are 
formed during the electrochemical reactions between Ga and Li. The 
lithiation and delithiation processes are described by Eqs. (4 and 5):

Lithiation: 

Ga(l) → Li2Ga7 → LiGa → Li2Ga                                                     (4)

Delithiation: 

Li2Ga → LiGa → Li2Ga7 → Ga(l)                                                     (5)

Upon full lithiation of the Ga electrode, its state transitions from 
liquid to solid, leading to an increase in surface roughness due to the 
influence of surface tension. During the delithiation process, the elec
trode surface transitions back from solid to liquid, resulting in the for
mation of some penetrating cracks, as shown in stage III of Fig. 7(g). 
After complete delithiation, these cracks undergo self-healing, and the 
surface is restored to a relatively smooth state. The introduction of liquid 
metal changes the conventional solid-to-solid transformation mecha
nism in traditional batteries. Owing to the high surface tension of liquid 
metal in its molten state, the electrode exhibits self-healing behavior, 
effectively mitigating issues such as crack formation on the electrode 
surface.

Ga-based liquid metals readily form alloys with alkali metals. For 
non-metallic electrodes, such as Si electrodes, alloy formation does not 
occur during charge and discharge cycles. Instead, the liquid metal oxide 
layer fractures due to electrode cracking, allowing the internal liquid 
metal to flow into the cracks for self-healing. However, this approach 
has limitations: the supply of dispersible liquid metal is finite, and for 
large cracks, the flow of liquid metal has a limited effect. Although this 
mechanism extends battery cycling life to some extent, the long-term 
stability after multiple cycles cannot be maintained.

When the electrode is composed entirely of liquid metal, a liquid-to- 
solid phase transition occurs during lithiation. This process proceeds 
from the exterior to the interior, with the outer layer of the liquid metal 
solidifying first. The internal liquid then flows out through cracks, 
leading to phase separation within the liquid metal [235]. As a result, 
the alloyed liquid metal fragments into solid pieces. Although the liquid 
metal can regain its original liquid state after de-alloying, the detach
ment of solid fragments during this process causes the solid electrolyte 
interphase (SEI) layer to break. The repeated breaking of the SEI layer 
continuously consumes lithium ions from the battery and progressively 
reduces its capacity.

To address this issue, researchers have developed various strategies 
to immobilize liquid metals within the electrode, thereby enhancing the 
cycling life and stability of the battery. Numerous methods have been 
proposed for achieving this immobilization.

Zhang et al. used MXene (Ti3C2Tx) as a conductive framework to 
encapsulate liquid metal EGaIn [236]. The functional groups on the 
MXene surface (–F, –O, and –OH) form coordination bonds with the 
oxide layer on the surface of EGaIn, as illustrated in Fig. 7(i). In situ XRD 
measurements during electrochemical reactions revealed that Ga in 
EGaIn undergoes lithiation first, forming Li2Ga. As the Ga content de
creases, phase separation occurs between In and Ga, followed by 
alloying reactions to form Li3In2 and Li2In. During subsequent deli
thiation, Li2Ga and Li2In dealloy to reform EGaIn. Throughout this 
process, EGaIn remains confined within the layered structure of MXene. 
Encapsulating EGaIn within MXene effectively prevents agglomeration 
and buffers the stress caused by external volume changes, thereby 
maintaining the stability of the internal EGaIn. Even if external impacts 
cause the liquid metal to fracture, its high surface tension enables 
self-healing.

Qi et al. introduced a polypyrrole (PPy) layer onto the surface of 
liquid metal EGaSn via electroless plating, as shown in Fig. 7(j) [237]. 
Experimental results demonstrated that pure EGaSn electrodes exhibited 
significant cracks and sub-liquid metal (sub-LM) particles on the surface 
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during cycling, which are the primary causes of electrode degradation 
after repeated cycles. In contrast, the surface of EGaSn@PPy anodes 
showed no cracks, and the improved internal contact reduced imped
ance compared to pure EGaSn anodes. This approach is similar to the 
conductive core-shell material structure commonly used in hydrogels. 
The PPy outer layer buffers internal and external volume expansion and 
prevents the detachment of solidified products. Moreover, the excellent 
adhesion of PPy avoids leakage issues caused by liquid metal exposure. 
The core-shell structure enhances the surface reactivity and the revers
ibility of liquid metal, improves self-healing efficiency, and ensures the 
stability of the liquid metal during alloying and de-alloying processes.

Using liquid metal as an electrode effectively addresses issues such as 
pitting corrosion and pulverization commonly observed in traditional 
electrodes, thereby improving the cycling life and stability of batteries. 
Immobilizing liquid metal within the electrode further elevates its per
formance to a new level. As shown in Fig. 7(k), a comparison of the 
cycling performance between LM-Ti3C2Tx (with an LM: MXene mass 
ratio of 2:1) and LMNP anodes at a current density of 5 A g− 1 reveals 
significant differences. After 4500 cycles, the LM-Ti3C2Tx anode retains 
90.8 % of its capacity, whereas the LMNP anode fails after approxi
mately 2000 cycles due to the agglomeration of liquid metal during 
lithiation and delithiation. These results demonstrate that immobilizing 
liquid metal can significantly enhance the electrochemical performance 

of electrodes, providing a substantial boost to their cycling life and 
stability.

