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Room temperature liquid metals are an emerging class of functional materials with applications in a
variety of soft intelligent systems. In recent years, efforts have been made to integrate liquid metal alloys
such as eutectic gallium—indium (EGaln) and eutectic gallium-indium—tin (Galinstan) into wearable
electronics, soft robotics, and biomedical devices. One main methodology is reducing the size of the
liquid metal (LM) droplets to the micro and nanoscale level. In this review, we present an overview of
the recent progress in synthesizing liquid nanoparticles with a focus on the role of processing para-
meters on their structure and surface properties. Next, the liquid metal nanoparticles are discussed
as the functional units in polymer nanocomposites with enhanced electrical and thermal properties.
Ultimately, the applications of LM nanoparticles and nanocomposites are presented, followed by a brief
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1 Introduction

The fluidic and metallic properties of room temperature liquid
metal alloys have attracted numerous studies, in which they are
incorporated as microfluidic-based stretchable conductors for
soft and reconfigurable electronics,"”* and cooling fluids for
miniature electronics.>* To serve these purposes, EGaln (75%
gallium and 25% indium by weight) and Galinstan (68.5%
gallium, 21.5% indium and 10% tin by weight) are the two
widely utilized gallium (Ga) based room temperature LMs to
date because of their low toxicity,"”” low viscosity (2x that of
water),® high electrical conductivity,” and high thermal
conductivity.>® With the recent adaptations of novel processing
techniques, bulk LM alloys have also been facilely engineered
as multifunctional nanocomposites®® or functional nanoparticles™
for diverse applications.

A unique feature of the Ga-based LM alloys is their thin
(1-3 nm) passivating Ga oxide interface which encapsulates the
LM alloy droplets as a core-shell structure, even in trace
amounts of oxygen'''? (Fig. 1). This oxide interface exhibits
viscoelastic behaviors,"? regulates the surface tension of the Ga
LM alloys, and enables wettability with various surfaces.'*">
These features have enabled bulk EGaln to be used as a soft
cone-shaped microelectrode to accurately measure the
electrical’®'” and thermoelectric'® > properties of thin organic
nanomaterials. Moreover, the reactive oxide skin on the bulk
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outlook on the challenges and future developments of advanced liquid metal material systems.

Ga-based liquid metal alloys has been taken advantage of as a
catalyst for growing carbon nanotubes,”" thin films of inorganic
thermoelectric materials,?* and novel 2D nanomaterials with
high piezoelectric conversion.**** When this bulk LM is down-
sized to nanodroplets, a large surface area of the oxide layer is
created, forming the primary stabilizing interface for the
synthesized LM micro or nanoparticles (NPs) in various
media.>**® Furthermore, the chemical reactivity of the Ga oxide
layer provides a customizable platform for targeted surface
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Fig. 1 Processing liquid metal nanoparticles (LMNPs) via high intensity
sonication and shear mixing. Left: Image of bulk liquid metal being poured
into a cup (Credit: Indium Corporation). Top right: Transmission electron
microscopy (TEM) image of LM nanoparticles synthesized via sonication
with thiol ligands. Reproduced with permission,?® copyright 2016, Wiley-VCH.
Bottom right: 3D nano-CT image of LM particles produced by emulsion
shearing in uncured polymer. Reproduced with permission,*® copyright 2019,
Wiley-VCH.
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chemical functionalization or modification in order to tailor
the nanoparticles’ morphology and functional properties such
as pH resistance, temperature changes, photothermal conversion,
and electrical properties.'®*”*

