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Attributes, Fabrication, and Applications of Gallium-Based

Liquid Metal Particles

Yiliang Lin, Jan Genzer, and Michael D. Dickey*

This work discusses the attributes, fabrication methods, and applications of
gallium-based liquid metal particles. Gallium-based liquid metals combine
metallic and fluidic properties at room temperature. Unlike mercury, which
is toxic and has a finite vapor pressure, gallium possesses low toxicity and
effectively zero vapor pressure at room temperature, which makes it ame-
nable to many applications. A variety of fabrication methods produce liquid
metal particles with variable sizes, ranging from nm to mm (which is the
upper limit set by the capillary length). The liquid nature of gallium enables
fabrication methods—such as microfluidics and sonication—that are not
possible with solid materials. Gallium-based liquid metal particles possess
several notable attributes, including a metal-metal oxide (liquid—solid) core—
shell structure as well as the ability to self-heal, merge, and change shape.
They also have unusual phase behavior that depends on the size of the par-
ticles. The particles have no known commercial applications, but they show
promise for drug delivery, soft electronics, microfluidics, catalysis, batteries,
energy harvesting, and composites. Existing challenges and future opportuni-

forms on these metals lowers the interfa-
cial tension of liquid metal while adding
a thin, mechanical “skin” to the surface,
which allows the liquid metal to sus-
tain non-spherical structures. The pres-
ence of oxide skin helps liquid metals to
adhere to various substrates, which facili-
tates patterning of these liquids. Recent
reviews have introduced methods to pat-
tern liquid metals.®”] The presence of the
native oxide skin enables the liquid metal
to be employed in a variety of applica-
tions,® including, stretchable wires, 1!

soft conductors, 114 sensors,[15-19
antennas, 2028 electrodes, >3 and circuit
components. 334

Liquid metals can also serve as “reac-
tors” to produce thin oxide species or to
promote reactions with surrounding mole-
cules.®>l While the native oxide on the sur-

ties are discussed herein.

1. Introduction

Metals that exist as liquids at room temperature are attractive
due to their unique combination of fluidic and metallic proper-
ties. As a fluid, liquid metal is the softest among all conductive
materials.l It can be deformed while maintaining metallic con-
ductivity. The ability to remain highly conductive, yet soft and
deformable, endows liquid metals with unique attributes that
can be employed in numerous applications, especially in soft
and stretchable electronics.?

Mercury is a commonly known liquid metal, yet its toxicity
limits its application.®¥ In contrast, gallium and its alloys
serve as promising liquid metals due to their low toxicity
and near-zero vapor pressure.’l The native gallium oxide that
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face can be used for catalysis,* the sur-

face oxide can also be physically separated

from the metal as a means of producing
thin oxides at room temperature. The composition of the
oxide can be modified by dissolving metals into liquid metal.
Metal additives dissolved within liquid metal will form oxides
at the interface under the right conditions if they have a more
favorable Gibbs free energy of formation than gallium oxide.
The presence of these metal “dopants” at the interface of the
metal can also lower the energy necessary for reactions, such as
electrochemical reduction of carbon dioxide.?”3® Liquid metals
can also promote free radical polymerization without the need
for conventional molecular initiators.3%]

Liquid metal particles are easy to fabricate due to their fluidic
properties, while the metallic nature endows them with useful
applications, including (but not limited to) catalysts, compos-
ites, energy harvesting materials, therapeutics, solders, sensors,
and electronic inks. This review discusses the attributes, fab-
rication, and recent applications of liquid metal particles.

2. What Is a Particle?

Typically, a volume of liquid placed on a substrate loses its
spherical structure under the influence of gravity when gravita-
tional forces exceed interfacial forces. There exists a particular

length, referred to as capillary length (2. = \/pz , Where g is the
g

gravitational acceleration and p is the density of the fluid, and
yis the surface tension), beyond which the gravitational forces
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start to exceed interfacial forces. For gallium, the capillary
length is =3 mm, assuming the oxide-coated metal is sur-
rounded by air and that the surface tension of the interface is
equal to the value of the yield stress of the oxide; this value does
not change much if the surface energy of bare metal is utilized
instead.*!! The capillary length becomes slightly larger if the
surrounding fluid is denser than air due to buoyancy effects. In
this case, the term for density, p, gets replaced by the difference
in density between the metal and the surrounding fluid. If the
surrounding fluid has a p = 1 g mL™ (typical of many aqueous
and organic fluids), the capillary length increases by =10%.
Thus, the liquid metal particles discussed within this review
are smaller than a few mm in all dimensions, which effectively
excludes larger volumes of metal as well as shapes—such as
wires—that are long in one dimension. It does not, however,
limit the review to spherical shapes.

3. Liquid Metals

This review limits itself to metals that are stable as liquids at or
very near room temperature while excluding mercury due to its
toxicity. This effectively focuses the review on gallium and its
alloys. While the melting point of gallium is 29.76 °C, alloying
with other metals such as indium and tin can lower the melting
point below room temperature. The composition with the lowest
melting point is called the eutectic. The two most popular exam-
ples are eutectic gallium-indium (EGaln, 75 wt% gallium and
25 wt% indium) with a melting point of 15.7 °C and Galinstan
(a eutectic typically composed of 68 wt% of gallium, 22 wt% of
indium and 10 wt% of tin) with a melting point of =11 °C. We note
that the melting point of Galinstan is often reported at —19 °C,
although we could not find an original reference for this value and
suspect the low value may reflect the tendency of liquid metals to
supercool. Differential scanning calorimetry measurements show
a melting point closer to 11 °C. Aside from differences in melting
point, most gallium-based liquid metals possess similar physical
and chemical properties to a first approximation.*?

Although we focus here on gallium and its alloys, we note
that several alloys have melting points above room temperature
(e.g., Field’s metal, which melts at 62 °C) yet are metastable
in the liquid state at room temperature. This feature has been
used to make particles that can be processed as liquids at room
temperature, yet ultimately solidify for applications such as sol-
dering and printing.] For more information on the behavior
of metals that melt above room temperature, we point the
reader to a recent review.[*!

Liquid metals based on gallium possess numerous intriguing
and beneficial attributes: 1) The melting points of gallium and
its alloys are near or below room temperature. In some applica-
tions, it may be appealing for metals to undergo a phase change
(to absorb heat or dramatically change mechanical properties)
near room temperature. Notably, liquid metals can remain in
the liquid phase well below the melting point (i.e., gallium
supercools).®! 2) Gallium has a negligible vapor pressure at
room temperature and the vapor pressure is only =107 bar at
1000 °C (boiling point: =2400 °C).%! 3) Gallium has relatively
low cytotoxicity, which makes it compatible with biological
applications.”*¥l Gallium salts, the water-soluble form of Ga,
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Table 1. Physical properties of gallium-based liquid metals and common fluids and conductors.

Melting point [°C]

Density [g cm™)

Electrical resistivity [uQ2 cm] ~ Thermal conductivity [W m™-K™]

Gallium 29.8
EGaln 15.5
Galinstan 10.7
DI Water 0
Copper 1084.6
Silver 961.8

Imidazolium-based ionic liquids (room-temperature) N/A (below room temperature)

PEDOT:PSS >300%

5.91 27.2 30.54
6.25 29.4 26.43
6.4 30.3 25.41
1 1.82x 10" 0.6
8.96 1.678 401
10.49 1.587 429
1-14 9.524 % 10°-6.826 x 10° (ref. [57]) N/A
1.01 =1x10° (Pristine film{®®)) as low 0.1-2.2 (ref. [60])

as 217.4 (upon treatment®%)

AThere is a reference indicating the melting point might be 146 °C.[61

have even shown antibacterial properties.*] 4) These metals
possess water-like viscosity (in the absence of the oxide, the
bulk viscosity of EGaln is 1.99 x 1073 Pa.s, =2 times that of
water).% 5) Compared to other room-temperature liquids, such
as salt water or ionic liquids, the electrical conductivity of gal-
lium and its alloys is relatively high (See Table 1).5Y 6) Gallium
and its alloys possess very high surface energy (=700 mN m™
for liquid galliumP? and >500 mN m™ for EGaln,** although
the exact values depend on the surrounding environment and
the cleanliness of the surface). It forms a thin oxide skin spon-
taneously when exposed to oxygen, thereby lowering the inter-
facial energy of the liquid, while adding a mechanical “skin” to
the surface that enables these metals to sustain non-spherical
structures (Figure 1a). 7) These metals flow readily when the
external pressure overcomes the yield stress of the oxide skin.[*!
Any freshly exposed metal reacts rapidly with air to form more
oxide skin. This skin prevents the metal from flowing when the
applied stress (e.g., pressure or shear) is below the surface yield
stress. Thus, the oxide helps stabilize the shape of the metal.
8) The oxide skin can be removed by acid or base (Figure 1b) or
via electrochemical reduction; the surface energy of EGaln can
be manipulated with less than 1 V by depositing or removing
the oxide via electrochemical reactions.’ 9) Many metals can
form intermetallic alloys with gallium or dissolve in gallium.
It is therefore possible to change the properties of the metal,
including the nature of the surface species.?’

4, Organization of the Review

Inspired by the fascinating properties of liquid metals, we
highlight within this review the 1) attributes of liquid metal
particles; 2) methods to fabricate liquid metal particles; and
3) applications of liquid metal particles. Figure 2 depicts this
organizational structure using three concentric semi-circular
rings. The sections along each arc depict the various attributes,
fabrication methods, and applications of liquid metal particles.

4.1. Attributes of Liquid Metal Particles

Although gallium-based liquid metals have a lower electrical and
thermal conductivity than copper (=one order of magnitude),
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they are significantly higher than conductive polymers or other
room temperature conductive liquids (Table 1). In addition to
having metallic electrical and thermal conductivity, liquid metal
particles also exhibit several other notable features. The following
section summarizes some attributes of liquid metal particles.

4.1.1. Native Oxide Layer (Core—Shell Structure)

Liquid metal particles naturally adopt a core-shell structure
due to the formation of an oxide skin on the surface (vide infra).

Figure 1. Gallium-based liquid metals form a thin surface oxide skin.
a) The oxide skin helps maintain liquid metals in non-spherical shapes,
such as the cones shown here that form by stretching a drop that spans
a syringe needle and substrate. Reproduced with permission.l®l Copy-
right 2008, Wiley-VCH. b) A droplet can form a stable “tip” due to the
oxide, yet the oxide skin can be removed by acid to change the particle
shape from non-spherical to spherical. Reproduced with permission.l
Copyright 2014, American Chemical Society.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Attributes, fabrication, and applications of liquid metal particles. 1) The inner semi-circle illustrates the attributes of liquid metal particles;
2) the middle annulus describes methods to fabricate liquid metal particles with different sizes; 3) the outer annulus presents several applications of

liquid metal particles.

The resulting structure is similar to a water balloon
since there is liquid inside a solid shell. The oxide skin is
=0.7-3 nm thick and comprises primarily gallium oxide,®*
] despite the fact that the gallium-based liquid metals
might contain indium or tin.[62%% Figure 3a shows the thick-
ness and composition of the oxide on a particle through
energy-dispersive X-ray spectroscopy (EDS) mapping using a
transmission electron microscope (TEM). The gallium oxide on
the liquid metal surface is also confirmed by other surface-sen-
sitive methods, such as X-ray photoelectron spectroscopy and
time-of-flight secondary ion mass spectrometry (ToF-SIMS),[®4
angle-resolved XPS (APXPS),®! and Auger spectroscopy,!
and it is validated through thermal oxidative composition

a

State 2 Coalescence State 1
Acid Acid
O 50°C (®) 20°C
- L
_—
20°C
oxide layer
Break-up 12SH

inversion.l” %8l While the most stable gallium oxide structure
is f — Ga,0s3, the native oxide on the liquid metal surface is
reported to be amorphous or poorly crystallized.[6%66:6%]

There is still ongoing research to measure the oxide skin
thickness and understand the oxide skin formation mecha-
nism. Although the oxide is passivating, it does not reach its
final passivating thickness immediately. For example, one study
shows that it grows from =19 to =2.7 nm over days.%¥] The
oxide skin growth and thickness depends on the conditions of
preparation including but not limited to the oxygen concentra-
tion, water vapor concentration and surface species (e.g., thiols
can bond to the metal surface and suppress its growth and sur-
face coverage).[®?]

