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The fields of flexible or stretchable electronics and energy devices, reconfigurable and compliant soft

robotics, wearable e-textiles or health-care devices have paid significant attention to the need of

deformable conductive electrodes due to its critical role in device performances. Gallium-based liquid

metals, such as the eutectic gallium–indium (EGaIn) being an electrically conductive liquid phase at

room temperature, have attracted immense interests as a promising candidate for deformable

conductor. However, in the case of bulk liquid metal, there are several limitations such as the need of

encapsulation, dispersion in a polymer matrix, or accurate patterning. For these reasons, the preparation

of liquid metal particles in harnessing the properties in a non-bulk form and surface modification is

crucial for the success of incorporating liquid metal into functional devices. Herein, we discuss the

current progress in chemical surface modification and interfacial manipulations of liquid metal particles.

The physical and chemical properties of the surface modification-assisted liquid metal polymer

composite are also reviewed. Lastly, the applications of the surface-modified liquid metal particles such

as flexible electrode, soft robotics, energy storage or harvester, thermal conductor, dielectric sensor, and

bioelectronics are discussed, and the corresponding perspectives of deformable electronics and energy

devices are provided. In particular, we focus on the functionalization method or requirement of liquid

metal particles in each application. The challenging issues and outlook on the applications of surface-

modified liquid metal particles are also discussed.

1. Introduction

Developing wearable and exible electronic materials and

devices, which have sustainable electrical properties under

mechanical deformation, are gaining immense attention.

Generally, the deformable electronic materials are prepared by

polymer composite with electrically or thermally conductive

llers such as carbon nanotubes, graphene, or inorganic

nanowires.1–5 However, the performance of the composite is

dependent on the percolation of llers; in other words, the

performance of the deformable device could be deteriorated as

a function of the mechanical enforcement in materials, such as

strain.6,7 Gallium-based liquid metal is a promising material for

exible and so electronics because the liquid metal has

a liquid phase at room temperature, and is innitely deform-

able without sacricing the electrical performance.8 With

physical properties, liquid metal has shown promising elec-

trical performances for exible electronics due to its low resis-

tivity (eutectic GaIn: �29.4 � 10�6
U-cm).9 For example, by

embedding liquid metal into a patterned uidic channel area

molded with a exible polymer such as polydimethylsiloxane

(PDMS), the potential of a deformable or so electronic device

has been revealed.10–12 However, due to the formation of an

oxide layer on the bulk liquid metal,13 the difficulty of precise

patterning and wettability on the substrate are challenges

encountered in utilizing liquid metal for further processability.

For this reason, the liquid metal particles under 101 mm have

been utilized to overcome these issues. In order to utilize the

liquid metal particles, the surface modication on the liquid

metal particle surface is necessary. Recently, several strategies

for the size control or control dispersion in the polymer matrix

have been suggested based on the surfacemodication of liquid

metal particles by controlling the oxide layer formation,

chemical compound functionalization, or galvanic replace-

ment.11,14–19 For example, since the oxide layer on the liquid

metal surface grows immediately when the liquid metal is

exposed in ambient condition,20 the formation of the oxide layer

determines the shape of the liquid metal. In this case, removing

the oxide layer via acid treatment or applying an electric eld

transformed the shape of the liquid metal.20,21 Moreover, the

immediate generation of the oxide on liquid metal provides

a way to obtain 100 to 102 mm scale of liquid metal particles.22

Using microuidics, ultrasonication, or shear-mixing, the

initial bulk state of the oxide layer is broken, and the new oxide

layer can be generated with a smaller size23–26 (Fig. 1(a)). On the
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other hand, liquid metal particles can be obtained by chemical

functionalization. For instance, thiol group-containing chem-

ical compounds (such as 1-dodecanethiol) drives the formation

of a self-assembly monolayer on the liquid metal surface under

ultrasonication.16,27 In addition, carboxyl group-containing

molecules are helpful in obtaining liquid metal particles due

to the coordination between the carboxyl group and oxide

layer.28–32 Galvanic replacement is another route to the surface

functionalization of liquid metal. In metal ion-containing

aqueous solution, the surface of the liquid metal particles can

be formed by MGa (M ¼ Pt, Ag, Au).17–19 These surface-modied

liquid metal particles have shown potentials in various appli-

cations. As introduced above, owing to the outstanding elec-

trical performance, innite deformation of the liquid metal,

ease of dispersion in the polymer matrix, the utilization of the

liquid metal has been increasingly widespread in so electronic

devices requiring exible and stretchable electrodes or thermal

conductive channels, energy storage or harvesting, and

sensing.24,25,28,33–39 Besides, the metal (semiconductor)-

decorated liquid metal can be utilized as so robotics. The

metal or semiconductor, which is decorated on the liquidmetal,

plays a signicant role of the actuation. In addition, the actu-

ation can be triggered by electric eld,40 catalytic reactions,41,42

and magnetic eld.43–46 Furthermore, since the metal

(semiconductor)-decorated liquid metal is non-wettable on Si,

SiO2, or Teon, whereas the as-dropped liquid metal with an

oxide layer on the liquid metal has adhesion with Si, SiO2, or

Teon,46,47 the metal (semiconductor)-decorated liquid metal

can be readily manipulated owing to the low rolling friction.47

Due to the low hazards of the gallium-based liquid metal on

human health,48 there is a potential for a biomedical so

robot.49

Herein, we present a review of the surface modication of

liquid metal and its use in electronic, so robotics,

electrochemical energy storage, energy harvesters, thermal

conductivity, dielectric sensing, and biomaterial applications.

We rst elucidate the recent progress in the preparation of

liquid metal particles exploiting the surface modication by

oxide layer formation, chemical compound assisted formation

and Galvanic replacement formation (Fig. 1(b)). These surface-

modied liquid metal particles can be stable and dispersed in

an organic solvent or polymer matrix. Thus, the surface-

modied liquid metal particles can be readily fabricated as

a liquid metal/polymer composite, core–shell structure, or

colloidal suspension, depending on the targeted applications.

Herein, we are highlighting the requirements of the surface

modication of liquid metal in different applications. We

expect this review provides the basic consideration and

perspectives on the surface modication of liquid metal for the

optimization of their functional properties.