As outlined above, the self-healing mechanisms of liquid metals can 
be broadly categorized into two types. The first mechanism leverages the 
fluidity and metallic properties of liquid metals to restore electrical and 
mechanical functionalities at fractured interfaces within elastomeric 
materials. When combined with external resources or multiple healing 
strategies, the self-healing speed and efficiency of the material can be 
significantly enhanced. The second mechanism relies on the high reac
tivity of metal ions within the liquid metal, primarily utilized for self- 
healing in battery electrodes. Through alloying and de-alloying re
actions, surface cracks and defects on the electrodes are repaired. The 
introduction of liquid metal successfully mitigates issues such as 
dendrite formation, pitting corrosion, and pulverization, which are 
common in traditional metal electrodes. Self-healing electrodes incor
porating liquid metals significantly improve the cycling life and stability 
of batteries. Building on these mechanisms, surface modification or 
immobilization of liquid metals can further enhance their compatibility 
with elastomers or improve their surface activity and reversibility. These 
advancements can further elevate the electrical, mechanical, and elec
trochemical performance of liquid metal-based materials.

We summarize recent applications and performance comparisons of 
liquid metals in various types of metal batteries, as shown in Table 3. 

Fig. 8. Performance comparison of lithium-ion, zinc-ion, and sodium-ion batteries before and after incorporating liquid metal into the electrodes. (light blue: [242], 
pink: [243], red: [250], purple: [251], yellow: [255], deep blue: [258]).
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Overall, lithium-ion batteries dominate research in the field of metal 
batteries, with significantly more literature and studies than other bat
tery types. This predominance is primarily attributed to their wide
spread applications in consumer electronics, electric vehicles, and other 
fields. Meanwhile, zinc-ion and sodium-ion batteries have gradually 
emerged as research hotspots, driven by their high operational safety 
[238]. The number of related studies has been steadily increasing, 
demonstrating promising application potential. 

Compared to lithium-ion batteries, emerging metal-ion batteries 
such as aluminum-ion and magnesium-ion batteries remain in the early 
stages of research. However, they exhibit significant potential in the 
energy storage sector. Aluminum and magnesium, as anode materials, 
offer distinct advantages. Aluminum, due to its electron configuration, 
boasts a gravimetric capacity approximately four times higher than that 
of lithium-ion batteries, enabling greater energy storage per unit weight 
[265–268]. Magnesium, with its low reactivity and abundant natural 
reserves, shows potential to overcome technical challenges associated 
with high-activity anode materials [269,270]. Additionally, the abun
dant reserves and low cost of aluminum and magnesium provide eco
nomic advantages for large-scale energy storage applications [271]. 
With the growing global demand for novel energy storage tech
nologies—particularly in renewable energy storage and electric vehi
cles—research on aluminum-ion and magnesium-ion batteries is 
attracting increasing attention. These technologies hold promise not 
only for performance breakthroughs but also for offering new solutions 
in cost efficiency and safety. In the future, aluminum-ion and 
magnesium-ion batteries may become critical directions for energy 
storage technology, supporting the global energy transition and sus
tainable development.

Other stress-free liquid metal electrodes, such as Na-K alloy liquid 
metals, are commonly used in battery applications. Ga-based liquid 
metal electrodes share the following similarities with Na-K liquid metal 
electrodes [272–278]: (1) High fluidity: This liquid characteristic en
ables excellent physical and electrochemical contact with electrolytes, 
significantly reducing interfacial impedance and facilitating charge 
transfer processes. Such liquid-liquid interfacial contact is more efficient 
than solid-solid interfaces. It also allows liquid metals to better adapt to 
complex electrode structures. (2) Self-healing capability: During cycling, 
both can dynamically repair electrode damage and maintain structural 
integrity. Even if minor dendrites form, their high reactivity re
distributes metal ions to eliminate dendrites, preventing short-circuit 
risks. (3) Dendrite Suppression: Liquid, non-dendritic metals possess 
the potential ability to suppress dendrite formation when utilized as 
stress-free interlayers. This capability becomes particularly pronounced 
after optimizing wettability and electrolyte compatibility. For example, 
they can inhibit electrolyte decomposition and the uncontrolled growth 

of the SEI, thereby enhancing the battery’s cycle life and performance.
However, Na-K alloys have certain drawbacks. Their high chemical 

reactivity may pose safety hazards, whereas Ga-based liquid metals 
naturally form an oxide layer that prevents self-discharge during 
cycling, enhancing battery safety. Furthermore, Na-K alloys require 
storage and encapsulation in kerosene or inert atmospheres with high- 
cost safety measures, while Ga-based liquid metals remain stable at 
room temperature without inert gas protection [279].

Pure liquid metals are rarely employed directly as standalone elec
trodes in battery systems, primarily due to the inherent challenges 
arising from their liquid property. First, the high density of liquid metals 
(compared with electrolyte) makes them prone to gravitational settling 
within the electrolyte [280]. This causes droplets of the active material 
to detach from the current collector and accumulate at the bottom of the 
cell, leading to structural collapse of the electrode and a complete loss of 
electrical contact. If there is no appropriate packaging or interface 
control structure, it will cause settlement and loss of electrical contact. 
Secondly, their extremely high surface tension drives thermodynami
cally spontaneous coalescence (agglomeration) [281]. This behavior not 
only drastically reduces the effective electrochemically active interface, 
diminishing specific capacity utilization, but also makes it exceedingly 
difficult for the resulting spherical droplets to maintain stable, intimate 
contact with either the current collector or a solid-state electrolyte. 
Consequently, interfacial contact resistance is significantly increased. 
Because of these critical bottlenecks, the application of liquid metals in 
battery anodes currently relies almost exclusively on composite elec
trode architectures. By encapsulating the liquid metal within conductive 
matrices, constructing core-shell structures, or dispersing it in polymer 
networks, the physical confinement provided by the host material 
effectively suppresses coalescence and migration, stabilizes interfaces, 
and synergistically enhances performance. This approach is essential to 
harness the advantageous properties of liquid metals, such as high ca
pacity, intrinsic dendrite suppression, and self-healing capabilities.