NaOH (aq) NaOH (aq)

5 C sy ¢

(i) q0v

(i) >.05v

Figure 3. Attributes of liquid metal particles. a) TEM images of a liquid metal nanoparticle. The core is liquid EGaln, but the solid shell (cyan) is =3 nm
thick layer of gallium oxide. Adapted with permission.®? Copyright 2015, Wiley-VCH. b) The size of liquid metal nanoparticles can be tuned reversibly
through modulating the balance between the oxide layer and the stabilization effect of surfactants. Reproduced with permission.”% Copyright 2015,
Wiley-VCH. c) Without the oxide, the surface energy of liquid metal particles is large, yet can be lowered by applying a modest voltage that drives
electrochemical oxidation of the surface. The applied voltage can lower the tension to the point that “fingers” form. Note: the open circuit potential
is 1.5V, and thus a potential of =1.5 V implies zero external voltage. Reproduced with permission.l3l Copyright 2014, National Academy of Sciences.
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4.1.2. Surface Modification

Interestingly, it is possible to form other oxides on the surface
of gallium by adding metals whose oxides have a more negative
Gibbs free energy of formation compared to gallium oxide. For
example, adding small amounts of aluminum, hafnium, or gado-
linium to gallium results in the formation of a non-native surface
oxide comprising aluminum oxide, hafnium oxide, or gado-
linium oxides.”® Such oxides can be separated from the oxide,
which offers a route to produce oxide sheets at room temperature
without the need for cleanroom-based processing equipment.

Alternatively, thermo-oxidation inversion can change the
composition of metal alloys.”%37 For example, Galinstan
naturally forms gallium oxide at room temperature but can
form indium oxide and tin oxide based on thermal treat-
ment.% According to density functional theory (DFT) simula-
tion, the core—shell preference largely depends on the cohesive
energy and Wigner—Seitz radius (atomic size) of the metals.
For instance, generally for core-shell nanoparticles formed
with atoms from different groups, the metal with the largest
cohesive energy goes in the core; for core-shell nanoparticles
forming with atoms within a group, the metal with the smallest
Wigner—Seitz goes into the core in general.”?

It is also possible to modify the surface of the liquid metal
particles. Molecules can anchor on the bare metal or to the gal-
lium oxide. For example, thiols bind to metals,”?l and a variety of
moieties attach to oxides, such as silanes” and phosphates.””!
Initiators can be grafted to particles to grow polymer from the
surface.’® Recent work shows it is possible to use gallium to ini-
tiate free radical polymerization without a traditional molecular
initiator.?¥l Polymerization initiates by breaking the oxide layer
(e.g., by sonication), thereby exposing reactive gallium to a sur-
rounding solution of monomer. This provides a simple route to
graft monomers directly to the metal. Particles can also be added
to the surface of the metal to form “liquid marbles,”"”) as dis-
cussed in the Section 4.3. The capability to engineer the surface
properties of liquid metal particles could potentially find use in
catalysis, colloidal self-assembly, or biomedical applications.

4.1.3. Sintering

Bringing two or more liquid metal particles together with suffi-
cient stress can cause the oxide to break, thus allowing the indi-
vidual particles to merge (or partially merge). The ability to sinter
particles allows for the creation of conductive paths approximately
equal to the length occupied by the particles prior to merging.
Whereas solid metallic particles only sinter (i.e., form conduc-
tive contacts) using high temperatures or intense flashes of light,
liquid metal particles can be mechanically sintered at room tem-
perature and result in soft, stretchable conductors.[6278 The stress
needed to rupture the particles can be tuned based on the size of
the particles or by changing the coating on the liquid metal.

4.1.4. Self-Healing via Merging

The ability to merge liquid metal particles endows devices with
self-healing properties that are useful for conductive traces in
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electronics.’®%3 In addition to particles merging, liquid metals

can also “smear” in a useful way. Cutting a composite con-
taining liquid metal particles can cause them to smear along
the walls of the cut to create a conductive path, thereby allowing
liquid metal conductors within soft, conductive composites
to retain conductivity after being damaged.®®l In addition to
inducing healing mechanically, self-healing has also been dem-
onstrated using chemical processes that use etchants to create
point contacts between particles.[®

4.1.5. Size Tunability

While it is generally possible to synthesize/fabricate metallic
particles of various sizes, it is challenging to change their sizes
afterward. However, liquid metal particles can be physically
broken into ones with smaller sizes (e.g., by sonication®),
and likewise, particles can merge by bringing them in contact
with sufficient force, as mentioned previously.®>7®] The balance
between the break-up and coalescence of a suspension of liquid
metal nanoparticles can also be adjusted by varying the pH to
modulate the stabilizing effects of the oxide (Figure 3b).""!

4.1.6. Giant Tunability of Interfacial Tension

The interfacial tension of liquid metal can be tuned reversibly
over an unprecedented range using electrochemical reactions
requiring less than 1V applied to the metal relative to a counter
electrode.l>3l Tn the absence of oxide, the metal has a large interfa-
cial tension (>500 mN m™) Yet, electrochemical deposition of the
oxide causes a precipitous drop in tension. In NaOH solution, the
oxide dissolves during deposition; thus, the metal can flow despite
the presence of oxide species on the surface. As the interfacial
tension lowers, a droplet of metal just below the capillary length
converts from a spherical shape to a flat shape due to gravity.
With increased potential (=0.8 V applied potential), a droplet of
the metal expands significantly while forming a fractal structure,
suggesting the interfacial tension approaches zero (Figure 3c).
The potential serve as a nice strategy to control the interfacial ten-
sion to manipulate liquid metals.’¥ Within a confined geometry,
a liquid metal droplet can spread (due to gravity) to fit the corre-
sponding shape of the container, yet, in the absence of voltage, the
NaOH dissolves the oxide and the metal reverts back to a spher-
ical shape due to the large surface energy of the bare metal [>*>*8¢]
We emphasize that the ability to tune the tension is due to surface
oxidation, and not classic electrocapillarity.>*

4.1.7. Shape-Changing Ability

In addition to using potential to control the effective tension
of liquid metal, there are other ways to change the shape in
response to a stimulus. Liquid metal nanoparticles can trans-
form from spherical liquids to cylindrical GaOOH rods upon
heating.!¥ 88 The heat can also be delivered using light absorbed
by graphene-oxide species adhered to the surface of liquid metal
particles. Liquid metal particles can also change diameter by
merging under controlled conditions, as shown in Figure 3b.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Liquid metal particles produced with a variety of fabrication methods. a) A 3D “tower” stacked with liquid metal particles produced by 3D
printing. Reproduced with permission.l®®! Copyright 2013, Wiley-VCH. b) Molding to produce liquid metal particles with various sizes. Reproduced with
permission.92 Copyright 2014, MDPI. ¢) Microfluidic flow-focusing to produce liquid metal particles. Changing the flow rate ratio controls the droplet
size. Note: Qcis the continuous phase flow rate and Qg is the liquid metal flow rate. Reproduced with permission.['% Copyright 2012, Wiley-VCH. d,e) A
flow-focusing device to produce homogenous liquid metal microparticles. Reproduced with permission.™ Copyright 2012, Royal Society of Chemistry.
f) The size of liquid metal microparticles can be tuned with modest voltage (=10 to 10 V) in flow-focusing devices. Reproduced with permission.l%]
Copyright 2015, Wiley-VCH. g) Fabrication of liquid metal micro/nanoparticles via ultrasound, followed by filtering to remove larger particles. Adapted

with permission.[®l Copyright 2011, American Chemical Society.

4.2. Fabrication of Liquid Metal Particles

In general, metallic particles can be produced in many ways,
including chemical reduction of metallic salts,®% microemul-
sions,® chemical vapor deposition,™ microwave irradia-
tion,”?l and others. Perhaps one of the easiest ways to create
nanoparticles is to reduce metallic salt precursors. This was
the approach developed by Michael Faraday to create gold nan-
oparticles in the 1850s.8 It is very difficult to reduce gallium
salt precursors into gallium nanoparticles since gallium serves
as a strong reducing agent. A recent report manages to use
gallium alkylamides as precursors and synthesizes gallium
nanoparticles through the judicious choice of the reaction
parameters.[3l Alternatively, gallium micro/nanoparticles can
be deposited on substrates via thermal deposition or by molec-
ular-beam epitaxy, although these techniques require special-
ized equipment and provide poor control over the geometry
of the particles.’*l Here, we will discuss ways to fabricate
liquid metal particles with a variety of sizes using top-down
approaches that are easy to implement due to the fluid nature
of liquid metals.

Adv. Sci. 2020, 7, 2000192 2000192 (6 of 18)

4.2.1. 3D Printing and Drop-on-Demand Dispensing
(Tens of um to a Few mm)

The fluidic nature of liquid metals makes them compatible
with numerous patterning techniques. Perhaps the easiest
approach to produce liquid metal particles is through manual
syringe/pipet extrusion.®! Arbitrary 3D conductive structures
can be produced through stacking the liquid metal particles or
chaining them together (Figure 4a).®-1% During the printing
process, the applied pressure overcomes the yield stress of
the oxide skin to dispense the metal as spherical particles.
The newly formed oxide skin helps to stabilize the structures
afterward. In our experience, droplets produced this way are,
at minimum, tens of microns in size, but typically hundreds
of microns in diameter depending on the size of the nozzle
and the temporal pressure profile that forces the metal from
the nozzle. Note that forcing the metal from a smaller nozzle
requires a larger pressure, but as the metal exits the nozzle,
the pressure must immediately decrease to avoid expanding
the droplet to larger geometries. It is thus hard to create small
droplets in this manner.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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It is extremely difficult to directly inkjet print liquid metal
due to the extraordinarily high surface tension (and/or the
native oxide), which makes it challenging to push the metal
from small orifices. Yet, dispersing liquid metal nanoparticles
in suitable solvents provides a potential way to inkjet print
liquid metal from a suspension to prepare various flexible/soft
electronics with high resolution.”® Such printed particles can
be rendered into a conductive trace by mechanical sintering.

4.2.2. Molding (Tens of um to a Few mm)

Molding generally refers to a fabrication process that involves
shaping liquid or pliable raw materials using a mold. It is
possible to mold liquid metal to produce particles.? In this
molding procedure, liquid metal is pressed into a mold with
recessed features. Removing the oxide skin with acid vapor
releases the particles. The size of thus-obtained liquid metal
particles correlates with the volume of the reservoir (Figure 4b).
In this specific example, the molds produce particles ranging
from hundreds of microns to several millimeters. Based on
efforts to mold lines or traces of liquid metal, it should be pos-
sible to create structures as small as 1 pm through the use of
molds with smaller features(1%! or selective wetting.[3*l However,
this has not yet been demonstrated for particles. The ability to
fill the mold with metal limits the smallest particles that can
be created by molding. In principle, if the metal wets the mold
(e.g., by using a thin metal coating on the surface of the mold),
the necessary pressure should decrease, yet it then becomes
challenging to remove the metal from the mold if it naturally
wets the metal coating. Molding has the appeal of being simple
while providing control over the size (and size distribution) of
the particles. In addition, the molds organize the particles spa-
tially. Therefore, it is possible to subsequently transfer arrays
of organized particles to other surfaces. Although, in principle,
molding can be scaled to be a high throughput technique, in a
laboratory environment, this method produces fewer particles
in a given amount of time relative to other techniques.