2. Types of liquid metal

Generally, liquid metal is known as a single element or alloy

composition with a low melting point, and has a liquid phase at

room temperature. The most representative liquid metal is

mercury (Hg), which has 234 K of melting point. Hg has been

employed in electronic and medical industries. For example,

due to the liquid phase of Hg, Hg can be deformed into various

shapes, and the electrical conductivity of Hg is 10 400 S m�1.50

Thus, Hg has been an attractive electrode material, such as the

droppingmercury electrode or themercury lm electrode.51,52 In

addition, Hg was used for one of the dental amalgam lling

materials.53 However, due to its high toxicity, the use of Hg is

strictly limited. Gallium (Ga)-based liquid metal is regarded as

an alternative. Generally, the melting point of Ga is about 303 K,

and the electrical resistivity of Ga is �2.6 � 10�5
U-cm at room

temperature.54 Due to the similar characteristics of Ga with Hg,

Fig. 1 Schematic illustration of (a) preparing liquid metal particles, and (b) surface modification of the liquid metal particles.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 2760–2777 | 2761
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but low toxicity hazard, Ga has been widely used in various

elds. In addition, Ga can be alloyed with other metals such as

In, Sn, Al, Zn, Hg, or Ag, and the alloy has a lower melting point

than Ga.55 Furthermore, depending on the composition of the

elements, the melting point is determined. For example, bina-

ries of the Ga-based alloy have various melting points as

a function of the atomic fraction. Based on the phase diagram

of the Ga–In, 21.4 weight percentage (wt%) of In in the alloy

showed lowest 288.3 K of eutectic temperature.56 Currently, the

Ga (78.6 wt%)–In (21.4 wt%) alloy is commercialized and called

as eutectic GaIn (EGaIn). The Ga–Sn alloy showed the eutectic

temperature at 293.7 K with Ga (87.6 wt%)–Sn (12.4 wt%).57 In

addition, the ternary alloy with Ga–In–Sn has been used as

liquid metal at room temperature. In particular, the eutectic

temperature of the ternary Ga (59.6–67 wt%)-In (20.5–26 wt%)–

Sn (12.5–14.4 wt%) is in the range of temperature between 278

and 283.7 K.58 These liquid metals have a liquid phase at near

room temperature. Moreover, the high charge density near the

Ga atoms in the liquid metal59 endowed the high electrical

conductivity of the liquid metal. Thus, the eutectic liquid metal

is suitable for deformable and exible electric devices. Based on

the aforementioned properties, the basic properties of various

liquid metals, which are in the liquid phase near room

temperature, are compared in Table 1.

3. Surface modification of the liquid
metal particle
3.1. Oxide layer formation on the liquid metal particle

surface

Under ambient conditions, the surface of the liquid metal is

naturally formed with a thin oxide layer, which is composed as

gallium oxide (Ga2O3) and the thickness of that is normally 0.7–

3 nm.60,61 This oxide layer protects the bulk liquid phase, and

that determines the shape of the liquid metal.13,62 When the

bulk scale liquid metal (�100 mm) is exposed by an acid or base

solution such as HCl or NaOH, respectively, the oxide layer is

removed and the sphere shape of the liquid metal can be ob-

tained due to the high surface tension, as shown in Fig. 2(a).20 In

addition, the oxide layer in NaOH can be controlled by the

electrochemical potential, resulting in a shape change of the

liquid metal.13,63 Since the oxide layer on the liquid metal

surface mechanically stabilizes the shape of the liquid metal,

a smaller size of liquid metal particles produced by disassem-

bling the bulk liquid metal can be obtained with the formation

of a new oxide layer on the surface. For example, when the bulk

liquid metal passed through a microuidic channel in the

oxygen-containing solution, the non-spherical liquid metal

Table 1 Physical properties of liquid metal at room temperature59,114–116

Materials Hg Ga EGaIn EGaInSn

Density (g cm�3) 13.53 6.08 6.28 6.36

Melting point (K) 234 303 288.5 283.5
Electrical conductivity (S m�1) 10 400 3.7� 106 3.4� 106 3.1� 106

Thermal conductivity (W mK�1) 7.8 �30 �26 �25

Remark Ga: 75.5%, In: 24.5% Ga: 67%, In 20.5%, Sn: 12.5%

Fig. 2 (a) As dropped liquid metal with oxide layer generation, and removing the oxide layer by acid. Reproduced with permission from ref. 20.

Copyright 2014, American Chemical Society. (b) Liquid metal particles produced by microfluidics. Reproduced with permission from ref. 22.

Copyright 2012, John Wiley and Sons. (c) Size distribution and TEM image of liquid metal particles produced by ultrasonic method in ethanol, (d)

liquidmetal particle with�3 nm oxide layer (scale bar: 5 nm), and (e) EDSmapping image of the liquidmetal particle. Reproducedwith permission

from ref. 60. Copyright 2015, John Wiley and Sons.

2762 | Chem. Sci., 2021, 12, 2760–2777 © 2021 The Author(s). Published by the Royal Society of Chemistry
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particles, which are of �102 mm in scale, can be obtained22

(Fig. 2(b)). During the ow of the liquid metal, an instant oxide

layer is generated on the small liquid metal particles, and the

stabilized shape of the liquid metal particles is obtained

without coalescence. Smaller liquid metal particles, which have

the size distribution of �102 nm, are produced by ultrasonic

process (Fig. 2(c)). In smaller liquid metal particles, �3 nm of

the oxide layer is generated (Fig. 2(d) and (e)), and the liquid

metal is stable in an organic solvent, such as ethanol or acetone.

From the process, the bulk liquid metal is converted into liquid

metal particles due to the generation of a new oxide layer on the

surface of the liquid metal particles.38,60,64 In this case, the oxide

layer on the liquid metal plays not only the role of a protecting

layer of the liquid GaIn, but also the role of a surfactant in

ethanol.60

3.2. Chemical compound-assisted surface modication

The prepared liquid metal particles, which form an oxide

layer in organic solvent, tend to be precipitated in organic

solvent. In order to obtain the well-dispersed colloidal

suspension, chemical compounds such as surfactants, thiol-

containing molecules, phosphonic or carboxylic acid func-

tionalized molecules or polymers were incorporated to help

stabilize the liquid metal particles dispersed in the suspen-

sion.16,27,28,30,35,65–69 For instance, liquid metal particles with

�102 nm of diameter can be obtained by ultrasonic dispersion

method in ethanol containing 1-dodecanethiol.27 During the

ultrasonic process, 1-dodecanethiol tends to be a self-

assembly monolayer on the surface of liquid metal particles.

Even though the rapid oxidation on the surface of the liquid

metal particles is generated,66 the partial self-assembled

monolayer helps the liquid metal particles dispersed in

organic solvent, and kept as a stable suspension27 (Fig. 3(a)).

In addition, the interaction between the oxide layer and acid

functional group-containing molecules provides well-

dispersed liquid metal particles. In metal oxide nano-

particles, functional ligands such as organo-phosphates or

carboxylates have helped the metal oxide nanoparticles to be

stable and prevent aggregation in the suspension. This is

because the ligands are chemisorbed with strong binding to

the metal oxide surface.31,32,70–73 Likewise, when the bulk

liquid metal was conducted using an ultrasonic process in

a solvent containing molecules that have organo-phosphates

or carboxylates, the oxide layer on the liquid metal particles

(Ga2O3) has strong binding with the phosphate group or

carboxylic acid group15,28,30,74 (Fig. 3(b) and (c)). Besides,

hydroxy groups are present in dopamine or amine group-

containing molecules, such as p-phenylenediamine, that can

be functionalized on the surface of the liquid metal.75,76 These

functionalized liquid metal particles are stable in the organic

Fig. 3 (a) Thiol group functionalized liquidmetal particle. Reproduced with permission from ref. 27. Copyright 2011, American Chemical Society.