The Ga oxide layer on the bulk liquid metal can be easily
ruptured by applying surface stress. Once ruptured, it instanta-
neously reforms to stabilize the high surface tension (~0.5 N m™)
of the LM. Thus, when a continuous mechanical stress is
applied, the oxide interface of the newly formed LM droplets
will be repeatedly ruptured and reformed, allowing the bulk LM
to be rapidly downsized from the macro to micro and nano-
scale. Some of the most common techniques to create micro/
nanoscale LM particles include the sonication of bulk LM in a
solvent using an ultrasonic probe*** (Fig. 1) or an ultrasonic
bath.*>** The in situ formation of LM microparticles in poly-
mers or solvents has been done through the mechanical shear
forces between these two liquid phases. For this purpose,
bladeless planetary shear mixers®**® and overhead stirrers with
impellers are chosen to provide more intense mixing.**?%3”
To create a homogeneous LM polymer nanocomposite, one or
more combinations of these methods are preferred.*®*° The
shear-based synthesis methods are attractive because of their
much facile, scalable, and rapid processes to create LM parti-
cles with sizes ranging from hundreds of microns to hundreds
of nanometers. Ultrasonication methods, on the other hand,
provide high mechanical energy via acoustic waves to rapidly
downsize bulk LM to a nanoscale level and at the same time
enable surface functionalization (i.e., surface in situ polymeri-
zation, organic or inorganic material coatings) or chemical
modifications on the generated LM nanoparticles.

Reducing the size of LM droplets is desirable because it can
decrease the freezing and melting points of its liquid core. For
instance, the freezing point of EGaln decreases from —5.9 to
—84.1 °C while the melting point decreases from 17.8 to
—25.6 °C.%° Similarly, the following supercooling property is
also found in the Field’s metal (i.e., eutectic bismuth-indium-
tin alloy) based LM nanoparticles where their suppressed
freezing temperature is closer to room temperature.’”*%*!
As a result, these supercooled LM nanoparticles can be used
to create low temperature compliant thermal interfaces®® and
heat-free electronic soldering materials.”’** Also, in compar-
ison to macroscale LM, nanoscale LM droplets exhibit higher
photothermal conversion efficiency for aiding intracellular drug
delivery*®*>** and lower chemical reactivity with metals***® while
capable of increasing the thermal conductivity of traditional
cooling fluids.”” When LM nanoparticles are embedded in
nanocomposites, their size and volume fractions are tailorable
parameters that determine the final elastic and functional
(i.e., dielectric and thermal) properties of the composite.****°
For instance, liquid metal composites with embedded nanoscale
LM particles have larger dielectric constants and stiffness,
enabling soft dielectric and thermal actuators to generate higher
actuation forces.**3%>°

The dominant surface area of the oxide interface found
among nanoscale LM particles also reduces the interfacial surface
tension for improved surface adhesion or wetting. This feature
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enables LM nanoparticle inks to form high resolution conductive
traces printed using different additive manufacturing techniques
(i.e., inkjet printing, nozzle dispensing, and ballpoint writing) for
stretchable and reconfigurable interconnections.”*”'* Despite
this, the rigid and insulative oxide interface of the LM nano-
particles pose a challenge to create conductive traces.> >’ Several
techniques ranging from mechanical,>**>*® thermal,”® and laser-
based®®®! activations exist for coalescing LM nanoparticles.
However, the ideal sintering strategy for LM nanoparticles will
depend on the encapsulating material, interfacial surface modi-
fications or functionalization, size of the dispersed LM nano-
particles, and desired resolution of the conductive traces.

