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Research on liquid metals has been steadily garnering more interest in recent times, especially in flexible
electronics applications because of their properties like possessing high conductivity and being liquid
state at room temperature. The unique properties afforded by such materials at low temperatures can
compensate for the limitations of stretchable electronic devices, particularly robustness and their fluidic
property, which can enhance the flexibility and deformation of these devices. Therefore, interest in liquid-
metal nanoparticles and liquid metals with nanocomposites has enabled research into their fabrication
technologies as well as utilisation in fields such as chemistry, polymer engineering, computational model-
ling, and nanotechnology. In particular, in flexible and stretchable electronic device applications, the
research attention is focused on the fabrication methodologies of liquid-metal nanoparticles and liquid
metals containing nanocomposites. This review attempts to summarise the available stretchable and
flexible electronics applications that use liquid-metal nanoparticles as well as liquid metals with nano-

rsc.li/nanoscale material additives.

Introduction

Over the past few years, liquid metal (LM) has been steadily
attracting more interest, particularly in the flexible and soft
electronics field and the related applications. The term ‘Liquid
metals’ can be defined differently as numerous research
efforts have been undertaken to use them in various appli-
cations and fields. The simplest definition for this term can be
given as ‘eutectic metals’, which have the lowest melting
points around 15 °C below room temperature, or ‘Field’s
metals’, which have melting point at 62 °C; these have good
electrical and thermal conductivities because of change in
mechanical properties at room temperature due to phase
change’." In addition to their uses in the soft electronics field,
LMs are gaining attention in the medical engineering field,
where they are commonly used in drug delivery. LMs can be
used as nanoparticles or as nanocomposite materials in which
other materials are used as additives. Liquid metal nano-
particles (LMNPs) and liquid metal nanocomposites (LMNCs)
can be described as ‘low melting point metals in nanoscale’
and ‘liquid metal with a combination of other metals’ respect-
ively. Researchers are gradually shifting their focus toward the
use of LM-based materials to enhance the electrical properties
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(e.g., the electric, dielectric, and thermal properties) of flexible
and wearable electronics applications.” The technique of fabri-
cating a stretchable conductor using an LM has been in use
for a while now; traditionally, this method involves injecting
mercury into a stretchable channel.> However, because of its
high toxicity and high vapor pressure, mercury is not used
widely, and product development with mercury is considered
to be difficult. In contrast, Ga-based LMs at room temperature
appear to be promising functional materials with low toxici-
ties, low vapor pressures, high thermal conductivities, incom-
parable conductivity and deformability, and the ability to with-
stand high levels of mechanical deformation, which renders
them well suited to fabricating stretchable electronics.*” By
combining them with other nanomaterials, the properties of
LMs can be enhanced or even supplemented by new pro-
perties. Nanoscale mixtures of LMs with nanocomposite
materials are well suited to applications in soft electronics
and, because they would be easier to fabricate and pattern, to
various applications using printing techniques such as inkjet
and screen printing. As such materials remain in a liquid state
even below their freezing temperatures, they are easier to
deform or shape to meet various applicational designs,
enabling reductions in device size. When LMs with elastomer
nanocomposite materials are used to develop sensors, energy-
harvesting transducers, and actuators, the electrical permittiv-
ity of the elastomer material is enhanced without decreasing
its stretchable and flexibility.® The LMNCs are either LM

Nanoscale, 2021,13, 2113-2135 | 2113


www.rsc.li/nanoscale
http://orcid.org/0000-0002-3702-6357
http://crossmark.crossref.org/dialog/?doi=10.1039/d0nr07479a&domain=pdf&date_stamp=2021-02-02

Review

mixed with metallic nanoparticles or nanoscale droplets of LM
that represent an important step towards utilising LM for soft
electronic applications.?

Furthermore, the oxide layer/passivating oxide is essential
to the discussion of LMNCs. The LM oxide layer/passivating
oxide, which is generally removed to ensure high conductivity,
prevents LMNPs from coalescing back into the bulk;® this
mechanically stabilizes the nonequilibrium shape of the
LMNPs, enabling fine metal patterning using printing tech-
niques'® while maintaining a reduced metal surface tension."!
Despite its necessity in reconfigurable applications, however,
the oxide layer increases the LMNPs’ viscosity by sticking to
the surfaces of other materials."” Even though the oxide layer
needs to be removed, it is an important to the properties of
LM, for instance, eutectic gallium-indium (EGaln) because it
increases the surface/volume ratio significantly, enabling
adsorption of the LM onto a higher fraction of the nano-
particles. The Cabrera-Mott oxidation mechanism, which is
the only probable mechanism for oxide development in
gallium alloys, can be described as a ‘low temperature oxi-
dation based on the assumption that cation migration occurs
under the influence of potential built up across the growing
oxide film’."® This theory also accounts for the nanoparticle
oxidation mechanism in other group III metals. The oxide
growth process is driven by the presence of an electric field
generated by the production of new surface states through the
adsorption of O, onto the particle surfaces. The intensity of
the resulting electrical potential is equal to the difference
between the work function of the metal and the 2p energy
level of the O. Thiols, or adsorbed molecules, can affect the
measured work and change the dynamics of O, adsorption.
The oxide layer or passivating oxide is a dynamic continuum
emergent from the bulk and the result of an equilibrating
system. The establishment of the passivating oxide is depen-
dent on the environment and reactivity of the alloy com-
ponents and is determined by the energy density, diffusivity,
and thermodynamic state of the bulk. When formed properly,
the passivating oxide or oxide layer can be advantageous to the
material properties, improving, for example, the stability of
undercooled liquid metal core-shell (ULMCS) particles, which
in turn enables heat-free solders and a variety of other ambient
or low-temperature metal processes dependent on the effects of
free energy.'* Studies of the oxide layers of Ga, In, galinstan,
and EGaln liquid metals have revealed that oxide layers form on
metallic surfaces following exposure to oxygen. Although the
oxide layers that form on Ga are passivating, those forming on
indium are not. The thickness of the oxide layer is related to
oxygen-exposure conditions such as the vacuum condition, rela-
tive humidity, temperature range, and pressure."’

The remainder of this review will focus on the usage of LMs
in soft and flexible electronics and their applications. We
discuss the property changes of LMs at the nanoscale level
with and without additional composite materials. Then, we
explain the main uses of LMs at the nanoscale level and their
applications. The focus of this review is on soft, flexible, and
stretchable electronics as these devices are rapidly gaining

2114 | Nanoscale, 2021,13, 2113-2135

Nanoscale

attention in current research. Fig. 1 shows the methods used
to fabricate LMNPs and LMNCs (Fig. 1a-i, -ii, -iii, -iv), images
of LM-based composites (Fig. 1b-i, -ii), patterning techniques
(Fig. 1c-i, -ii), and related applications (Fig. 1d-i, -ii, -iii). The
figure conveys the primary structure of this paper and can be
referred to for further clarification of the following sections.

Liquid-metal nanocomposite materials

In general, LMNCs comprise LMs in the form of nanoparticles
mixed with other nanostructure materials; by contrast, LMNPs
are synthesised from bulk metals that have low melting points.
The properties of the LM may be improved by the addition of
other materials based on specific applications. LMs mixed
with silicon nanoparticles have been demonstrated as battery
anodes; the combination was observed to improve the electro-
chemical and mechanical performances, particularly stability.
If the LM is mixed with polydimethylsiloxane (PDMS), Ecoflex,
or other polymer materials, it is possible to apply soft elec-
tronic designs to achieve soft device applications.”® Wearable
sensing gloves that can successfully track human hand move-
ments are typically fabricated using soft-matter capacitive
sensors made of LMs with silicon elastomers.”” Thus, LM
nanoparticles (LMNPs) and LMNCs can be described from the
perspective of fabrication techniques and material types that
are currently in use. When discussing fabrication, the interme-
tallic interface should be mentioned. This interface forms as a
result of the incomplete solid solubility of an alloy system. It
has been reported that, in LM particle mixtures prepared via
wet processing, the liquid or solid metal surfaces develop pas-
sivating oxide layers through contact with the air. To enable
reactive wetting, such layers should be broken when they form
on the surfaces of LM and Cu particles. To achieve intermetal-
lic contact, oxide layers can be broken by inducing an electrical
polarisation in the NaCl solution.”® Potential/feasible materials
for use in LMNPs include Li (lithium)-, Na (sodium)-, and
K (potassium)-based alkali metals because of their usefulness
as high-specific-volume anode materials and low redox poten-
tials. However, batteries based on these alkali metals face
safety issues, short circuit problems, and short lifespans, and
further research is required. LMNCs can be based on low-
melting-point metals such as Ca (calcium), Co (cobalt),
Sr (strontium), and Cr (chromium). In addition to being
highly soluble in Ga-LM, these metals have low melting points
that can be further reduced by mixing them with LMNPs.
Further developments using these materials based on the
unique properties of LMs and refinements in metal systems
are expected.