To visually illustrate the impact of liquid metal on the performance 
of metal-ion batteries, we selected the experimental data of lithium-ion 
batteries, zinc-ion batteries and sodium-ion batteries before and after 
the addition of liquid metal from some literature and drew a compre
hensive performance radar comparison chart, as shown in Fig. 8. This 
comparison clearly highlights the specific effects of liquid metals on 
battery performance across four dimensions: capacity, cycle stability, 
rate capability retention, and cycle capacity retention. These findings 
provide valuable insights into the application of liquid metals in metal- 
ion batteries and offer guidance for future research directions.

Conventional anode materials for lithium-ion batteries (LIBs) include 
graphite [282], silicon-based materials [283], lithium titanate (LTO) 
[284], and lithium metal [285]. During charge/discharge cycling, 

Fig. 9. Schematic representation of current challenges and future research strategies for LM and self-healing composites.

M. Yu et al.                                                                                                                                                                                                                                      Materials Science & Engineering R 166 (2025) 101073 

26 



detrimental phenomena, such as lithium dendrite growth, significant 
volume expansion, and decomposition or fracture of the SEI layer, may 
occur. These processes degrade the electrode material’s structure, 
disrupt the integrity and capacity balance of the electrode, and lead to 
irreversible capacity loss [239,286]. Huang et al. (light blue area in 
Fig. 8) developed a composite electrode by coating a conventional 
copper foil current collector with a layer of EGaIn liquid metal [242]. 
The incorporation of LM significantly enhanced the battery’s cycling 
capacity retention, rate capability, and overall cycling stability. This 
improvement is primarily attributed to the high specific surface area of 
the nano-sized LM particles, which increases the electrode-electrolyte 
contact area, shortens the lithium-ion diffusion distance, and acceler
ates reaction kinetics. Furthermore, the self-healing properties of the LM 
particles enable them to maintain structural integrity despite repeated 
volume changes during lithium insertion (expansion) and extraction 
(contraction/pulverization). Notably, the conductive carbon black and 
polyvinylidene fluoride (PVDF) binder within the composite electrode 
matrix help mitigate nanoparticle agglomeration, maintain structural 
stability, and reduce overall electrode volume expansion. In a distinct 
approach, Meng et al. (pink area in Fig. 8) utilized GaInSn LM to modify 
a nanoporous SiGe alloy anode [243]. This strategy also resulted in 
markedly improved cycling capacity retention, rate capability, and 
overall capacity. Unlike Huang et al.’s system, the key mechanism 
highlighted involves the difference in equilibrium lithiation/delithiation 
potentials between Si and Ge within the alloy. This potential difference 
helps alleviate instantaneous mechanical stress. The LM further en
hances structural stability through physical buffering and its intrinsic 
self-healing capability. Additionally, the LM rapidly reacts with the 
electrolyte to form a stable SEI layer, suppressing detrimental side re
actions and improving Coulomb efficiency. Collectively, these mecha
nisms - nanoparticle size reduces volume expansion stress, self-healing 
property maintains structural integrity, stabilized SEI formation via 
interface modification - synergistically contribute to the superior cycling 
performance of the lithium-ion batteries employing these LM-modified 
composite anodes.

The anode in zinc-ion batteries (ZIBs) is conventionally fabricated 
from materials such as metallic Zn [287], Zn alloys [288], carbon-based 
structures [289], and metal oxides [290]. ZIBs inherently exhibit high 
initial rate capacity retention, attributed to zinc’s high redox potential, 
which enables the use of aqueous electrolytes possessing high ionic 
conductivity. However, the thermodynamic reaction between zinc and 
the aqueous electrolyte promotes detrimental phenomena such as zinc 
dendrite growth, hydrogen evolution corrosion, electrode volume 
expansion, and passivation layer thickening. These behaviors lead to 
structural degradation of the anode material, compromising electrode 
integrity and disrupting reaction kinetics, ultimately resulting in irre
versible capacity loss [287,291–295]. Jiang et al. (red region in Fig. 8) 
reported a GaInSn-modified carbon cloth serving as the anode current 
collector for flexible ZIBs [250]. Following the incorporation of this 
liquid metal, significant enhancements in both cycling capacity reten
tion and rate capacity retention were observed. The LM, acting as an 
intermediate layer, filled the porous structure of the carbon cloth, 
improving electrolyte wettability. Simultaneously, the liquid-liquid 
interface of the LM optimized the adsorption/desorption behavior of 
zinc ions, lowered the nucleation barrier, and promoted uniform zinc 
deposition. Crucially, the LM layer mitigated undesirable side reactions 
between zinc and the electrolyte (e.g., suppressing hydrogen evolution) 
through physical barrier effects and chemical inertness, thereby 
enhancing electrode stability. Complementary experimental results 
from Jia et al. (purple region in Fig. 8) demonstrated comprehensive 
improvements across four key performance metrics upon LM addition: 
capacity, cycling stability, cycling capacity retention, and rate capacity 
retention [251]. This superior performance enhancement is intrinsically 
linked to the specific LM alloy GaInZn. Beyond functionalities shared 

with other LMs, GaInZn, containing zinc within its composition, pro
vides an additional zinc source to replenish the active material. During 
cycling, GaInZn exhibits a lower deposition overpotential, superior 
volume adaptability, and a more stable interfacial layer compared to 
alternatives like GaInSn, collectively optimizing the overall perfor
mance of ZIBs. In summary, the introduction of liquid metals, particu
larly zinc-containing variants like GaInZn, significantly contributes to 
the development of high-performance aqueous zinc metal batteries.