Here, we will provide a comprehensive overview of recent
advances in the synthesis and applications of liquid metal
nanoparticles (LMNPs) with an emphasize on the relationship
between the processing parameters and properties and their
applications. With the emergence of liquid metal alloys in
nanotechnology throughout the past few years, the number
of research groups studying this topic has been steadily
increasing.®'° This has led to many research articles, perspec-
tives, and review papers. Previous reviews on liquid metal
nanomaterials have summarized the fabrication methods and
applications of this class of nanoscale functional materials with
distinct perspectives. For example, Song et al.®* holistically
covers the top-down and bottom-up fabrication methods of
LM nanoparticles. A review paper by Lin et al®® provides a
broad overview of producing Ga-based LM particles with size
ranging from millimeters to nanometers. Li et al.** provided a
focused progress report on the applications of LMNPs in
biomedicine, while Liu et al.?” discussed the various surface
engineering strategies conducted on LMNPs with a core-shell
structure. Our timely review article is centered on the synthesis
of free standing and embedded liquid metal nanoparticles.
In particular, ultrasonication and mechanical shear mixing are
discussed in detail as the two common scalable synthesis
techniques for the fabrication of LMNPs. We provide a com-
prehensive analysis of processing parameters (time, power,
solvent, surfactant concentrations and temperature) to create
multifunctional liquid metal nanodroplets and nanocompo-
sites with engineered surface/interface properties. In addition
to the room temperature liquid metal droplets, the synthesis
and applications of supercooled LMNPs such as eutectic bismuth-
indium-tin alloy are also discussed to highlight similarities in the
processing methods and applications. After providing insights on
the applications of nanoscale LM particles in printed conductors,
wearable energy harvesting, and nanomedicine, we discussed the
current challenges and future directions of this field.

2 Synthesis methods of LM
nanoparticles
2.1 Mechanical shearing in solvents

Emulsion-based processing methods using an overhead stirrer and
immersion mixers are rapid, scalable, temporally controllable,
and facile approaches for synthesizing LM micro/nanodroplets.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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To generate nanoscale LM particles by immersion mixing, a
large rotational velocity in a low viscosity mixing medium (bulk
LM in ethanol) is needed. The immersed rotating blade facili-
tates the mixing process by applying the shear (y), centrifugal
(F), and drag (Fq) forces along with the gravitational force (Fg)
to continuously rupture the oxide shell of the large droplets
(Fig. 2a).%® These combined forces cause bulk liquid metal to be
sheared into micro or nano droplets.

During immersion mixing, the generated nanoscale core-
shell LM particles can also have surface functionalization.
An early study demonstrated this by shearing liquids into
complex particles, a process termed SLICE, where large shear-
ing forces are applied on bulk LM in an organic solvent with
added surfactant (acetic acid in diethylene glycol).***” During
this process, a thin, secondary complex acetate shell forms over
the oxide shell of the LM particles. This additional outer layer
prevents the newly formed LM particles from recoalescing,
enabling a large quantity of nanoscale droplets to be produced
with controllable polydispersity and suppressing the freezing
point of the nanodroplets by providing a thermodynamic
barrier against the solidification of their liquid core.”"®> The
Field’s metal nanodroplets, formed by immersion mixing, are
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also referred to as undercooled liquid metal core-shell particles,
where the suppressed freezing point near room temperature
is attractive for heatfree soldering in printed electronics.*”*'
To demonstrate this property, when the Field’s metal LM core-
shell nanoparticles are sandwiched and ruptured by compression
between gold laminates, the exuded undercooled LM cores
recoalesce before immediately solidifying to form a solid mechan-
ical bond between the gold sheets (Fig. 2b).

Immersion mixing of bulk LM also allows for repeatable
control of the polydispersity and sizes of the formed LM
droplets. For example, at a low shearing speed, the immersion
mixing of bulk EGaln in ethanol can synthesize highly poly-
disperse LM droplets. When the size distribution of the synthe-
sized LM droplets has a ratio of largest to smallest particle
diameter ranging from 1/7 to 1/3, these LM particles can be
conformally jammed onto a highly textured soft biological
surface (rose petals) and sintered via phase change (liquid to
solid) to form replicas of the traced bio features as shown in
Fig. 2¢.°® As a result, this high polydispersity ensures that the
average feature size of the replica (a,’) formed by phase
changed undercooled LM nanoparticles resembles the feature
size of the original petal (a,) indicated in Fig. 2d.
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(a) The SLICE process showing the transformation of liquid metal, EGaln, into micro and nanoparticles with a core—shell structure when there are

