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Abstract

Gallium is a metal that literally melts in your hand. It has low toxicity, near-
zero vapor pressure, and a viscosity similar to water. Despite possessing a sur-
face tension larger than any other liquid (near room temperature), gallium
can form nonspherical shapes due to the thin, solid native oxide skin that
forms rapidly in oxygen. These properties enable new ways to pattern met-
als (e.g., injection and printing) to create stretchable and soft devices with an
unmatched combination of mechanical and electrical properties. The oxide
skin can be transferred to other substrates and manipulated electrochem-
ically to lower the interfacial tension to near zero. The reactivity of gal-
lium can drive a wide range of reactions. The liquid state of gallium makes
it easy to break into particles for making colloids and soft composites that
have unusual properties due to the deformable nature of the filler. This re-
view summarizes the truly unique and exciting properties of gallium liquid
metals.
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Galinstan: a brand
name that is
nonetheless generally
used to describe
low-melting-point
alloys containing Ga,
In, and Sn, for
example, 68.5% Ga,
21.5% In, and 10.0%
Sn (by weight). The
melting point of such a
composition is often
reported at —19°C,
but we cannot find any
original source for this
number and suspect it
may reflect
supercooling, with an
actual melting point
closer to 10°C

Liquid metal (LM):
here, this generic term
excludes Hg or
higher-melting-point
metals. Instead, we use
it to refer to liquid Ga
and Ga alloys since
most of these metals
have similar physical
properties to a first
approximation (low
viscosity and metallic
conductivity). In most
cases, the native oxide
on these LMs is Ga
oxide

1. INTRODUCTION

Gallium (Ga) is perhaps the most interesting and unique element on the periodic table. Dr. Oliver
Sacks, a popular neurologist and science historian, claimed that Ga—an element discovered in
1875 and named after the Latin word for France (Gallia)—was the first element that came to
mind when he tried to identify a favorite element (1). Sam Kean, the New York Times best-selling
author, chose the title The Disappearing Spoon in reference to Ga for his book on the history of
the periodic table. Recently, the American Chemical Society highlighted work using Ga as one of
the top research stories of the year (2), and another perspective article noted that such materials
are experiencing a renaissance (3). Literature references to such materials have grown exponen-
tially (with approximately 21% annual growth) over the past decade (4). So what makes Ga so
interesting?

Ga is a posttransition metal that resides directly below Al on the periodic table and thus has
several similarities, with one notable difference: melting point. Ga melts at 29.8°C, making it a
liquid on a warm day with a water-like bulk viscosity (viscosity 1.99 cps versus 1.00 cps for water)
(5). The low melting point is thought to relate to the mixed covalent and metallic bonding found
in solid Ga in which dimeric species of Ga affect phase behavior (6). Ga can be combined with
several other metals such as In, Sn, Zn, Cd, and Pb to form alloys with even lower melting points;
the lowest is Galinstan, a mix of Ga, In, and Sn, with a melting point near 10°C. Despite having
a low melting point, Ga boils at 2,400°C. Remarkably, Ga has effectively zero vapor pressure at
room temperature, thereby eliminating concerns about breathing it, which, paired with its low
toxicity (7) and antimicrobial properties (8), allows it to be handled safely. The near-zero vapor
pressure also allows it to be used in high vacuum without risk of evaporation (9). Like most molten
metals, Ga supercools, which means it can be cooled significantly below its melting point before
freezing. One study measured 58°C of supercooling (10). Like water, Ga expands when it freezes.
As a consequence, the electrical conductivity decreases when Ga freezes, which is atypical of
metals.

Given these remarkable properties, why is Ga often overlooked aside from its use in semi-
conductors (e.g., GaAs, GaN)? This situation can likely be attributed to several factors. Despite
being relatively earth abundant, Ga costs ~$0.25/g (2020 price) since it is produced by extracting
Ga oxide as an impurity found in alumina. Plus, there is an overgeneralized historical associa-
tion of liquid metals (LMs) with toxicity (e.g., the case of mercury). However, probably the most
pragmatic explanation as to why Ga is not widely employed commercially is a result of its sur-
face reactivity. A paper published in Science in 1954 stated: “Despite all precautions, this gallium
electrode always behaved erratically” (11, p. 390). We now know that this “erratic” behavior is
the result of the high reactivity of Ga with its environment. This reactivity most typically mani-
fests itself in the formation of an ~1-5-nm-thick native oxide that affects the surface chemistry,
wetting, and rheology of Ga. Finally, Ga may get overlooked because it can diffuse into the grain
boundaries of certain solid metals, such as Al, leading to significant degradation of mechanical
properties.

Researchers have just recently begun to uncover the complexity of the Ga surface reactivity and
to harness it for a rapidly expanding array of applications. The ability to manipulate and control
LM and its interface can lead to a wealth of electrochemical, electromechanical, thermomechan-
ical, catalytic, and biochemically responsive properties.

This review seeks to highlight exciting aspects of LM research to illustrate why it is expe-
riencing a renaissance. We use the generic term LM throughout because most LMs contain-
ing Ga have similar properties to a first approximation (12). We focus on research that provides
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conceptual demonstrations. Aspects of LMs have been reviewed elsewhere (13-28); throughout
this article, we point the reader to relevant reviews in context while briefly covering the topics
here.

2. OVERVIEW

Figure 1a depicts a tree with roots representing the key properties of LMs (discussed briefly in the
introduction). The trunk of the tree represents the common embodiments of LMs (bulk fluidic
structures, particles, and composites) that have been used in various applications (the foliage). We
organize the remainder of this review around these three embodiments while noting that some
applications use more than one embodiment.

3. THREE TYPICAL EMBODIMENTS OF LIQUID METALS
3.1. Bulk (Fluidic) Embodiments

Figure 1a,i shows a photograph of a bulk volume of LM. Here, bulk embodiments (typically)
refer to a single, continuous volume or stream of LM. Bulk LM can provide metallic properties
(electrical, thermal, optical, chemical) while providing fluidic attributes (softness, flowing, wetting,
freezing/melting). A bulk embodiment does not have to be large in scale. In fact, it is important
to consider the importance of forces at different length scales to understand the importance of
interfacial forces relative to body forces such as gravity. Gravitational forces acting on bulk LM
can overcome interfacial forces and cause the metal to flow laterally when a LM volume is taller
than ~3 mm, the so-called capillary length. Thus, LM is typically confined in a container unless
it is used at small, submillimeter length scales and/or small volumes.