Sodium-ion batteries (SIBs) commonly utilize carbon-based mate
rials [296], alloy compounds [297], or transition metal oxides/sulfides 
[298] as anodes, leveraging sodium’s abundance and cost efficiency 
while benefiting from their relatively low and safe sodium insertio
n/extraction potentials. Although metallic sodium offers a high theo
retical capacity of 1165 mAh g− 1. However, as shown in Table 3, its 
actual capacity is not particularly high. Many researchers attribute this 
difference to uneven deposition, severe dendrite growth, and the 
continuous growth of unstable SEI that consumes active sodium ions and 
electrolytes. These issues collectively cause structural collapse, elec
trode pulverization, interfacial degradation, and sluggish kinetics, 
resulting in irreversible capacity loss and poor cycling stability 
[299–303]. To address these challenges, Gu et al. (yellow region in 
Fig. 8) employed a liquid GaIn interlayer between the Na anode and 
Na3Zr2Si2PO12 (NZSP) solid electrolyte, where GaIn filled surface voids 
on NZSP to enhance interfacial contact while spontaneously forming 
Ga4Na/NaIn alloys that established continuous Na⁺ pathways and ho
mogenized electric fields, thereby suppressing dendritic growth [255]. 
Similarly, Fu et al. (deep blue region in Fig. 8) engineered a GaSnIn 
(64:27:9 w/w/w)-coated copper current collector (GSIC), which 
improved electrolyte wettability, buffered volume changes during 
cycling, and reduced local current density via alloying reactions to 
inhibit dendrite initiation [258]. Notably, the composition of Na-Ga 
alloys (e.g., Na22Ga39) varies with synthesis conditions [253]. Collec
tively, liquid metal-modified electrodes demonstrate enhanced corro
sion resistance, interfacial stability, and electrolyte compatibility, 
effectively mitigating dendrite formation and significantly improving 
overall electrochemical performance.

In summary, the introduction of liquid metal offers an effective 
strategy for optimizing the performance of metal-ion batteries such as 
lithium-ion, zinc-ion, and sodium-ion batteries. Notably, it provides 
significant advantages in inhibiting dendrite growth, enhancing cycling 
stability, and improving interfacial reactivity. The incorporation of 
liquid metal delivers both theoretical and practical support for the 
advancement of high-performance metal batteries, and facilitates their 
application in areas such as all-solid-state batteries, high-energy-density 
energy storage and beyond.

5. Conclusion and perspectives

As a next-generation functional material, liquid metal has become a 
research hotspot at the forefront of emerging technologies. Its 
outstanding electrical properties enable the introduction of conductivity 
into otherwise insulating elastomers. Unlike traditional metals, the 
excellent fluidity of liquid metal allows it to integrate seamlessly with 
self-healing materials, significantly enhancing their healing efficiency. 
Self-healing materials can autonomously restore structural integrity 
after damage, thereby extending their service life. This capability re
duces the frequency of material replacement, lowers waste generation, 
and improves product cost-effectiveness. The synergy between liquid 
metals and self-healing materials is expected to drive breakthroughs in 
advanced manufacturing, next-generation batteries, flexible wearable 
devices, electronic information technology, phase-change materials, and 
other future-oriented industries. Despite these promising prospects, 
several challenges and unresolved issues remain. Addressing these will 
be critical to fully unlocking the potential of this innovative material 
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system. The challenges and solutions of liquid metal self-healing are 
briefly described in Fig. 9.

5.1. Challenges and solutions for liquid metals

(1) Further research on the cost, composition, and oxide layer of 
liquid metals.

The price issue of liquid metal is the primary consideration when dis
cussing gallium-based liquid metals. The high cost of Ga and In restricts 
the application of liquid metals to some extent. To reduce the overall 
price of liquid metals, improvements can be made in the following as
pects. Firstly, incorporating other metals or adjusting the composition 
content of the liquid metal. As argued previously, adding the Zn element 
to form GaInZn alloy not only reduces the Ga content in the alloy but 
also significantly enhances the performance of zinc-ion batteries. 
Therefore, beyond well-known Ga-based liquid metals like Ga, GaxIny, 
GaxSny, and GaxInySnz, further exploration of their compositions and 
variants is essential. Adjusting the composition content of the liquid 
metal is also one of the main methods to reduce the Ga element content. 
The metal ratios in multi-component liquid metals significantly affect 
key properties, including melting point and fluidity, and can be tailored 
to meet specific application requirements. For example, the aforemen
tioned GaSnIn (64:27:9 w/w/w) reduces the content of precious metals 
while improving wettability with the solid electrolyte by altering its own 
fluidity, thereby enhancing battery performance. Secondly, designing 
structures for liquid metal circulation and reuse within the material 
system, which is fully demonstrated in the alloying reaction within self- 
healing batteries utilizing liquid metal. For flexible and stretchable 
electronic devices, specific liquid metal recycling mechanisms should be 
established, such as selecting degradable matrix materials to facilitate 
the separation of liquid metal from other substances during recycling. 
This method achieves high recovery rates and high purity, enabling the 
recycled liquid metal to be reused for its original purpose or for cascaded 
utilization.