Liquid-metal nanoparticles

‘LMNPs can be categorized as single or mixed depending on
their concentrations and phases. The single LMNPs are com-
posed of post-transition elements, zinc-group elements, and
alkali metals (summarised in Table 1). As for mixed LMNPs,
they can be intermixed to form alloys with a net melting
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Fig. 1 Liquid metal-based methodologies for the fabrication of soft electronics: (a) material fabrication: (i) sonication;*® (i) deposition (PVD),*” (iii)
nanodroplets via syringe injection;*® (iv) shear liquid into complex particles (SLICE)." (b) Liquid metal-based nanocomposites: (i) nanocomposites—

liquid metal in which small tetragonal blocks®®

have formed; (ii) nanoparticles—SEM images of non-coalesced LMNPs.2° (c) Patterning: (i) screen

printing—image of Ni—-Galn applied to Ecoflex using a rolling brush;?* (i) direct printing—schematic of 3D direct printing system and composites
printed onto soft 3D substrate (scale bar = 100 um).?2 (d) Applications: (i) flexible sensor with strain angle;?* (ii) hydrogel spring actuator;?* (iii) room-

temperature LM battery.?®

Table 1 Liquid metal particle constituent elements!?2%4

Melting point (°C)

Electrical conductivity (S m™) Thermal conductivity (W m™ K™")

Post transition metal Ga (gallium) 29.8
In (indium) 156.6
Tl (thallium) 449.5
Sn (tin) 231.9
Pb (lead) 327.5
Bi (bismuth) 271.4

Zinc group Zn (zinc) 419.5
Cd (cadmium) 321.1
Hg (mercury) —38.8

Alkali metal RD (rubidium) 39.31
Cs (caesium) 28.44
Fr (francium) —
EGaln (eutectic Ga-In) 15.4
Galinstan 13.2

point below 300 °C’.>° In nanoscale applications, sonication
and shearing techniques are commonly used to synthesise
LMNPs; the sizes of the LMNPs fabricated via sonication can
be adjusted. For example, the reversible size control of Ga
LMNPs fabricated by controlling the power and temperature
of ultrasonication to produce 35 nm particles at low temp-
eratures and 60 nm particles at high temperatures has been
reported. Furthermore, the size and number of particles are

This journal is © The Royal Society of Chemistry 2021

7.1 x 10° 29
1.2 x 107 82
6.7 x 10° 46
9.1 x 10° 67
4.8 x 10° 35
7.7 x10° 8
1.7 x 107 120
1.4 x 107 96
1x10° 8.3
8.3 x 10° 58
5 x 10° 36
3.4 x10° 26.6
3.46 x 10° 16.5

dependent on the sonication duration: longer processes
produce smaller and higher number of particles.'® High
temperature and high pressure are generated locally, which
form bubbles that burst within the LM; this is a convenient
and easy-to-use method. Appropriate addition of surfactants
allows the formation of self-assembled monolayers (SAMs)
on the particle surfaces to effectively reduce coalescence
between the LM particles.*® Ultrasonication processes can
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break LMs down to nanoparticles in less time (60 min) than
shear liquid into complex particle (SLICE) processes, which
can take around 120 min.'®?"*? Sonication techniques
(Fig. 1a-i) can be used to control the sizes of LMNPs by
adjusting the temperature and speed.'® The shapes of par-
ticles can be adjusted by tuning the solution concentration,
sonication period, and temperature.*® A mini ultrasonic plat-
form device has been used to produce steady EGaln nano-
particles with polymers in an aqueous solution through the
application of a potential of 24 V for 20 min.” By contrast,
the SLICE technique applies a rotary tool at a specific speed
and for a specific duration to reduce the shear bulk of LM
into particles in an acetic solution.*® In this manner, SLICE
(Fig. 1a-iv) can be used to process LMs into desired particles
with an oxidation solution and an organic layer with a
smooth surface as the second layer. Nanosized materials can
be coated around LMNPs to create core-shell structures, and
stable undercooled field metal and eutectic Bi-Sn alloy par-
ticles can be produced using the SLICE method.**
Furthermore, undercooled LMs, which have metastability, are
known to be compatible with complex fabrication routes and
engineering. Even though they have low yields and poor
stability, stable undercooled field metal particles and eutectic
Bi-Sn alloys have been successfully produced using the
SLICE technique.”® Post-SLICE etching can be used to
produce contacts between pairs of particles and release
undercooled liquid cascades through particle beds, leading
to the creation of point contacts and solidification through a
process known as coalescence of undercooled particles
through chemical trigger (CUPACT). Because it does not
apply the capillary force necessary to break the particle
shells, the CUPACT process retains particle sphericity, with
intermetallic interfaces formed through the CUPACT process
applied to the overlaying particles during surface soldering.
As CUPACT is concentration dependent, the etching concen-
tration dictates the properties of the resulting film. CUPACT
films with resistivities of 63 pQ have been fabricated, and it
has been noted that the specific thermal conductivities of
these films are very similar to that of the Bi-In-Tn bulk
Field metal (2.4 x 107> W m® g~' K ').>® Undercooled liquid
metal particles (ULMPs) have the unique properties of being
liquid below their freezing temperatures and having metast-
ability. They can also be used as self-stiffening composites,
with mechanically induced stiffening and strengthening
achieved through the triggering of polymerisation or cross-
linking of polymer chains. A potential approach to transi-
tioning from a triggering mechanism to a thermodynamical
process is to embed metastable materials into the matrix; as
a result, the metastable states of ULMPs can be used to over-
come the complexity of fabrication. These types of materials
can demonstrate specific property changes when externally
triggered.’” Electronical conductive interconnects based on
ULMPs have been demonstrated. When a normal stress is
applied to ULMPs, a predominantly surface deformation
results.>® The porous network of metallic interconnects pro-
duced by the delayed heat-free solidification enables efficient
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fluid diffusion while offering stable conductive traces, even
on substrates with mismatched surface energies. To achieve
the ambient fabrication of interconnected networks within a
field metal, a minimum of 0.11 degrees of undercooling is
required.*® Microfluidic channels have been produced using
stiffness tuning through thermodynamics relaxation (ST3R),
an excellent platform for fabricating microfluidic channels
based on its ability to produce instant, precision prototyping
and rapidly fabricated complex designs. Low-melting-temp-
erature metals or undercooled liquid metals can be used to
produce reconfigurable channels by re-melting the metals to
partly revert them to the intended shapes.*> ULMPs have
been used to demonstrate the possibility of soft lithography
of lift-off materials with enhanced moduli, stiffnesses, and
solvent insensitivity without damaging the delicate substrate.
ULMPs have also been successfully used to produce close
analogues of metallic rose surfaces.

Liquid-metal nanocomposites

LMNC materials can be divided into three groups in terms
of the additive material types used: (1) LM-polymer nano-
composites, (2) LMNPs comprising carbon nanotube (CNT)
or CNT-related materials, and (3) LMNP-metal particle com-
posites.”> Adding other materials to LM enhances its pro-
perties or produces new properties; for example, adding iron
(Fe) to the LM gives it magnetic properties, adding Cu pro-
vides remarkably high electroconductivity and thermal con-
ductivity, and adding magnesium (Mg) enhances photother-
mal functionality. However, certain LM properties, including
rigidity, conductivity, and adhesion, can also be derived as
effects depending on the doping ratios of the particles.
Metals such as gold (Au) and silver (Ag) are generally de-
posited onto LM droplets as an outer layer to form core-
shell biphasic LMNCs. The new biphasic LM-Au composites
can be sintered to form conductive traces for flexible cir-
cuits.” The common additive materials used with LMNCs are
listed in Table 2, in which they are categorised in terms of
the corresponding properties (electrical conductivity and
magnetic and mechanical properties) useful for developing
soft, flexible, and stretchable electronics.

The physical vapour deposition (PVD) and nanodroplet
techniques can be used to fabricate LMNPs and LMNCs.
Gallium-Indium (Ga-In) LMNPs are fabricated by PVD,
where the process is completed in a vacuum chamber. The
EGaln is placed within a tungsten boat to provide the Ga
and In sources. Under resistive heating, the EGaln alloys
are vaporised into Ga and In atoms, which diffuse towards
and condense on the cold target substrate that is placed
25 cm above the heater. Accordingly, the particle sizes can
be controlled, and LMNPs and LMNCs can be fabricated on
various substrates by PVD (Fig. 1a-ii).*® The Ga-LM droplet
material is fabricated using the nanodroplet technique
(Fig. 1a-iii), where a syringe filled with the LM is used to
inject the LM into a Petri dish containing water and
sodiumdodecylsulfate (SDS) to fabricate large LM droplets
rapidly."®
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Table 2 Common LMNC materials and their properties?%2%:42=47

Review

Electrical
Density (g conductivity
em™?) (Sm™) Enhancements of using LMNCs
Electrical Au™ 193 4.5x10" Increase compressive stress by lattice constant increase from 4.08 A (Au) to 6.08 A
conductivity (Ga-Au)
Ag"®  9.32 6.2 x 107 Volumetric conductivity increased from 3.6 to 4.85 x 10° S m™"
x10° increase in electrical conductivity and 80% strain with low resistance
(around 0 Q)
Magnetic Ni**  8.908 1.4 x 107 Ni-LMNPs can be patterned on supermetallophobic substrates such as paper and
property PDMS by a permanent magnet
Gd*  7.901 7.7 x10° Crystallization temperature reduced from —14.3 to 024.6 °C. Also, Gd with galinstan
LM demonstrated soft ferromagnetic properties like pure Gd
Reversible magnetocaloric effect of Gd; S, =9 J kg™ K™ is observed
Fe'®  7.874 1x107 Magnetic LM can be stretched up to 46 mm but MLMD (magnetic LM droplet)
increases stretchability up to 400% (1.5 mL of magnetic LM droplet)
Mechanical ptY  21.45 9.4 x 10° The Pt is composed with LMEE. Its thermal conductivity is 4.7 W m~" K", which is
property 25 times greater than that of elastomer
CNT*? — Composite is printed with high conductivity up to 3 x 107°S m™, and high

resolutions

Thermal conductivity increases from 18.4 to 21 W m™" K™ as wt% of CNT increases

Patterning of liquid-metal-based
materials for applications

The patterning techniques generally used can be classified
under lithography, microchannels, direct laser patterning, and
microcontact printing. Thus, the parameters required for pat-
terning are the resolution of printing, adhesion, contact
between LM and other materials, scalability, and deformabil-
ity, among others.*® This section focuses on the patterning of
LMNP and LMNC materials as well as on the use of semi-LM
paste. Various patterning techniques and their device appli-
cations are discussed individually. When combined with nano-
structure materials, LMs gain additional improved properties.
Nickel (Ni)*"**' and Cu'®”** offer semi-liquid properties,
while gadolinium (Gd),** Ni,** and Fe®* provide magnetic pro-
perties; CNTs>* provide mechanical strength, while Au** and
Ag® can be used to improve the conductivity of the LMNCs.
The semi-LM is a nanocomposite that is between a liquid and
solid, i.e. similar to a paste.