(b) Schematic illustration of the carboxylic group functionalized liquid metal particle. Reproduced with permission from ref. 30. Copyright 2019,

Springer Nature. (c) Phosphate group functionalized liquid metal particle (scale bar: 60 nm). Reproduced with permission from ref. 74. Copyright

2018, American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 2760–2777 | 2763
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solvent as a colloidal suspension. In addition, liquid metal

colloidal particles can be prepared by metal–organic frame-

works such as zolitic imidazolate framework (ZIF-8) encap-

sulation. Liu et al. reported on the liquid metal particle/

poly(vinyl pyrrolidone)/ZIF-8 core–shell composite.77 In this

case, ZIF-8 was crystalized near the liquid metal particles, and

can be stabilized by poly(vinyl pyrrolidone). Since the metal–

organic framework captured the liquid metal particles, the

conguration between the ligand andmetal ions of the metal–

organic framework determined the sizes and structure of the

particles.

3.3. Galvanic replacement

Galvanic replacement in liquid metal indicates that Ga atoms in

the liquid metal can be replaced by metals such as Au, Ag, or Pt

by electrochemical reaction. Generally, the reaction occurs in

aqueous solution containing a metal salt. In the case of eutectic

GaInSn, the standard reduction potentials of Ga3+ + 3e� / Ga,

In3+ + 3e� / In, and Sn2+ + 2e� / Sn are �0.529, �0.340, and

�0.138 V, respectively, whereas those of Ag+ + e�/ Ag, Au+ + e�

/ Au, and Pt2+ + 2e� / Pt are 0.799, 1.83, 1.188 V, respec-

tively.18,78 In the components of the liquid metal, the standard

reduction potential of Ga is the lowest. Hence, the galvanic

replacement of Ga with Ag+, Au+, or Pt2+ is more likely than that

of In or Sn. When the liquid metal particles are prepared by

ultrasonic process in a metal ion (Ag+, Au+, or Pt2+)-containing

aqueous solution, some Ga3+ ions participate in the oxidation

and form Ga2O3 on the surface of the liquid metal particles, and

metal ions (Ag+, Au+, or Pt2+) dissolved in the aqueous solution

are reduced into metals such as Ag, Au, or Pt, and are decorated

on the surface of the liquid metal particles.17–19,79,80 These

prepared liquid metal particles have a core (Ag, Au, or Pt)–shell

(GaInSn) structure, and these particles are stable in aqueous

solution (Fig. 4). Furthermore, redox active mediators such as

hexaammineruthenium(III) chloride (Ru(NH3)6Cl3) and potas-

sium ferricyanide(III) (K3Fe(CN)6) also reacted with GaInSn.

Since the standard reduction potential of Ru(NH3)6
3+ + e� /

Ru(NH3)6
2+ and Fe(CN)6

3� + e� / Fe(CN)6
4� is 0.1 and 0.361 V,

respectively, the reduction reaction could occur on the liquid

metal.78,81 In the case of the redox active mediators, the result of

the reaction causes the color change. For instance, the

Ru(NH3)6
3+ + e� / Ru(NH3)6

2+ and Fe(CN)6
3� + e� /

Fe(CN)6
4� cause the color to change from clear to red, and from

yellow to green/blue, respectively.

4. Tailoring the physical and chemical
properties of the liquid metal-based
composites
4.1. Polymer matrix for composites with liquid metal

Applying the liquidmetal in the exible or deformable electronics,

dispersion of liquid metal particles in a polymer matrix is an

important consideration. Depending on the application of the

liquid metal particles and polymer composite, the selection of

polymer or fabrication process is different. The formation of

composites between the liquid metal particles and elastomer has

been actively studied. For example, the preparation of liquidmetal

particles and PDMS was conducted by shear mixing method. In

this case, the uncured PDMS was shear-mixed with bulk liquid

metal. During the shear mixing, the bulk liquid metal is divided

Fig. 4 (a) Schematic illustration of liquid metal particle preparation by galvanic replacement, and (b) SEM image and EDS mapping of the liquid

metal particle (core) – Au (shell) (scale bar: 1 mm). Reproduced with permission from ref. 79. Copyright 2019, Royal Society of Chemistry.

2764 | Chem. Sci., 2021, 12, 2760–2777 © 2021 The Author(s). Published by the Royal Society of Chemistry

Chemical Science Review

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

2
 F

eb
ru

ar
y
 2

0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
7
/2

0
2
2
 6

:1
1
:0

8
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc05310d


into �101 mm of liquid metal particles.38,64,82 In addition, for the

small size of the liquidmetal particles (�102 nm), the liquidmetal

particles are dispersed in solvent containing uncured PDMS by

ultrasonic process38,64 (Fig. 5(a)). The adhesion between the oxide

layer formed on the surface of the liquid metal particles and the

PDMS matrix is governed by solid–solid contact.62 The contact

angle between the liquid metal with the oxide layer and PDMS is

lower than that between the liquid metal without an oxide layer,83

which indicates that the wettability of the liquid metal in PDMS

was improved by the oxide layer. However, in the case of the small

size of liquid metal particles (�102 nm), due to the large surface

area, the large amount of the liquid metal particle loading

(>20 vol%) is hard to disperse in the PDMS matrix.38

Another way to prepare the liquid metal and polymer

composite is polymerization on the surface of the liquid metal

particles. Since the oxide layer on the liquid metal particles have

strong binding with molecules containing a carboxylic acid

group or organo-phosphates, the polymerization on the surface

of the liquid metal particles has been introduced. For example,

Yan et al. introduced the surface-initiated atom transfer radical

polymerization method30 (Fig. 5(b)). In detail, 12-(2-bromoiso-

butyramido)dodecanoic acid (BiBADA) served not only as

a surfactant, but also as an initiator for the polymerization role

on the liquid metal particles. As shown in Fig. 3(b), the BiBADA

has a carboxylic acid group in the molecule, which interacts with

the oxide layer on the liquid metal. Aer dispersion of the liquid

metal particles in the organic solvent with the ultrasonic

method, the initiator-functionalized liquid metal particles were

prepared rst. Using these initiator-functionalized liquid metal

particles, poly(methyl methacrylate) (PMMA), poly(n-butyl acry-

late) (PBMA), poly(2-dimethylamino ethyl methacrylate)

(PDMAEMA), and poly(n-butyl acrylate-block-methyl methacry-

late) (PBA-b-PMMA) were synthesized on the surface of the liquid

metal particles. Conversely, there is a surface functionalization

with the monomer on the liquid metal particles. Thrasher et al.

conducted the polymerization on the liquid metal particle

surface with 11-phosphonoundecyl acrylate15 (Fig. 5(c)). In 11-

phosphonoundecyl acrylate, one end of the monomer has

a phosphonic acid group, which has strong binding with the

oxide layer on the liquid metal particles. On the other end, the

acrylate group exists, and is able to be photo-polymerized. Aer

the dispersion of the liquid metal particles with 11-phospho-

noundecyl acrylate, poly acrylate and the liquid metal particles

composite are prepared by photo-polymerization. In this case,

the higher ratio of the liquid metal particles in the composite

(>99 wt%) can be obtained. This is because the monomer is

covering the liquid metal particles and the polymerization could

occur at the monomer. Zhang et al. reported the surface poly-

merization on the liquid metal with p-phenylenediamine, which

is a co-monomer of polyaniline.75 In this case, the p-phenyl-

enediamine played the role of a stabilizer of liquid metal parti-

cles due to the hydrogen bonding between the amine functional

group in p-phenylenediamine and oxygen in Ga2O3, which is

formed on the surface of the liquid metal particles. The surface-

functionalized co-monomer and aniline monomer were poly-

merized on the surface of the liquidmetal. In addition, Gan et al.

fabricated polydopamine-coated liquid metal particles with

surface polymerization.76 Employing the ultrasonic method,

Fig. 5 (a) Preparation of the liquidmetal/PDMS composite by shear mix (�101
mm), or ultrasonic process (�102 nm). Reproduced with permission

from ref. 38. Copyright 2019, American Chemical Society. (b) Surface initiated polymerization on the liquid metal particle. Reproduced with

permission from ref. 30. Copyright 2019, Springer Nature. (c) Photo-polymerized liquid metal particle. Reproduced with permission from ref. 15.