Bulk embodiments often take advantage of the properties of LM (e.g., low viscosity, high den-
sity, enormous surface tension, metallic conductivity) in conventional fluidic applications because
these properties are significantly different from common fluids such as water or oil. As a conduc-
tive fluid, it allows for the formation of soft and stretchable electronic components encased in
an elastomer. Examples include wires, antennas, and circuits (15, 29). LM can also make gentle
electrical contacts on surfaces at room temperature (30). In electrolyte, the electrically conductive
LM interface can generate Marangoni forces (gradients in tension) for pumping and mixing by
applying potential gradients (31). The high, yet electrically tunable, surface tension and high den-
sity allow for exploration of fluid phenomena at dimensionless numbers that differ from common
fluids, such as water, without the need to change the length scales or velocities of fluid streams (32,
33). Pumping LM is useful for heat transfer and heat switches due to the metallic thermal con-
ductivity of LM (34). Likewise, LM can change shape to enable physically reconfigurable circuits
(35).

3.2. Particle Embodiments

Figure 1a,ii shows an image of LM particles. LMs, because of their low viscosity, can easily be
broken up into colloidal droplets via a number of routes. Such particles were recently reviewed
(27), including their use in the realm of nanotechnology (17). Once formed, particles do not readily
merge back together, even in the absence of surface ligands, as long as the native oxide reforms
on the particles.

Particles are an interesting embodiment because they provide high surface area (which is useful
for catalyzing or initiating reactions), plasmonic optical properties (at very small length scales),
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Figure 1 (Figure appears on preceding page)

(@) Properties, typical embodiments, and applications of Ga liquid metals (LMs). The roots represent the key properties of LMs, the
trunk represents key embodiments of LMs, and the branches represent applications of LMs that build on these properties and
embodiments. The three typical embodiments are (7) bulk, (i7) particles, and (i) composites. (b)) A common thread that unites LM
research is the importance of interfaces. The inset shows the importance of the interface for enabling most applications. () LM droplets
(with diameters less than 1 mm) are extruded from a nozzle and “stacked” on top of one another. The presence of an ~1-3-nm-thick
surface oxide layer allows the liquid to maintain this snowman shape, despite being a liquid with enormous surface tension. (i) The
oxide, which is between the red arrows, is evident on a LM particle imaged by a transmission micrograph. (i7i) In the absence of the
oxide layer (removed by 1 M HCI), the metal beads up due to the large surface tension of the bare metal. (7v) In air, LM consists of a
liquid core surrounded by a native oxide shell, which can be chemically coated or functionalized (not to scale). (v) The process of
advancing and receding LM onto a substrate illustrates the role of this oxide in setting interfacial behavior. Without the oxide, LM
would not adhere to most substrates. The downward pointing red arrow denotes liquid being pumped out of the nozzle while
advancing, and the upward arrow denotes liquid being retracted back into the nozzle while receding.

and interesting phase behavior (including enhanced supercooling at small particle sizes). They
also offer a metallic alternative to conventional polymeric or oxide colloids while retaining soft
mechanical properties.

3.3. Composite Embodiments

Figure 1a,iii shows a photograph of a composite consisting of LM filler in a polymer matrix.
LMs are unique fillers for composites for at least two reasons. First, whereas rigid fillers stiffen
composites, LMs can be added to change certain properties of elastomers (dielectric constant,
electrical conductivity, thermal conductivity) while maintaining mechanical properties that are
soft and stretchable. Second, LM fillers can change shape when the composite is deformed, which
can lead to unique strain-dependent properties. Recent reviews highlight LM composites (16, 19).

4. THE ROLE OF THE INTERFACE: THE DEVIL'S ELIXIR

The Nobel laureate Wolfgang Pauli said, “God made the bulk; the surface was invented by the
devil” (36, p. 291). If this statement is true, the devil may be smiling because most applications
and embodiments of LM are interface enabled. While the native oxide has led to a great deal
of frustration in the past from researchers wanting a simple nontoxic drop-in replacement for
mercury (11), here we show that as the oxide has become better understood, these interfacial
properties are becoming ever more useful.

4.1. Reactivity

Ga is inherently reactive since it readily gives up electrons (oxidizes) to form Ga**, the most stable
oxidation state of Ga. Ga LM can react with ambient molecules to form a self-limiting (passivating)
film (Figure 15,ii). In air, this process results in the nearly instantaneous formation of a native
oxide at the interface, typically in the form of 1-5-nm-thick Ga, Os, which is likely an amorphous
or poorly crystallized film. There are a number of ways to functionalize the outer surface of LMs
with small molecules or macromolecules to form a coating layer and either utilize or modify this
reactivity to suit one’s needs (18, 27) (Figure 1b,7v). In other environments, such reactivity can
lead to redox reactions and changes in composition and can also initiate polymerization (37). LM
can also be used as a nonfouling catalyst or electrocatalyst due to poor adhesion between the metal
interface and carbonaceous products and by-products (38).
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386

4.2. Interfacial Tension and Shaping Liquids

The bare metal has the largest tension of any liquid at room temperature (>700 mN/m) (39) yet
can form metastable shapes in ambient conditions because of the formation of the surface ox-
ide. Figure 1b,i shows a photograph of stacked droplets that maintain their shape due to the
oxide shell. This oxide is amphoteric; that is, it can be removed using strong acids or bases.
In the absence of oxide, surface tension drives the stacked droplets to combine into a sphere
(Figure 1b,#ii). Surface segregation of alloy species [e.g., In in the case of oxide-free Ga-In (40)]
and surface layering (41) can further complicate the interfacial behavior.