Additionally, mixing with nanomaterials can offset some
limitations of the LM in certain applications. For instance, LM
has high surface tension and it is difficult to maintain the
shape; however, when mixed with silicon elastomers to create
LM silicon ink, the printed shape can be retained. The electro-
chemical patterning method, where the electrodes determine
the pattern of the LM, was successfully demonstrated for geo-
metrically shaped electrodes (i.e. triangle, square, and circle)
in 3D printers.*>

LMNP-based materials

LMNPs were first prepared by dispersing EGaln in ethanol
using a homogeniser. Then, films were prepared by casting/
spraying LMNPs. As volatilisation of the solvent behaves as an
insulator, the oxide layers on the LMNPs should be broken to
improve their electrical conductivity and ability to combine
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with other nanoparticles,’® since the dispersed nanoparticles
were covered with oxide layer that is formed under exposure to
oxygen in result of natural adoption of core-shell structure.’
Even though the resulting oxides can hold the original LM
shape, which is good for 3D printing, they are not suitable for
reconfigurable electronics.>” Here is a small discussion about
oxide layer in addition to mentioned above. It has been
demonstrated that the application of heat to LM microparticles
ruptures the oxide layer, which in turn leads to phase segre-
gation as a result of thermal expansion and surface oxidation.
Changes in surface roughness and composition and oxidation
have also been observed. Because it is performed at high temp-
eratures, thermal sintering produces a very thick surface oxide
layer that prevents further oxygen penetration and the coales-
cing of particles beneath it.>® Increasing the temperature
enables further oxidation, and thermogravimetric analysis
(TGA) results have shown that a new oxide layer will form on
top of a smooth passivating layer of Ga LM at a temperature of
773 K. New layers such as these will exhibit some variations in
surface texture as a result of a potential thermal gradient and
proximity to the pan walls of the TGA device. The thick oxide
shell can also induce surface cracking at points of high curva-
ture.”® The destruction and coalescence of the nanoparticles is
called sintering, which is achieved by mechanical pressure
application,” inkjet printing,®® laser printing,’®°®"®* heating,’®
and evaporation.®® This mechanical pressure can be applied
via manually patterning® or by placing the LM in a micro-
channel.®* In writing applications, LMNP films are patterned
directly using a knife®® or marker® and then sealed with
PDMS. Although the width of the writing line will vary depend-
ing on the thickness of the tip of the knife or marker, it is
possible to create any shape using this method. To apply the
microchannel method, LMNPs are dispersed and poured into
microchannels using a syringe (Fig. 2a) and then pressurised
over the PDMS. This method is more accurate than hand-
drawing and produces an electrically conductive area that can

Nanoscale, 2021,13, 2113-2135 | 2117
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Fig. 2 Patterning methodologies: (a) fabrication of microchannels through encapsulation of LMNPs;%* (b) LMNP patterning via inkjet printing;®° (c)
LMNP patterning via laser printing;®* (d) transferring laser-printed LMNP patterns on Si wafer substrate onto PDMS substrate;®? (e) process for produ-

cing LMS patterns and ink.®®

be selected afterwards, allowing the thickness and microfluidic
substrate to be tuned to vary the critical pressure of mechani-
cal sintering. The resolution of a trace can be improved by
injecting particles into microfluidic devices.®® Inkjet printing
is an advanced method for mechanically applying pressure
that enables the precise patterning of conductive material onto
substrate. Thiols can be added to the LMNP dispersion solvent
to reduce the surface tension for fine inkjet patterning. A 1 pm
layer of LMNPs can be sintered and patterned through inkjet
injection (Fig. 2b).®° Stretchable circuits based on EGaln-NP
ink can be patterned by applying inkjet printing to a PVA sub-
strate with 20 pm-thick conductive lines.® In laser sintering, a
laser is used to heat the ink, causing the nanoparticles to
expand, rupture, and coalesce;>® using a slightly different
mechanism, dispersion can be achieved through mixing with
thiols. Irradiating an LM with a laser causes it to thermally
expand and then shrink, which in turn causes it to rupture
and leak. When LMNPs are heated to above their vapor point,
the thin oxide shell cannot be restrained from vapourising,
and vapour will radiate from the metal core. The LMNPs will
then cool in the air and form metal oxide nanoparticle assem-
blies comprising nanoparticles attached to a substrate, which
can act as a seed layer to promote the wetting of unvapourised
LM.®” When the oxide nanoparticles and core coalesce, a
pattern will form;**> deformations such as these are more pro-
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nounced at higher laser powers. In pulsed laser sintering in
particular, the precision and fineness of the patterning will
depend on the laser spot diameter. Pulsed laser sintering is
often more accurate than other methods, as the laser diameter
can be as small as 37 um, which provides a resolution and pat-
terning precision compatible with small and high-density soft
electronics.®’ Following laser sintering and prior to encapsula-
tion, LM can be spray-printed and patterned onto the PDMS
substrate®® (Fig. 2c), enabling the removal of unnecessary
LMNPs from the PDMS via ultrasonic cleaning.®? Silicon
wafers are also sometimes used as the substrate. In this case,
the pattern can be transferred to the PDMS by casting and
peeling off the PDMS (Fig. 2d).°> In the heating method, the
dispersed LMNPs are sprayed onto the PDMS patterned on a
ceramic substrate using a laser machine, and the PDMS mask
is peeled off and sintered via heating.’® Flexible substrates
cannot be used because of the very high temperatures (300 °C
to 900 °C) used for sintering. The sintering mechanism is also
different from that of the laser method; the surfaces of the
LMNPs are deformed when temperature is applied. As the
temperature increases, it accumulates on the surface of the
inner liquid part, causing further partial rupturing. At higher
temperatures, the momentum of the rupture increases, and
nanowires are generated on the surfaces of the LMNPs. The
interconnections of these nanowires then provide conduc-
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tivity.”® Therefore, the resistance of sintering is higher than
that of the laser. In the evaporation method, the dispersed par-
ticles are deposited on the substrate by mask printing,
channel deposition, handwriting, or drop casting and dried
for at least one day under ambient temperature and atmos-
pheric pressure. Skin, plant leaves, glass, and PDMS can be
used as the substrates, and the dispersed liquid is different
from that in the other methods. A solution of biological nano-
fibrils (NFs), such as cellulose, silk fibroin, and amyloid, dis-
persed in pure water is used for dispersion of the LMNPs. The
biological NFs reduce the size of the LMNPs and increase their
stability during dispersion. Since the film is then separated on
NF-rich and EGaln-rich layers after sintering, the resulting
film has flexible conductivity and electromagnetic shielding
properties, and its operating behaviour is responsive to humid-
ity, light, and voltage.®

Semi-LM paste

Unlike ordinary LMs, semi-LM paste can utilise the specific
properties of additive elements with high adhesion that can be
easily attached to the surface. Two primary methods are used
to fabricate LM paste: inducing intermetallic wetting between
the LM and other metal particles in an acidic solution, and
wetting the particles using the LM’s sticky oxide under
mechanical stirring.®” To eliminate the oxide layer, a NaOH
alkaline solution is used as a Cu-LM paste dispersion
solvent.” A mechanical stirring method must be used to
produce the Ni-LM paste®! because a NaOH solution will not
dissolve nickel oxides.®” LM pastes have been successfully pro-
duced using Ni,>"”°*' Cu,'”**** and magnetic additives.*®
Printing techniques including stencil,”® direct,®" roller,*® and
transfer printing can be used to pattern semi-LM pastes. To

Ni-EGain

PMA

"

glue

Review

carry out stencil and roller printing, Ni LM pastes are prepared
by placing EGaln and Ni particles into a glass container and
mixing them using a glass rod, inducing deposition of the LM
oxide film around the Ni particles. As the percentage of Ni par-
ticles increases, the adhesion strength increases and the con-
ductivity decreases.”’ Stencils can be patterned onto silicone
elastomer substrates by placing a metal mask onto the sub-
strate and then rolling the Ni-LM paste over it (Fig. 3a) prior to
sealing with a silicone elastomer. Using this approach, multi-
layered structures can be easily created.”’ Roller printing
involves patterning directly onto a surface by utilising the
difference between the surface adhesions of Ni-LM paste and
polymethacrylate (PMA). Patterns are first projected using a
projector and transferred using a ballpoint pen filled with
PMA glue; a roller coated with Ni LM paste is then rolled on
the surface (Fig. 3b) and, finally, the paste is sealed with an
aqueous polyvinyl pyrrolidone coating.” In direct printing,*
the Ni-LM paste is prepared by mixing Ni particles with galin-
stan in a vial using a homogeniser while the vial is cooled with
water. When the percentage of Ni particles increases in this
mixture, the modulus of elasticity, yield stress, and viscosity
also increase. This change is more pronounced for nano-
particles than microparticles. In the case of 10 wt% of nano-
particles, immediate hardening is observed upon fabrication.
The proportion of Ni particle mixing achieved with a hom-
ogeniser is less than that achieved by mixing with a glass rod.
However, because of strong mixing using the homogeniser, it
is possible to formulate a paste with a small weight percen-
tage. A 3D printer is then used to directly print the pattern
because the paste is more uniformly mixed than in that
created by mixing with glass rods and the paste dispensing is
stable. It is thus possible to print 2D as well as 3D shapes, and