Research on the surface oxide of liquid metal is also crucial. Since 
gallium-based liquid metals rapidly form an oxide film upon exposure to 
air, this film alters their chemical properties, wettability, and rheolog
ical characteristics. Studying the oxide film allows for a better under
standing of these changes in the liquid metal’s properties, enabling 
precise control of its performance. The liquid metal oxide film is a 
double-edged sword; it is both a functional enabler and a performance 
limiter. Surface modification of liquid metal largely relies on this surface 
oxide layer. For instance, introducing functional groups like hydrogen 
bonds enables better integration with polymer substrates for applica
tions in flexible electronics. The oxide layer interacts with functional 
groups (e.g., -F, -O, -OH) on MXene to enhance battery performance. 
Furthermore, the oxide layer serves as a critical "skeleton" providing 
structural support for the liquid metal and can form composite oxide 
layers with other oxides like Fe3O4, thereby enhancing the magnetism of 
the liquid metal. The above are the beneficial aspects of the liquid metal 
oxide layer. In the future, further research can focus on surface modi
fication of the oxide layer or the development of composite oxide layers.

However, we must also be mindful of the impacts caused by the oxide 
layer. Firstly, when the oxide film grows uncontrollably or interferes 
with core functions, it becomes a performance bottleneck, requiring 
targeted removal or inhibition. In the field of flexible and stretchable 
electronics, liquid metals rely on their self-healing properties for 
fracture-healing to fill cracks generated in the matrix. However, during 
repeated stretching, the liquid metal continuously oxidizes, and this 
process is irreversible. Consequently, the material interior accumulates 
oxides overall. This is detrimental for applications relying solely on 
liquid metal conductivity within the material. Future research goals can 

focus on slowing the oxidation rate of the liquid metal by controlling the 
properties of its carrier medium (e.g., acidic environments) or designing 
internal channels within the material structure to reduce the contact 
area between the fractured liquid metal and oxygen, thereby suppress
ing the formation rate of the oxide layer. In battery applications, pre- 
formed oxide films also affect electrochemical behavior at the inter
face, acting as one of the obstacles to performance enhancement. This 
issue can be addressed by optimizing the battery manufacturing process, 
specifically by performing all steps from liquid metal preparation to 
battery encapsulation under oxygen-free conditions to minimize oxide 
formation and improve overall battery performance. Building on the 
points mentioned above, the primary method for oxide removal remains 
acid washing. However, this method affects the liquid metal surface and 
requires immediate post-treatment to enhance corrosion resistance and 
prevent secondary oxidation. In the future, specific catalysts could be 
developed to achieve non-destructive in-situ decomposition of the ox
ides, minimizing damage to the liquid metal itself. Future material 
design may benefit from strategies capable of selectively removing or 
recovering oxides, contributing to more sustainable and effective self- 
healing systems and waste conversion technologies. Simultaneously, 
the requirements for the liquid metal oxide film vary significantly across 
different application scenarios, yet current research often lacks speci
ficity towards these particular needs. Future work can focus on modi
fying the surface functional groups of the oxide while concentrating on 
modifying the oxide layer itself to impart better mechanical, electrical, 
or other properties, thereby achieving efficient utilization of the oxides. 

(2) The particle size uniformity of liquid metal droplets affects the 
properties.

The size variability of liquid metal particles can significantly affect 
their mass, thereby influencing their distribution within a substrate. This 
variation also affects how the LM disperses in uncured elastomers. 
During the curing process of flexible materials, particles of different sizes 
undergo sedimentation: larger particles settle while smaller particles 
rise, leading to the formation of a layered structure within the LM-based 
elastomer. This stratification has both advantages and disadvantages. 
On the positive side, it can induce anisotropic electrical behavior, 
enabling the material to respond differently to stimuli from different 
directions—an advantage for motion-responsive applications. However, 
this structure may compromise the material’s mechanical integrity, 
subsequently affecting the mechanical properties of the flexible mate
rial. Different particle size ranges find application in different fields; 
larger LM particles are commonly used in flexible conductive applica
tions and self-healing, while smaller LM particles, due to their larger 
specific surface area, are more often used in battery technology and 
biomedical targeted carrier applications, among others. Therefore, 
controlling the particle size of LM is one of the essential prerequisites for 
achieving high performance. Currently, using ultrasonication to reduce 
LM particle size is the most common method. However, factors such as 
ultrasonication time, ultrasonic power, dispersant type, and concentra
tion require significant time to explore the optimal process parameters. 
More critically, if the ultrasonication time is too long, the solution 
temperature increases significantly, accelerating the recombination rate 
of smaller LM particles and consequently increasing the LM particle size. 
Microfluidic methods are also commonly used for sorting LM sizes. 
Although this method allows for precise control of LM particle size, its 
cost is relatively high, and the LM may adhere to the channel walls, 
leading to channel blockage. Building upon existing technologies, future 
efforts should focus on in-depth research into the interrelationships of 
various parameters in current separation methods and developing fully 
automated intelligent control systems to further improve the uniformity 
and controllability of particle size. Furthermore, innovating LM 
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preparation techniques by developing novel methods that incorporate 
high-energy control means (such as lasers, high voltage, etc.) during the 
preparation process to induce the generation of specific sizes will 
enhance the quality of LM produced in a single batch.