multiple forces stretching the droplets. Reproduced with permission,*® copyright 2014, American Chemical Society. (b) Joining gold films by fracturing
and solidifying undercooled LM particles. The thin gold coating on aluminum foil were found to be joined while delaminating the aluminum foil.
Reproduced with permission,®” copyright 2016, Nature. (c) Macro/microstructure of a rose cultivar (i), undercooled LM core-shell deposition by spin
coating (ii) and the replica (iii). (d) The average feature size of a real cultivar (a,) and LM nanoparticle derived replica (a,'). Reproduced with permission,*°
copyright 2020, Wiley-VCH.
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2.2 Sonication-based synthesis

To form a high concentration of nanoscale (i.e., <1 pm) LM
droplets, the passivating oxide shell of the LM droplets must be
ruptured at a faster rate than it is reformed. Mechanical
shearing sometimes cannot apply a sufficient rate of applied
stress to produce LM nanoparticles in high yields. This leads to
the use of probe-based ultrasonication methods which can
create continuous or pulsed acoustic cavitation to rapidly break
down large liquid metal droplets into micro-/nanoscale parti-
cles. Intense shear mixing of bulk LM with an adsorbate
(polyvinylpyrrolidone or thiols) is only capable of slicing the
LM alloys down to mostly the micron scale, whereas a
sonication-assisted process can produce LM nanodroplets with
narrower size distribution and as small as several tenths of
orders of nanometers.>*”"*® Also, the use of ultrasonication to
produce LM nanodroplets is beneficial because it reduces the
amount of surfactants needed and consumes less energy than
the shear-based synthesis process.®”

Increasing the power and duration of the sonication will
reduce the size of the LM nanoparticles until the solution
reaches an equilibrium. Yamaguchi et al®' illustrated this
behavior for Ga particles and the relationship between the
delivered power and the size of the particles (Fig. 3a). However,

View Article Online

Materials Advances

sonication without a surfactant in ethanol often results in
LM nanodroplets with a highly polydisperse size, undefined
spherical shape (textured, oblong and deformed spheres), and
short-term dispersion stability as shown in Fig. 3b.>>®® The
thin passivating oxide shell of the LM nanodroplets can be
weakened by various chemical stimuli (acidic, basic, and highly
oxygenated surroundings) and often require additional inter-
facial reinforcement to prevent the LM nanodroplets from
recoalescing. During sonication, high energy acoustic cavita-
tion exposes the reactive LM alloy core, causing it to actively
bind with the self-assembling ligands (surfactants) while sup-
pressing the formation of Ga oxide. As a result, the synthesized
LM nanodroplets have a more rigid and chemically robust
protective interface granted by the thiol layers. For example,
well-formed and predominantly spherical LM particles are
generated when bulk LM is sonicated in both 3-mercapto-N-
nonylpropionamide (1ACT9) and 1-dodecanethiol (C12) etha-
nolic solutions (Fig. 3¢c). Comparing these two thiol ligands, the
LM nanoparticles generated with 1ACT9 as the surfactant result
in a better yield of spherical nanoparticles.

When the oxide shell is replaced by more resilient ligands,
the formed nanoparticles will not recoalesce as easily and are
more resistant to surrounding changes in pH or temperature.
Nevertheless, regulating the acidity, temperature, and processing
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(a) Mean diameters of the Ga nanoparticles as a function of ultrasonication time at different ultrasonication powers at 20 °C. Reproduced with