f Pressure
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Fig. 3 Method of patterning semi-liquid metal: (a) pictures depicting (i) printing of Ni LM paste on an Ecoflex substrate by stencil printing with rolls
and (i) mask removal;?* (b) procedure for roller printing of Ni LM paste;*° (c) 3D-printed Ni LM paste structure;>* (d) procedure for printing magnetic
LM;*? (e) procedure for fabricating LM pattern on a PVA substrate using the difference in surface adhesion;>* (f) (i) 5-axis 3D printer for direct printing
of CNT/LM composites, and (ii) stereoscopic micrograph of a CNT/LM composite printed on a stepped structure. Scale bar: 100 pm.zz
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the printed shape is not deformed by its own weight (Fig. 3c).
When Cu particles were mixed with the LM, a paste was
formed that was similar to that with the Ni particles'®**? The
Cu LM pastes were prepared by two different methods. In the
first method, EGaln and the Cu particles were weighed in a
beaker and stirred into NaOH solution. After stirring, the
NaOH was evaporated, and Cu LM paste was obtained.”>”? In
the second method, EGaln and Cu particles were weighed into
a Petri dish, and the oxide film was removed by applying a
voltage to the NaOH solution. After this treatment, the NaOH
solution was dried in vacuum to produce Cu LM paste.'® Both
these pastes were almost solid at a mixing ratio of 20 wt%. In
the subsequent printing methods, 15-20 wt% was used
because of ease of handling when the paste is closer to solid
consistency. Two patterning methods were used with the Cu
LM paste: roller printing®® and transfer printing.>® In roller
printing, silk fabric is used as the substrate; first, a mask is
placed on the fabric and polyvinyl acetate (PVAC) glue is screen
printed on it. A roller is then used to print the Cu LM paste,
which is selectively applied only over the PVAC glue as the
adhesion of the paste is different between the fabric and the
PVAC glue. The glue enables the Cu LM paste to adhere to a
specific shape on the fabric as the glue expands and contracts.
A silicone elastomer is then used to seal the printing. In trans-
fer printing, coated papers are used as the printing substrates;
the patterns are first printed on the coated paper using a laser
printer, and the Cu LM paste is applied with a brush so that
the paste only adheres over the toner. Next, the 3D-shaped sili-
cone elastomer transfer substrate is prepared and pressed onto
the printed substrate such that the Cu LM paste transfers to
the elastomer. After transferring the paste, the printed pattern
is sealed with a thin layer of silicone elastomer. LM paste can
also be produced by mixing LM with quartz to form a paste
similar to Ni- and Cu-particle pastes.®” Unlike Ni-LM and Cu-
LM pastes, however, quartz LM pastes can be separated into
their LM and quartz constituents by stirring in an acidic or
alkaline solution. Quartz-LMs can be produced by stirring
while the LM oxide layer forms, and separated by stirring in an
LM oxide-layer-dissolving solution. By adding or removing
quartz powder in this manner, the rheological characteristics
of the paste can be reversed. Unlike other LM pastes, which
only have high conductivities, quartz-LM pastes also have good
adhesion properties.”” Two methods are commonly used to
prepare quartz LM pastes.®” The first involves stirring with a
glass rod in a beaker, and the second involves stirring in a ball
mill machine. The latter method allows more uniform mixing
and finer crushing of the quartz particles. Patterning is
achieved by stencil printing on a fabric substrate. A stencil
mask is placed on the fabric and the quartz LM paste is
applied with a brush; the pattern is then obtained by removing
the mask. The adhesion mechanism of quartz LM paste is as
follows. When the quartz LM paste is in contact with the sub-
strate, shear motions cause small droplets to be pushed out
through the gaps between the particles; these droplets form a
new oxide/substrate interface and enable strong adhesion.®”
LMs can achieve magnetism when mixed with magnetic metal
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particles®®**** to enable magnetic patterning. Gd,** Ni,** and
Fe®® have been reported as examples of available metals with
magnetic properties. The use of magnets for patterning simpli-
fies the printing process and allows printing on superhydro-
phobic substrates, printing in closed spaces,”® and repairing
damage after encapsulation.”® The preparation of magnetic
LM (MLM) ink begins with the mixing of Gd with Galn and Ni
with EGaln, with a mortar and pestle used to break the Ni and
Gd particles down to several micrometres and nanometres in
diameter, respectively.** Micrometre-scale Fe particles are then
mixed with the EGaln using a glass rod.>* The mixing ratio
can range from a few percent by weight upward; increasing the
ratio produces an MLM with enhanced magnetic properties
very similar to those of a magnetic metal®® and increases the
conductivity, ink line width, and droplet volume.”* However,
increasing the mixing ratio also causes the droplets to become
less fluid and prone to separation from each other.”* Ni and Fe
MLM inks for which simple bar magnets®® can be used for pat-
terning have been demonstrated. Substrates for Ni and Fe
MLMSs can be made from paper, PDMS, a hydrogel, eggshells,
or glass, and MLM ink can be printed onto a substrate by
moving a magnet underneath it (Fig. 3d). Using this method,
it is also possible to print onto the inner walls of a microtube
by injecting MLM ink into the microtube and then moving a
magnet located outside of the tube to create the printed
pattern. MLM can also be transferred to a thermoresponsive
hydrogel that can be polymerised within the microtube follow-
ing the printing process. Following dehydration by heat, the
hydrogel can be detached from the microtube, carrying with it
an MLM ink that will adhere to the hydrogel even after absorb-
ing water. It is also possible to print onto two surfaces with
different adhesive properties®® using polyvinyl alcohol (PVA)
film as a substrate and fructose, which has a higher degree of
adhesion to MLM ink than PVA film, as the adhesive agent. By
forming the PVA on a glass plate, a film with a flat and smooth
surface and projections limited to several tens of micrometres
in size and distributed at equal intervals can be obtained. The
protruding surfaces serve to protect the ink-applied surface
when the film is stacked. Fructose is patterned on the smooth
surface of the PVA film using a ballpoint pen and a mechanical
control arm. A magnet is placed on the PVA film over a con-
tainer of MLM ink, which is then attracted to the PVA surface.
As a result of the difference in adhesion between the PVA and
fructose, the MLM ink adheres only to the fructose (Fig. 3e). A
multi-layered structure can be constructed by interconnecting
the layers with holes. It is also possible to transfer such pat-
terns using heat, as the hydrogen bonds between the LM oxide
and fructose layers can be broken at elevated temperatures
(e.g., 80 °C). By attaching PVA films printed with MLM ink to
silicone elastomer substrates, their patterns can be transferred
by heating to 80 °C, enabling the transfer of patterns with very
little loss. The formation of 3D shapes is easier when CNTs are
mixed with the LMs; CNTs increase the mechanical strength of
the LM and allow 3D printing in various dimensions. The
method for preparing CNT/LM composites is as follows. First,
CNTs are treated with 70% nitric acid to form a small number
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of carboxyl groups on the walls of the nanotubes. Carbon
impurities and metal catalysts used in the synthesis of CNTs
are thus removed by acid treatment. The treated CNTs and Pt
are next dispersed in pure water, and the walls of the CNTs are
coated with Pt by static electricity. The Pt-CNTs generated thus
and EGaln are dispersed separately in 1-methyl-2-pyrrolidone
(NMP) by ultrasonication. They are mixed and continuously
stirred in an N, atmosphere until the NMP evaporates comple-
tely. The interfacial material Pt helps the CNTs to uniformly
disperse in the LM. Because the contact angle of the Pt is
smaller than those of other metals, Pt has high affinity for
LMs. The fabricated CNT/LM composites are subsequently
printed directly using a 5-axis 3D printer (Fig. 3f-i). Therefore,
CNT/LM composites can be used for bridge wiring and printed
on structures that have steps and gaps (Fig. 3f-ii). This type of
wiring has a higher resolution (minimum diameter of 5 pm)
than wires obtained by commercial wire bonding techniques;
in addition, it shows high electrical conductivity equivalent to
that of conventional metal wiring.**

LMNCs

Some of additive materials of LMNCs are briefly summarised
herein. A method for fabricating nanosized film patterns using
thermal evaporation has been reported. Herein, a polyimide
film mask is placed on a silicone elastomer substrate, such as
PDMS, and Au is sputtered onto it. Ga is then thermally de-
posited on this substrate, and the required pattern is obtained
by removing the mask. In addition to polyimide film masks,
photoresist masks can be used. With a photoresist mask, a
line width of 10 pm can be printed; Ga thus accumulates on
the surface when its ratio is higher than that of Au (atomic
ratio greater than 3.9).**

Another reported method for coating LM following Ag paste
inkjet printing involves the use of tattoo paper as a printed
substrate, which enables the pattern to be transferred to
various shapes and surfaces. In addition, since the Ag nano-
paste and LM are applied separately, there is no need for
complex ink production and printing. First, the Ag nanopaste
is printed on tattoo paper with a commercial inkjet printer;
EGaln is then dropped onto the pattern and rubbed over the
printed area using a cotton swab. A 2% solution of acetic acid
is applied for a few seconds to remove the excess EGaln; the
patterns are then washed with pure water and dried in an
oven. The electrical properties are drastically improved in this
case compared to those of the Ag nanopaste. This fabricated
pattern shows 106 times higher conductivity and maintains
low trace resistance when bent and stretched to 80% strain.*
The LMNPs dispersed in silicone elastomers have been
reported in the literature;® these are called LM-silicone (LMS)
inks and are suitable for 3D printing processes involving direct
ink deposition. The method for producing LMS ink, which is
shown in Fig. 2e, involves adding LM to a silicone elastomer
(PDMS) and then mixing the two via shearing to produce a
mixture of particles and a silicone matrix. As the LM particles
are dispersed in this mixture, good flowability and insulating
properties can be achieved even at high volume fractions.
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Thus, it is impossible to print 3D shapes. Therefore, LMS ink
was obtained by concentrating the LM particles by centrifu-
gation; this ink has strong shear reducibility and can be easily
pushed out of a fine nozzle. In addition, the high storage
modulus and shear stress enable retention of the printed
shape. The ink is directly deposited on the silicone elastomer
substrate and then encapsulated. In this state, the ink is not
yet conductive; after encapsulation, the material becomes elec-
trically conductive upon activation by pressure or by freezing
to —80 °C. These mechanisms are in the following order. For
activation by applied pressure, the LM particles coalesce with
each other. LMS ink has low electrical resistance and low hys-
teresis but wiring using this ink has high resistance to stretch-
ing; thus, it is easy to form a multilayer structure. The most
important difference between ordinary LM wiring and LMS
ink wiring is the resistance to damage. Owing to the high
fluidity of ordinary LM wiring, the LM leaks out when
damaged. However, the LMS ink does not leak when damaged;
it can maintain its conductivity, and the change in resistance
due to damage is within acceptable limits.®®