4.2.3. Microfluidic Production (50200 pum)

Microfluidics offers a convenient way for fabricating droplets
in a controlled and reproducible manner. This approach can
produce particles with a narrow distribution of diameters with
=1-3% in polydispersity (defined as the standard deviation of
the size distribution divided by the mean droplet size).'"”]
In microfluidic production, liquid metal and an immiscible
“continuous” phase are pumped simultaneously into a micro-
channel. The shear forces that arise as these two fluids pass
through a constriction cause the metal to deform into droplets.
The droplet diameter reflects the competition between shear
and interfacial forces (the former favors smaller particles, and
the latter favors larger particles). Multiple studiesl!03104108-112]
have demonstrated the possibility to form uniform liquid metal
microparticles through microfluidic production (Figure 4c—e).
Often, the fluids are pumped through an orifice in a so-called
“flow-focusing” microfluidic device. The continuous phase
could be, for example, an aqueous solution (i.e., mixture of
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glycerol and water or polyethylene glycol-electrolyte solution)
or oil (i.e., silicone oil). The continuous phase needs to be suf-
ficiently viscous to shear the metal into particles as they pass
through the orifice. The oxide that forms on the particles helps
stabilize the particle size, and the addition of surfactants (e.g.,
polyvinyl alcohol) prevents them from coalescing. After the
formation of the liquid metal microparticles, it is also possible
to hydrodynamically transfer the particles across a fluid—fluid
interface into other fluidics within a monolithic chip. Inter-
estingly, microfluidic fabrication can also produce oval parti-
clesl!® or even liquid metal fibers.[%%]

Microdroplets manufactured in this way are typically tens
to hundreds of microns in diameter; the size can be tuned by
adjusting the flow rates, microfluidic channel geometry, the
viscosity of the continuous phase, and the interfacial energy
between the two phases, similar to other fluidic systems.['3]
In principle, it may be possible to create smaller size liquid
metal particles by increasing the shear rate, but the high pres-
sures required to do so can cause the microfluidic devices to
delaminate.

One of the exciting aspects of using liquid metals is that elec-
trical potential (Figure 3c) can tune the surface energy of liquid
metal in real time, as shown in Figure 4f. There are two ways to
use potential to lower the tension: electrical double layers and
surface anodization (electrochemically driven oxidation). The
electrical double layer that forms at the interface lowers the sur-
face energy, as described by Lippmann’s equation:[10>114

1
Y=ro—3 Crp1Viibr )

where yis the interfacial tension, ¥ is the maximum interfacial
tension when the electrical potential across the electrical double
layer (EDL) Vgpp is 0 V. Cgpyis the capacitance of the electrical
double layer. With the increase of voltage across the electrical
double layer, Vip;, the interfacial tension y decreases and the
droplets decrease in size.

In addition, electrochemical oxidation of the surface can
occur at higher potentials and further lower the surface
energy.”>¥ As such, the diameter of the liquid metal micro-
particles can be tailored in real time, resulting in microspheres,
some of which have diameters even 25% smaller than the
width of the orifice (which is atypical in flow focusing).'%) In
addition, the use of alternating potentials (e.g., square waves)
can create unique and well-controlled distributions of particles
(e.g., a near-perfect bimodal distribution of diameters or other
controlled particle distributions).

4.2.4. Ultrasonication (Tens of nm to a Few pim)

Ultrasound, through acoustic cavitation, causes the formation,
growth, and implosive collapse of bubbles in a liquid, in which
localized hot spots have very high temperatures (=5000 °C) and
very high pressures (=500 atmospheres). Ultrasound is a pow-
erful and facile method to produce liquid metal micro/nanopar-
ticles.™ In a typical experiment, liquid metal is added into a
vial filled with liquid (e.g., ethanol) and placed in an ultrasonic
bath for a few hours, followed by filtering or centrifugation

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

to remove larger particles. The addition of molecules such as
1-dodecanthiol/3-mercapto-N-nonylpropionamide leads to the
formation of self-assembled monolayers (SAMs) on the sur-
face of the particles and hence stabilizes them and minimizes
coalescence (Figure 4g).®"! One systematic study investigated
the stabilization effect of thiols with different alkyl chains and
revealed that l-octadecanethiol was the most efficient thiol
tested for binding to the metal for particle stabilization.!®
Phosphonic acid functionalization is effective as well.'"] Inter-
estingly, liquid metal nanoparticles in ethanol (and oxygen)
avoid precipitation for a few weeks even without any SAM
layers attached to the particle surface. In contrast, other liquids,
such as acetone, dodecane, methanol, produce particles that are
not stable over the same time frame despite the presence of an
oxide layer on the particles. The stability of the particles formed
in ethanol is most likely due to a carbon layer coating on the
surface of the nanoparticles,2% although the exact reason for
the formation of this layer is poorly understood.

Generally, liquid metal nanoparticles in aqueous solution are
not stable since gallium tends to react with water and oxygen
to form gallium oxide monohydroxide, and the suspension will
precipitate (in our experience, it precipitates within one hour at
room temperature). Yet, it is possible to stabilize the colloidal
liquid metal nanoparticles in aqueous solution in the presence
of certain surfactants!® or a hydrophilic polymer!"'®l for a few
days. It is also possible to manipulate the size of the nanopar-
ticles during sonication (at least to some extent). Under ultra-
sonication, the balance between the break-up and coalescence
of the gallium nanoparticles can be adjusted by changing the
temperature or adding acid, which removes the native surface
oxide layer and adding thiols that adsorb to the exposed metal
surface and stabilize the particles.”! Gallium alloy nanoparti-
cles can also transform into solid Janus nanoparticles after tem-
perature cycling due to phase separation of gallium and other
metals (e.g., indium).!120]

While an ultrasonic bath is easily accessible in most labora-
tories and provides sufficient energy to break the liquid metal
into particles into smaller units, probe sonication reduces the
processing time to a few minutes.02667870.121 On.chip soni-
cation can create acoustic waves that break liquid metal into
micro- to nano-particles. It can also control the size of the par-
ticles by tuning the interfacial energy via electrochemistry or
electrocapillarity.'9122]

4.2.5. Shearing (a Few nm to a Few um)

Shearing is a straightforward method to break a volume of
liquid metal into particles. In a typical shearing experiment,
liquid metal is placed in solution, for example, acetic acid,
and sheared using a stirring apparatus. Initially, shearing
elongates the liquid metal locally to a cylindrical shape that
breaks into droplets upon reaching the Rayleigh—Plateau limit
in length. The method is termed SLICE (shearing liquids into
complex particles).®¥l SLICE can form a wide range of sizes by
changing the shearing speed and the shearing liquid. Particles
range from a few nm to a few pm. Since this shearing process
involves air and water, the generated liquid metal will possess
an oxide skin, similar to the ultrasound process. The shearing
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method is applicable for other low-melting alloys, such as
Field’s metal 841231 The resulting particles can be applied for
ambient soldering,?¥ electrical interconnect fabrication,® and
selfstiffening materials.['24

4.3. Applications of Liquid Metal Particles
4.3.1. Drug Delivery

Drug delivery involves transporting a pharmaceutical com-
pound into the body to safely achieve a desired therapeutic
effect. Generally, direct delivery of drugs or biomolecules is
not efficient as it suffers from numerous shortcomings. There-
fore, it is desired to explore safe and efficient carriers for drug
delivery, among which inorganic nanoparticles are promising
candidates.

Given the toxicity of mercury, “liquid metals” may be gen-
erally assumed to be toxic. Yet, gallium-based liquid metals
possess very low toxicity and are suitable candidates as carriers
for drug delivery#88125-130] A recent review highlights some
biomedical applications of liquid metals,!3! and here we will
only discuss liquid metal nanoparticles.

As one example, liquid metal nanoparticles can be prepared
via sonication in the presence of both drugs (e.g., doxorubicin)
and functional groups for tumor recognition that bind to the
surface of the particles. The as-prepared particles target tumor
cells and enter them by endocytosis. Interestingly, the pre-
pared nanomedicine is pH-responsive; namely, the oxide skin
on the liquid metal nanoparticles can be removed inside the
acidic tumor region. Thus, drugs loaded on the particles release
and the liquid metal nanoparticles fuse together to accelerate
the drug release in tumor regions, followed by degradation
of liquid metal (Figure 5a). The fused nanoparticles display a
contrast-enhancing capability imaged by X-ray, suggesting their
potential as theranostic agents. This type of nanomedicine
shows excellent efficiency in both tumor targeting and anti-
tumor performance. Importantly, a systematic investigation has
demonstrated that liquid-metal-based nanomedicine shows no
obvious toxicity at the applied treatment dose in mice; in vivo
metabolism study indicates that the clearance of nanomedicine
is possible through both fecal and renal excretions. ]

A recent study demonstrates that liquid metal shows rela-
tively low cytotoxicity, although the release of indium during
sonication has some toxicity (notably, since the temperature of
the body is above the melting point of gallium, indium is not
necessary for in vivo applications of liquid metals).3?l Gallium
salts have been FDA approved for several pharmaceutical and
imaging applications. While the aforementioned studies dem-
onstrate the low toxicity of gallium-based liquid metals, addi-
tional studies are needed to better comprehend the impact of
liquid metals on humans.

In addition to delivering surface-mounted drugs, gallium-
based nanoparticles can shape transform as a route to dis-
rupting cells. In the absence of appropriate stabilizing ligands,
liquid metal nanosphere can transform into gallium oxide
hydroxide nanorods in the presence of water due to the oxi-
dization of gallium.®”) If this transformation happens quickly
and selectively, it can be harnessed to disrupt cells. Near-IR
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Figure 5. Liquid metal nanoparticles for drug delivery. a) Nanomedicine based on liquid metal nanoparticles can enter tumor cells by endocytosis and
fuse under low pH to accelerate the release of drugs from the surface of the particles. MUA-CD is a thiolated cyclodextrin molecule that binds to the
metal particles and holds doxorubicin (Dox), a cancer drug. m-HA is a thiolated hydraluronic acid that binds to the metal particle surface and serves
as a targeting moiety for the CD44 receptor, which is over-expressed on tumors. Reproduced with permission.’l Copyright 2015, Nature Publishing
Group. b) Coated with graphene quantum dots, liquid metal nanomedicine can transform from a spherical shape to a solid rod shape in tumor cells
when exposed to near-IR light due to the oxidation of the metal. Reproduced with permission.® Copyright 2017, American Chemical Society.

light is attractive as a stimulus to induce this shape change
because human skin is partially transparent to this wavelength
of light. Gallium-based nanomedicines become responsive to
near-IR light upon appropriate surface modification. Coated
with graphene quantum dots, the spherical liquid metal nan-
oparticles absorb IR light, which drives the shape-changing
process. Within tumor cells, the shape transformation from
nanospheres to nanorods not only accelerates drug release but
also breaks the endosomal membrane to achieve more efficient
cancer treatment (Figure 5b) In addition, reactive oxygen spe-
cies generated by the IR light/laser radiation also effectively
eliminate cancer cells.[88125-130,133,134]

Liquid metal particles can also be manipulated to undergo
locomotion. Interestingly, with a nickel cap on a millimeter-
scale liquid metal droplet, the resulting particle can behave as
motors that can be manipulated under ansi electrical field and
magnetic field. When loaded with alginate-based biomaterials
containing aluminum nanoparticles as drugs, such a motor
exhibits steerable motion for drug delivery in a proof-of-concept
experiment.[3°]

4.3.2. Microfluidics

A recent review highlights the advantages and applications of
liquid metals for microfluidics.3®) Here, we focus on microflu-
idics that use droplets of liquid metals. By precisely controlling
the location and volume of the droplets within the microchan-
nels, it is possible to use liquid metal for a variety of tools.'3”]
Pump: In microfluidics, pumps are essential to driving
liquid flow in the channels, and liquid metal particles can be
employed as pumps. As shown in Figure 6a, when voltage is
applied to the metal in an electrolyte, the charges at the inter-
face will repel each other, thereby decreasing the interfacial
energy (according to Lippmann’s equation for electrocapil-
larity, Equation (1)).138] When a charge gradient exists on the
particle surface, a gradient in tension forms and Marangoni
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flow occurs. Since the metal rests in a “seat” and cannot move,
the electrolyte moves across the surface of the metal sphere,
resulting in pumping (Figure 6b).[3®]

Mixer: Similar to the pumping mechanism, liquid metal par-
ticles in solution under a sinusoidal signal induce harmonic
Marangoni flow, thus generating vortices within the solution.
Such a phenomenon can be integrated into a microchannel
system to induce chaotic advection to achieve highly efficient
mixing (Figure 6c,d).10)

Cooler: Pumping can be used for thermal cooling. Liquid
metal particles placed over a hot spot within a microfluidic
system can serve as a micropump to remove heat convec-
tively. In addition to pumping the surrounding fluid, the high
thermal conductivity of liquid metal can also help to dissipate
heat (Figure 6e).*?)