permission,® copyright 2015, Wiley-VCH. (b) The EGaln droplets produced without thiol self-assembly and (c) the EGaln droplets produced with 1ATC9
and C12 thiol ligands. Reproduced with permission,?> copyright 2011, American Chemical Society. (d) Reversibly controlling the size of Ga NPs. The
precursor Ga NPs were ultrasonicated in the presence of HCland C12SH in 2-propanol at 50 °C (state 1 — state 2) or 20 °C (state 1 — state 3), and then
again at 20 °C for 20 min (state 2 or 3 — state 1) and (e) the mean diameters of the Ga NPs in states 1-3. Reproduced with permission,** copyright 2015,
Wiley-VCH. (f) The setup of dynamic temperature control for maintaining low sonication temperature when synthesizing LM nanodroplets with bPEG
attachment. Reproduced with permission,®® copyright 2020, American Chemical Society. (g) EGaln NP shape transformation and dealloying process with
the SEM image of the shape transformed EGaln NP. Reproduced with permission,”® copyright 2021, Wiley-VCH.
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time can provide reversible size control of the synthesized liquid
metal nanoparticles.®” For example, 35 nm liquid Ga particles can
be synthesized by sonication at low temperatures (20 °C) and at
high temperatures (50 °C) (state 1 to 2) in the presence of
dodecanethiol (C12SH) as the surfactant (Fig. 3d and e). Also,
the size of these liquid Ga nanoparticles with C12SH as the
surfactant is reversible. To demonstrate this, the Ga nanoparticles
with a mean size of 35 nm are unchanged in the presence of acid
when sonicated at a low temperature (20 °C) because of the
surface stabilization by C12SH thiol at the interface of the
particles. However, when sonicated at a higher temperature,
around 50 °C, the size of the same Ga nanoparticles doubles
(~60 nm) despite having additional interfacial stabilization by
C12SH as shown in Fig. 3e. Since temperature and surfactants
serve as critical processing parameters for determining the size
and surface properties of the synthesized LM nanodroplets, a
dynamic temperature control (DTC) system for improving the
production of LM nanoparticles via probe sonication has been
recently introduced.®® Using DTC during sonication is beneficial
because it enables a high concentration of LM nanopatrticles to
be produced by preventing the solvent from overheating and
evaporating. For example, pulsed sonication of bulk LM in solvent
for 15 minutes with DTC can produce large concentrations of LM
NPs with an average size of 50 nm (Fig. 3f). The same LM
nanoparticles can also be simultaneously grafted with stabilizing
polyethylene glycol polymer brush (bPEG) at the interface for their
long-term colloidal stability.

To produce nanoscale LM particles, longer sonication time
is required but this often causes excessive production of heat in
the solvent-LM mixture. Consequently, this longer processing
duration can elevate the synthesis temperature and cause
excessive oxidation, dealloying, and an undesirable shape or
phase transformation in the generated LM nanoparticles as shown
in Fig. 3g.”° Moreover, when sonicating a LM in an aqueous
solvent without a surfactant, the observed phase and shape
transformations of the LM nanoparticles become more pre-
valent.?® This happens due to the uncontrollable production of
ellipsoidal shaped gallium oxide monohydroxide (GaOOH)
which causes Ga to be separated from its constituent elements
(i.e., indium and tin) of the eutectic metal alloy. One strategy to
mediate the production of GaOOH and make the shape of the
generated LM nanoparticles controllable in water is utilizing
water-soluble melanin nanoparticles (MNPs) as the additional
protective layer. This is possible because MNP exhibits strong
binding affinity with the Ga oxide layer while also being
compatible and stable in water.** In addition, the incorporation
of MNPs allows the synthesis of various EGaln nanostructures,
ranging from nanorice, nanosphere, and nanorod. With MNPs
as the protective agent, the following shapes are now regula-
table by selecting the optimum amount of MNPs, sonication
time, and temperature of the aqueous solvent during the
synthesis of LM nanoparticles.