Applications of LM-based
nanocomposite materials

In the preceding section, techniques for fabricating and pat-
terning LMNP and LMNC materials were discussed. In this
section, the use of LMNPs and LMNCs in flexible electronics
applications—with a focus on flexible sensors, actuators, and
batteries—is discussed. In fabricating flexible electronics,
heat-free mechanical soldering is useful because it enables the
manufacture of sheet-like structures, the joining of under-
cooled LM particles through coalescence and solidification,
the joining of thin metal films, and the healing of surface
defects in thin films. Heat-free techniques can be used to
sandwich undercooled particles with thin films (Au and Al),
enabling the production of multiple joints using fewer or
smaller particles through the tuning of applied stresses such
as orthogonal stress.>® In addition to enhancing the applica-
tional performance of different types of devices, LM-based
nanocomposite materials are beneficial for battery energy
storage systems, in which LMNCs are often used as anodes
because of their self-healing property, which boosts battery
capacity and stability. LM-based nanocomposite materials
alter the mechanical properties of sensors and the conduc-
tivities of actuators, enabling their application in the soft
robotics used in drug delivery systems.

Sensors

LMs are widely used in several types of sensors, such as gait
sensors,”> wireless strain sensors,”” pressure sensors,’? and
optical sensors,”® because of their high elasticity and high
level of biocompatibility. Since LM has high rigidity against
deformation, they have been mainly used in sensors requiring
high elasticities. In recent years, sensors that realise more
functions in combination with LM and other nanoparticles
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Fig. 4 (a) Illustration of composite (scale bar = 25 pm).®® (b and c) LED circuit unaffected by strain.®® (d) Material schematic of LM-PDMS compo-
site,%® and (e) scanning electron microscope (SEM) image showing dispersion of LM droplets (pink colour) inside a flexible and stretchable PDMS
matrix (scale bar = 30 um).%° (f) Evolution of LMNP morphology as the laser power increases from 10 to 80%. The laser power is normalised against
a 100% pulse fluence of 20 mJ cm™2. The two cases shown occur at pulse durations of 5 and 100 ns, respectively; scale bar: 200 nm.®? (g) Graphical
depiction of the fabrication and application of a hydrogel-LMNP composite device.?* (h) Inkjet printing of EGaln nanoparticles onto a rubber glove
for use in stretchable electronics.®® (i) Working mechanism of the LMNP-based triboelectric nanogenerator.”® (j) Application of 3 x 3 tactile inter-
faces as trigger keyboards.”® (k) Concept of smart footwear with energy harvesting, force sensing, and wireless data connectivity capabilities.”*

have been proposed. Herein, LM particle usage in sensors is
discussed under three broad categories: (1) using LMNPs with
elastic insulation materials, (2) using LM with rigid metal
nanoparticles, and (3) using other nanoparticles aside from
LM to obtain new characteristics via interactions.

Sensing system using LMNPs. Since LMs have excellent elec-
trical properties, studies have been conducted to evaluate their
electrical properties when mixed with materials having poor
conductivities. A method to endow electrical properties on
highly elastic polymers by dispersing LMNPs into the polymer
has been proposed®® (Fig. 4a—c). It is impossible to obtain
good conductivity by only adding LM inside the nonconductive
polymers. However, this study succeeded in obtaining conduc-
tivity selectively by applying concentrated pressure, under
which the LM distribution in the polymer changed and the
particles were partially interconnected. Thus, an arbitrary
circuit was formed on a polymer and LM composite, and the
resulting wiring behaved as a strain sensor.

A pressure sensor was fabricated by dispersing LM particles
in PDMS®° (Fig. 4d and e). Conventional LM pressure sensors
are based on piezoresistive effects of the LM wiring; such
sensors indicate the change in resistance based on the applied
pressure. Currently, this sensor conducts only when a certain
pressure is applied. In addition, the threshold pressure can be
adjusted according to the amount of LM to be added.

It has also been reported that a similar effect can be
obtained by laser irradiation rather than by applying physical
pressure®® (Fig. 4f); research shows that it is possible to obtain
an LM with a two-phase structure where the LM and solid
oxide phases are separated by irradiating the LMNPs with a
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laser. Arbitrary wiring has been successfully achieved using
this method, and the obtained structure can be used as a
strain sensor and microheater.

It is generally known that ultrasonication of a LM in a
solvent produces fine nanoparticles,'®*"®* and a study has
reported the fabrication of stretchable strain sensors using
this technique® (Fig. 4¢). In the study, LM particles were dis-
persed in a hydrogel by ultrasonication, and gelatinised LM
particles were wired as strain sensors. The device thus behaved
as a robust composite by combining the ions in the gel with
Ga ions to constitute a core-shell structure. This device not
only has high elasticity and good electrical characteristics but
is also self-healing.

Another study®® reported a sensor, electrode, and wiring
that was integrally moulded on a rubber glove (Fig. 4h). This
highly elastic conductive material was prepared by printing
LMNPs directly using an inkjet printer; the LMNPs were fabri-
cated by ultrasonication and thiol self-assembly, and the
average particle size was tuneable in the range of 180 nm to
600 nm. Similarly, power generation using a nanocomposite
sheet containing nanoparticles dispersed by ultrasonic treat-
ment has been reported”® (Fig. 4i and j); herein, LMNPs were
patterned on a PDMS film, and power was generated by tribo-
electric charging using a copper foil. Thus, a pressure sensor
that allows measurement of the applied pressure using current
is achieved.

A method of manufacturing a triboelectric power gene-
ration device and a capacitive sensor using LM particles and
soft silicone elastomer has been proposed”’ (Fig. 4k); this
sensor is fabricated by mixing LM particles with the silicone
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elastomer and moulding them into a porous structure using
salt. The developed sensor can detect pressure through capaci-
tance changes due to deformation based on the applied
pressure, thereby harvesting electrical power from motion
through a smart device embedded within the user’s shoes.

LM with addition of other nanoparticles. In recent years,
numerous studies have been conducted on changing the
characteristics of LM by the addition of metallic or non-metal-
lic particles. It is possible to change the electrical, mechanical,
and magnetic properties by adding other materials into the
LM, and the physical properties can be varied according to
requirement. The mixing of fine copper particles into LM was
proposed™® (Fig. 5a) for improving the electrical and thermal
conductivities. This work shows that certain characteristics
can be obtained by alloying Ga-based LM with copper particles
and that the mechanical characteristic of this material can be
changed by the amount of copper particles added. Through
this work, the LM is shown to have behaviours similar to a
solid-liquid two phase material, which allows excellent work-
ability for the LMNCs, that is better than for pure LM. This
technique was also applied to study Ni particles mixed in LM”®
(Fig. 5b and c). Mixing Ni particles into an alloy of Ga and In
produces a gum-like material with high electrical conductivity
and good adhesion. Hence, it can be directly printed on sub-
strates made of various materials as well as used for the fabri-
cation of highly stretchable sensors. A data glove using such a
sensor was demonstrated to be able to read finger actions,
indicating its suitability for wearable devices. However, there
have been reports of alterations in the mechanical properties
of LMs through mixing with CNTs** (Fig. 5d). In the study in
question, the physical connections between the LM particles
were enhanced by adding fine Pt particles and CNTs to
improve the mechanical strength of the LM. Using this nano-
composite material, three-dimensional wiring with LM is
enabled with high elasticity, and the change in electric resis-
tance due to deformation can be measured.
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In addition to such physical sensors, sensor applications
for detecting magnetic forces have been proposed. Magnetic
fluids are widely used in liquid-state magnetic applications
owing to their unique magnetic and fluid characteristics;””""®
however, in recent years, many magnetic devices using LM
have been proposed because of their high boiling points and
low volatilities. In order to provide magnetic characteristics to
LM, several studies have reported the dispersion of Fe and Ni
particles in LM.”?"® Metallic glass composed of Fe [73.5]:
niobium (Nb) [3]: Cu [1]: silicon (Si) [13.5]: boron (B) [9] has
been mechanically mixed with two kinds of LM (Fig. 5e-h),
namely gallium-tin (Ga-Sn) and Ga-In, to produce magnetic
LM with strong magnetic forces and sensing capabilities with
respect to temperature.®?

Interactions between LM and other particles to obtain new
characteristics. To sufficiently utilise the functionality of LM,
several methods have been proposed to not only fabricate
LMNPs or disperse other material particles in LM but also use
nanomaterial composites in the peripheral environment of
LM. In the past, several studies were conducted to fabricate
highly stretchable physical sensors by filling LM into channels
formed on flexible silicone elastomers.®*®** A highly stretchable
sensor capable of detecting magnetic fields in addition to
physical forces was fabricated and reported®® (Fig. 6a and b).
This sensor detects tension and pressure via the electrical re-
sistance of the LM wire, which changes according to the
applied physical force. In addition, Fe nanoparticles are dis-
persed in the elastomer constituting the flow channel, whose
flow path diameter is changed by the applied magnetic field.