4.3.3. Composites

Polymer—metal composites that contain liquid metal particles dis-
persed in elastomer are attractive due to their ability to tune the
electrical, thermal, and mechanical properties of the elastomer
without stiffening the composite as occurs with solid fillers.
Interestingly, at relatively low volume loading, similar properties
could be achieved as solid fillers.*!! Recent reviews highlight the
advantages and the recent progress of liquid metal and polymer
composites.*? Thus, we only briefly discuss them here.

Soft composites can be manufactured by dispersing liquid
metal into elastomer matrices. To produce liquid metal-
elastomer composites, it is possible to break the liquid metal
into particles in situ by mixing liquid metal with elastomer
pre-polymer. Alternatively, it is possible to prepare the particles
first, followed by mixing with an elastomer precursor prior to
curing the composite. One of the first reports of liquid metal-
elastomer composites mixed liquid metal with uncured poly-
dimethylsiloxane (PDMS) via a mortar and pestlel*?! (Figure 7a).
Under shear, the liquid metal breaks into smaller particles and
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Figure 6. Microfluidics that utilize liquid metal particles. a) Schematic of the liquid metal enabled pump and its pumping mechanism. b) Screenshots
of the pumping process of a fluid dyed black. The scale bar is 2 mm. Adapted with permission.l*® Copyright 2014, National Academy of Sciences.
c) Schematic of a liquid metal-enable mixer. The scale bar is 5 mm. d) Screenshot of the two immiscible liquid phases when the mixer is deactivated/
activated. The scale bar is 200 um. Adapted with permission.*8 e) Schematic of the cooling system enabled by liquid metal particles. Reproduced with

permission.® Copyright 2016, American Chemical Society.

subsequent curing “cages” the particles within the PDMS net-
work. As made, the composite was non-conductive. However,
it turned into a conductive system by applying a localized com-
pressive force that tears or ruptures the elastomer walls sur-
rounding the liquid metal particles to form a continuous net-
work of liquid metal. The composite can be stretched to >100%
strain repeatedly while retaining relatively high conductivity
(1.05 x 10* S m™). Such composites with excellent electrical
properties could be engineered as sensors for damage detec-
tion or soft robotics with self-healing properties.'* Peeling of
these composites from a surface also generates enough force
to cause particles to merge.*! The mechanical and electrical
properties of such composites or their pre-cured dispersions
were systematically studied by rheology and by X-ray computed
tomography. These studies show that decreasing the size of
the liquid metal will increase the viscosity of the dispersion./*!
The size and loading of particles also affects the properties of
the resulting liquid metal soft composite. These liquid metal
based composites can be used as wearable sensors to monitor
the movement of a finger due to the capacitance change during
geometric changes of the conductor.¥]

Composites consisting of liquid metal particles within elas-
tomer possess excellent thermal properties relative to other
soft materials."6¥81%] The thermal conductivity of such com-
posites increases significantly with increased loading of liquid
metal particles (Figure 7b). Under stress, the soft liquid metal
droplets in the elastomer network deform and the morphology
of the composite changes to create pathways with improved
thermal conductivity in the direction of strain relative to the
composite at rest.*! (Figure 7c,d). The unique combination of
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high thermal conductivity and elasticity is promising for cre-
ating soft devices with rapid heat dissipation.

Liquid metal elastomer composites also feature enhanced
dielectric properties. Dielectric elastomers are used for Maxwell
stress-induced actuation due to their relatively low Young’s mod-
ulus. Such systems are promising for generating soft sensors
or for manufacturing soft robotic systems.'®! However, most
dielectric elastomers possess low dielectric constants. Materials
with low dielectric constants require very high electric fields
to cause actuation. Generally, adding inorganic fillers, such as
metallic powders, carbon materials, or ceramic materials, can
increase the dielectric properties. Yet, this method suffers from
a concurrent dramatic increase of modulus of the composite,
which compromises the actuation behavior. In contrast, the
dielectric performance of liquid metal-elastomer composites can
improve without noticeably increasing the composite modulus.
Integrating liquid metal microparticles into silicone elastomers
can increase the dielectric constant by over 400% (relative to
elastomer without particles) with a low dielectric dissipation
factor while allowing the composite to be stretched multiple
times its original length (Figure 7e).’% Depending on the size
of the liquid metal particles and the loading volume percentage,
the Weibull breakdown strength (dielectric breakdown) could
be in the range of 1 to 100 kV mm™. Notably, adding liquid
metal particles can even toughen the elastomer dramatically by
increasing energy dissipation and redirecting crack propagation
normal to the direction of the crack. This effectively eliminates
the crack tip where stress normally concentrates, making it an
ultra-tough but soft material.®? Recent work functionalized
liquid metal nanodroplets with a surface-initiated atom transfer
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Figure 7. Composites of liquid metal particles dispersed within elastomer. a) Photograph of a soft, flexible, and stretchable liquid metal elastomer
composite. Scale bar is 10 mm. Adapted with permission.[] Copyright 2016, Wiley-VCH. b) These composites are stretchable, easy to process and pro-
vide enhanced thermal conductivity yet often remain electrically insulating. Reproduced with permission.[*® Copyright 2015, Nature Publishing Group.
c) Flexible liquid metal elastomer composite can dissipate heat quickly, demonstrating a high thermal conductivity. Scale bar is 25 mm. Adapted with
permission.[ Copyright 2017, National Academy of Sciences. d) Morphology of liquid metal elastomer under 0%, 100%, 200%, 300%, and 400% strain
illustrates how the liquid particles align with strain and thereby affect thermal conductivity. The images are taken under an optical microscope. Scale
bar is 25 um. Adapted with permission.l? Copyright 2017, National Academy of Sciences. e) Highly stretchable liquid metal elastomer composite with

excellent dielectric properties Scale bar is 5 cm. Reproduced with permission.['* Copyright 2016, Wiley-VCH.

radical polymerization to form polymeric ligand encapsulation to
stabilize liquid metal nanodroplets.”®) Compared to mechanical
mixing, such method could render more regular-shaped particles
to reduce the anisotropic distribution of composite properties.”®!

Soft composites containing liquid metal could also incor-
porate other fillers to achieve new functionality. For instance,
liquid metal-filled magnetorheological elastomer comprising a
hybrid of fillers of liquid metal microdroplets and metallic mag-
netic microparticles exhibits an unconventional positive piezo-
conductive effect. Normally, elastomeric composites containing
conductive particles become more resistive (piezoresistive)
when deformed because the deformation increases the distance
between the particles. Liquid metals, however, can form soft
and deformable contacts between rigid particles and therefore
undergo piezoconductivity; that is, the conductivity of the com-
posite increases by orders of magnitude under compression or
tension.[1>3]
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4.3.4. Soft Electronics

It is possible to create flexible electronics using rigid conduc-
tors (e.g., Cu or Au) by simply making the conductive traces
thin. These same materials can be rendered stretchable by pat-
terning them into strategic geometries (e.g., meander serpentine
patterns) or by embedding nanoparticles of rigid electrical con-
ductors into the elastomer.">15 Although thin conductors can
conform readily to surfaces with minimal force (and thus, feel
“soft”), truly soft electronics require the use of intrinsically soft
materials. The fluidic and metallic nature of liquid metal makes
liquid metals great candidates for soft electronics. A recent review
highlights the progress in liquid metal-based stretchable elec-
tronics.? Soft electronics applications involving liquid metal par-
ticles will be discussed within several categories outlined below.
Soft Conductors: Liquid metals are intrinsically suitable to
produce soft conductors due to their metallic and soft nature.
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Figure 8. Soft electronics based on liquid metal particles. a) Stretchable interconnects using 3D printing liquid metal droplets (length, L, is =1 cm).
Adapted with permission.8 Copyright 2013, Wiley-VCH. b) Self-healing circuits with liquid metal particle capsules. Upon mechanical damage, the
capsules will break to release the inner liquid metal to restore conductivity. Adapted with permission.*l Copyright 2011, Wiley-VCH. c) A soft circuit
based on liquid metal nanoparticles (the device has diameters of approximately several cm in width and length). Adapted with permission.[%¢ Copy-
right 2016, Wiley-VCH. d) Spray printing of liquid metal particles followed by mechanical sintering into conducive patterns (the image is approximately
several cm in width and length). Adapted with permission.®%l Copyright 2017, Wiley-VCH. e) A soft antenna device based on microfluidics and liquid
metal nanoparticles. The conductive length of the antennas can be tuned via mechanical sintering to alter the resonant frequency. Adapted with per-

mission.%2l Copyright 2015, Wiley-VCH.

Liquid metal particles produced by 3D printing!®®" or inkjet
printing™ can be used for stretchable interconnects to electri-
cally connect circuit elements (Figure 8a). It is also possible to
draw conductive liquid metal wires (as small as a few microns)
at room temperature via stretching a liquid metal particle on a
viscoelastic polymer substrate.'58 There are many other ways to
make liquid metal patterns, but we limit the discussion here to
only particle-based strategies.

Soft Circuits: Liquid metal particles can be integrated into cir-
cuits and endow them not only with stretchability, but also with
self-healing and responsive characteristics.

1) Self-Healing Circuits. Liquid metal particles encapsulated
within polymer shells can be integrated over gold circuit trac-
es. When the circuit is cut or broken, and the gold trace loses
electrical continuity, the liquid metal will rupture from its en-
casement and reconnect the conductive path, thus restoring
the functionality of the circuit.®1> (Figure 8b). The mechan-
ical properties of the polymer shell can be engineered to tune
the force to trigger the self-healing performance.%¥! Liquid
metal microcapsules can also be utilized as self-healing con-
ductors for sustainable and flexible perovskite solar cells.[1°]

2) Pressure-Responsive. Nanoparticles can be cast as thin films
(micron thick) and embedded between two PDMS pads. This
“sandwich” structure can be employed as a soft circuit board
with different circuit components. Initially, the film is not
conductive. Yet, under located mechanical stress, the oxide
skin on the particles will rupture, and the liquid metal will
merge to form a conductive path, akin to rupturing small
water balloons (Figure 8c) via “mechanical sintering.”[62:66.78]
While conventional sintering requires high temperatures
to merge particles together, the “mechanical sintering” ap-
proach can be performed at room temperature.’® Liquid
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metal elastomer composites can achieve similar results but
with lower electrical conductivity than the abovementioned
“sandwich” structure.¥] It is possible to use a non-contact
method, that is, laser sintering, to connect the liquid metal
particles, thus achieving the transition from a non-conductive
to a conductive pathway with relatively high-resolution con-
ductive patterns.[271162 Alternatively, liquid metal particle
inks can be prepared and spray-printing to fabricate different
devices, followed by mechanical sintering into conductive
patterns (Figure 8d).16%

Soft Antennas. Liquid metal is a suitable candidate for soft and
stretchable antennas due to its metallic electrical conductiv-
ity, which is necessary for an antenna to radiate efficiently. A
variety of soft antennas have been designed and fabricated
using liquid metals, and the antennas can tune their spectral
properties accordingly by changing the shape of the liquid
metal my deforming the matrix that hosts the liquid metal
guest.20-2628163] Tny addition, the ability to mechanically sinter
liquid metal nanoparticles to create conductive trances has pro-
vided the ability to tune the resonant frequency of the antenna
by altering the length of the conductive path (Figure 8e).[62

3

-

4.3.5. Energy Harvesting

The rapid consumption of nonrenewable oil resources moti-
vates humans to identify alternative ways to harvest energy.
Energy harvesting based on environmental and mechanical
energy, that is., vibration and human movement, is promising,
especially for wearable devices. In this regard, reverse elec-
trowetting provides a potential way to convert mechanical to
electrical energy.'®4 In a classic electrowetting experiment, the
wettability of conductive liquid particles on a dielectric surface
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increase with electrostatic energy (through applying a potential
between the droplets and the dielectric-coated electrode). Elec-
trowetting effectively converts electrical energy to mechanical
energy (particle movement). In reverse electrowetting, mechan-
ical manipulation of the liquid particles varies the geometry of
a capacitor and thereby moves charge through a circuit. Liquid
metals represent an ideal conductive fluid for reversible elec-
trowetting due to their high electrical conductivity, high surface
energy, and low vapor pressure compared to other conductive
fluidics. To date, experiments on reverse electrowetting focus
on mercury due to the tendency of gallium-based liquids to
adhere to surfaces.'® A variety of techniques have emerged to
prevent adhesion, including using slip layer (thin liquid layers
between the oxide and substrate),l'%% rough surfaces, 70 and
acidified oils."”!