Copyright 2019, John Wiley and Sons.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 2760–2777 | 2765
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dopamine monomers were functionalized on the liquid metal

particle, and the coalescence of the particles were prohibited by

the monomers. Aer adding an initiator into the colloidal

suspension, the polydopamine was polymerized on the surface

of the liquid metal particles.

4.2. Physical and chemical interactions between the polymer

matrix and liquid metal

Typically, in order to enhance the interaction between the rigid

inorganic nanomaterials and polymer composite, the

functionalization of the nanomaterials with organic ligand or

organic compounds has been exploited.84,85 However, since the

liquid metal is in the liquid phase, the interfacial interaction

between the liquid metal particles and polymer is distinctive in

the composite formation, compared to the rigid ller such as

inorganic nanomaterials and polymer composite. In the case of

the liquid metal particles and PDMS elastomer composite, the

oxide layer on the surface of the liquid metal particles inuences

the mechanical performance of the composite. For instance, Pan

et al. reported the elastic modulus change of the liquid metal

particles and PDMS composite as a function of the liquid metal

Fig. 6 (a) Mechanical performance of the liquidmetal/PDMS composite depending on the liquidmetal particle size. Reproducedwith permission

from ref.64. Copyright 2019, John Wiley and Sons. (b) High toughness mechanism of the liquid metal particle (�101
mm)/PDMS composite.

Reproduced with permission from ref. 86. Copyright 2018, John Wiley and Sons.
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particle size.64 Since there are smaller liquidmetal particles (�100

mm) with a large surface area of oxide layer, the higher resistance

to deformation resulted from the composite containing smaller

particles. For example, the elastic modulus of the pure elastomer

was 1.51 MPa, whereas that of the composite with 100 nm and 1

mm of liquid metal particles was 4.31 and 4.08 MPa, respectively

(Fig. 6(a)). In the case of liquid metal particles functionalized

with poly(n-butyl methacrylate) from surface-initiated polymeri-

zation,30 the enhancement of the elastic modulus has been

shown. With the strong interaction between the carboxylic acid

group of the initiator with the surface oxides on the liquid metal

particles, the polymerized composite has a higher stiffness. On

the other hand, the elastic modulus of the composite with 100

mm of liquid metal particles was 0.16 MPa.64 Even though liquid

metal particles with a larger size (�101 mm) also have an oxide

layer on the surface, the smaller interfacial area between the

oxide layer and polymer matrix provided a smaller elastic

modulus. In addition, due to the liquid phase in the core part of

the liquidmetal (inside the oxide layer), the liquidmetal particles

can be readily deformed under an external force.39,86 For example,

when the PDMS/liquid metal composite is strained, the shape of

the liquid metal particle is deformed with a needle shape, which

is aligned with the parallel direction of the strain. The deformed

liquid metal particles deect the crack movement, resulting in

the toleration from the mechanical damage (Fig. 6(b)). In other

words, this deformation of the liquid metal particles in the

polymermatrix provides a higher fracture energy at higher strain,

resulting in higher toughness.86

4.3. Electrochemical properties of the liquid metal particles

and composites

Ga is readily reactive in acidic or alkaline medium, and the

reaction is reversible between gallium and gallium oxide

formation. Depending on the degree of pH, the Ga can be

formed as Ga + 3H2O4 Ga(OH)3 +3H
+ + 3e� (pH < 13), and 2Ga

+3H2O 4 Ga2O3 + 6H+ + 6e� (pH > 13).87 Thus, the Ga-based

liquid metal is electrochemically reactive. The presence of

a thin native oxide layer on the surface of the liquid metal

affects the interfacial tension, which can be controlled by the

electrochemical reaction.11,13 The formation of the oxide layer is

reversible as a function of the potential, resulting in a tunable

surface tension of the liquid metal. In addition, as introduced

above, liquid metal (eutectic GaIn) is composed of Ga and In,

which has the standard reduction potential with �0.529 and

�0.340 V, respectively.78 Because of the low standard reduction

potential of Ga, the liquid metal interacts electrochemically

with the metal ion in solution. For example, the Fe particles and

eutectic GaIn reacted in HCl or NaOH solution88 (Fig. 7). Since

the standard reduction potential of Fe2+/Fe is �0.44 V, the Ga

atom is converted into a Ga3+ ion via the Ga / Ga3+ + 3e�

reaction in HCl solution, and the Fe particles receive electrons,

followed by the production of H2 gas on the Fe particles. In the

case of the reaction in NaOH solution, the reaction occurred as

2Ga + 2OH� + 6H2O/ 2[Ga(OH)4]
� + 3H2. Due to the difference

of the standard reduction potential between Ga and Fe, the

galvanic reaction is generated naturally, and the Ga3+ ion is

increased as a function of time at room temperature.88 Besides,

the role of In in the eutectic GaIn is electrochemically impor-

tant. Liu et al. reported the usage of eutectic GaIn as an anode in

a battery.89 In the anode part, the reaction occurred as Ga + In3+

/ Ga3+ + In. Even though Ga is readily corrosive in KOH

solution, In prevents Ga from corrosion because In has a high

hydrogen overpotential.90

5. Applications of the surface-
modified liquid metal particles
5.1. Flexible and stretchable conductors

Owing to the low resistivity and deformable structure, liquid

metal is promising as a core material for exible or stretchable

conductors. In the case of the surface-functionalized liquid

metal particles, since the particles are well-dispersed in an

organic solvent, a exible or stretchable electrode can be ob-

tained by the solution process. As discussed above, the surface-

functionalized liquid metal with a thin oxide layer or chemical

compound showed stability in an organic solvent. For example,

Lin et al. prepared �100 nm of a liquid metal particle suspen-

sion in ethanol, which was fabricated by ultrasonic process.60

Fig. 7 Schematic illustration of the electrochemical reaction between the liquid metal and Fe in (a) HCl and (b) NaOH. Reproduced with

permission from ref. 88. Copyright 2017, Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 2760–2777 | 2767
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Boley et al. prepared a well-dispersed suspension of liquidmetal

particles functionalized with thiol compound molecules in

ethanol.35 The prepared suspension was dropped or ink-jet

printed on the exible substrate, such as polymer glove

(Fig. 8(a)). However, since the oxide layer on the liquid metal

(Ga2O3) has a high band gap,91 there is the loss of electrical

conductivity with the as-prepared exible electrode. The oxide

layer fractures readily under a mechanical force, and the liquid

phase in the oxide layer coalesces and provides an electron

transport path. However, the higher extent of chemical func-

tionalization on the liquid metal particle surface can generate

the electrical resistance in the patterned electrode. The chem-

ical functional compounds are important in controlling the size

of the liquid metal particles under 102 nm. Although the higher

extent of chemical functionalization may provide smaller size of

liquid metal particles, which can be precisely patterned, the

higher resistance of the electrode could entail. In the case of the

larger size liquid metal particles (�101 mm), the liquid metal

particles have electrically healable characteristics. Blaiszik et al.