LM sensors and wiring using Ga-based films with liquid-
solid two-phase structures have been reported** (Fig. 6¢ and
d); in the study, Ga and Au are alloyed on an Au surface by
thermal vapor deposition, and the alloy was fabricated on a
PDMS thin-film substrate. Vapor deposition of Ga on an Au
film produces a two-phase structure in which the liquid Ga
and solid Ga-Au alloy are mixed. This solid-liquid two-phase

cover glass

cover g|i135 magnet

Fig. 5 (a) Free-standing TransM2ix “sandcastles” made by moulding (left: ¢ = 0.15; middle and right: ¢ = 0.20); scale bar: 10 mm.*° (b) Luminescent
behaviour of the wearable Ni—-Galn sensor on the finger;”® (c) surface SEM image of the directly printed Ni—Galn wire on an Ecoflex substrate;”® (d)
schematic illustration showing the preparation of the CNT/LM composite using Pt as the interface material, and an SEM image of the 3D printed
CNT/LM composite;?? (e and g) behaviours of the droplets of Ga [85.8]: In [14.2] magnetic functional fluid and (f and h) water-based fluid.®*
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Fig. 6 (a) Digital images of the LM based magnetoresistive strain sensor (LME-MRE) array under various types of mechanical deformation;®® (b)
schematic illustration of the magnetic—electric coupling sensing mechanism;%¢ (c) stretchable biphasic (solid—liquid) thin metal films for flexible
electronics;** (d) relative changes in the electrical resistance of a biphasic Au—Ga conductor prepared with an atomic ratio of g = 13 and deposited
on a polyurethane substrate (n = 10 samples, +5.D.);** (e) schematic of the procedure for fabricating the LM-filled magnetorheological elastomer.®”

metal wire showed electric resistance changes to deformation
without breaking under large deformations. In the study, an
application to detect the bending of the finger was demon-
strated. A strain sensor with a positive piezoresistive effect was
fabricated by dispersing LM particles with other metal par-
ticles in a silicone elastomer®” (Fig. 6e). The resistance of a
conventional piezoresistive sensor increases with tensile defor-
mation, but the resistance of the proposed sensor decreased
during stretching. Furthermore, owing to the acquired charac-
teristics from the added metal particles, the sensor could
detect magnetic fields.

Actuators

The wide range of applications of wearable devices and soft
robots suggests that stretchable electronics have great poten-
tial in the future. The most important characteristic of stretch-
able electronics is their ability to maintain reliable and stable
performance under mechanical deformation.®® With the rapid
development of technology, it is important to maintain good
conductivity while withstanding large strains.®® For a stretch-
able device, stretchability and good conductivity are important
attributes; hence, it is a challenge for many researchers to
develop such devices by selecting suitable materials with the
desired properties (high stretchability limit and stable conduc-
tivity). Herein, we briefly discuss the conductivities of LMNCs
and LM-based soft robotic materials in transportation systems.

In recent years, with the rapid development of wearable
electronics and soft robots using stretchable actuators, stretch-
able technologies have become an important emerging field,
and innovative research on the application of actuators to
sensors and circuits has gradually developed from the poten-
tial of materials to stretch like rubber.’® LM wires can be
stretched to a greater length than conventional wires, and the
LMs not only have low Young’s moduli but also retain excel-
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lent conductivities under large deformations; therefore, Ga-
based LM is used in stretchable circuits. Depending on the
composition of the LM, there are different methods to manu-
facture stretchable electronics. The LM has very good fluidity
and is softer under tension than the commonly used materials
for stretchable electronics. Using this property to inject LMs
into stretchable channels is a simple and convenient method
of fabricating stretchable devices. For example, when LM is
injected into hollow poly(styrene-b-(ethylene-co-butylene)-b-
styrene) fibres, the resulting stretchable conductors can main-
tain good conductivity even at 700% deformation.”* This
method can be used to develop complex and scalable conduc-
tors for sensitive pressure sensors; for example, by injecting an
LM into a channel with a Wheatstone bridge structure, the
sensor can detect pressure changes below 50 Pa with response
times as short as 90 ms.”* A lead wire can be fabricated by
injecting LM into a spring-like spiral, stretchable channel.
When the lead wire is stretched, a resistance changes of only
1/100th of that of the normal LM lead wire is produced, so
actuators can be more stably controlled by using them as
heaters.”*

LMs have excellent thermal conductivities; thus, their uses
for cooling have been considered. With the development of
wearable devices and soft robots in recent years, improving the
speed of heat conduction has also become an issue.
Composites in which LM particles are dispersed in a platinum
(Pt)-catalysed organosilicon elastomer have been developed
(e.g. Ecoflex 00-30) with a low Young’s modulus (<100 kPa),
high deformation limit (>600%), and high conductivity*”
(Fig. 7a). This material can rapidly dissipate heat without
allowing the production of electricity via high-strength and
repeated expansions and contractions. With the advent of
newer electronics and the 5G age, electromagnetic interference
(EMI) is one of the problems that must be addressed. 3D LM-
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Fig. 7 (a) Thermal conductivity of the LM with soft composite,*” (b) strain test of LM with soft composite,®? (c) stretchable dielectric based LMEE,**

(d) LM-elastomer nanocomposites.®

skeleton-based polymer composites are stretchy materials that
provide good conductivities, with up to 400% tension, while
shielding large amounts of EMI°*> (Fig. 7b). Such materials
have shown stable electrical conductivities and effective EMI
shielding even after 10 000 cycles of tensile tests with up to
250% strain.

LM nanocomposites with polymer. LM droplets can be
added to elastomers to produce systems with fully flexible
electro-elastic properties®® (Fig. 7c). The dielectric constants
and maximum strains of LM-embedded elastomers (LMEEs)
can be enhanced to more than 400 and 600%, respectively, of
their non-embedded values. LM-elastomer nanocomposites
with different sizes of LM particle have been compared in mul-
tiple experiments to study the effects of LM particle sizes on
the dielectric and mechanical properties of composite
materials® (Fig. 7d). When the LM particles are of the order of
nanometres, the composite materials have enhanced electrical
permittivities but do not have significantly reduced tensile and
dielectric breakdown strengths. When the LM particles are of
the micrometre order, the permittivity of the composite
material improves, but the dielectric breakdown strength
decreases considerably. This material property can be ther-
mally controlled by embedded thermal actuators. A stretchable
and reversible transitional insulator and conductor (TIC) with
a polymer that can switch between the insulator and conduc-
tor via temperature changes has been reported® (Fig. 8a). At
room temperature, the LM is surrounded by silicon resin, so
that the LM particles are disconnected from each other and
cannot conduct electricity. At low temperatures (7 = 212 K), the
LM solidifies and expands in volume, while the insulating
polymer hardens and shrinks. In this state, the LM droplets in
the TIC contact each other, causing large changes in the
specific resistance. Because they can withstand up to 680%
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deformation, such switch-like properties strengthen the poten-
tial of the enabled TICs in microelectronic or soft robot appli-
cations. Generally, Ga-based LM is liquid at room temperature,
but under low temperature environments, solidification occurs
even when LMEEs are formed by embedding LM particles in
the elastomers; thus, Ga-based LM products cannot be used in
such conditions. Research on LMEEs and performance tests
have been conducted by controlling the LM droplet diameters
in composites and polymer materials®® (Fig. 8b). During the
tests, the LM droplets still retain good mechanical properties
at low temperatures (<—80 °C) and operate normally. This
finding extends the utility of LM composites in various fields,
and conductors made of such materials maintain stable elec-
trical conductivity and stretchability even in cold environ-
ments. LMEE actuators have been used in retractable wires of
stretchable thermoelectric generators (TEGs) to collect electri-
cal energy from the heat radiated by the human body in cold
weather conditions®® (Fig. 8c). Since the TEG is wrapped in the
LMEE, it is soft and comfortable enough to be attached to the
human body; further, it can serve as a heat sink, converting
the collected thermal energy into electrical energy to drive
sensors in other wearable devices.

LMNPs as conductors. The conversion of LMNPs into micro-
fluids via mechanical sintering has been reported® (Fig. 9a).
In this method, the LM is dispersed into nanosized droplets in
ethanol by ultrasonication, and the resulting LMNPs are then
transferred into PDMS via printing or injection. Finally, the
insulating film of the LMNPs is broken through the appli-
cation of mechanical pressure and connected to a stretchable
lead wire with a specific shape. Systems for conducting this
sintering process are easier to manufacture than laser sinter-
ing systems. A self-healing flexible composite based on LM
microdroplets has also been reported®” (Fig. 9b). This compo-
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soft actuators;®* (e) filling graphene flakes with LM.®

site material retains its insulating state upon inactivation and
exhibits conductivity that does not change significantly upon
deformation following activation. In the event of mechanical
failure, the LM droplets around the failure point connect to
their adjacent droplets to function as an electrical system. A
soft robot developed with this material can continue to
operate even when mechanically damaged. LMs form oxide
films rapidly and have high surface tension but are incompati-
ble with other materials; it is not easy to spontaneously com-

2126 | Nanoscale, 2021,13, 2113-2135

posite LMs with other materials. Generally, electroconductivity
is induced by mechanically squeezing the LM particles con-
tained in the polymerisation species; however, this method
reduces the integrity of the overall structure slightly. A stretch-
able device made of LMNPs can be rapidly produced by laser
sintering®" (Fig. 9¢); by focusing and sintering with the laser
beam, the oxide shells of the nonconducting LMNPs rupture,
and the LM aggregates to form conductive paths. This method
is highly accurate, fast, and mass-producible compared to con-
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ventional physical sintering and can be used to fabricate mul-
tilayer soft electronic devices that are difficult to fabricate by
conventional methods. Ga-LM based elastomers have good
conductivities and large response limits, but their stretchabil-
ity is susceptible to mechanical disruption, which affects con-
ductivity. Biological nanofibrils (NFs) are used to induce LM
droplets at ambient conditions for sintering the conductive
coating layers to form composites with sufficient stretchability,
conductivity, durability, and degradability** (Fig. 9d). It is
believed that the sizes of LM droplets can be reduced by
adhesion to NFs (>50 nm) and that approximately 0.05 wt% of
NFs promote liquid bridge formation between the LM droplets
during evaporative sintering. The various polar groups of the
NFs enable excellent adhesion, expansion, and contraction of
the LM droplets. A film composed of an EGaln-rich lower layer
and an NF-rich upper layer can be bent at high speeds (120°
s~") in response to low voltage, light, and humidity; it is also
an excellent material for a soft actuator. PDMS filled with LM
and graphene shows high conductivity and stretchability as a
composite material®® (Fig. 9e). The graphene sheet fills with
the LM when it is subjected to appropriate pressure and forms
a conductive path even at relatively high pressures (>30 kPa),
with minimal changes in the rate of change of electrical resis-
tivity. This property renders compatible materials suitable for
use as reliable lead wires under high pressure conditions.