4.3. Rheology

The oxide also impacts the rheology of LM. Due to the low viscosity of the metal, it can flow
easily as long as the applied pressure is sufficient to rupture the oxide layer. In ambient conditions,
the pressure required to break the native oxide scales with the interfacial curvature multiplied
by the surface yield stress, 0.2—0.6 N/m; for comparison, the interfacial tension of water is 0.072
N/m (12, 40). These attributes imbue the oxide-coated LM with yield stress behavior (42). Above
this stress, the metal flows and can be injected, sprayed, smeared, and extruded. Below this critical
stress, the oxide allows the metal to maintain its shape, which is important for patterning liquids.

4.4. Wetting

The oxide affects and complicates the wetting behavior. Bare LMs have large contact angles on
surfaces (that is, they do not wet them), with the exception of some metals, in which case the wet-
ting is reactive due to metal-metal interactions. In contrast, oxide-coated LM adheres to nearly all
flat surfaces. Advancing the metal against surfaces helps improve adhesion due to the formation
of new oxide, which presumably makes more conformal contact with the substrate (43). The ad-
vancing angle is typically large, regardless of the substrate chemistry, due to the need to rupture
the oxide in tension. Yet the oxide causes the metal to pin to the surface during receding, resulting
in huge contact angle hysteresis (Figure 15,v). The oxide’s presence lowers the interfacial tension
of the metal at the metal-oxide interface, yet as a thin and brittle solid, it can break, reform, and
wrinkle. A few strategies have been developed to overcome this adhesion of the oxide, including
using rough surfaces (44, 45) and thin liquid lubrication layers (46) and functionalizing the surface
of the oxide (47).

5. IMPLICATIONS, PROCESSES, AND APPLICATIONS
OF LIQUID METALS

5.1. Advanced Manufacturing and Applications of Bulk (Fluidic) Liquid Metals

The fluid nature of Ga allows it to be used and processed in a variety of ways that are not possible
with conventional, solid metals. Figure 2 shows several examples of ways to pattern Ga LMs that
uniquely take advantage of the liquid nature, as reviewed in depth elsewhere (14, 22).

5.1.1. Patterning. LM can be injected into capillaries—including those formed via 3D
printing—by applying a pressure differential to yield the oxide. The pressure can be applied using
positive pressure (40) (Figure 24) or even more simply by vacuum filling (48) (Figure 2b).

LMs can also be patterned additively, as reviewed recently (28). Direct writing with LM can be
achieved by bring the nozzle in close enough proximity to a substrate. The oxide adheres to many
substrates, and subsequent movement of the nozzle parallel to the surface creates LM patterns
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Liquid metals (LMs) can be patterned in unique ways relative to solid metals. (#,5) Injecting (#) and vacuum filling () of LMs into a
microfluidic channel. (¢,d) Direct writing (c) and additive patterning (4) of LMs onto a substrate. (¢) Inkjet printing of LM or LM
nanoparticle (LMNP) suspension onto a substrate. (f) The printed LMNP bed can be rendered conductive by sintering the particles
(rupturing them so they merge). (g) Spray printing of LM onto a stencil. (b) Extruding concentric streams of polymer and LM to form
fibers. (i) Laser ablation of LM films. (j) Magnetically dragging a magnetic LM droplet across a surface to leave behind traces of LM.
(k) Printing LM using topographical molds featuring selective wetting patterns. (/) Inducing wetting of LM on existing Cu traces by
reducing the oxide layer.
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(Figure 2¢). Droplets naturally form by extruding metal from a nozzle but can be rendered into
wires by applying tensile or shear force to the oxide shell (49) (Figure 2d). This process requires
adhesion of the oxide-coated metal to the underlying substrate. Stresses arise by moving the nozzle
relative to the substrate in tension or shear (28). Interestingly, recent work has shown that small,
printed structures can be lifted off the substrate and moved to another location for reconfigurable
printing (50). The conductivity of LM also allows for application of voltage between the LM and
the substrate to control and enhance wetting during printing (51).

Although the tension of LMs is too large for conventional inkjet printing, LM nanoparticles
(LMNPs) can be printed in a carrier solvent such as ethanol (52) (Figure 2e). Such structures
are not inherently conductive. Yet LMNPs can merge by mechanical sintering, which occurs by
simply applying a compressive force (52) (Figure 2f). Lasers can also cause sintering (53). The
pressure required to sinter the particles can be tuned by modifying the oxide shell (54). Similar me-
chanical sintering can be completed by applying tension on covalently linked particles (55). These
techniques can result in electrical behavior that demonstrates invariable resistance to strain, as the
connected path that forms is hypothesized to form a tortuous, contiguous 3D morphology. LMs
can also be spray painted over a stencil (56) (Figure 2g). Although liquids typically exit nozzles
as droplets, wires can be formed by coextruding a coaxial stream of polymer that encapsulates
the metal (57) (Figure 2b). Subtractive patterning is also possible; with sufficient energy, lasers
can ablate portions of LM films (Figure 27) to create features small enough to make transparent
conductive surfaces (58, 59).

LM can also be printed using a configuration similar to a ballpoint pen (60). Similarly, by
dispersing magnetic particles in LM droplets, it is possible to magnetically drag such droplets
across a surface to leave behind traces of LM (61) (Figure 2j). This approach does not have the
same resolution as the others discussed but is distinguished by being a completely noncontact
approach for patterning.

Whereas nozzle-based printing techniques are serial, other additive techniques can print over
larger areas in parallel. Stencil printing of LMs that relies on the adhesion of LMs to exposed
areas of a substrate has been demonstrated (62, 63). Stamping techniques can pattern LMs using
either a topographical mold [recesses or protrusions (Figure 2k)] or a stamp featuring selective
wetting patterns (64, 65). Imprinting molds have created structures as small as 1 pm. LMs can
also selectively wet or deposit on existing metal traces such as Cu or solid metal particles to create
biphasic conductors (66-68) (Figure 21).