4.3.6. Switches, Sensors, and Transistors

Liquid metal electrowetting can be applied for droplet-based
microswitches. Droplet-based microswitches using mercury
have been used widely over the past few decades.[72173] There
are a few drawbacks using gallium-based liquid metal for
microswitches. These include 1) the compatibility of gallium;
gallium can easily form alloys with most metals and cause
embrittlement in certain metals; 2) the natural oxide skin on
gallium surface increases the contact resistance; 3) the natural
oxide skin in gallium exhibits high affinity to different sub-
strates. Therefore, the microswitch systems need to be designed
properly to avoid alloying of gallium, and more importantly, to
prevent oxide adhesion in practical applications. Coating the
gallium-based liquid metal with Teflon helped to eliminate
adhesion in microelectromechanical systems (MEMS) capaci-
tive switch.[74]

In addition to Teflon, other systems such as glycerol solution,
can also prevent the adhesion of liquid metal particles for sen-
sors.7l Placing a liquid metal particle between two electrodes
separated by a dielectric layer creates a capacitor. Depending on
the location of the liquid metal particle, the contact area of the
capacitor changes, and therefore the output capacitance alters
accordingly.

The ability to bridge or break controllably two hemispheres
of liquid metal offers a way to create a conductive switch similar
to a transistor. Depending on the location with which potential
was applied in a basic aqueous electrolytic solution, two liquid
metal particles could separate or coalesce based on gradients
in interfacial tension arising from the potential. Using this
principle, a field-control electrical switch (with transistor-like
properties) has been demonstrated for potential application as

memory storage or logic and shape-programmable circuitry.[7®]

4.3.7. Batteries

Lithium-ion batteries are among the most promising candi-
dates in the current rechargeable battery market. However,
the volume expansion/contraction during the cycles of high-
capacity anodes, that is, silicon or tin, normally results in
mechanical fracture and leads to inferior cycle performance.

Adv. Sci. 2020, 7, 2000192 2000192 (13 of 18)

www.advancedscience.com

Therefore, a self-healing property is highly desired for the
system to further improve the cyclability. While gallium has
a high theoretical capacity (769 mAh g™), comparable to tin
(990 mAh g7), the benefit from its fluidic nature endows the
anode composed of gallium alloy liquid metal nanoparticles with
self-healing properties to avoid the expansion/contraction-induced
cracking during the cycling process. A battery fabricated with
gallium showed no obvious decay in capacity over 4000 cycles,
which represents one of the best cyclable, all-metal anodes.!"””!
In addition, liquid metal can also combine with silicon mate-
rials to fabricate conductive-additive-free anode with excellent
self-healing properties.[”8l

4.3.8. Liquid Metal Marbles

Although the native oxide on liquid metals tends to adhere to
many substrates, which causes issues in some applications, it
also provides a facile way to coat/modify the liquid metal par-
ticles with a wide range of materials to engineer the surface
properties. The concept of liquid metal marbles is evident when
the liquid metal particles are coated with insulating particles
(including Teflon or silica), semiconductor particles, that is,
WO;, TiO;, MoO;, In;03, or carbon nanotubes, by rolling the
liquid metal particles over powders or submerging them into a
colloidal suspension.”’) The marble coating can endow liquid
metal particles with mechanical stability and new function-
ality. For instance, liquid metal marbles could be used as active
electronic junctions or heavy metal ion sensors.” Specifically,
liquid metals combined with WO; coatings have the ability to
induce bipolar electrochemically induced actuation.'”?) The
WOj; coating can also behave as a photocatalyst that triggers a
photochemical reaction in H,0, the solution, generating oxygen
bubbles to propel the marble.'® Moreover, with a coating of
Teflon particles,® liquid metal marbles possess high elasticity,
mobility, and mechanical robustness, and when combined with
a graphene coating, the resulted marbles are conductive.!8?

4.3.9. Liquid Metal Motors/Robots

Liquid metal particles could also be employed as motors.[¥’]
When an aluminum flake is attached to a liquid metal par-
ticle and placed in an electrolyte (such as sodium hydroxide),
hydrogen gas generated by the aluminum enables the move-
ment of the particle; the direction and speed of such a self-
powered liquid metal motor can be controlled through
electrical voltage.' Interestingly, replacing aluminum with
nickel induces dramatic hydrogen generation, leading to the
intermittent jumping of liquid metal particles instead of swim-
ming."®! In addition to liquid metal motors, coated with rigid
shells, liquid metal particles could behave as vehicles for cargo
delivery.'®] Furthermore, it is also possible to actuate the liquid
metal droplet with voltage as a wheeled robot. Displacement
of the metal by potential-induced surface tension gradients
changes the center of gravity along a circular wheel, inducing
torque that causes the wheel to rotate. Such a system operates
outside a liquid environment, demonstrating the possibility to
utilize liquid metal in more complex robotic systems.[!8]

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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While the abovementioned liquid metal motors convert
chemical energy to mechanical activity, there are also other
strategies to induce the movement of liquid metal particles.
Specifically: 1) In aqueous solution, liquid metal particles could
“run” along metallic traces, that is, gold or silver, due to their
tendency to wet and subsequently dissolve these metals. The
speeds of such particles are remarkable =200 body lengths per
second, while the running speed of Crangon shrimp, the fastest
known aqueous creature, is =75 body lengths per second.!'®”] 2).
The ionic imbalance on liquid metal particles induces surface
Marangoni flow to trigger self-propulsion. Such an autonomous
motion could be utilized for pumping or switching.[1%8]

4.3.10. Optics

Liquid metal particles can be integrated into optical devices. For
instance, liquid metal droplets can be dispensed on a substrate
and then topped with a parylene/Teflon coated indium tin
oxide glass slide as an area-tunable micromirror.'*) Based on
electrowetting actuation, the radius of the micromirror and the
normalized area can be tuned accordingly to change the relative
reflected energy from 0% to 100% within 1 ms. Liquid metal
particles can also be immobilized onto electrodes under an
electric field to form 3D microstructures.’ The 3D electrodes
can be fabricated with different aspect ratios and sizes, and
they exhibit superior trapping efficiency of metal oxide nano-
particles compared to planar microelectrodes. Moreover, they
can enhance the convective heat transfer within a microfluidic
channel.%

Furthermore, gallium or gallium-based alloys nano-
particles possess plasmonic resonance behavior while the
nanoparticles could be located on substrates or in colloidal
format.**191-194 More interestingly, the plasmonic resonance
of gallium nanoparticles is affected by the oxide skin on the
surface of the nanoparticles, therefore, the plasmonic reso-
nance is tunable through thermal oxidation to change the
thickness of the gallium oxide without significant reduction
of the plasmon resonance intensity. Plus, such particles could
be utilized for surface-enhanced Raman scattering substrate
preparation.'®

5. Challenges, Opportunities, and Open Questions

There are a number of remaining challenges and opportunities
for liquid metal particles. Many were mentioned throughout
this review, and some are mentioned below. The reader is also
directed to a recent perspective article about opportunities of
liquid metals in nanotechnology, which discusses reactivity and
phase behavior (not discussed in this section).l*]

5.1. How to Improve the Conductivity of Liquid Metal Traces
Formed from Particles?

While gallium has a very high electrical conductivity
(3.4 x 10° S m™) compared to other room-temperature liquid
conductors, it is still one magnitude lower than copper.
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Liquid metal composites have an even lower conductivity
(9.6 x 10* S m™).[°%] In these composites, liquid metal particles
merge to form a percolated path through an elastomeric matrix.
The lower conductivity may be attributed to the circuitous elec-
trical path through the matrix as well as an increased amount
of oxide due to the large surface areas of liquid metal drop-
lets compared to bulk materials. Although higher conductivity
is always desired in electronic devices to minimize losses, the
conductivity of liquid metals is more than sufficient for devices
such as speaker cables, interconnects, and other circuits. Yet,
increasing conductivity can improve the efficiency of radio fre-
quency related devices, especially at high frequency. Therefore,
further improving the conductivity of liquid metal devices is of
interest.

One promising approach is to combine liquid metal parti-
cles with other conductors, such as silver.®l In addition, recent
work shows that platinum-decorated carbon nanotubes can be
mixed with liquid metal due to metal-metal wetting between
the Pt and Ga.l"’]

5.2. How do Two Liquid Metal Particles Merge?

When two liquid metal droplets contact each other under suf-
ficient pressure, they merge. It is unclear by what mechanism
this merging process takes place. More specifically, what hap-
pens to the oxide skin that was previously present at the con-
tact between the two particles? Does the oxide migrate to the
surface of the new particle? The fate of the oxide could impact
the electrical and rheological properties of structures formed
by mechanical sintering as well as 3D printing. Fundamentally
understanding the merging process might help to design liquid
metal devices with better electrical performance or engineered
rheological properties.

5.3. How to Better Store Liquid Metal Particles?

It is possible to store colloidal liquid metal particles in solu-
tion after appropriately modifying their surfaces or when using
surfactants, as detailed earlier. Yet, particle surface modifica-
tion or the presence of surfactants might hinder the conduc-
tivity of the particles, and therefore, additional post-processing
steps that remove the surfactants/surface modification may be
required. Moreover, gallium-based liquid metal nanoparticles
in aqueous solution tend to oxidize over time, forming gallium
oxide hydroxide nanorods.®” Thus, it is critical to find a proper
method to store liquid metal particles, especially in biological
buffers for biomedical applications.'®]

5.4. How to Produce Nanoparticles with Narrow Distribution
and High Concentration?

In terms of size distribution, studies show that the distribu-
tion of particles formed by sonication depends on the length
of time of sonication, !l the power, and the chemical environ-
ment that surrounds the drops.®! Typical sizes range from 10
to 100 nm.[620667870.1211 Other methods, such as microfluidic

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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flow focusing, produce almost perfectly monodisperse drop-
lets but are limited to larger sizes (10100 microns),[103104108-112]
although the size can be controlled by applying a potential to
the metal. Shear driven formation of particles can produce a
wide range of sizes, from 10 nm to 10s of microns. 3!

In certain applications, such as drug delivery, additional
post-processing, including centrifuging or filtering, needs to be
conducted to narrow the size distribution. As a result, the con-
centration of the nanoparticles of an appropriate size may be
relatively low. The highest concentration of liquid metal particles
after 72 h is reported to be only =0.2 mm.["®l Narrowing the distri-
bution is important for applications in which particle size affects
performance, such as composites. Particles with controlled diam-
eter distribution at high concentrations will provide better control
over the properties of composites that use such particles.

5.5. Best Practices for Liquid Metal Contacts?

Gallium forms conductive composites that are soft and stretch-
able. These conductors often require external electrical con-
tacts, yet gallium is known to embrittle many metals, which
creates a challenge. For example, Ga rapidly attacks aluminum
and causes it to embrittle. In our lab, we utilize copper wires
to contact liquid metal without issue, but this has not been
studied to prove long term durability. Recent work has shown it
possible to use barriers between the liquid metal and contacts,
such as thin layers of graphene that are both physical barriers,
yet electrical conductors. Alternatively, other conductive com-
posites, such as aligned Ni particles, can help create conductive
contacts.'?® Finding ways to directly contact liquid metals may
enable them to be used as solders, wires, and interconnects in
stretchable devices.