LM in transportation systems. In addition to their excellent
electrical conductivities, LMs have excellent performance in
many applications, such as drug delivery (Fig. 8d). Delivering
drugs safely to the designated area in the body maximises the
therapeutic effects and has thus far been a difficult task.
LMNPs with low toxicity are good candidates as drug carriers.
An anticancer drug delivery system using LMNPs has been
developed”® (Fig. 8d); when LMNPs are fabricated using ultra-
sonic waves, the anticancer drugs are placed on the LM par-
ticles with functional groups that can distinguish tumours.
Upon entry into tumour cells, the pH-responsive drugs are
released, and the LM degrades. Although this method has not
been observed to be toxic in studies, more assessments are
needed before it can be used in humans. In later research,
LMs were used to produce nanoscale transformers covered
with graphene quantum dots (GQDs), which can deliver drugs
efficiently'® (Fig. 8e). In recent studies, low intensity rotating
magnetic fields have been shown to control LM droplets to kill
bacteria'®* (Fig. 8f).

Batteries: LM alloys for energy storage systems

Owing to their inherent deformability, high conductivity, and
excellent electrochemical properties, LMs have been used in
several applications as sensors and circuits,'®* with feasibility
in the energy sector as well."%'°* Among these, Ga-based and
sodium-potassium (Na-K) alloys have attracted much atten-
tion in recent years. Since LMs that are made of these two
alloys are in the liquid state at or near room temperature, they
are free of thermal corrosion and sealing problems, with
simple cell manufacturing processes compared to those for
high-temperature LM batteries.'*>'°® In addition, the problem
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of dendrite growth may be avoided by the self-healing func-
tion.’®” The role and future potential of LM in the energy
sector are discussed in the remainder of this section, along
with the latest research.

Ga and Na-K alloy-based active material. Ga metal and Ga-
based alloys such as Ga-In have relatively low melting points
and possess special electronic and thermal properties as well
as fluidity.'°® Therefore, they are suitable not only for flexible
and self-healing electronic components but also for batteries.
Ga-based liquid alloys, which inherit the fluidity of LM, have
the potential to avoid damage due to dendrites and volume
expansion while maintaining high specific volumes as alloy
electrodes. In an early study, the direct use of Ga as a Li-ion
battery (LIB) anode was reported, with the capacity contributed
by each stage of alloying yielding 91% of the theoretical
capacity in electrochemical tests, as shown in Fig. 10a-i.'"°
However, the cycling capacity of the cells in this study was
limited to less than 30 cycles, and the capacity decreased to
less than 500 mA h g~" in the first 10 cycles. This indicates
that extra thermal energy input is required and that cracks
may occur in the intermediate stages, as shown in Fig. 10a-ii.
Such large cracks can decrease the stability of the product.

In contrast, dual-element alloy electrodes, such as those
made of Ga-Sn and Ga-In alloys, have melting points close to
room temperature at eutectic concentrations, while ternary
alloys like Ga-Sn-Li and Ga-In-Li have melting points above
room temperature over the entire concentration range.''®''!
However, since these battery reactions are reversible, the alloy
electrodes return to liquid phase and have the ability to
recover from defects due to the high surface tension of the
LM.

Chen’s group reported Ga-Sn alloy particles dispersed in a
framework of graphene oxide (GO) and CNTs as a self-healing
LIB anode with excellent cyclability, capable of 4000 cycles at
4C (Fig. 10b)."" Ga-In LM batteries that can achieve high
cyclability without a complex framework for electrodes have
been reported.’™® In these devices, bulk LM is dispersed into
LMNPs using ultrasound waves and the resulting LMNPs are
simply mixed with conductive carbon and binder before
casting onto a current collector in the same manner as that
used to prepare solid electrodes (Fig. 10c). Scanning electron
microscopy was used to observe the LM droplets in the initial
liquid state in the form of spheres, and absorption of Li ions
turned the droplets into a nonspherical solid state; the
delithiation process was used to restore the alloy to its spheri-
cal form. Compared with the bulk LM, the LMNPs are not pul-
verised or delaminated from the substrate, thereby confirming
the stable and long cyclability. These studies show that no
extra heating is required to obtain stable Ga-based self-healing
LM anodes; the synthesis of LM into LMNPs eliminates
volume expansion and provides a kinetic advantage, resulting
in better cycling and kinetic performances.

While solidification of Ga-based LM electrodes can cause
delamination and cracking, appropriate preparation of the par-
ticles dispersed in a conductive framework can effectively solve
this problem. In addition, high-capacity anodes with excellent
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suspended in conductive carbon and a binder as LIB/SIB anodes.**

cycling characteristics can be developed as alternatives to the
graphite and lithium titanium oxide (Li;TisO;,) used currently.
Ga-LM-based flexible batteries have also been studied. The use
of EGaln as an anode material in the fabrication of a non-
rechargeable cable-type battery (Fig. 12a)'** has been demon-
strated. The battery was shown to be highly flexible and elastic,
with a bending radius of less than 1 mm and a stretchability of
up to 100% strain. Furthermore, the battery could easily
recover from any degree of bending without impairment of its
electrochemical performance and exhibited a high degree of
retention of its discharge performance after stretching. A self-
healing conductor comprising Ni flakes, EGaln particles, and
carboxylated polyurethane incorporated in a robust energy
storage device is fabricated (Fig. 12b);**® this product is 200%
stretchable without any performance degradation and retains
its original capacity for 600 charging/discharging cycles and
1000 stretching/releasing cycles. A soft-matter, rechargeable,
stretchable battery was fabricated with an EGaln LM (eutectic
alloy with 75 wt% Ga and 25 wt% In) anode, a manganese
oxide (MnO,) cathode, and an alkaline hydrogel electrolyte
embedded in soft silicone packaging (Fig. 12c).""® This battery
could stably cycle within a voltage range of 1.40-1.86 V at 1 mA
em ™2 while subject to 100% tensile strain.

Alkali metals (e.g. Li, Na, K) are promising anode materials
owing to their high specific volumes and low redox
potentials."*”"*?*> However, secondary batteries using alkali
metals are prone to infinite volume changes during cycling,
parasitic reactions with the electrolyte, dendrite growth pro-
blems leading to short circuits, and safety issues. Various
approaches have been considered to solve these alkali metal
problems, including preparation of new liquid electrolytes,

2128 | Nanoscale, 2021,13, 2113-2135

development of solid electrolytes, design of artificial solid elec-
trolyte interphases (SEIs), and adoption of nanostructured
current collectors.’'>"?*>°> Although the alkali metal volume
change and electrolyte problems during cycling have been sig-
nificantly alleviated, the dendrite problem is specific to alkali
metals and needs to be resolved. In this regard, LM anodes
can be adopted as a promising strategy to mitigate dendrites
in alkali metals.’*® In contrast to solid electrodes, liquid elec-
trodes are deformable and self-healing;'*” in commercial Na-S
and Zebra batteries, long-life and dendrite-free operations
have been demonstrated using hot molten Na as the anode
and solid electrolyte membranes as separators.’”® It has been
reported that Na and K can form liquid alloys at room temp-
erature and may be promising alternative anode materials in
high-energy and safe alkaline ion batteries.'%”>">°

The room-temperature LM Na-K alloy can be absorbed
onto a porous carbon substrate to produce a high-capacity
K-ion anode without dendrites (Fig. 11a).'®” Moreover, the Na-
K anode can be applied to porous membranes such as carbon
(C), Ni, Cu, and aluminium (Al) using the vacuum penetration
technique (Fig. 11b)."*° The electrodes can be retained within
the porous membrane even when they are bent or in contact
with the separator. The designs for the Na-K-Al membrane
anode, Na,/3Ni;/3Mn,/30, cathode, and common carbonate
electrolyte containing sodium perchlorate (NaClO,) for room-
temperature rechargeable Na-ion batteries (SIBs) have been
demonstrated. The LM Na-K anode coupled to a graphite-
intercalation compound (GIC) is reported,"" where a sym-
metric cell with the designed Na-K anodes exhibited unpre-
cedented cycling stability at very high current densities
(Fig. 11c). A novel dendrite-free self-healing potassium oxide