Other researchers have engineered an alternative experimental
setup to synthesize LM nanoparticles with high controllability and
repeatability over droplet sizes with their fundamental working
mechanism still being reliant on sonication-based processing.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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For example, a steady synthesis of EGaln nanoparticles is
possible by nebulizing liquid within an aqueous medium using
a mini ultrasonication platform.”* This ultrasonication platform
induces a collapse of vapor cavities to create LM nanoparticles
that can be surface functionalized using various surfactants such
as branched polyethylene glycol (bPEG), poly(methyl vinyl ether-
alt-maleic acid) (PMVEMA), and oleic acid. The benefit of this
synthesis method is that the distribution and concentration of
the LM droplets can be controlled by the applied DC voltage on
the piezoelectric actuator of the device (Fig. 4a). For example, the
concentration of the NPs can be increased from 0.5 to 5 mg mL ™
by increasing the input voltage from 18 V to 27 V. In this
ultrasonication approach, the applied voltage determines the
median diameter of the generated LM particles instead of the
processing duration. Hence, this methodology enables better
control over the size of the EGaln droplets than sonication-
based processes, but the synthesis requires the use of a specia-
lized hardware. Another unconventional synthesis method com-
bines bath sonication and a microfluidic-enabled platform to
generate LM nanoparticles with tunable size distribution in an
aqueous medium.”*> This method injects bulk EGaln/Galinstan
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Fig. 4 (a) Production of EGaln nanoparticles using a designed mini ultra-
sonic platform and the mechanism for producing EGaln nanoparticles with
snapshots showing the EGaln droplet within the device before (lower left)
and after (lower right) activating the piezo transducer. Reproduced with
permission,”* copyright 2019, Wiley-VCH. (b) Generating liquid metal
micro/nanoparticles using bath sonication and a microfluidic enabled
platform. Reproduced with permission,”? copyright 2018, Wiley-VCH.
(c) Experimental steps for synthesizing Galinstan nanodroplets with laser
irradiation and sonication and (d) synthesized Galinstan droplets reduced
in size from 50 to 300 mJ pulse™ cm? laser fluence after sonication.
Reproduced with permission,”® copyright 2021, American Chemical
Society. (e) Fabrication steps to create ultrasmall LM nanoparticles as
gallium indium quantum dots using sonication and laser irradiation.
(f) TEM image of the obtained LM nanoparticles using 150 mJ pulse™* cm?
after 10 min of sonication. Reproduced with permission,”* copyright 2021,
Elsevier.
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droplets through a serpentine patterned microfluidic channel in
an aqueous medium and disrupts the LM droplets into micro/
nanosized particles with the help of ultrasonic acoustic waves as
they make their way downstream (Fig. 4b). With the addition of
bPEG as the surfactant to the aqueous medium, the generated
LM micro/nanoparticles can also be simultaneously grafted with
a stabilizing polymer brush around the oxide interface. The main
benefit of this approach over probe sonication is that the
dispersed LM nanoparticles are only briefly (~15 s) exposed to
high ultrasonic energy inside the microchannel, which reduces
the chances for EGaln particles to dealloy and undergo a shape
transformation due to prolonged exposure to high temperature
in an aqueous medium. However, the reported smallest average
size of LM particles generated via this approach is in the order of
hundreds of nanometers which is larger than most LM particles
derived using the probe-sonication method. Despite the lack of
control over the polydispersity of the generated LM particles,
sonication of bulk LM is one of the easiest methods to make
metallic nanomaterials in comparison to the multiple processing
steps and special conditions usually involved in deriving nano-
materials from solid metals.

2.3 Sonication with laser irradiation

Probe-based ultrasonication can also be coupled with laser
irradiation to generate ultra-small (~16 nm) core-shell struc-
tured Galinstan nanoparticles (Fig. 4c).”* The size of these LM
nanoparticles is much smaller than other reported sizes (30 to
100 nm average diameter) of LM nanoparticles created by using
only probe sonication.>®> After the initial step of downsizing
bulk LM into the micro/nanoscale, laser irradiation further
reduces the size of LM droplets by locally evaporating them
into smaller, resolidified core-shell fragments. By increasing
the power of laser irradiation from 50 to 300 mJ pulse * em 2,
ultra-small Galinstan nanoparticles can be successfully gene-
rated with final average sizes of 900 nm and 15.67 nm,
respectively (Fig. 4d). When these nanoparticles are embedded
in a commercial glue matrix, a LM-based anisotropic conduc-
tive adhesive (conductive in the thickness direction) is obtained
for the interconnections of nanoelectronics. Furthermore, S. Li
et al.”* took advantage of this combined synthesis method to
further reduce the size of the EGaln nanoparticles into quan-
tum dot particles (Fig. 4e). When these synthesized EGaln
quantum dots (~5 to 9 nm size) (Fig. 4f) were spin coated as
a perovskite film for solar cells, the power conversion efficiency
of this solar cell improved by 17.18% in comparison to those of
solar cells without embedded EGaln quantum dots.