6. Conclusions

Gallium-based liquid metals possess a unique combination of
fluidic and metallic properties. Unlike mercury, gallium-based
liquid metals exhibit low toxicity. The ability to deform the
conductive liquid metal combined with the reactivity of gal-
lium opens up many new opportunities. Gallium-based liquid
metal particles feature some unique characteristics: including
size-tunability, shape-reconfigurability, a core—shell structure,
and the ability to mechanically sinter and self-heal. A variety
of methods, including 3D printing, molding, microfluidic pro-
duction, shearing, or sonication, can fabricate particles over a
range of sizes. The method of choice depends typically on the
size of the particle one wants to produce. Liquid metal particles
can be utilized for a variety of applications, including (but not
limited to) soft electronics, drug delivery, microfluidics, energy-
harvesting, batteries, motors/robots, or composites. The unique
attributes, combined with the diverse application space, makes
the future of liquid metal particles bright.

Conflict of Interest

The authors declare no conflict of interest.

Adv. Sci. 2020, 7, 2000192 2000192 (15 of 18)

www.advancedscience.com

Keywords

colloids, EGaln, gallium, liquid metals, particles

Received: January 15, 2020
Revised: February 19, 2020
Published online: April 22, 2020

[1] S. Wagner, S. Bauer, MRS Bull. 2012, 37, 207.
[2] M. D. Dickey, Adv. Mater. 2017, 29, 1606425.
[3] T. W. Clarkson, Crit. Rev. Clin. Lab. Sci. 1997, 34, 369.
[4] T. W. Clarkson, L. Magos, Crit. Rev. Toxicol. 2006, 36, 609.
[5] W. M. Haynes, CRC Handbook of Chemistry and Physics, 95th ed.,
CRC Press, Boca Raton, FL 2014.
[6] I. D. Joshipura, H. R. Ayers, C. Majidi, M. D. Dickey, J. Mater.
Chem. C 2015, 3, 3834.
[7] M. A. H. Khondoker, D. Sameoto, Smart Mater. Struct. 2016, 25,
093001.
[8] M. D. Dickey, ACS Appl. Mater. Interfaces 2014, 6, 18369.
[9] K. P. Mineart, Y. Lin, S. C. Desai, A. S. Krishnan, R. ]. Spontak,
M. D. Dickey, Soft Matter 2013, 9, 7695.
[10] S. Zhu, ).-H. So, R. Mays, S. Desai, W. R. Barnes, B. Pourdeyhimi,
M. D. Dickey, Adv. Funct. Mater. 2013, 23, 2308.
[11] R. K. Kramer, C. Majidi, R. ). Wood, Adv. Funct. Mater. 2013, 23,
5292.
12] S. Liang, Y. Li, Y. Chen, J. Yang, T. Zhu, D. Zhu, C. He, Y. Liu,
S. Handschuh-Wang, X. Zhou, J. Mater. Chem. C 2017, 5, 1586.
13] T. Lu, J. Wissman, Ruthika, C. Majidi, ACS Appl. Mater. Interfaces
2015, 7, 26923.
[14] ). Park, S. Wang, M. Li, C. Ahn, J. K. Hyun, D. S. Kim, D. K. Kim,
J. A. Rogers, Y. Huang, S. Jeon, Nat. Commun. 2012, 3, 916.
[15] D. J. Lipomi, M. Vosgueritchian, B. C.-K. Tee, S. L. Hellstrom,
J. A. Lee, C. H. Fox, Z. Bao, Nat. Nanotechnol. 2011, 6, 788.
[16] C. Majidi, R. Kramer, R. . Wood, Smart Mater. Struct. 2011, 20,
105017.
[17] Y.-L. Park, C. Majidi, R. Kramer, P. Bérard, R. |. Wood, J. Micro-
mech. Microeng. 2010, 20, 125029.
[18] P. Wong, R. D. J. D. Posner, V. ). Santos, Sens. Actuators, A 2012,
179, 62.
[19] Y. Mengiig, Y.-L. Park, H. Pei, D. Vogt, P. M. Aubin, E. Winchell,
L. Fluke, L. Stirling, R. J. Wood, C. J. Walsh, Int. J. Rob. Res. 2014,
33, 1748.
[20] S. Cheng, A. Rydberg, K. Hjort, Z. Wu, Appl. Phys. Lett. 2009, 94,
144103.
[21] G. ). Hayes, ). H. So, A. Qusba, M. D. Dickey, G. Lazzi, IEEE Trans.
Antennas Propag. 2012, 60, 2151.
[22] Y. Huang, Y. Wang, L. Xiao, H. Liu, W. Dong, Z. Yin, Lab Chip 2014,
14, 4205.
[23] S. H. Jeong, A. Hagman, K. Hjort, M. Jobs, J. Sundqvist, Z. Wu,
Lab Chip 2012, 12, 4657.
[24] M. Jobs, K. Hjort, A. Rydberg, Z. Wu, Small 2013, 9, 3230.
[25] M. R. Khan, G. J. Hayes, J.-H. So, G. Lazzi, M. D. Dickey, Appl.
Phys. Lett. 2011, 99, 013501.
[26] M. Kubo, X. Li, C. Kim, M. Hashimoto, B. J. Wiley, D. Ham,
G. M. Whitesides, Adv. Mater. 2010, 22, 2749.
[27] A. M. Morishita, C. K. Y. Kitamura, A. T. Ohta, W. A. Shiroma, IEEE
Antennas Wireless Propag. Lett. 2013, 12, 1388.
[28] J.-H. So, ). Thelen, A. Qusba, G. ). Hayes, G. Lazzi, M. D. Dickey,
Adv. Funct. Mater. 2009, 19, 3632.
[29] N. Hallfors, A. Khan, M. D. Dickey, A. M. Taylor, Lab Chip 2013, 13,
522.
[30] N. Pekas, Q. Zhang, D. Juncker, J. Micromech. Microeng. 2012, 22,
097001.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[31] A. L. Richards, M. D. Dickey, A. S. Kennedy, G. D. Buckner,
J- Micromech. Microeng. 2012, 22, 115012.

[32] J.-H. So, M. D. Dickey, Lab Chip 2011, 11, 905.

[33] M. Kim, H. Alrowais, S. Pavlidis, O. Brand, Adv. Funct. Mater. 2017,
27, 1604466.

[34] B. L. Cumby, G. ). Hayes, M. D. Dickey, R. S. Justice, C. E. Tabor,

J. C. Heikenfeld, Appl. Phys. Lett. 2012, 107, 174102.

B. J. Carey, ). Z. Ou, R. M. Clark, K. J. Berean, A. Zavabeti,

A. S. R. Chesman, S. P. Russo, D. W. M. Lau, Z.-Q. Xu, Q. Bao,

O. Kavehei, B. C. Gibson, M. D. Dickey, R. B. Kaner, T. Daeneke,

K. Kalantar-Zadeh, Nat. Commun. 2017, 8, 14482.

[36] W. Zhang, B. S. Naidu, J. Z. Ou, A. P. O'Mullane, A. F. Chrimes,
B. ). Carey, Y. Wang, S.-Y. Tang, V. Sivan, A. Mitchell, S. K. Bhargava,
K. Kalantar-zadeh, ACS Appl. Mater. Interfaces 2015, 7, 1943.

[37] D. Esrafilzadeh, A. Zavabeti, R. Jalili, P. Atkin, J. Choi,

B. J. Carey, R. Brklja¢a, A. P. O’'Mullane, M. D. Dickey, D. L. Officer,

D. R. MacFarlane, T. Daeneke, K. Kalantar-Zadeh, Nat. Commun.

2019, 10, 865.

N. Taccardi, M. Grabau, . Debuschewitz, M. Distaso, M. Brandl,

R. Hock, F. Maier, C. Papp, ). Erhard, C. Neiss, W. Peukert,

A. Gorling, H.-P. Steinriick, P. Wasserscheid, Nat. Chem. 2017, 9,

862.

[39] J. Ma, Y. Lin, Y-W. Kim, Y. Ko, J. Kim, K. H. Oh, J.-Y. Sun,
C. B. Gorman, M. A. Voinov, A. |. Smirnoy, ). Genzer, M. D. Dickey,
ACS Macro Lett. 2019, 8, 1522.

[40] K. Kalantar-Zadeh, J. Tang, T. Daeneke, A. P. O’Mullane,
L. A. Stewart, ). Liu, C. Majidi, R. S. Ruoff, P. S. Weiss, M. D. Dickey,
ACS Nano 2019, 13, 7388.

[41] R. ). Larsen, M. D. Dickey, G. M. Whitesides, D. A. Weitz, J. Rheol.
2009, 53, 1305.

[42] A. R. Jacob, D. P. Parekh, M. D. Dickey, L. C. Hsiao, Langmuir
2019, 35, 11774.

[43] I. D. Tevis, L. B. Newcomb, M. Thuo, Langmuir 2014, 30, 14308.

[44] T. Daeneke, K. Khoshmanesh, N. Mahmood, I. A. de Castro,
D. Esrafilzadeh, S. J. Barrow, M. D. Dickey, K. Kalantar-zadeh,
Chem. Soc. Rev. 2018, 47, 4073.

[45] L. Ottaviano, A. Filipponi, A. Di Cicco, Phys. Rev. B 1994, 49,
11749.

[46] F. Geiger, C. A. Busse, R. |. Loehrke, Int. J. Thermophys. 1987, 8,
425.

[47] Y. Lu, Q. Hu, Y. Lin, D. B. Pacardo, C. Wang, W. Sun, F. S. Ligler,
M. D. Dickey, Z. Gu, Nat. Commun. 2015, 6, 10066.

[48] A. Elbourne, S. Cheeseman, P. Atkin, N. P. Truong, N. Syed,
A. Zavabeti, M. Mohiuddin, D. Esrafilzadeh, D. Cozzolino,
C. F. McConville, M. D. Dickey, R. ]. Crawford, K. Kalantar-Zadeh,
J. Chapman, T. Daeneke, V. K. Truong, ACS Nano 2020, 14, 802.

[49] C. H. Goss, Y. Kaneko, L. Khuu, G. D. Anderson, S. Ravishankar,
M. L. Aitken, N. Lechtzin, G. Zhou, D. M. Czyz, K. McLean,
O. Olakanmi, H. A. Shuman, M. Teresi, E. Wilhelm, E. Caldwell,
S. ). Salipante, D. B. Hornick, R. J. Siehnel, L. Becker, B. E. Britigan,
P. K. Singh, Sci. Transl. Med. 2018, 10, eaat7520.

[50] J. N. Koster, Cryst. Res. Technol. 1999, 34, 1129.

[51] M. D. Dickey, R. C. Chiechi, R. ). Larsen, E. A. Weiss, D. A. Weitz,
G. M. Whitesides, Adv. Funct. Mater. 2008, 18, 1097.

[52] G. ). Abbaschian, J. Less-Common Met. 1975, 40, 329.

[53] M. R. Khan, C. B. Eaker, E. F. Bowden, M. D. Dickey, Proc. Natl.
Acad. Sci. U. S. A. 2014, 111, 14047.

[54] C. B. Eaker, M. D. Dickey, Appl. Phys. Rev. 2016, 3, 031103.

[55] A. Zavabeti, J. Z. Ou, B. ). Carey, N. Syed, R. Orrell-Trigg,
E. L. H. Mayes, C. Xu, O. Kavehei, A. P. O'Mullane, R. B. Kaner,
K. Kalantar-zadeh, T. Daeneke, Science 2017, 358, 332.

[56] R. C. Chiechi, E. A. Weiss, M. D. Dickey, G. M. Whitesides, Angew.
Chem. 2008, 120, 143.

[57] O. Zech, A. Stoppa, R. Buchner, W. Kunz, J. Chem. Eng. Data 2010,
55,1774,

(33]

(38]

Adv. Sci. 2020, 7, 2000192 2000192 (16 of 18)

www.advancedscience.com

[58] D. Alemu, H.-Y. Wei, K.-C. Ho, C.-W. Chu, Energy Environ. Sci. 2012,
5, 9662.

[59] B. J. Worfolk, S. C. Andrews, S. Park, ). Reinspach, N. Liu,
M. F. Toney, S. C. B. Mannsfeld, Z. Bao, Proc. Natl. Acad. Sci. U. S.
A. 2015, 712, 14138.