(3) Insufficient research on the impact of morphological changes on 
performance

The lack of research on the dynamic changes in the surface 
morphology of liquid metals represents a significant gap in this field. In 
practical applications, the surface morphology of liquid metals is 
influenced by a range of external factors, such as temperature, pressure, 
electric fields, magnetic fields, and chemical interactions with other 
substances. These influences cause the surface to maintain a state of 
constant flux, which profoundly affects the performance and application 
potential of liquid metals. This gap fundamentally stems from insuffi
cient research on the surface oxide layer of liquid metals. Liquid metal 
oxide films often exhibit amorphous, discontinuous, or self-healing 
characteristics, yet systematic studies are lacking on their composi
tional gradients, thickness control mechanisms, and evolution behavior 
under stress, flow, and temperature fluctuations. Currently, there is 
limited knowledge about the thermodynamic stability of the initial 
oxide growth on liquid metal surfaces, and the specific conditions and 
processes of its formation remain unclear. Furthermore, liquid metals 
exist in a molten state at high or even room temperatures, meaning their 
oxidation processes fundamentally differ from those of solid metals. In 
practical applications, the oxide film of liquid metals is subject to dy
namic changes in its surface morphology and properties due to external 
influences like temperature, pressure, electric fields, and magnetic 
fields. Current research rarely delves deeply into these dynamic surface 
changes, particularly under real-time, in-situ conditions. The absence of 
such research makes it difficult to accurately capture the true behavior 
and change patterns of liquid metals in working environments, thereby 
hindering material optimization and limiting innovation in application 
development. To address this challenge, incorporating in situ observa
tion techniques into future research is imperative. Developing novel in- 
situ observation methods coupled with multi-scale computational 
models is essential to deepen the understanding of these critical issues at 
the dynamic interface. These techniques allow for real-time monitoring 
of surface morphology without disrupting operating conditions, 
providing valuable dynamic information. This approach not only en
hances our fundamental understanding of the physical and chemical 
properties of liquid metals but also provides crucial technical support 
and theoretical insights for their applications in electronic devices, en
ergy storage and conversion, biomedicine, and other emerging fields.

5.2. Challenges and solutions for self-healing materials

(1) Limited research on external encapsulation materials for self- 
healing devices

In practical applications, self-healing materials rarely function inde
pendently; they typically require external encapsulation as the primary 
physical protection. Effectively integrating self-healing materials with 
external encapsulation materials presents a significant challenge. The 
interface between the encapsulation material and the internal self- 
healing layer or functional core is a critical weak point. It is essential 
to ensure strong interfacial bonding to prevent delamination, while 
simultaneously ensuring that this interface does not hinder the propa
gation of cracks towards the self-healing region or the flow of healing 
agents when damage occurs. These sealants must not only accommodate 
the flexibility of the internal self-healing materials but also, in certain 
cases, ensure strong adhesion to rigid components.

However, excellent barrier materials typically difficult to allow the 
effective permeation and reaction of healing agents. Conversely, mate
rials that allow permeation often exhibit poor barrier properties. 

Modern devices often demand that the encapsulation possess additional 
functionalities beyond protection, such as transparency, electrical con
ductivity, thermal conductivity, and biocompatibility. Integrating these 
functionalities with the requirement to "allow controlled damage to 
trigger self-healing" makes the design extremely complex.

The ideal self-healing encapsulation material should be capable of 
recovering from substantial damage while also creating favorable self- 
healing conditions, such as locally controlling and regulating the tem
perature of the internal system. A promising strategy involves inte
grating the design principles of shape-memory polymers (SMPs) into the 
encapsulation layer. SMPs can impart self-healing functionality to the 
shell while maintaining electrical connectivity for the internal self- 
healing device and reducing external interference. This approach en
hances the overall stability and performance of the system while mini
mizing the need for manual intervention. Additionally, a gradient design 
can be applied to the material encapsulation structure. For example, the 
outermost layer utilizes high-hardness, high-wear-resistant, high-barrier 
materials to resist environmental erosion. The middle layer is designed 
with controlled fracture behavior, allowing damage to penetrate con
trollably to the inner layer. The innermost layer is designed to be tough 
and compatible with healing agents, promoting healing initiation. This 
inner layer can also integrate specific functionalities. Overcoming these 
challenges will further expand the application of self-healing technolo
gies in key fields such as electronic devices, biomedicine, and energy. 

(2) Studies on the interaction between synergistic mechanisms are 
insufficient

Current research has confirmed that the synergistic effect of multiple 
self-healing mechanisms can significantly shorten healing time. How
ever, studies on the interactions among these different mechanisms 
remain limited. When various self-healing mechanisms operate 
concurrently, they may either complement or interfere with each other. 
For example, the formation of certain chemical bonds might hinder the 
effectiveness of other repair pathways, or discrepancies in the kinetics of 
distinct mechanisms lead to mismatches, ultimately resulting in sub
optimal healing performance. This research gap has led to a lack of 
theoretical guidance for the design and optimization of multifunctional 
self-healing materials, thereby impeding the full utilization of syner
gistic advantages. To address this issue, future studies should focus on 
comprehensive simulation modeling of chemical bonding interactions 
and self-healing systems. Molecular dynamics (MD) simulations, for 
instance, can be used to explore the dynamic behavior and energy 
evolution of various bonds during the healing process, offering insights 
into their influence on healing efficiency and material performance. 
Moreover, the establishment of multi-physics coupling models for self- 
healing devices would enable the simulation of the healing process 
under realistic operational conditions. These models can assess the im
pacts of external factors such as temperature, mechanical stress, and 
electric fields on the interplay between different healing mechanisms. 
Such analyses would provide valuable guidance for optimizing device 
architecture and enhancing overall self-healing performance. Through 
simulation-based approaches, a deeper understanding of the interaction 
dynamics between diverse self-healing mechanisms can be achieved, 
facilitating the prediction of key performance metrics such as healing 
time and recovery efficiency. This will lay a solid theoretical foundation 
for the design and advancement of next-generation high-performance 
self-healing materials.