5.1.2. Applications. LMs are well suited for a variety of microfluidic applications, as illustrated
in Figure 3 and highlighted in a recent review (20). LM electrodes in microchannels are particu-
larly useful. For example, injecting LM into microchannels at room temperature can make well-
defined, soft electrical contacts to self-assembled monolayers or underlying electronic materials
(69, 70). Caps of LM affixed to Cu electrodes can induce alternating Marangoni flows for mixing
adjacent fluids at submillimeter length scales (71) (Figure 34) or promote heat transport (31, 72)
(Figure 3b). Injected LM electrodes, shown top down in Figure 3, can span from the top to the
bottom of a microchannel, which is a challenging geometry to form via conventional microfabri-
cation. These electrodes can apply electric fields that can amplify small undulations at the interface
of colaminar streams to induce mixing (73). Electric fields can also induce dielectrophoretic sep-
aration of microdroplets or particles from a stream (74) (Figure 3d). The electrodes can also be
used for biological applications, such as stimulating neurons grown in microchannels (75).

In addition to LMs forming electrodes, the properties of LMs can be harnessed for other
microfluidic applications. Patterned LMs within an elastomer can be removed as a fugitive ink
to create small microchannels or cavities with optically smooth interfaces (76) (Figure 3e). The
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high electrical conductivity of LMs can handle the large currents needed for magnetohydrody-
namic pumping (77) (Figure 3f). LM plugs can also be moved by pumping in a carrier fluid or
by continuous electrowetting (25). These moving slugs of metal can make a thermal switch (34)
(Figure 3g).

The ability of liquids to move, conduct electricity, and conform to surfaces can be harnessed to
convert mechanical energy to electricity and vice versa. For example, electrowetting uses electric
fields to move droplets. Reverse electrowetting instead uses mechanical energy to move a droplet
of metal into gaps between insulated electrodes. The presence of the metal changes the capaci-
tance between the rigid electrodes and thereby induces charge from a battery to move into the
capacitor (78, 79). As the metal moves away from the electrodes, the capacitor discharges back to
the battery, generating electricity (Figure 44). Dipping dielectric objects into LM can induce tri-
bocharging, which can be harnessed to generate electricity (80) (Figure 45). LM electrodes have
also been used in stretchable tribocharging devices (81). Finally, applying a potential drop across
LM in electrolyte can create an interfacial tension differential via a process known as continuous
electrowetting (25). This gradient in surface tension can cause the metal to move. Figure 4c shows
that this movement can be used to drive robotic systems directly or along a circular path to change
the center of gravity inside a wheel, thereby causing the wheel to turn (82). This design is a type
of simple motor that transduces electricity into mechanical movement. Finally, LMs can be used
for batteries, which is discussed in Section 5.5.
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One of the most compelling applications of LM:s is the ability to create conductors that pro-
vide the best combination of stretchability and conductivity (15). The Ashby plot in Figure 54
compares stretchability versus conductivity for various conductive elastic materials. While many
available material sets have been demonstrated in the literature, the options that provide the best
performance for both stretchability and conductivity utilize LMs. Figure 5b shows a schematic
of a LM conductor encased in elastomer. Although these wires illustrate the principle in a simple
geometry, the methods shown in Figure 2 enable more complex circuitry to be patterned. The
wires depicted in Figure 5¢ maintain metallic conductivity to strains limited seemingly only by
the encasing polymer [e.g., studies show metallic conductivity up to 700% strain (83) and 1,500%
strain (84)]. Figure 5b shows that during deformation, such soft circuits change their geometry.
Although the resistivity—an intrinsic material property—does not change, the resistance does
change due to its dependence on geometry. Geometric changes have been utilized to make soft
touch sensors (85), tunable antennas that change their resonant frequency in response to stretch-
ing (86, 87), and capacitive sensors of strain and torsion (88). A self-healing elastomer can be used
to create stretchable metallic conductors that can be cut completely apart and then reassembled
(89) (Figure 5d).

Ga melts near room temperature and can therefore be used in applications that benefit from
the huge changes in mechanical properties during phase change. So-called variable stiffness ma-
terials are of interest for a variety of applications, including soft robotics, due to their similarities
to muscle, which can transform from a soft, extensible state to a rigid, load-bearing state. Perhaps
the simplest example is an elastomeric substrate filled with LM. In the frozen state, the metal stiff-
ens the composite, but when the metal melts, the composite takes on the mechanical properties
of the elastomer (90). The ability to change stiffness can be utilized for shape memory materials
(Figure 5e). The elastomer fiber can be stored in an extended state by freezing the metal. When
the metal melts, the extended elastomer drives the fiber to return to its original state. This ap-
proach can result in a huge change in effective modulus (>700x) and very rapid shape change.
This transition between mechanical states can be tuned by modifying the composition of the LM
alloy and therefore the phase transition of the LM from solid to liquid. The use of LM for variable
stiffness materials provides additional advantages because LM can conduct electricity, can serve
as antennas or electrodes, and can be triggered to melt by Joule or inductive heating.
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Applications of LM in soft electronics. (#) An Ashby plot compares stretchability versus conductivity for various conductive elastic
materials. () Changes in resistance and capacitance of the encased LM upon deformation can be used to make strain sensors and
tactile-responsive electronic devices. (¢) LM conductors encased in elastomer can create ultrastretchable headphone wires.

(d) Self-healing devices can be created by encasing LM using a self-healing elastomer. (¢) Elastomeric stretchable fibers with a Ga core
that can melt or solidify within an elastomer shell such as SEBS exhibit shape memory behavior. Abbreviations: LM, liquid metal; NP,
nanoparticle; NW, nanowire; PANT, polyaniline; SEBS, poly[styrene--(ethylene-co-butylene)-5-styrene]; SW CNT, single-walled
carbon nanotube.

5.2. Fabrication and Applications of Particles

LM can be dispersed readily to form droplets, suspensions, and particles through a variety of facile
methods. These particles can be modified or functionalized and ultimately have several prospective
applications, as summarized here.