prepared the line-patterned Au electrode, and the oxide layer-

covered liquid metal particles were dropped on the elec-

trode.92 When the electrode was damaged, the liquid metal

particle was also fractured and the liquid phase of the liquid

metal was spilled out, resulting in covering the damaged site. In

the preparation of the stretchable electrode, generally, metal

llers are dispersed randomly in the polymer matrix. Upon

stretching, the electrical performance is typically deteriorated

due to the poor inter-connection of the metal llers. Addition of

liquidmetal particles in the composite provides an advantage of

sustainable electrical conductivity at high strain. Wang et al.

reported on the Ag ake/liquid metal particles/ethylene vinyl

acetate (EVA) composite for a stretchable electrode25 (Fig. 8(b)).

Under strain, the liquid metal particles were broken and the

liquid phase played the role of electron transport bridges.

Hence, the percentage of resistance uctuation was sustained

below 10% at 1000% of strain (Fig. 8(c)). In addition, the Ni

ake/carboxylic polyurethane/liquid metal particle composite

showed a similar tendency.24 Notably, the composite is a self-

healing material due to the hydrogen bonding in the polymer

matrix. Even though the composite was cut and self-healed, the

resistance was sustained as a function of strain. In the case of

the liquid metal and polymer composite, normally, the liquid

metal particles dispersed in a polymer matrix with �101 mm of

size have no electrical conductivity. However, the locally sin-

tered liquid metal particles in the composite provide new elec-

trically conductive pathways.34,36,93,94 In detail, when the

composite was damaged by cutting or tearing, or it was locally

pressed, the liquid metal particles near the site were merged,

and provided an electron transport path (Fig. 8(d)). Therefore,

even though the composite is physically damaged, the electrical

Fig. 8 (a) Ink-jet printed colloidal suspension with liquidmetal particles on a polymer glove. Reproduced with permission from ref. 35. Copyright

2015, John Wiley and Sons. (b) Concept of the liquid metal particle as an electrically conductive bridge between metal fillers, (c) sustainable

resistance as a function of strain in the Ag flake/liquid metal particle/EVA composite. Reproduced with permission from ref. 25. Copyright 2018,

John Wiley and Sons. (d) Electrically conductive path generation from mechanical force. Reproduced with permission from ref. 93. Copyright

2019, American Chemical Society.
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conductivity can be sustained by the coalescence of the broken

liquid metal. By exerting mechanical pressure on the liquid

metal particles/polymer composite, the customized pattern of

the electrically conductive circuit can be formed.60,93 On the

other hand, in the case of the smaller size of the liquid metal

particles (<102 nm), a higher volume loading (>20 vol%) of

liquidmetal particles is limited due to the brittle behavior of the

resulting composite, caused by the difficulty in wetting the high

volume fraction of the liquid metals.38 Thus, the size control of

the liquid metal particles is signicantly important in the liquid

metal/polymer composite for the exible or deformable elec-

trode application.

5.2. So robotics

The surface charged or metal (semiconductor) decorated liquid

metal has considerable potential in so robotics. There have

been several reports about the manipulation of the liquid metal

triggered by an electric eld, catalytic reaction, and magnetic

eld. Generally, in alkali solutions such as NaOH, the surface of

the Ga-based liquid metal forms Ga(OH)4�, resulting in

a negative charge in the solution, and an electric double layer is

generated in the solution.40 Based on the Lippmann equation,

which shows the correlation between the surface tension and

the potential difference across the electrical double layer, the

distortion of the interfacial tension is generated by the electric

eld.95 In addition, the electric eld can be a driving force for

the movement of the liquid metal in the alkali solution. The

metal or semiconductor-decorated liquid metal is useful for the

actuation of the liquid metal. For example, Gao et al. reported

an actuation performance of the Ga–Al/Ti Janus particles in

H2O.
42 The prepared Janus particle can be mobile in aqueous

solution because a water-splitting reaction occurred with

aluminum andH2O, as shown in the depicted equation: 2Al (s) +

6H2O (aq) / 2Al(OH)3 (s) +3H2 (g)

Fig. 9 (a) Actuation performance of the WO3 decorated liquid metal by photochemical reaction. Reproduced with permission from ref. 41.

Copyright 2013, AIP publishing. (b) Manipulation and switch performance of the magnetic liquid metal. Reproduced with permission from ref. 44.

Copyright 2016, Royal Society of Chemistry. (c) Schematic illustration of the cable type liquid metal (anode)–air battery. Reproduced with

permission from ref. 89. Copyright 2018, John Wiley and Sons. (d) Self-healable and stretchable hybrid energy storage device. Reproduced with

permission from ref. 24. Copyright 2018, John Wiley and Sons.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 2760–2777 | 2769
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In this case, the hydrogen generation, which was produced at

the Al–Ga part in the Janus particle, played a driving force for

the Janus particles in aqueous solution. However, since this

hydrogen gas generation is a spontaneous reaction in aqueous

solution, it is hard to intentionally manipulate. In addition,

owing to the water-splitting reaction between Al and H2O, the

movement of the particle is restricted by the amount of Al in the

particle. In order to overcome this, a photocatalytic reaction can

be employed. For instance, Tang et al. prepared WO3-decorated

liquid metal, and showed the actuation performance.41 When

the light source (l ¼ 320–380 nm) was applied to WO3, photo-

excitation occurred. In addition, in H2O2 solution, this photo-

catalytic reaction decomposed H2O2 and produced O2 gas. In

the WO3-decorated liquid metal, the O2 gas, which was

produced by photocatalytic reaction, can roll the liquid metal.

Thus, depending on the light exposure, the oxygen gas gener-

ation can be controlled, and the oxygen gas can be the driving

force of the movement of the liquid metal (Fig. 9(a)). Besides,

the magnetic liquid metal can be manipulated intentionally

with a magnet. The actuation performance of the liquid metal

by the magnetic eld has been shown with the Fe particle and

liquid metal composite. The decoration of the Fe particles on

liquid metal is readily prepared by rolling a droplet of liquid

metal on the Fe particle bed,44–46 or by mechanical stirring.43

Since the Fe-doped liquid metal has electrical conductivity and

the position of that is manipulated by the magnetic eld, this

actuation performance can be utilized for self-healing of the

electrically conductive path.43 When the physical damage was

generated at the electrode, which is composed of Fe-decorated

liquid metal, the split electrode can be recovered by the

magnetic eld due to the emerging liquid metal. Besides, the

magnetic liquid metal can play a bridge role between the elec-

trodes, which is a similar function of a switch. Positioning the

disconnected gap between the electrodes by the magnetic eld,

the Fe-decorated liquid metal instantly provides the electrically

conductive path (Fig. 9(b)).