(3) No unified evaluation system for the healing efficiency of the self- 
healing system

Currently, there is no unified standard for evaluating the efficiency of 
self-healing systems. Instead, evaluations are often based on fragmented 
metrics such as healing time, stress-strain recovery, and specific capacity 
retention in batteries. This lack of consistency and standardization 
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hampers effective cross-study comparisons and comprehensive assess
ments, thereby hindering the further development and practical 
deployment of self-healing materials. Each of the existing evaluation 
methods presents certain limitations.

Firstly, using healing time as the sole indicator of self-healing effi
ciency is inherently reductive. While it offers an intuitive measure, 
healing time alone does not fully reflect the recovery of mechanical 
properties or the reconstruction of chemical structures during the 
healing process. For instance, some materials may exhibit rapid surface 
repair, yet their internal molecular bonds remain partially damaged, 
resulting in compromised performance. Moreover, healing time is highly 
sensitive to experimental conditions such as temperature, humidity, and 
pressure, reducing its reliability and comparability across different 
studies.

Secondly, stress-strain recovery provides useful insights into the 
restoration of mechanical properties but fails to capture the underlying 
chemical reactions or microstructural evolution during the healing 
process. Given the diverse mechanical behaviors of different materials 
under varying testing conditions, relying solely on stress-strain data is 
insufficient as a universal evaluation criterion.

Thirdly, metrics such as the retention ratio of battery-specific ca
pacity are primarily relevant to energy storage applications and do not 
extend to other functional domains. This approach also neglects other 
key performance indicators like electrical conductivity and operational 
stability, limiting its generalizability as a comprehensive evaluation 
metric for self-healing systems.

To address these challenges, future research should prioritize the 
development of more comprehensive and rational evaluation models, 
particularly those based on multi-parameter weighted averages. By 
integrating metrics such as healing time, mechanical recovery, and 
functional performance (e.g., specific capacity), and assigning appro
priate weights based on their relevance to different application contexts, 
a more robust and scientifically grounded evaluation framework can be 
established. Such a multi-dimensional evaluation approach would more 
accurately reflect the true performance restoration of self-healing ma
terials under real-world conditions. It would also enable standardized 
comparisons across different material systems and application scenarios.

By advancing the development of multi-parameter evaluation for
mulas and working toward a unified standard in the self-healing field, 
researchers can better benchmark progress, facilitate material optimi
zation, and accelerate the translation of self-healing technologies into 
practical applications.

5.3. Challenges and solutions for liquid metal-based self-healing materials

(1) Balancing self-healing and mechanical performance in liquid 
metal composites

The incorporation of liquid metal into self-healing materials imparts 
unique self-healing capabilities but can also lead to a reduction in me
chanical properties. The primary reason for this phenomenon lies in the 
differences in fluidity and compliance between liquid metals and 
traditional rigid materials. The distribution and interaction of the LM 
within the material significantly influence its overall mechanical per
formance. For instance, the addition of LM can lower the material’s 
modulus and strength, making it more prone to deformation and failure 
under external forces. Furthermore, the interfacial bonding strength 
between the LM and the matrix material also affects the mechanical 
properties. If the interfacial bonding is weak, delamination or interfacial 
slip may occur under stress, further compromising the material’s me
chanical integrity.

To mitigate the mechanical performance loss caused by LM incor
poration, subsequent material design processes must carefully address 
this issue. Firstly, optimizing the content and distribution of the LM 
helps balance self-healing ability and mechanical properties. Research 
indicates that an appropriate amount of LM can provide effective self- 

healing, while excess amounts lead to significant mechanical degrada
tion. Therefore, determining the optimal quantity of LM is crucial. 
Secondly, selecting a suitable matrix material for compounding with the 
LM is equally important. Matrix materials with high mechanical strength 
and good compatibility can help reduce the negative impact of LM on 
mechanical performance. Additionally, designing specialized micro- or 
nanostructures to confine the flow of LM can enhance the overall me
chanical properties of the material. For example, constructing multi- 
layer or microcapsule structures can confine the LM to specific re
gions, preventing its uncontrolled flow within the material. During the 
self-healing process of the LM, the continuous formation of the oxide 
layer severely affects their long-term stability and durability, limiting 
their broad application across various fields.

In summary, although the introduction of liquid metals endows self- 
healing materials with unique dynamic repair capabilities, the accom
panying mechanical performance loss and the long-term stability issues 
associated with the oxide film remain key bottlenecks hindering the 
widespread application of this material system. Looking forward, 
research efforts should focus on: 1) deeply exploring the synergistic 
mechanism between the micro-nano scale flow behavior of LMs and the 
microstructure of the matrix to provide theoretical support for precise 
regulation of their distribution and confinement; 2) developing novel 
interfacial engineering strategies, particularly targeting the weak 
interfacial bonding between the LM oxide layer and the matrix, to 
significantly enhance the overall mechanical performance of the com
posite; 3) concurrently, there is an urgent need to innovate material 
design concepts (such as constructing hierarchical structures or intro
ducing dynamically responsive units) to fundamentally solve the prob
lems of uncontrolled thickening and performance degradation of the 
oxide film during cyclic service, ultimately achieving high performance 
and long service life for LM-based self-healing materials while main
taining their efficient healing characteristics. 