5.2.1. Particle fabrication. Figure 64 illustrates several common ways to create LM particles,
as recently reviewed (27). The most common approach is to apply shear or vibrations to bulk
LM in the presence of a carrier fluid. For example, Figure 64 shows that LM can be probe soni-
cated, sheared using high-speed mixing, or nebulized using a piezoelectric transducer to produce
LMNPs. These approaches produce particles with diameters ranging from 10 to 1,000 nm, de-
pending on the magnitude and duration of the input energy, and generally the particles are poly-
disperse in size due to the stochastic breakup of the metal. Likewise, LMs and carrier fluids can
be simultaneously pumped through an orifice to generate shear. Although this approach results
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in larger (10-100-pm) particles, the particles can have monodispersed diameters (32). Figure 65
shows that molded LM can be released from the mold by using HCI vapor to remove the oxide
layer, thereby causing the metal to bead up. A similar strategy can be utilized to mold the metal
and then dissolve the mold (Figure 6¢).

5.2.2. Particle surface functionalization. LM can be surface functionalized in ways that de-
pend on the presence or absence of oxide. Similar to the case of other metals that are free of surface
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oxides (such as Au), it is possible to directly form thiol bonds to the bare metal surface (91). In
contrast, the oxide presents hydroxyl groups that offer anchoring sites for surface functionaliza-
tion. Thus, many mature chemistries can be utilized to functionalize oxide-coated LMs and, in
particular, high-surface-area LMINPs. Figure 6d shows examples such as silanes (92), phosphates
(83), catechols (93), and carboxylic acids (27). Hydroxyl-containing polymers such as polyvinyl
alcohol can physiosorb to the oxide surface (32). Polymers can be grafted to the surface (94), and
recent research shows that LMs can even initiate free-radical polymerization (37). Particle func-
tionalization helps promote the colloidal stability of particles (94), helps enable biorecognition
events at the interface (95), and helps change the mechanical properties of particles (54).

5.2.3. Responsive and active particles. Particles can respond to changes in pH. The oxide layer
on LMNPs is amphoteric and can be removed at high or low pH values. This principle can be
used to induce the particles to release the surface coating (Figure 6¢) and/or recover the particles
by having them merge back into a single larger volume of LM. The former has proven useful for
drug delivery in which particles that undergo endocytosis experience a change in pH that releases
surface-bound drugs (e.g., doxorubicin) inside cancer cells. By also functionalizing the particle
surface with targeting molecules for cancer cells, the particles can be selectively endocytosed by
those cells (96).

LM particles can also be active. Electrochemical reactions promoted by placing a small piece
of Al on a particle of Ga can create tension gradients across the surface of the particle that drive
movement of LM through electrolyte (97). Ga can also react with water to form GaOOH, which
forms a solid, rodlike crystal (98). Thus, soft, spherical liquid particles can be converted into solid
rods. This process can be accelerated by heating the water that surrounds the particles or by adding
photoabsorbers (e.g., graphene oxide) that can locally absorb light to heat the particles (99). This
principle is shown in Figure 6f, which depicts LMNPs first entering a cell by endocytosis. Once
the LMINPs are inside the cell, exposure to near-IR light causes them to react to form GaOOH
rods that can puncture the walls of endosomes, thereby releasing the carried drugs.

To impart additional responsive properties to LM, a secondary metal particle can readily
be mixed into the LM due to metal-metal interactions (100, 101). The fate of the particles—
suspension, dissolution, paste, or intermetallic formation—depends on the phase diagram for the
species. For example, it can become responsive to magnetic fields by the addition of magnetic
particles (102). Recent work has shown that LM particles loaded with a small amount of Fe can
spin and form rods in response to a rotating magnetic field (103). These active particles success-
fully destroy bacterial films, which is a particularly promising physical approach, given the rise of
antibiotic resistance of such films (Figure 6g).

Other sources of energy can be utilized to activate LM particles. The aforementioned LM
rods (Figure 6¢) can be driven to puncture cells by using acoustic waves (104). LM particles can
respond to heating from near-IR laser irradiation (105) and induction (106), which are appealing
because both represent types of noncontact methods.

5.2.4. Adding nonwetting particles to liquid metals. Because metal-metal bonds of LMs
have high cohesive forces, mixing nonmetallic species into LMs is difficult. The native oxide can
facilitate mixing by interfacing LM with other materials (101). Likewise, decorating carbon species
with noble metallic particles facilitates wetting with LMs (107). The addition of particles to LM
can change the rheological (101, 107), magnetic (102), and thermal (101) properties of LMs.

5.2.5. Particle phase behavior of Ga. Ga particles have interesting phase behavior. When
Ga freezes, it has a number of polymorphs at lower temperatures but forms an o phase at room
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Phase properties of LMNPs. (#) Formation of a solid core when a Ga LMNP rests on a sapphire substrate.
When resting on a glass substrate at elevated temperatures, no solid core forms, and the Ga LMNP deforms
the glass. (b)) Cooling alloys of Ga can cause constituent species to solidify and induce phase separation.

(¢) LM can exhibit extreme supercooling and superheating (indicated by the colored arrow), depending on the
size scale, composition, and materials with which it interfaces. Abbreviations: 1, liquid; LMNPs, liquid metal
nanoparticles; s, solid.

temperature. However, by placing a Ga particle on a sapphire substrate, a new y phase that would
not normally occur can form during cooling (108) (Figure 74). Remarkably, when formed on sap-
phire, these solid particles remain stable within a liquid Ga environment over an enormous tem-
perature range from 180 to 800 K (Figure 7¢). Recall that Ga normally melts near 30°C. The left
side of Figure 74 shows the deformed equilibrium shape of the nanoparticle on the glass substrate
after thermal cycling. The shape is the result of interfacial forces. Interestingly, Ga nanoparticles
show extreme supercooling behavior (down to 90 K), and at certain sizes termed magic clusters,
they can also exhibit superheating (see Reference 108 and references therein).

Cooling alloys of Ga can cause constituent species to solidify and phase separate in ways that
depend on the composition of the alloy. For example, Figure 75 shows an example of Ga and In.
As the metal cools, the In solidifies, while the Ga remains liquid. Interestingly, by further lowering
the temperature, the particles form Janus-like structures in which a portion of the particle is solid
In and a portion is solid Ga (109).