[60] P. M. Smith, L. Su, W. Gong, N. Nakamura, B. Reeja-Jayan,
S. Shen, RSC Adv. 2018, 8, 19348.

[61] M. D. lrwin, D. A. Roberson, R. I.
E. MacDonald, Fibers Polym. 2011, 12, 904.

[62] Y. Lin, C. Cooper, M. Wang, . . Adams, ). Genzer, M. D. Dickey,
Small 2015, 11, 6397.

[63] Z.). Farrell, C. Tabor, Langmuir 2018, 34, 234.

[64] L. Cademartiri, M. M. Thuo, C. A. Nijhuis, W. F. Reus, S. Tricard,
J. R. Barber, R. N. S. Sodhi, P. Brodersen, C. Kim, R. C. Chiechi,
G. M. Whitesides, J. Phys. Chem. C 2012, 116, 10848.

[65] R. N. S. Sodhi, P. Brodersen, L. Cademartiri, M. M. Thuo,

C. A. Nijhuis, Surf. Interface Anal. 2017, 49, 1309.

L. Ren, ). Zhuang, G. Casillas, H. Feng, Y. Liu, X. Xu, Y. Liu,

J. Chen, Y. Du, L. Jiang, S. X. Dou, Adv. Funct. Mater. 2016, 26, 8111.

[67] ]. Cutinho, B. S. Chang, S. Oyola-Reynoso, J. Chen, S. S. Akhter,
I. D. Tevis, N. J. Bello, A. Martin, M. C. Foster, M. M. Thuo, ACS
Nano 2018, 12, 4744.

[68] A. Martin, W. Kiarie, B. Chang, M. Thuo, Angew. Chem., Int. Ed.

2020, 59, 352.

M. ). Regan, H. Tostmann, P. S. Pershan, O. M. Magnussen,

E. DiMasi, B. M. Ocko, M. Deutsch, Phys. Rev. B 1997, 55, 10786.

[70] A. Yamaguchi, Y. Mashima, T. lyoda, Angew. Chem., Int. Ed. 2015,
54,12809.

[71] S. Liu, S. N. Reed, M. J. Higgins, M. Titus, R. Kramer-Bottiglio,
Nanoscale 2019, 11, 17615.

[72] L.-L. Wang, D. D. Johnson, J. Am. Chem. Soc. 2009, 131, 14023.

[73] C. Vericat, M. E. Vela, G. Benitez, P. Carro, R. C. Salvarezza, Chem.
Soc. Rev. 2010, 39, 1805.

[74] U. Goerl, A. Hunsche, A. Mueller, H. G. Koban, Rubber Chem.
Technol. 1997, 70, 608.

[75] M. Li, J. Liu, Y. Xu, G. Qian, Environ. Rev. 2016, 24, 319.

[76] ). Yan, M. H. Malakooti, Z. Lu, Z. Wang, N. Kazem, C. Pan,
M. R. Bockstaller, C. Majidi, K. Matyjaszewski, Nat. Nanotechnol.
2019, 74, 684.

[77] V. Sivan, S.-Y. Tang, A. P. O’'Mullane, P. Petersen, N. Eshtiaghi,
K. Kalantar-zadeh, A. Mitchell, Adv. Funct. Mater. 2013, 23, 144.

[78] J. W. Boley, E. L. White, R. K. Kramer, Adv. Mater. 2015, 27, 2355.

[79] E. Palleau, S. Reece, S. C. Desai, M. E. Smith, M. D. Dickey, Adv.

Mater. 2013, 25, 1589.

M. D. Bartlett, M. D. Dickey, C. Majidi, NPG Asia Mater. 2019, 11,

21.

[81] B. ). Blaiszik, A. R. Jones, N. R. Sottos, S. R. White, J. Microencap-
sulation 2014, 31, 350.

[82] B. J. Blaiszik, S. L. B. Kramer, S. C. Olugebefola, J. S. Moore,
N. R. Sottos, S. R. White, Annu. Rev. Mater. Res. 2010, 40, 179.

[83] E. ). Markvicka, M. D. Bartlett, X. Huang, C. Majidi, Nat. Mater.
2018, 17, 618.

[84] A. Martin, B. S. Chang, Z. Martin, D. Paramanik, C. Frankiewicz,
S. Kundu, I. D. Tevis, M. Thuo, Adv. Funct. Mater. 2019, 29,
1903687.

[85] J. N. Hohman, M. Kim, G. A. Wadsworth, H. R. Bednar, . Jiang,
M. A. LeThai, P. S. Weiss, Nano Lett. 2011, 11, 5104.

[86] C. B. Eaker, D. C. Hight, J. D. O'Regan, M. D. Dickey, K. E. Daniels,
Phys. Rev. Lett. 2017, 119, 174502.

[87] Y. Lin, Y. Liu, J. Genzer, M. D. Dickey, Chem. Sci. 2017, 8, 3832.

[88] Y. Lu, Y. Lin, Z. Chen, Q. Hu, Y. Liu, S. Yu, W. Gao, M. D. Dickey,
Z. Gu, Nano Lett. 2017, 17, 2138.

[89] M. Faraday, Philos. Trans. R 1857, 147, 145.

[90] M. Boutonnet, J. Kizling, P. Stenius, G. Maire, Colloids Surf- 1982,
5, 209.

Olivas, R. B. Wicker,

(66]

(69]

(80]

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[91] J. Lu, ). W. Elam, P. C. Stair, Acc. Chem. Res. 2013, 46, 1806.

[92] M. Baghbanzadeh, L. Carbone, P. D. Cozzoli, C. O. Kappe, Angew.

Chem., Int. Ed. 2011, 50, 11312.

M. Yarema, M. Worle, M. D. Rossell, R. Erni, R. Caputo,

L. Protesescu, K. V. Kravchyk, D. N. Dirin, K. Lienau, F. von Rohr,

A. Schilling, M. Nachtegaal, M. V. Kovalenko, J. Am. Chem. Soc.

2014, 136, 12422.

[94] Y. Yang, ). M. Callahan, T.-H. Kim, A. S. Brown, H. O. Everitt, Nano

Lett. 2013, 13, 2837.

M. F. Meléndrez, G. Cérdenas, ). Arbiol, J. Colloid Interface Sci.

2010, 346, 279.

P. Ghigna, G. Spinolo, G. B. Parravicini, A. Stella, A. Migliori,

R. Kofman, J. Am. Chem. Soc. 2007, 129, 8026.

[97] F. Yu, ). Xu, H. Li, Z. Wang, L. Sun, T. Deng, P. Tao, Q. Liang, Prog.
Nat. Sci.: Mater. Int. 2018, 28, 28.

[98] C. Ladd, J.-H. So, J. Muth, M. D. Dickey, Adv. Mater. 2013, 25,
5081.

[99] J. W. Boley, E. L. White, G. T.-C. Chiu, R. K. Kramer, Adv. Funct.

Mater. 2014, 24, 3501.

D. P. Parekh, C. Ladd, L. Panich, K. Moussa, M. D. Dickey, Lab

Chip 2016, 16, 1812.

[101] C. Trlica, D. P. Parekh, L. Panich, C. Ladd, M. D. Dickey, Proc. SPIE
2014, 9083, 90831D.

[102] M. G. Mohammed, A. Xenakis, M. D. Dickey, Metals 2014, 4, 465.

[103] T. Hutter, W.-A. C. Bauer, S. R. Elliott, W. T. S. Huck, Adv. Funct.
Mater. 2012, 22, 2624.

[104] ). Thelen, M. D. Dickey, T. Ward, Lab Chip 2012, 12, 3961.

[105] S.-Y. Tang, I. D. Joshipura, Y. Lin, K. Kalantar-Zadeh, A. Mitchell,
K. Khoshmanesh, M. D. Dickey, Adv. Mater. 2016, 28, 604.

[106] B. A. Gozen, A. Tabatabai, O. B. Ozdoganlar, C. Majidi, Adv. Mater.
2014, 26, 5211.

[107] C. N. Baroud, F. Gallaire, R. Dangla, Lab Chip 2010, 10, 2032.

[108] Y. Yu, Q. Wang, L. Yi, ). Liu, Adv. Eng. Mater. 2014, 16, 255.

[109] B. Gol, M. E. Kurdzinski, F. ). Tovar-Lopez, P. Petersen, A. Mitchell,
K. Khoshmanesh, Appl. Phys. Lett. 2016, 108, 164101.

[110] B. Gol, F. J. Tovar-Lopez, M. Kurdzinski, S.-Y. Tang, P. Petersen,
A. Mitchell, K. Khoshmanesh, Lab Chip 2015, 15, 2476.

[117] L. Tian, M. Gao, L. Gui, Micromachines 2017, 8, 39.

[112] D. Kim, J. H. Yoo, Y. Lee, W. Choi, K. Yoo, . B. ). Lee, in Proc.
of 2014 IEEE 27th Int. Conf. Micro Electro Mechanical Systems
(MEMS), IEEE, Piscataway, NJ 2014, pp. 967-970.

[113] S.-Y. Teh, R. Lin, L.-H. Hung, A. P. Lee, Lab Chip 2008, 8, 198.

[114] D. C. Grahame, Chem. Rev. 1947, 41, 441.

[115] K. S. Suslick, Science 1990, 247, 1439.

[116] L. R. Finkenauer, Q. Lu, I. F. Hakem, C. Majidi, M. R. Bockstaller,
Langmuir 2017, 33, 9703.

[117] Z. ). Farrell, N. Reger, |. Anderson, E. Gawalt, C. Tabor, J. Phys.
Chem. C 2018, 122, 26393.

[118] Y. Lin, ). Genzer, W. Li, R. Qiao, D. Dickey, M. S.-Y. Tang, Nanoscale
2018, 10, 19871.

[119] S.-Y. Tang, R. Qiao, S. Yan, D. Yuan, Q. Zhao, G. Yun, T. P. Davis,
W. Li, Small 2018, 14, 1800118.

[120] S.-Y. Tang, D. R. G. Mitchell, Q. Zhao, D. Yuan, G. Yun, Y. Zhang,
R. Qiao, Y. Lin, M. D. Dickey, W. Li, Matter 2019, 1, 192.

[121] T. R. Lear, S.-H. Hyun, J. W. Boley, E. L. White, D. H. Thompson,
R. K. Kramer, Extreme Mech. Lett. 2017, 13, 126.

[122] S.-Y. Tang, B. Ayan, N. Nama, Y. Bian, |.
T. ). Huang, Small 2016, 12, 3861.

[123] S. Cinar, I. D. Tevis, J. Chen, M. Thuo, Sci. Rep. 2016, 6, 21864.

[124] B. S. Chang, R. Tutika, ). Cutinho, S. Oyola-Reynoso, J. Chen,
M. D. Bartlett, M. M. Thuo, Mater. Horiz. 2018, 5, 416.

[125] J.-). Hu, M.-D. Liu, Y. Chen, F. Gao, S.-Y. Peng, B.-R. Xie, C.-X. Li,
X. Zeng, X.-Z. Zhang, Biomaterials 2019, 207, 76.

[126] P. Zhu, S. Gao, H. Lin, X. Lu, B. Yang, L. Zhang, Y. Chen, J. Shi,
Nano Lett. 2019, 19, 2128.

(93]

(9]

[96]

[100]

P. Lata, X. Guo,

Adv. Sci. 2020, 7, 2000192 2000192 (17 of 18)

www.advancedscience.com

[127] X. Sun, M. Sun, M. Liu, B. Yuan, W. Gao, W. Rao, . Liu, Narnoscale
2019, 11, 2655.

[128] D. Wang, C. Gao, W. Wang, M. Sun, B. Guo, H. Xie, Q. He, ACS
Nano 2018, 12, 10212.

[129] X. Wang, W. Yao, R. Guo, X. Yang, J. Tang, J. Zhang, W. Gao,
V. Timchenko, J. Liu, Adv. Healthcare Mater. 2018, 7, 1800318.

[130] S. A. Chechetka, Y. Yu, X. Zhen, M. Pramanik, K. Pu, E. Miyako,
Nat. Commun. 2017, 8, 15432.