This journal is © The Royal Society of Chemistry 2021
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(a) Schematic of a room-temperature Na—K alloy anode showing the advantages of self-healing and dendrite-free behaviours. For solid Na

or K metals, serious dendrite growths can penetrate the separators and cause internal short-circuits.’®” (b) Vacuum infiltration of the Na—K alloy into
various porous substrates (Cu/Al/Ni foams);®*° (c) stable cycling of the Na—K alloy absorbed onto a fibrous graphite substrate;*** (d) photograph of
liquid KOL@Na-K alloy (i) and liquid bare Na—K alloy (ii) on a glass fibre separator containing an organic liquid electrolyte (KPF6) at room tempera-
ture;*?2 (e) (i) SEM and optical images of CM, and (i) schematic of an anode with a liquid alloy adsorbed onto the CM;**? (f) schematic of the ternary

hybrid-cation LM battery.:*3

(K,0) @Na-K liquid alloy consists of the Na-K liquid core and
solid K,O shell (Fig. 11d)."** The K,O not only serves as a pro-
tective layer to prevent the Na-K alloy from contacting the elec-
trolyte but also greatly improves the wetting capability and
adhesion between the liquid alloy and the carbon matrix (e.g.
carbon fibre cloth (CFC)) to form a stable interface.
Consequently, the as-prepared CFC/KOL@Na-K alloy anode
exhibits good electrochemical performance with smaller hys-
teresis (less than 0.3 V beyond 140 cycles at 0.4 mA ecm™>), a
better capacity retention, and a higher coulombic efficiency
than the CFC/bare Na-K alloy. The room-temperature adsorp-
tion of liquid Na-K onto a super-aligned CNT membrane (CM)
and flexible CM@NaK membrane have been shown
(Fig. 11e)."** The immiscibility of the Na-K alloy with liquid
electrolyte enables the fabrication of electrodes comprising
CM@NaK membranes with stable and dendrite-free anode-
electrolyte (liquid-liquid) interfaces. An asymmetric K-ion
capacitor (PIC) has been assembled using CM@NaK as the

This journal is © The Royal Society of Chemistry 2021

anode and activated carbon (AC) as the cathode. The PIC exhi-
bits a high initial capacity of 94 mA h g¢”" at 0.6 A g™', an excel-
lent rate capability (82 mA h ¢g™" at 2.4 A ¢7), and long-term
cyclic stability (63 mA h g~ after 6000 cycles at 2.4 A g™ %),
along with good energy/power density performance. A hybrid
cationic LM battery configuration that inherits the advantages
of both the LM and LIBs was fabricated (Fig. 11f)."** This
unique battery showed better cycling stability, comparable rate
performance, and higher capacity compared to the Li-metal
anode.

Like Ga-LM-based batteries, Na-K-LM-based batteries have
high degrees of flexibility. An organic flexible Na-K battery
that can operate as a SIB or K-ion battery has been pro-
posed."** In this device, dibasic sodium rhodosonate (SR), an
organic electroactive material, is used as the cathode and a
stable hosted Na-K anode is fabricated using vacuum infiltra-
tion. The flexibilities of the liquid anode and organic cathode
were used to successfully construct a flexible alkaline-ion

Nanoscale, 2021,13, 2113-2135 | 2129
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showing high flexibility and stretchability;'** (b) An Ni flakes—EGalnPs—CPU conductor showing (i) the schematics of the mechanically and electri-
cally stretchable and self-healing properties and (i) different strains of the device;''® (c) overview of a stretchable EGaln—MnO, battery: composition
of the battery, various views of the battery under undeformed and stretching/bending states, and a wristband demonstrated with two batteries in
series for powering LEDs incorporated in a stretchable LM circuit;''® (d) photographs of an organic flexible Na—K battery showing flat/bent states
and battery performances as galvanostatic voltage profiles and cycling stabilities;*** (e) schematic of a room-temperature LM battery; (f) (i) optical
image of MXene and MXene/LM papers, and (i) cycling performances of MXene/LM paper and Cu/LM.**°

battery with a capacity of up to 2.1 mA h em™ (Fig. 12d). This
work demonstrated a robust room-temperature LM battery
employing an Na-K alloy anode and Ga-based alloy cathode
(Fig. 12e).”® In the proof-of-concept cell test, the Ga-In-based
LM battery maintained a capacity retention of 99.95% per
cycle with a stabilised coulombic efficiency of ~100%; similar
electrochemical performances were also observed for Ga-Sn
and galinstan-based LM batteries at room temperature. As
described above, LMs with high flexibility and uniform elas-
ticity have great potential as energy storage devices and can be
applied to bendable and wearable electronic devices.

Conductive medium. The use of an LM as the conductive
medium can also improve the degradation of the electrode by
volume shrinkage and dendrite precipitation, while improving
the cycling performance and capacity maintenance.

The Ga LM with sulfur (S) nanoparticles produces a
uniform S-Ga core-shell structure (S@Ga) with an ultrathin
shell of liquid Ga (Fig. 13a)."*® In this S@Ga composite, the
thin Ga shell not only exhibits self-adaptive characteristics to
perfectly adapt to the varying volume changes of S and

2130 | Nanoscale, 2021,13, 2113-2135

restraining polysulfide shuttle, but also serves as a conductive
agent to enhance electronic/ionic transmission, thereby
improving the rate capacity of the S@Ga cathode. Therefore,
the resultant S@Ga cathode exhibits a high capacity of
1295 mA h g~ at 0.1C and high cycling stability with a small
decay of 0.043% per cycle for 1000 cycles at 1C. A conductive,
additive-free nanocomposite anode composed of LM and Si
nanoparticles has been reported,>® where the anode shows
excellent electrochemical properties because the LMNPs
improve electrode degradation owing to volume expansion and
contraction of the Si nanoparticles during the electrochemical
reactions (Fig. 13b). An anode made of lithium spinel titanate
(LTO) mixed with GaSn LMNPs was proposed as a new compo-
site material;"*® this composite anode improved the electro-
chemical properties of the LTO, showing better rate perform-
ance with a capacity of 115 mA h g~' at 500 mA g~' and excel-
lent cycling stability with a reversible capacity of 135.6 mA h
¢~ at 200 mA g~" even after 1000 cycles. A novel self-healing
artificial solid electrolyte interface (SEI) layer was successfully
shown to protect the Li anode using a room-temperature

This journal is © The Royal Society of Chemistry 2021
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Ga-Sn LM alloy (Fig. 13c).”*” In this artificial SEI layer, the LM
not only regulates the Li" flux deposition uniformly but also
avoids volume fluctuations that induce cracking of the SEI
layer upon long-term cycling; hence, excellent full cell cycling
performance can be achieved. Uniform Li deposition on metal-
lic current collectors after coating with a thin 3 °C Galn-Sn-
Zinc (Zn) LM surface layer was reported.'*® The LM layer effec-
tively lowers the nucleation barrier and inhibits growth of Li
dendrites in the deposition process (Fig. 13d). LM can be
applied as a conductive additive to improve the electro-
chemical properties of electrodes. The use of LM therefore
enables the practical application of high-capacity alloy (e.g.,
S and Si) anodes, which experience volume expansion
and shrinkage problems, and Li-metal anodes, which have
dendrite growth and SEI formation problems.

Owing to its high deformation ability, excellent electrical
conductivity, and self-healing capability, LM is expected to be
used in the next generation of energy devices for wearable pro-
ducts. For example, lightweight, flexible, freestanding, and
binder-free MXene/LM paper can be fabricated by confining
3 °C GaIn-Sn-Zn LM in a paper matrix (Fig. 12f)."* The result-
ing composite paper is foldable, bendable, and windable
without shedding. When used as an anode for Li-ion cells, it
exhibits satisfactory electrochemical performance.

Conclusion and future outlook

This paper presented a review of LMs as standalone nano-
particles and in conjunction with added nanoparticles in
terms of applicable fabrication and applicational technologies,
particularly those relevant to sensors, actuators, and batteries.

Easy and convenient fabrication of LMNPs can be achieved
by ultrasonication, where the particle sizes are controllable.
When LM-based materials are patterned for applications, the
printing technique is typically used. LMNPs are also used for

This journal is © The Royal Society of Chemistry 2021

3D wiring to maintain their shapes on the order of 107°® m
even when damaged. Because LMs have high surface tensions,
it is difficult to maintain their shapes when damaged.
However, when the LM is mixed with other nanoparticles, new
properties and characteristics can be gained. For instance, LM
combined with Fe is endowed with magnetic properties, and
LM with Ag has increased conductivity. In other words, the
properties of LM can be improved or newly acquired by
addition of other materials with desirable properties.

For soft and flexible electronic device applications, different
types of physical sensor can be fabricated using LMNCs, with
improved mechanical properties such as magnetic sensing.
Studies on LM show that they are essential components of soft
and wearable electronics; thus, integrating LM with soft
materials such as PDMS or Ecoflex produces flexible actuators
with high electrical conductivities. Such soft robotic devices
are generally desirable and feasible for use in drug delivery
systems. When LMNPs or LMNCs are used as anodes in bat-
teries, the battery capacities, stabilities, and rate performances
are improved, whereas when used as conductive additives, the
electrochemical properties are improved. LMNPs and LMNCs
thus have a tremendous potential as innovative energy systems
beyond the traditional all-solid
batteries.

Further developments in flexible, stretchable, and wearable
technologies can be achieved by adopting or advancing the
unique properties of LM as well as by providing new properties
to LMNC materials. In drug delivery or transportation systems,
LMNPs and LMNC materials can have good effects on medical
device applications; furthermore, many studies are being con-
ducted on improving battery performances using LMs alone.

Even though LM has great potential in many applications,
further development and improvements are needed. Na-K
alloy-based anodes in batteries are good for avoiding dendrite
problems but may cause safety issues when exposed to air or
moisture. Hence, designing good batteries with a safe oper-

and high-temperature
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ation can be challenging. As for the Ga-based anode, improve-
ment of properties other than capacity and volumetric density
is needed.

The challenges concerning LMNPs may be highlighted as
follows. (i) Conductivity improvement of LM particles as the
current state of conductivity is suitable only for low-frequency
devices, such as speaker cables; one of the methods to increase
conductivity is by combining with silver. (ii) Merging LM par-
ticles—the mechanisms behind merging of various LM par-
ticles is not clear. (iii) Storage of LM particles must be investi-
gated as they tend to oxidise over time. (iv) Reducing the sizes
of LM particles is necessary for certain applications, such as
drug delivery; the sizes of the particles can be controlled
during sonication, but it is still a challenge to obtain small-
sized particles in high concentrations. (v) LM contacts with
other metals such as Ga are known to embrittle other metals;
although there are cases where copper wires or graphene thin
layers can be used as barriers, these are not studied in depth,
which creates challenges in combining LM particles with other
metals without barriers.
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