3 Embedding and self-encapsulation
in polymers
3.1 Mechanical shear mixing

Planetary shear mixing of two liquid phases using a dual axis
centrifugal mixer is a common approach to synthesize liquid
metal polymer composites. The final size of the embedded
liquid droplets depends on the viscosity of each liquid phases,

7804 | Mater. Adv,, 2021, 2, 7799-7819
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their volume ratio, speed, and duration of shear mixing.
Initially, elastomer composites with LM inclusions with the
average size varying from 20 to 140 um were synthesized using
mechanical shearing without an impeller.>>”>”” In a recent
effort, an overhead stirrer was used for in situ formation of
EGaln particles with an average size of 2 pm for a 50% volume
fraction EGaIn-PDMS composite.’® In this process, the over-
head stirrer or immersion mixer, commonly used for highly
viscous fluids, applies intense mechanical shear forces to the
polymer and LM to achieve the desired LM droplet size. Fig. 5a
shows the SEM image and 3D Nano-CT of the LM polymer
composites that remain compliant and fully functional at
extremely low temperatures (< —80 °C). In a more recent study,
Ford et al’® conducted a systematic study on the role of
processing parameters (i.e., RPM and time) in the structural
and functional properties of the LM composites that were
synthesized using this method (Fig. 5b). For example, at 200
RPM and 1500 RPM overhead mixing for 300 s, the obtained
average radii of the suspended LM droplets are 2.8 and 0.8 pm,
respectively. On the other hand, when the mixing RPM is fixed
at 1500 RPM, the average radii of the LM droplets decreases to
5.8 um and 0.8 pm after 10 s and 300 s of total mixing time,
respectively (Fig. 5b and c). Despite processing simplicity, the
synthesized LM droplets have higher polydispersity compared
to those synthesized via sonication.

3.2 LM initiated polymerization

3.2.1 With initiator molecules. It is inevitable that mechan-
ical mixing and sonication of bulk LM alloys in polymer
precursors or organic solvents often result in large variations
in shapes and sizes of the LM micro/nanoparticles. These
variations are likely caused by the formed small LM droplets

Particle radius (m)

Fig. 5 (a) SEM (left) and 3D Nano-CT (right) images of the LM composite
with average diameter ~2 pm embedded in Sylgard 184. Reproduced with
permission,*® copyright 2019, Wiley-VCH. (b) Microscopy images of cross-
sections of LM composites with Sylgard 184 as the matrix to show the
influence of mixing time on the size of the final droplets. Mixing rate was
fixed at 1500 RPM; (c) the average LM particle radius as a function of
mixing time for fixed 1500 RPM. Reproduced with permission,”® copyright
2020, Wiley-VCH.
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recoalescing during and after the synthesis because of the
deformable and chemically sensitive oxide shell. Several studies
have already demonstrated that the thin passivating oxide layer
(without chemical modification) has a lower mechanical
strength,>*%"° is etchable in high or low pH environments,*"#%!
and can be weakened in water.*” To ensure that these LM
nanoparticles are suitable to produce highly isotropic, homo-
geneous, and functional (stable elastic, thermal, and dielectric
properties) nanocomposites, a uniform sphere shape size dis-
tribution and a high-volume fraction of suspended LM nano-
particles are desirable. An approach to fulfill these criteria is to
form polymer coatings on LM nanoparticles that are compatible
with the encapsulating polymer in the nanocomposite.** These
polymer-coated LM nanoparticles can be synthesized by initia-
ting in situ radical polymerization at the oxide interface.