5.3. Electrochemical energy storages

In the battery system, since the Ga forms alloys with the alkali

ion, which has high capacity,96 the battery eld has focused on

the liquidmetal as an anode. For example, in the case of Ga, 2 Li

atoms are formed with 1 Ga atom, and the formed Li2Ga has

a theoretical capacity of 768 mA h g�1.97 Besides, the Ga-based

liquid metal can be a core material for interface engineering

between the anode and current collector. In the Si anode-based

Li ion battery, the delamination between the Si particles and Cu

current collector was an issue. Employing the GaInSn liquid

metal as a buffer layer between the Si particles and Cu current

collector, the delamination was mitigated without sacricing

the capacity.98 Additionally, the Ga-based liquid metal can

enhance the performance of the current collector. The alloying

CuGa2 was found to break down the native oxide and enhanced

the electron transfer ability in the current collector.99 In addi-

tion, due to the low melting point of Ga at 29 �C, the anode part

can be self-healed from the delithiation at room temperature.

Considering the low melting point and deformable feature,

eutectic GaIn is also a promising material for energy storage.

Liu et al. fabricated a cable-typed battery, which is composed of

eutectic GaIn (anode), poly(acrylic acid)-based gel electrolyte,

and Pt nanoower-decorated carbon ber yarn (cathode)89

(Fig. 9(c)). Due to the liquid phase of the liquid metal, the shape

of the anode part was recovered from the nger-pressure or

strain. Among the cable-typed battery research, the eutectic

GaIn anode showed the highest discharge performance with

0.265 mW cm�2 at 1.5 V. Liquid metal particles have been used

in several examples for battery applications. Guo et al. reported

the performance of the eutectic GaIn particles as an anode.100

200 nm of liquid metal particles was prepared by ultrasonic

method, and the liquid metal particles were functionalized with

sodium dodecyl sulfate. The liquid metal particles have a short

ion diffusion length corresponding to their sizes, and the rate

performance of the cell was improved when a high diffusion

coefficient with �1.01 � 10�7 cm2 s�1 for Li was obtained. Park

et al. have shown the promising performance of the hybrid-type

stretchable energy storage device with the eutectic GaIn

particle/Ni ake/self-healing polymer composite.24 Employing

the redox reaction of Ga3+/Ga, the operation voltage of the

device reached up to 3.5 V. Aer the charging device, the electric

watch display was operated under strain at 200%. Interestingly,

the capacity of the device was maintained to�76% aer 5 cycles

of self-healing time, which indicates that the electrochemical

performance of the device was still sustained aer self-healing

recovery from repeated cutting of the device owing to the poly-

mer matrix used (Fig. 9(d)).

5.4. Triboelectric energy harvesters

Due to the emerging wearable electronic devices, the demands of

a deformable energy-harvesting device are necessitated. On this

point, the liquid metal is also a useful material in the energy-

harvesting eld. In the triboelectric energy harvesting system,

liquid metal particles can be used in the dielectric layer and

current collector layer. First, there are examples of a liquidmetal/

PDMS composite for the dielectric layer in the triboelectric

device101,102 (Fig. 10(a)). In the case of the dielectric layer, the high

surface charge density is an important part for enhancing the

triboelectric performance. In addition, the liquid metal particles

are shape-deformable. The liquid metal particles and PDMS

composite showed deformability and durability frommechanical

force, and their electrical properties are useful for the wearable

triboelectric device (Fig. 10(b)). In the case of the dielectric layer,

the smaller size and higher amount of liquid metal particles

show that the higher triboelectric performance is due to the high

dielectric constant. However, with the large amount of liquid

metal loading in the PDMS matrix, the mechanical force in the

liquid metal/PDMS composite caused the coalescence of the

liquid metal particles, resulting in the charge leakage and high

electrical conductivity. Similarly, the triboelectric performance of

the electrospun polyacrylonitrile membrane was enhanced by

liquid metal particle decoration.103 However, the higher amount

of liquid metal particle caused the increase of the electrical

conductivity owing to the coalescence of the liquid metal parti-

cles, and the triboelectric performance deteriorated. In this

2770 | Chem. Sci., 2021, 12, 2760–2777 © 2021 The Author(s). Published by the Royal Society of Chemistry
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perspective, preparing the dense and smaller size of liquid metal

particles in the polymer composite is suitable for the dielectric

material of the triboelectric device. Therefore, the functionali-

zation of the liquid metal particles, such as surface-initiated

polymerization of liquid metal particles, is required to prevent

the coalescence of the liquid metal particles and prevent the

deterioration of the dielectric constant.

Considering that the coalescence of a high amount of liquid

metal particles would occur under mechanical force, which may

lead to the formation of electrically conductive paths, the liquid

metal can be a good current collector in the triboelectric

generator. Parida et al. reported on a carboxylic polyurethane-

based triboelectric generator.104 When the current collector

was fabricated with carboxylic acid polyurethane/Ag ake/liquid

metal particles (Fig. 10(c)) and the triboelectric dielectric layer

was composed of a carboxylic acid polyurethane layer, the

maximum output voltage generated was up to 200 V at 2500% of

the uniaxial strain (Fig. 10(d)) due to the anchoring role of the

liquid metal particles in the composite under strain. Since well-

dispersed liquid metal particles in PDMS have a high dielectric

constant, the liquid metal particles can also be a good additive

in the current collector part. Coupled with their structural

deformation property, the liquid metal particle dispersed

composite is a good candidate for wearable triboelectric energy

harvesting.

5.5. Thermal conductive materials

As the Ga and In-based liquid metal has a high thermal

conductivity with �26 W mK�1,21 the liquid metal/polymer

composite can be a good thermal conductive material. Mostly,

the thermal conductive performance of the liquid metal parti-

cles and PDMS composite has been reported. In the case of the

shear mixed eutectic GaInSn and PDMS composite, the thermal

conductivity reached 2.2 W mK�1 with 92.5 wt% of eutectic

GaInSn.105 In addition, the ller composite, which is composed

of liquid metal and Cu particle106 or graphene nanoplatelets,107

has been used for higher thermal conductivity (�10 W mK�1).

The liquid metal particle provides the phonon transport path

between the other llers, and the thermal conductivity can be

enhanced. An interesting point of the liquid metal particle/

PDMS composite is the anisotropic thermal conductivity as

a function of strain. When the liquid metal particles/PDMS

composite is strained, the directional thermal conductivity

was changed. Bartlett et al. reported the anisotropic thermal

conductivity of the liquid metal particle/PDMS composite.39 As

we discussed above, when the �101 mm size of the liquid metal

is dispersed in the PDMS, the shape of the liquid metal is

deformed into a needle shape under strain, and the deformed

liquid metal particles were aligned with a parallel direction of

the strain (Fig. 11(a)). In this case, the thermally conductive

path was created along the strain direction. As a result, the

Fig. 10 (a) Schematic illustration of the triboelectric generator structure, (b) liquid metal/PDMS composite based wearable triboelectric device.