(2) Interfacial compatibility challenges of liquid metals in self- 
healing battery applications

Although the application of liquid metals in self-healing batteries can 
significantly enhance the stability of the electrode/electrolyte interface 
through dynamic crack filling, it still faces several distinct challenges. 
Firstly, the high reactivity of LMs, while endowing the battery with 
reversible alloying-based self-healing capability, also exacerbates side 
reactions at the electrolyte interface. This leads to uncontrollable 
growth of interfacial impedance and continuous consumption of active 
materials. The frequent occurrence of side reactions destabilizes the SEI, 
relying solely on the fluidity of unreacted LM to ensure stable interfacial 
contact. This not only affects the battery’s cycle life but may also lead to 
safety concerns. Secondly, the problem of oxide accumulation prevalent 
in flexible and stretchable electronics also occurs in batteries. The Ga 
element in LMs continuously participates in reversible alloying reactions 
while simultaneously generating an oxide layer. Gallium oxide does not 
participate in reversible alloying reactions; instead, it consumes active 
materials through interfacial side reactions and weakens ion transport. 
Finally, and more critically, LMs within the battery primarily undergo 
alloying/dealloying reactions. The LM experiences a process of tran
sitioning from liquid to solid and back to liquid. The high density of LMs 
(compared to the electrolyte) may cause them to detach and precipitate 
to the bottom of the battery, potentially leading to short circuits and 
other phenomena. Therefore, based on the above challenges, future 
application directions for LMs in self-healing batteries should focus on 
the following points: 1) Regulating LM composition ratio or introducing 
other self-healing materials: Adjusting the composition ratio of the LM 
can optimize its performance and reduce the occurrence of side re
actions. Additionally, introducing self-healing materials, such as poly
mer electrolytes, can effectively suppress LM dendrite growth by 
leveraging their self-healing function, thereby improving the overall 
battery performance. 2) Specific electrode structure design: Developing 
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porous matrix skeletons or cage-like carriers can physically confine the 
flow area of the LM, optimizing both the healing function and the me
chanical/electrochemical performance. Simultaneously, structural 
design can be utilized to regulate ion transport pathways and block 
electrolyte erosion, further enhancing battery stability and safety. 3) 
Strengthening encapsulation of LMs within the electrode: Improving 
encapsulation technology reduces the possibility of LM detachment, 
thereby enhancing the comprehensive performance of the battery. For 
example, employing self-healing polymer materials as the encapsulation 
layer can effectively protect electrode materials, enabling automatic 
repair upon damage and extending battery lifespan. These multi- 
dimensional synergistic strategies establish a dynamic balance be
tween suppressing side reactions and maintaining structural stability 
through a cascade of "composition optimization-structural confinement- 
interface encapsulation" regulation. This provides an engineerable 
pathway for LM-based self-healing batteries that combine high repair 
efficiency with long cycle life.

(3) The multifunctional integration of liquid metal self-healing ma
terials needs further research

The development of liquid metal self-healing materials for multi
functional integrated devices faces several key challenges:

The most important is the material compatibility and performance 
balance. Liquid metal self-healing materials need to coexist with other 
functional materials (such as conductive or optical materials) in multi
functional integrated devices. However, differences in the physical and 
chemical properties of these materials may lead to poor interactions or 
performance conflicts, affecting overall device performance. For 
instance, the fluidity and softness of liquid metals may be incompatible 
with high-hardness, high-strength materials, potentially causing 
delamination or interfacial failure when the device is under stress.

Next, the complexity in manufacturing processes also needs to be 
deserves attention. The processing and fabrication of liquid metal self- 
healing materials require specialized techniques and equipment, 
increasing production costs and complexity.

To address these challenges, the following solutions can be imple
mented: By integrating artificial intelligence (AI) design systems, the 
selection and structural optimization of multifunctional integrated ma
terials can be achieved. AI-driven design can help identify compatible 
material combinations and optimize their performance balance, 
ensuring seamless integration of liquid metals with other functional 
components. Next, combining multiple advanced manufacturing tech
niques, such as 3D printing, microencapsulation, and precision coating, 
can enhance the design freedom and manufacturing precision of 
multifunctional integrated devices. These technologies enable the pre
cise placement and structuring of liquid metals within complex device 
architectures, minimizing compatibility issues and improving overall 
performance.

More importantly, it is crucial to strengthen interdisciplinary 
research. Integrating theories and methods from materials science, 
chemical engineering, physics, biology, and other disciplines will enable 
an in-depth exploration of the physicochemical properties of gallium- 
based liquid metals, the microscopic mechanisms involved in their 
preparation processes, and their intrinsic connections to application 
scenarios. This will provide a solid theoretical foundation for developing 
high-performance gallium-based liquid metal materials and preparation 
technologies, thereby driving innovative applications in more fields.

By implementing these solutions, the challenges associated with 
liquid metal self-healing materials in multifunctional integrated devices 
can be effectively overcome. This will pave the way for their widespread 
application in fields such as flexible electronics, wearable devices, and 
intelligent robotics, driving innovation and expanding their practical 
utility.
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H. Tian, M. Ibáñez, A. Cabot, A layered Bi2Te3@PPy cathode for aqueous zinc-ion 
batteries: mechanism and application in printed flexible batteries, Adv. Mater. 36 
(2024) 2305128.

[292] H.D. Zhang, X.T. Gan, Y.J. Gao, H. Wu, Z.P. Song, J.P. Zhou, Carboxylic acid- 
functionalized cellulose hydrogel electrolyte for dual-interface stabilization in 
aqueous zinc-organic batteries, Adv. Mater. 37 (2025) 2411997.

[293] G.F. Zeng, Q. Sun, S. Horta, P.R. Martínez-Alanis, P. Wu, J. Li, S. Wang, M. Ibáñez, 
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