5.3. Fabrication and Mechanical Properties of Composites

Here, we refer to LM composites as materials consisting of molten or solidified LM particles dis-
persed in a continuous matrix (16, 19). In principle, such composites could also consist of LM
as the continuous phase with non-LM fillers, although we discuss these types of materials in
Section 5.2. LM elastomers (LMEs) are a common subclass of composites that consist of LM par-
ticles dispersed in elastomer (110, 111). Although many types of composites are possible, LMEs
take advantage of the soft nature of the LM filler and the elastomeric matrix.
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LME composites. (#) General process for fabricating LMEs. The shear from mixing breaks LM into micro- to nanosized particles, and
curing the elastomer results in LMEs. (b)) Redirecting tears along the direction of strain (red arrows) with the help of LM inclusions,
thereby increasing the toughness. (/) Generation of conductive networks by mechanical sintering of LM particles. (d) Formation of a
percolated network of particles by using thermal expansion allows composites to switch from an insulator to a conductor.

(¢) Autonomous self-healing of conductive routes after cutting or puncture. (f) Enhancement of thermal conductivity with the
inclusion of LM droplets and the application of strain. Abbreviations: LM, liquid metal; LME, liquid metal elastomer; MD,
microdroplet; NP, nanoparticle.

LMEs are easy to form. Figure 84 shows how LM and uncured liquid elastomer can be simply
mixed together. The shear from mixing causes the metal to break up into particles. Curing the
elastomer (typically using heat) results in a soft, stretchable composite consisting of LM particles
entrapped within an elastomeric matrix.

Because LM is soft, LMEs have a modulus and elongation that are, to a first approximation,
similar to the elastomer that encases the metal. Despite being soft, the LM inclusions can increase
the toughness of the elastomer by redirecting tears that would otherwise lead to failure by crack
propagation (tearing) in the plane perpendicular to strain (112) (Figure 85).
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5.3.1. Conductive composites by percolation and sintering. In most LMEs, a thin wall of
elastomer remains between the particles such that they are not percolated. It is, however, possible
to mechanically sinter such particles by applying sufficient force to the LME (Figure 8¢c), which
causes the thin silicone layers to rupture (110). High metal loadings ensure that percolation occurs
during sintering. Recent studies have shown that particles at much lower loadings can be aligned
and sintered by dielectrophoresis prior to curing the elastomer (113). Whereas bulk conductors
change geometry during deformation, conductors composed of both LMEs (113) and particles
(55) have emergent properties wherein the resistance across a trace is seemingly invariant to strain,
with up to 700% elongation.

Ga expands when it freezes, which is another unique and interesting property. This expan-
sion can cause particles dispersed in a polymer matrix to slightly enlarge and thereby come into
electrical contact (Figure 84). This contact leads to a percolated network of particles and allows
composites to switch from insulating to conducting by using temperature (114). When LME is
cut or punctured, LM particles smear onto the walls near the cut and thereby provide a route to
create self-healing, stretchable conductors (115, 116) (Figure 8e).

5.3.2. Deformation-responsive (piezo and anisotropic) composites. LM inclusions can
elongate during deformation, resulting in unique changes in LME properties in response to de-
formation (i.e., piezo properties). For example, LMEs have shown enhanced thermal conductivity
in the direction of strain due to the elongation of the metal particles, whereby an ~50x increase
in thermal conductivity following strain can be achieved (117). Conversely, this elongation con-
comitantly narrows the diameter of the metal particles, thereby decreasing thermal conductivity
in the plane normal to strain. The enhanced thermal properties of LM fillers were recently used
to improve liquid crystal elastomer actuators (118).

The dielectric properties of LMEs are responsive to deformation (119). Building on this con-
cept, LME foams can initially increase the effective dielectric constant when compressed as the
air gets displaced from the foam (120) (Figure 94). Upon displacing all the air, additional com-
pression begins to deform the elastomer and the LM particles, resulting in a decrease in dielectric
properties. Thus, both positive and negative piezopermittivity (changes in dielectric with defor-
mation) can be achieved.

The conductivity of certain LMEs changes with deformation. Mixing LM particles and cer-
tain solid metal particles into elastomer can produce composites with positive piezoconductivity.
Normally conductive composites—consisting of solid conductive particles in elastomer—become
more resistive when elongated because the particles move further apart and become less perco-
lated. However, LM particles elongate with the elastomer, which contributes to the enhanced
conductivity. Figure 95 shows a conceptual composite along with a plot that indicates that resis-
tivity (p) decreases by orders of magnitude with small amounts of strain (121). This property is
very useful for sensors. It is possible to magnetically prealign the solid particles prior to curing,
which results in a composite with anisotropic properties; that is, the properties are different in
different directions (122). Figure 9¢ shows an example of such a composite in which the conduc-
tivity decreases in the direction of alignment with tensile strain, whereas the conductivity increases
perpendicular to this direction.

5.4. Interfacial Phenomena, Reactions, and Applications

The interface of bare LM is interesting because it is highly reactive and metallically conductive
and has an enormous interfacial energy. Reactivity is emerging as a useful property for catalyzing

Tang et al.



Isotropic Anisotropic

FeMP LM MD

" High ¢
;s%

Low ¢

Strain

Compressive Tensile Compressive Tensile
Strain Strain

Figure 9

Deformation-responsive LME composites. () (10p) Piezopermittivity effect exhibited for porous LME
foams. (Bottorn) Permittivity, &, initially increases when compressed as the air gets displaced and eventually
decreases as the LM filler deforms. The higher the LM content (¢), the higher is permittivity. (5) (10p)
Embedding solid iron (Fe) particles into LME results in composites with positive piezoconductivity in which
the resistivity, p, decreases exponentially upon the application of either compressive or tensile strain. (Bottorz)
The plot shows a typical resistivity-versus-strain curve. (c) (Top) Magnetically prealigning the Fe particles
prior to curing results in a composite with anisotropic properties. (Bottorz) The plots show typical
resistivity-versus-strain curves at different measurement angles. The material is piezoconductive along the
direction of particle alignment (b/ue data) and is piezoresistive perpendicular to this direction (red data).
Abbreviations: LM, liquid metal; LME, liquid metal elastomer; MD, microdroplet; MP, microparticle.

diverse reactions. Conductivity also allows the interface to be manipulated electrochemically to
tune the interfacial tension over an unprecedented range.