Reproduced with permission from ref. 102. Copyright 2019 Royal Society of Chemistry. (c) Ag flake/liquid metal particle/carboxylic polyurethane

composite based patterned triboelectric device, and (d) generated voltage of the Ag flake/liquid metal particle/carboxylic polyurethane

composite based patterned triboelectric device as a function of strain. Reproduced with permission from ref. 104. Copyright 2019 Springer

Nature.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 2760–2777 | 2771
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thermal conductivity of the parallel direction of strain was

enhanced to 7.5 times higher from 0 to 400% of strain

(Fig. 11(b)).

The thermally conductive composite can be used in ther-

moelectric devices. Since the thermoelectric power generation

is generated by the temperature gradient between the hot side

and cold side of the device, the delivery of the thermal stimuli

on the hot or cold side determines the power output perfor-

mance of the thermoelectric device. Typically, aluminum oxide

has been employed for the thermal interface of the temperature

gradient in the thermoelectric device. However, owing to the

rigid and difficulty of deformation, there are limitations for the

wearable thermoelectric device. Thus, a liquid metal particles-

dispersed polymer composite can be a good thermal interface

in the thermoelectric device. For example, Malakooti et al. re-

ported that the liquid metal particles/PDMS composite can be

used in the thermal interface of the thermoelectric device.108

The commercial thermoelectric device was embedded in the

PDMS, and the cold side and hot side of the aluminum oxide

layer were covered with the liquid metal particles/PDMS

composite. This device was employed for covering the whole

human arm. However, since the device was prepared with the

commercial thermoelectric device, which is rigid and not

deformable, the replacement of the aluminum oxide layer on

the thermoelectric device is required. In this perspective, Zadan

et al. developed a exible thermoelectric device with a liquid

metal particles/PDMS composite.109 The liquid metal particles/

PDMS composite was used as the hot side and cold side

layers, which were typically aluminum oxide. Notably, the liquid

metal particle/PDMS composite was used as not only the ther-

mally conductive layer, but it also played the role of the local

electrode in the thermoelectric device. As aforementioned, the

mechanical force in the liquid metal particle/PDMS composite

generates the coalescence of the liquid metal particles. In

addition, the merged liquid metal particles provide an electri-

cally conductive path. Thus, patterning on the liquid metal

particle/PDMS composite, and the electrodes of the p- and n-

type series connection can be prepared.

5.6. Dielectric materials

Liquid metal is also used as a capacitive sensor in the liquid

metal/PDMS composite. Depending on the contacted surface

area between the liquid phase metal, such as metal or

dielectric materials, the capacitance can be changed.110,111

Since eutectic GaIn is also deformable as a function of force,

eutectic GaIn has been used in the capacitive sensor. Cooper

Fig. 11 (a) Deformation of the liquid metal particles in the PDMS matrix, and (b) anisotropic thermal conductivity of the liquid metal particles/

PDMS composite as a function of strain. Reproduced with permission from ref. 39. Copyright 2017 National Academy of Sciences.

Fig. 12 (a) Prototype of the hand motion capacitive sensor, and (b) change of the capacitance depending on the gesture. Reproduced with

permission from ref. 38. Copyright 2019, American Chemical Society.

2772 | Chem. Sci., 2021, 12, 2760–2777 © 2021 The Author(s). Published by the Royal Society of Chemistry
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et al. prepared a core (eutectic GaIn)–shell (PDMS) ber, and

the capacitance was changed as a function of force, such as

torsion or strain.112 In addition, Tutika et al. reported the

oxide layer-formed liquid metal particles/PDMS composite,

which has been used for the capacitive sensor.38 When the

composite is subjected to force, the shape of the liquid metal

particles were locally changed, resulting in changes of the

surface area. This phenomenon can be applied in a wearable

capacitive sensor for the hand motion, such as the bending or

strain of the nger38 (Fig. 12(a) and (b)).

In addition, employing a dielectric layer with the liquidmetal/

PDMS composite, the dielectric elastomer actuator and dielectric

elastomer generator can be utilized.64 In the case of the actuation

performance, due to the higher dielectric constant of the elas-

tomer with the liquid metal particle, when the high voltage

electric eld was applied, the elastomer with the liquid metal

particle showed a higher average blocking force than the elas-

tomer without the liquid metal particles. Since the dielectric

layer undergoes a change of electrostatic potential with

mechanical deformation, the phenomenon can be utilized for

the conversion from mechanical work to electrical energy.

5.7. Biomaterials

Chemical compounds supported with liquid metal particles can

be used as biomaterials because of their low toxicity. Chemical

functional groups containing a carboxylic acid group, thiol

group, or phosphate group can be functionalized on the surface

of the liquid metal particles.15,27,30 For example, �101 nm scale

of liquid metal particle functionalized with bio-polymeric

materials showed promising result on the drug delivery appli-

cation.16,67,113 In this case, the functionalized particles are

transported to a target point, such as a tumor, and the release of

the drug is conducted by proton or local heat generation via

light source. Since the surface of the liquid metal particles can

be functionalized with chemical functional groups, such as

thiol, phosphate acid, or carboxylic acid group, there is an

opportunity to attach or chemically couple the drugs on the

liquid metal surface (Fig. 13(a)). In addition, the liquid metal

can be decomposed or shape-deformed depending on the pH or

temperature, respectively, resulting in the drug release16,65

(Fig. 13(b) and (c)).

6. Limitations and challenges

Although the surface-modied liquid metal particles have

shown the potential for the various applications, several limi-

tations and challenges still remain. For example, most of the

research studies on the exible electrode have been focused on

the �101 mm scale of liquid metal particles. These several tens

of micron scale of liquid metal particles provide the electrically

Fig. 13 (a) Schematic illustration of the drug delivery material preparation, and drug release mechanism by (b) proton assistance. Reproduced

with permission from ref. 16. Copyright 2015 Springer Nature. (c) Shape deformation from IR. Reproduced with permission from ref. 113.

Copyright 2017, American Chemical Society.
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conductive path upon mechanical breakage of the oxide shell.

However, a continuous mechanical force can generate an

unintended electrically conductive path. In addition, the sub-

micron scale patterning of the electrode is challenging. Even

though the 101–102 nm scale of the liquid metal particles can be

obtained by employing surface modication with chemical

compounds, the precise patterning is limited. While the higher

concentration of the chemical functional groups may lead to

well-distributed liquid metal particles with smaller sizes (�101

nm), the chemical compounds may inhibit the electrical

conductivity. In addition, the wettability and corrosive issue of

the liquid metal remained unresolved. In order to remove the

oxide layer on the surface of the liquid metal particles, an alkali

or acidic-based solution was exploited for removing the surface

oxides. Aer removing the oxide layer, the large surface tension

of the liquid metal causes the conversion into a spherical bead

shape. In this case, the poor wettability on the substrate is the

issue for the utilization of the liquid metal. With the continuous

exposure in alkali or acidic-based solution, corrosion of Ga may

occur. Another challenge is the thermal issue. When the

ambient temperature is increased to 343 K under ambient

condition, the phase separation occurred and the liquid phase

is converted into a crystalline structure (GaOOH). In this

perspective, there is a possibility of the deterioration of the

mechanical properties with the liquid metal/polymer composite

under higher temperature. Last but not least, if considering the

drug delivery by heating up the liquid metal particles contain-

ing the drug, the biological safety of the GaOOH, In, or Sn

should be conrmed.