[131] J. Yan, Y. Lu, G. Chen, M. Yang, Z. Gu, Chem. Soc. Rev. 2018, 47,
2518.

[132] J.-H. Kim, S. Kim, J.-H. So, K. Kim, H.-J. Koo, ACS Appl. Mater.
Interfaces 2018, 10, 17448.

[133] J.-J. Hu, M.-D. Liu, F. Gao, Y. Chen, S.-Y. Peng, Z.-H. Li, H. Cheng,
X.-Z. Zhang, Biomaterials 2019, 217, 119303.

[134] Y. Yu, E. Miyako, iScience 2018, 3, 134.

[135] J. Zhang, R. Guo, J. Liu, J. Mater. Chem. B 2016, 4, 5349.

[136] K. Khoshmanesh, S.-Y. Tang, J. Y. Zhu, S. Schaefer, A. Mitchell,

K. Kalantar-Zadeh, M. D. Dickey, Lab Chip 2017, 17, 974.

R. Seemann, M. Brinkmann, T. Pfohl, S. Herminghaus, Rep. Prog.

Phys. 2012, 75, 016601.

[138] S.-Y. Tang, K. Khoshmanesh, V. Sivan, P. Petersen, A. P. O’Mullane,
D. Abbott, A. Mitchell, K. Kalantar-zadeh, Proc. Natl. Acad. Sci. U.
S. A 2014, 171, 3304.

139] J. Y. Zhu, S.-Y. Tang, K. Khoshmanesh, K. Ghorbani, ACS Appl.
Mater. Interfaces 2016, 8, 2173.

[140] S.-Y. Tang, V. Sivan, P. Petersen, W. Zhang, P. D. Morrison,

K. Kalantar-zadeh, A. Mitchell, K. Khoshmanesh, Adv. Funct. Mater.

2014, 24, 5851.

R. Tutika, S. H. Zhou, R. E. Napolitano, M. D. Bartlett, Adv. Funct.

Mater. 2018, 28, 1804336.

N. Kazem, T. Hellebrekers, C. Majidi, Adv. Mater. 2017, 29,

1605985.

[143] A. Fassler, C. Majidi, Adv. Mater. 2015, 27, 1928.

[137]

[147]

[142]

[144] E. J. Markvicka, R. Tutika, M. D. Bartlett, C. Majidi, Adv. Funct.
Mater. 2019, 29, 1900160.
[145] L. Tang, S. Cheng, L. Zhang, H. Mi, L. Mou, S. Yang, Z. Huang,

X. Shi, X. Jiang, iScience 2018, 4, 302.

[146] A. Koh, J. Sietins, G. Slipher, R. Mrozek, J. Mater. Res. 2018, 33,
2443,

[147] R. Tutika, S. Kmiec, A. B. M. T. Haque, S. W. Martin, M. D. Bartlett,
ACS Appl. Mater. Interfaces 2019, 11, 17873.

[148] S. H. Jeong, S. Chen, ). Huo, E. K. Gamstedt, |. Liu, S.-L. Zhang,
Z.-B. Zhang, K. Hjort, Z. Wu, Sci. Rep. 2015, 5, 18257.

[149] M. D. Bartlett, N. Kazem, M. J. Powell-Palm, X. Huang, W. Sun,
J. A. Malen, C. Majidi, Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 2143.

[150] M. D. Bartlett, A. Fassler, N. Kazem, E. ). Markvicka, P. Mandal,
C. Majidi, Adv. Mater. 2016, 28, 3726.

[151] A. O’Halloran, F. O'Malley, P. McHugh, J. Appl. Phys. 2008, 104,
071101.

[152] N. Kazem, M. D. Bartlett, C. Majidi, Adv. Mater. 2018, 30, 17706594.

[153] G. Yun, S.-Y. Tang, S. Sun, D. Yuan, Q. Zhao, L. Deng, S. Yan,
H. Du, M. D. Dickey, W. Li, Nat. Commun. 2019, 10, 1300.

[154] D.-H. Kim, ). Song, W. M. Choi, H.-S. Kim, R.-H. Kim, Z. Liu,
Y. Y. Huang, K.-C. Hwang, Y. Zhang, |. A. Rogers, Proc. Natl. Acad.
Sci. U. S. A. 2008, 105, 18675.

[155] D.-H. Kim, J. Xiao, J. Song, Y. Huang, |. A. Rogers, Adv. Mater.
2010, 22, 2108.

[156] Y.-G. Park, H. S. An, J.-Y. Kim, J.-U. Park, Sci. Adv. 2019, 5,
eaaw2844.

[157] G. Li, X. Wu, D.-W. Lee, Lab Chip 2016, 16, 1366.

[158] Y. Lin, C. Ladd, S. Wang, A. Martin, ). Genzer, S. A. Khan,
M. D. Dickey, Extreme Mech. Lett. 2016, 7, 55.

[159] B. J. Blaiszik, S. L. B. Kramer, M. E. Grady, D. A. Mcllroy,
J. S. Moore, N. R. Sottos, S. R. White, Adv. Mater. 2012, 24, 398.

[160] M. G. Mohammed, R. Kramer, Adv. Mater. 2017, 29, 1604965.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[161] K. Chu, B. G. Song, H.-l. Yang, D.-M. Kim, C. S. Lee, M. Park,
C.-M. Chung, Adv. Funct. Mater. 2018, 28, 1800110.

[162] S. Liu, M. C. Yuen, E. L. White, J. W. Boley, B. Deng, G. J. Cheng,
R. Kramer-Bottiglio, ACS Appl. Mater. Interfaces 2018, 10, 28232.

[163] S. Cheng, Z. Wu, P. Hallbjorner, K. Hjort, A. Rydberg, IEEE Trans.
Antennas Propag. 2009, 57, 3765.

[164] T. Krupenkin, J. A. Taylor, Nat. Commun. 2011, 2, 448.

[165] M. R. Khan, C. Trlica, ).-H. So, M. Valeri, M. D. Dickey, ACS Appl.
Mater. Interfaces 2014, 6, 22467.

[166] D. Kim, D. W. Lee, W. Choi, J. B. Lee, J. Microelectromech. Syst.
2013, 22, 1267.

[167] Y. Jiang, S. Su, H. Peng, H. S. Kwok, X. Zhou, S. Chen, J. Mater.
Chem. C 2017, 5, 12378.

[168] D. Kim, D. Jung, ). H. Yoo, Y. Lee, W. Choi, G. S. Lee, K. Yoo,
J.-B. Lee, J. Micromech. Microeng. 2014, 24, 055018.

[169] I. D. Joshipura, H. R. Ayers, G. A. Castillo, C. Ladd, C. E. Tabor,
J. ). Adams, M. D. Dickey, ACS Appl. Mater. Interfaces 2018, 10,
44686.

[170] S. S. Kadlaskar, J. H. Yoo, Abhijeet, |. B. Lee, W. Choi, J. Colloid
Interface Sci. 2017, 492, 33.

[171] S. Holcomb, M. Brothers, A. Diebold, W. Thatcher, D. Mast,
C. Tabor, ). Heikenfeld, Langmuir 2016, 32, 12656.

[172] W. Shen, R. T. Edwards, C.-J. Kim, J. Microelectromech. Syst. 2006,
15, 879.

[173] P. Sen, C.-). C. Kim, IEEE Trans. Ind. Electron. 2009, 56, 1314.

[174] C. H. Chen, ). Whalen, D. Peroulis, in Proc. of 2007 IEEEMTT- Int.
Microwave Symp., |EEE, Piscataway, N 2007, 363—366.

[175] M. Varga, C. Ladd, S. Ma, ]. Holbery, G. Tréster, Lab Chip 2017, 17,
3272.

[176] ). Wissman, M. D. Dickey, C. Majidi, Adv. Sci. 2017, 4, 1700169.

[177] Y. Wu, L. Huang, X. Huang, X. Guo, D. Liu, D. Zheng, X. Zhang,
R. Ren, D. Qu, ). Chen, Energy Environ. Sci. 2017, 10, 1854.

[178] B. Han, Y. Yang, X. Shi, G. Zhang, L. Gong, D. Xu, H. Zeng,
C. Wang, M. Gu, Y. Deng, Nano Energy 2018, 50, 359.

[179] S.-Y. Tang, V. Sivan, K. Khoshmanesh, A. P. O’Mullane,
X. Tang, B. Gol, N. Eshtiaghi, F. Lieder, P. Petersen, A. Mitchell,
K. Kalantar-zadeh, Nanoscale 2013, 5, 5949.

Adv. Sci. 2020, 7, 2000192 2000192 (18 of 18)

www.advancedscience.com

[180] X. Tang, S.-Y. Tang, V. Sivan, W. Zhang, A. Mitchell, K. Kalantar-zadeh,
K. Khoshmanesh, Appl. Phys. Lett. 2013, 103, 174104.

[181] Y. Chen, Z. Liu, D. Zhu, S. Handschuh-Wang, S. Liang, J. Yang,
T. Kong, X. Zhou, Y. Liu, X. Zhou, Mater. Horiz. 2017, 4, 591.

[182] Y. Chen, T. Zhou, Y. Li, L. Zhu, S. Handschuh-Wang, D. Zhu,
X. Zhou, Z. Liu, T. Gan, X. Zhou, Adv. Funct. Mater. 2018, 28,
1706277.

[183] ). Zhang, Y. Yao, L. Sheng, J. Liu, Adv. Mater. 2015, 27, 2648.

[184] S.-C. Tan, B. Yuan, ). Liu, Proc. R. Soc. London, Ser. A 2015, 471,
20150297.

[185] J. Tang, ). Wang, J. Liu, Y. Zhou, Appl. Phys. Lett. 2016, 108, 223901.

[186] J. Wu, S.-Y. Tang, T. Fang, W. Li, X. Li, S. Zhang, Adv. Mater. 2018,
30, 1805039.

[187] M. Mohammed, R. Sundaresan, M. D. Dickey, ACS Appl. Mater.
Inteifaces 2015, 7, 23163.

[188] A. Zavabeti, T. Daeneke, A. F. Chrimes, A. P. O'Mullane, J. Zhen
Ou, A. Mitchell, K. Khoshmanesh, K. Kalantar-zadeh, Nat.
Commun. 2016, 7, 12402.

[189] Z. Wan, H. Zeng, A. Feinerman, Appl. Phys. Lett. 2006, 89, 201107.

[190] S.-Y. Tang, J. Zhu, V. Sivan, B. Gol, R. Soffe, W. Zhang, A. Mitchell,
K. Khoshmanesh, Adv. Funct. Mater. 2015, 25, 4445.

[191] S. Catalan-Gémez, A. Redondo-Cubero, F. J. Palomares,

F. Nucciarelli, J. L. Pau, Nanotechnology 2017, 28, 405705.

M. W. Knight, T. Coenen, Y. Yang, B. . M. Brenny, M. Losurdo,

A.S. Brown, H. O. Everitt, A. Polman, ACS Nano 2015, 9, 2049.

P. Reineck, Y. Lin, B. C. Gibson, M. D. Dickey, A. D. Greentree,

I. S. Maksymov, Sci. Rep. 2019, 9, 5345.

F. Nucciarelli, I. Bravo, S. Catalan-Gomez, L. Vazquez, E. Lorenzo,

J. L. Pau, Nanomaterials 2017, 7, 172.

[195] X. Chen, Q. Chen, D. Wu, Y. Zheng, Z. Zhou, K. Zhang, W. Ly,

Y. Zhao, L. Lin, D. Sun, J. Raman Spectrosc. 2018, 49, 1301.

M. Tavakoli, M. H. Malakooti, H. Paisana, Y. Ohm, D. G. Marques,

P. A. Lopes, A. P. Piedade, A. T. de Almeida, C. Majidi, Adv. Mater.

2018, 30, 1801852.

[197] Y.-G. Park, H. Min, H. Kim, A. Zhexembekova, C. Y. Lee, J.-U. Park,
Nano Lett. 2019, 19, 4866.

[198] T. Lu, ). Wissman, Ruthika, C. Majidi, Interfaces 2015, 7, 26923.

[192]
[193]

[194]

[196]

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