5.4.1. Reactive liquid metal interfaces. One of the most exciting aspects of Ga LM is its re-
activity. Figure 104 shows that LMs can react with ambient molecules to form a self-limiting
(passivating) film that is only a few nanometers thick. The most obvious example is Ga oxide, yet
the dissolution of highly reactive atomic species (such as Al) into LM can change the composi-
tion of the surface oxide (123). Nonoxide species can also be deposited; one example is graphene,
although it requires elevated temperatures (124). Once formed, such species can be transferred
from the LM surface onto other substrates, offering a simple way to form 2D or 2D-like materials
(123, 125) (Figure 10b). Once transferred, the Ga oxide or other surface-generated materials can
be further modified into other materials, such as chalcogenides (e.g., semiconducting Ga sulfide)
(125).

Ga isinherently reactive butis typically protected by the passivating oxide. However, increasing
the temperature above 600°C can induce the fracture of the self-limiting Ga oxide and—in the
case of Ga-In alloy—can cause the leakage and oxidation of the In layer underneath to form In-rich
oxides on the surface (126) (Figure 10c). The oxide can be mechanically broken with ease, which
can briefly expose the metal to the surrounding ambient. The exposed metal can, for example,
directly initiate free radical polymerization of monomers (37) (Figure 10d).
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The reactive surface of LM. (#) Formation of 2D materials by reacting LM with ambient molecules. () Delaminating and transferring
surface films by contacting the surface of LM with a substrate. (¢) Oxide growth of LM via EDO and TFO. (d) Initiating polymerization
after mechanically breaking the oxide and exposing the metal to the surrounding ambient. (¢) Creation of graphitic species using LM
droplets or LM-coated Cu electrodes, while FTO-coated glass is used as the counterelectrode. (f) Electrochemical liquid-liquid-solid
process for producing crystalline Si or GaAs in Ga at low temperature. (g) Adding reactive metal of Ce to Ga (LMCe) to form reactive
species at the interface for reducing CO> into solid carbon species. (b)) Growth of monolayers of MnO> spikes and Ga oxide platelets by
oxidation. (1) The use of LM/MO structures for photocatalytic degradation of organic dyes. Abbreviations: EDO, expansion-induced
diffusion-limited oxidation; FTO, fluorine-doped tin oxide; LM, liquid metal; MO, metal oxide; TFO, thermomechanical fracture
leakage and oxidation.

Ga has also been used as an electrode for electrochemistry. For example, it can reduce carbon
species to form graphitic flakes (127) (Figure 10e). LM electrodes have also been elegantly used to
electrochemically create semiconductors such as Ge, Si, and GaAs in which precursor salts reduce,
dissolve in the metal, and then crystallize when the LM saturates (128, 129) (Figure 10f).

The addition of reactive metals (such as Ce) to LM allows for the formation of reactive species
at the interface that can reduce CO; into solid carbon species (38) (Figure 10g). Importantly, the
solubility of metals in LM opens the possibility to dissolve expensive or highly reactive catalysts
inside LM and have them present themselves safely in high surface-to-volume ratios. The poor
adhesion of most solid products to the smooth molten surface avoids coking, which is the contam-
ination of electrodes with carbon species. These nonfouling surfaces have also proven beneficial
by mixing Ga and Pd to create a catalyst that combines the advantages of heterogeneous and
molecular catalysts for alkane dehydrogenation (130).

Oxidizers such as KMnOy can accelerate oxidation and lead to the formation of monolayers of
MnO; spikes on the surface of the metal (131) (Figure 10b). Alternatively, Ga oxide rods can be
synthesized on the surface of LM particles via heating (98). These processes produce LM/metal
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Electrochemically responsive interfacial tension of LM. (#) The effective interfacial tension of a LM droplet decreases by using
electrochemical oxidation. (b)) LM spreads as fractals after further lowering the interfacial tension to near zero. (¢) Variation in tension
can cause changes in the size of droplets formed in flow-focusing microfluidic devices. (d) A LM wire is formed using electrochemical
oxidation to lower the tension. (¢) The decreased interfacial tension can allow the metal to flow through small pores.

(f) Electrochemical control of the flow direction of LM in microchannels is shown. (g) A soft LM switch is created by merging and
isolating adjacent drops of LM by controlling interfacial tension. (b) Electrochemical oxidation and reduction of LM electrodes that
interface with hydrogels can create entirely soft diodes and memristors. Abbreviations: C, counter; D, drain; G, ground; LM, liquid
metal; PAA, polyacrylic acid; PEI, polyethyleneimine; S, source.

oxide (LM/MO) structures that can act as catalysts, as reviewed recently (132). Figure 107 shows
LM with oxide surface species that act as photocatalysts for degrading an organic dye such as
Congo Red in response to light (133). The formation of the LM/MO structure enhances pho-
tocatalytic efficiency due to factors such as increased surface porosity/area, altered energy band
structure, and increased trap state density between the Fermi level and valence band (133).

Ga can also undergo galvanic replacement reactions in which Ga oxidizes while reducing a
nearby metal salt such as Au™ and Ag™ ions (134, 135). Electrons from Ga can tunnel through the
oxide to react with the metal salts to form nanoparticles.