7. Summary and outlook

To sum up, we discussed the surface modication of the liquid

metal particles and their applications. Due to the deformable

feature, low toxicity, high electrical conductivity, and electro-

chemical performance of the liquid metal, the liquid metal is

emerging as a core material for so electronics, wearable

devices, and energy storage or harvesting application. Gener-

ally, the bulk Ga-based liquid metal naturally forms the oxide

thin layer (Ga2O3) on the surface. When the bulk liquid metal

particles are subjected to a shear-mixing or ultrasonic process,

the bulk liquid metal is separated into #102 mm size and

becomes stable due to the new oxide layer generation on the

surface of the liquid metal particles. In addition, the oxide layer

on the liquid metal particles interacts with chemical

compounds, which contain carboxylic acid group, phosphate

group, hydroxy group, amine group, thiol group, or metal–

organic frameworks. Employing these chemical compounds

and ultrasonic process, the colloidal suspension of liquid metal

particles, which have �102 nm size and are stable in organic

solvent, can be obtained. Since these surface functionalizations

of the liquid metal particles are solution-processable, the inkjet

printing of the liquid metal particle colloidal solution and the

composite preparation via surface-initiated polymerization can

be practical. In addition, the spontaneous chemical reaction

owing to the reduction potential between Ga and the noble

metals makes it possible that the surface of the Ga-based liquid

metal particles can be decorated by noble metals, which has

a core–shell structure. These functionalized liquid metal parti-

cles can be used in various applications. Owing to the innite

deformation of the liquid metal and high electrical conduc-

tivity, the surface-functionalized liquid metal particle and

polymer composite can be a candidate of the exible and

stretchable electrode. However, even though the surface-

functionalized liquid metal particles are well dispersed in the

organic solvent or polymer matrix, the surface oxide layer, the

chemical compound molecules or polymer may inhibit the

electrical conductivity of the composite. Thus, the coalescence

of the liquid phase in the surface-functionalized layer (such as

Ga–In or Ga–In–Sn) is required by external mechanical force.

For example, the local damage of the liquid metal particles/

PDMS composite provided the electrically conductive path.

When the �101 mm size of the liquid metal particles was

damaged, the oxide layer of the liquid metal particles was

broken and the liquid phase of Ga–In or Ga–In–Sn was spilled

and merged. This method is useful for the free drawing of the

electrode pattern or stretchable conductors, but there is

a possibility of the generation of unintended electrically

conductive paths by the additional stress in the composite. In

addition, the broken liquid metal particles can be used for

a bridging role in the metal ller/liquid metal particles/polymer

composite. To circumvent the printing resolution encountered

with the micron size liquid metal particles, the colloidal liquid

metal particle suspension can be a solution for the submicron

patterning. In this case, one of the parameters for controlling

the liquid metal particle size is the concentration of chemical

functionalization compound. However, since the higher

concentration of chemical compounds on the shell inhibits the

coalescence of the liquid metal particles, the tuning of the

optimized concentration of chemical compounds is an impor-

tant point for electrode applications. In addition, the smaller

size of the liquidmetal particles could result in a higher fraction

of oxide layer formation on the liquid metal particles, which

indicates that the parts of the insulating or semiconducting

layer and the solid-state layer are increasing, resulting in the

higher resistance. In order to obtain a micro-patterned elec-

trode, the smaller size of the liquid metal particles is required,

but the aforementioned issues remain.

On the other hand, in a dielectric application or thermally

conductive materials, preserving the particle shape of the liquid

metal without coalescence is necessary. Since the oxide layer on

the liquid metal particles provides not only affinity with a sili-

cone-based polymer, such as PDMS, but also the dielectric

performance, sustaining the oxide layer on the liquid metal is

an important factor for utilizing a dielectric application such as

triboelectric energy harvester or capacitive sensor. In addition,

the high thermal conductivity of the liquid metal (�26WmK�1)

can be utilized as heat dissipationmaterials for a exible device.

Since the dielectric constant and thermal conductivity of the

composite are strongly dependent on the amount of liquid

metal particles, the preparation of a dielectric layer or thermally

conductive layer with the higher amount and smaller size of

liquid metal particles is required. To overcome the limits, the

surface-initiated polymerization of liquid metal particles can be

2774 | Chem. Sci., 2021, 12, 2760–2777 © 2021 The Author(s). Published by the Royal Society of Chemistry
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an alternative to preparing dielectric and thermally conductive

functional materials. The surface-initiated polymerization on

the liquid metal particles makes the polymer encapsulate the

liquid metal particles. The polymer matrix can then protect the

liquid metal particles, and the high concentration of liquid

metal particles in the polymer composite is possible.

For other applications, owing to the low standard reduction

potential of Ga in the liquidmetal (�0.560 V), another metal can

be decorated on the surface of the liquid metal particles. For

example, a galvanic replacement can be a useful method for the

sub-micron electrode with the employment of liquid metal

particles. Due to the difference of the standard reduction

potential between Ga3+/Ga and noble metal ion/noble metal,

such as Au+/Au, the noble metal can be decorated on the surface

of the liquid metal, and an electrically conductive path can be

provided by the percolation of the reduced noble metal without

the coalescence of the liquid metal particles. Besides, the

decoration of a metal or metal oxide on the liquid metal parti-

cles can be employed in so robotics. In addition, due to the

electrochemical activity of Ga and the high diffusivity of ions in

the liquid metal, the liquid metal particles showed a promising

potential for energy storage applications.

Owing to the non-toxic property, the Ga-based liquid metal

can be utilized in biomedicine. In this case, the surface

functionalization of liquid metal particles can be conducted

with chemical compounds containing a drug for cure. In

particular, since the functionalized liquid metal particles

release the drug under the acidic condition, the tumor-target

therapy is possible. In this case, the selection of the mole-

cules, which can be functionalized on the surface of the liquid

metal particles and can deliver the drug to the target point,

should be considered. In addition, Ga and In (or Sn) were

separated in an aqueous atmosphere when the Ga-based

liquid metal was heated, and the Ga tends to convert into

GaOOH, which has a crystalline nanorod structure. The drug

that is functionalized on the liquid metal surface can be

released by locally increasing the temperature. However, in

this case, the effect of crystalized GaOOH in the organs or

blood stream should be investigated, and the safety of that

should be also conrmed.

This article focused on the strategies of the surface

functionalization of the liquid metal particles for various

applications. Owing to the liquid phase, low toxicity, high

electrical, and thermal conductivity, the liquid metal and its

composite have a potential for advanced so electronics,

robotics, or biomedicine. Depending on the application, the

role of the liquid metal particles should be considered.

Accordingly, the suitable surface modication of the liquid

metal should be conducted. Even though several challenges

still remain, the development of the surface modication of

liquid metal can provide opportunities for the core mate-

rials of the next generation of exible and deformable

devices.
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