5.4.2. Electrochemically responsive interfacial tension. Applying a potential to Hg in elec-
trolyte can lower the tension modestly due to the formation of electrical double layers at the inter-
face. This effect is termed electrocapillarity, and the drop in tension is predicted by the capacitive
energy resulting from the charged double layer. However, the decrease in tension of Ga-based LM
depicted in Figure 114 goes well beyond what is possible via electrocapillarity (25). The drop in
tension begins when the oxide starts to deposit electrochemically (a process termed anodization
or electrochemical capillarity). Although the mechanism by which anodization lowers tension is
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poorly understood, it is thought that the deposited species act as a surfactant for the metal and
create stresses that oppose the interfacial tension. Remarkably, applying only 1 V in electrolyte
(1 M NaOH) can cause the metal to behave as if the tension was zero or near zero (136), producing
a phenomenon whereby the LM can start spreading as fractals (137) (Figure 115). Variation in in-
terfacial tension can change the size of droplets formed in microchannels, since the size represents
a balance of shear and interfacial forces (33) (Figure 11¢). Since interfacial forces are dominant at
submillimeter length scales, the ability to manipulate them is a useful way to move LM.

The enormous drop in tension has interesting fluid implications. Liquids normally exit a nozzle
by forming droplets, but when the tension is low (by applying ~1 V), the LM exits as a stable stream
[a wire or fiber (Figure 11d)] with a diameter similar to that of a human hair (100 pm) (138). The
lowered tension can allow the metal to flow through small pores (139) (Figure 11e). Interestingly,
switching the potential can remove the oxide and return the metal to a state of high tension (140).
The so-called beating heart can be created by using LM droplets that oscillate between high
and low tension as they detach and touch, respectively, an electrode that drives oxidation (141).
In a microchannel, voltage can be employed like a valve to direct the pathway of LM at junctions
without the need for mechanical moving parts. The metal follows the path with the lowest tension,
which is dictated by the location of the counterelectrode (142) (Figure 11f). Alternatively, the
voltage can electrochemically oxidize the metal to form a mechanical impediment that redirects
the movement of the LM toward alternative pathways (Figure 11f). The spreading process is
dynamic, and consequently the shapes that form are not stable. However, freezing the metal causes
it to solidify and maintain its shape at room temperature.

These changes in surface state have been used to create soft devices that use both ionic and
electronic principles. For example, Figure 11g shows a LM switch (143). In this example, a source
and drain consist of Cu pads wetted with LM. By toggling the potential applied to the electrodes,
including the counter and ground, the metal can spread and merge together (to form a conductive
path) or break apart due to capillary forces (to form a resistive state). Likewise, electrochemical
oxidation and reduction can be used to create entirely soft memory devices termed memristors
(Figure 11b). Sandwiching hydrogels between LM [eutectic gallium indium (EGaln)] electrodes
creates a conductive pathway. One hydrogel, polyethyleneimine, is chosen to have a pH that keeps
the metal-gel interface oxide free. The other hydrogel, polyacrylic acid, has a pH such that the
oxide can form (a resistive state) or reduce (a conductive state). This principle can be used to create
a resistive memory (memristive) device in which the resistive and conductive states represent 1 and
0, respectively (144). With a small tweak, the same device can be used as a diode (145). Such devices
do not work as well as commercial electronics but are interesting because they are built entirely
from liquid-like materials (similar mechanically to the human brain).

5.5. Emerging Directions

Figure 12 captures some of the exciting directions of LM research. Due to space constraints,
we elaborate on the promise of LM for biomedical applications (23, 26). Although Ga has no
natural function in the body, Ga salts have been FDA approved for a number of applications such
as MRI contrast agents. Ga** interacts in the body similarly to Fe** since they have similar ionic
radius and oxidation state, although unlike iron, the 2+ oxidation state of Ga is energetically
unfavorable. This property has enabled pharmaceutical (treating disorders of calcium and bone
metabolism) (146), antibacterial (8, 103), and anticancer (96, 105) applications. Figure 12 depicts
biomedical applications ranging from those discussed above (23) to direct injection of LM into
vascular networks for contrast agents (147) and into the bone to serve as bone cement (148).
These applications are only recently being explored and will likely develop significantly over the
next decade.
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the reactivity of Ga to carry out reactions in which the LM is a catalyst, a solvent, an electrode, a source of electrons, or an initiator.
(@) Utilizing LM for energy storage (batteries) or generation. Due to fluidic and deformable features, anodes made from LMs are
intrinsically dendrite free and have self-healing properties. Furthermore, LMs do not need extra energy input to maintain the liquid

state, which endows them with numerous advantages in energy storage devices compared to high-temperature LMs (149).

(@,0) Taking advantage of the liquid properties to reconfigure the shape of the metal on demand for reconfigurable devices (optics,
electromagnetic devices, circuits) to explore novel acoustic and fluidic properties and to understand and harness the huge changes in
tension made possible by electrochemistry (136). (@) The use of LMs allowing for soft and flexible electronics that can be built into
wearable sensors and textile-based electronics as well as enabling new human-machine interfaces and teaming with biosensors,
electrically functioning nerve connectors, and implantable electrodes. (@) Soft logic and mechanological systems (150). Abbreviations:
LM, liquid metal; LME, liquid metal elastomer; LMNP, liquid metal nanoparticle.

In addition to applications in the biomedical sciences, a range of LM applications are emerging

in areas such as surface/bulk reaction platforms, energy, morphological control, acoustics/fluidics,
soft electronics/LMEs, and tactile logic (Figure 125). For an example of a tactile logic demon-

stration, please see the sidebar titled Logic Using Soft Materials.

LOGIC USING SOFT MATERIALS

An octopus is a remarkable creature that inspires new types of soft sensors, actuators, and robotics. Interestingly,
more than half of its neurons are found in its arms, whereas vertebrates have most of their neurons centralized in
the brain. Decentralized neurons raise the possibility of carrying out distributed logic, in which materials them-
selves make decisions at the local level. This concept could eliminate the complex wiring required to send signals
between sensor arrays and a centralized computer. LM offers the intriguing possibility of making entirely soft
tactile logic elements that can make decisions (albeit, very simple decisions) based on the way they are touched.
Figure 125 shows a conceptual example. LM circuits embedded in an elastomer can increase or decrease conduc-
tivity and/or capacitance, depending on how they are designed and touched. This property has been utilized to
redirect electricity to do work, cause color changes, and change thermal properties of a material (150). Whereas
most smart materials simply produce a single output response to a single input stimulus, truly smart materials should
be able to respond appropriately, depending on the state of multiple inputs.
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