To execute in situ polymerization at the oxide interface of
LM nanoparticles, a surface-initiated atom transfer radical
polymerization (SI-ATRP) reaction is facilitated through probe-
based ultrasonication.*> Generally, an SI-ATRP reaction is
a process that begins by first attaching polymer initiators

a
BIBADA itz _ATRP ‘\.113 r,i/,—/v
THF,US 72 *N’_;;,J \\\_
b S
BIBADA u,.,,,
\-\u ) ~
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(i.e., cross-linkers) on the Ga oxide layer followed by exposure
to the corresponding monomers. A follow-up study has shown
that in situ polymerization by SI-ATRP on EGaln nanodroplets
can occur without sonication assistance but the following
reaction is found to be several orders of magnitude slower.®*
In the first study on synthesis of EGaln nanodroplets through
SI-ATRP, the particles were synthesized using both sequential
sonication (Fig. 6a) or a one-pot sonication (Fig. 6b). For
example, to form EGaln nanoparticles with poly(n-butyl metha-
crylate) (PBMA) coating, EGaln droplets are first tethered with
12-(2-bromoisobutyramido)dodecanoic acid (BiBADA) in tetra-
hydrofuran (THF) prior to the SI-ATRP reaction with n-butyl
methacrylate monomers. For one-pot synthesis, a single sonica-
tion step is done without THF. The generated nanosized PBMA-
coated EGaln nanodroplets (Fig. 6¢) can be embedded in a pure
PBMA matrix up to 40% volume fractions with the resulting LM
nanocomposite exhibiting high stretchability (Fig. 6d) even at low
temperatures because of the supercooling properties of the
embedded LM nanoparticles. Another study facilitated SI-ATRP
reaction by using oleic acid as an alternative biofriendly initiating
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(a) Two-step ultrasonication with BiBADA functionalization and SI-
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ATRP of nanoparticles, (b) one-step ultrasonication with BIBADA monomer

and EGaln to induce SI-ATRP, (c) transmission electron microscopy (TEM) image of the supernatant of the EGaln—PBMA dispersion in THF. Scale bar,
200 nm, (d) tensile test of a PMMA-b-PBA-grafted EGaln hybrid material specimen. Reproduced with permission,®® copyright 2019, Nature. (e) The
mechanism of synthesizing core—shell structured EGaln—PBMA nanodroplets using oleic acid (OA) as the initiator, (f) frequency-dependent dielectric
constant (¢') of EGaln—PBMA nanocomposites with different LM volume loadings. Reproduced with permission,® copyright 2020, Royal Society of
Chemistry. (g) Illustration of the design of attachable diblock copolymer and fabrication of polymer brushes/EGaln nanodroplets by ultrasonication, (h)
TEM image of the PMMA-b-PAA/EGaln nanodroplets, (i) effect of DP of the PAA block on the average size and size distribution of PMMA-b-PAA/EGaln
nanodroplets, (j) images of suspensions of nanodroplets prepared in different solvents, (k) the resultant size distribution of LM nanodroplets in water and
DMF. Reproduced with permission,®® copyright 2020, American Chemical Society.
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agent for assembling PBMA monolayers on EGaln nanoparticles
(Fig. 6e).° These nanoparticles, with an average diameter of
~300 nm, can create LM nanocomposites with ~400% stretch-
ability (i.e., comparable to pure PBMA) while showing a highly
effective dielectric constant in the range of 30 (Fig. 6f). These
improvements in the functional properties can be attributed to
the smaller and narrower size distribution enabled by the
polymer-coated LM nanoparticles.

Adding surface-tethered macromolecules or polymer
brushes on EGaln nanodroplets, such as diblock copolymers
with short poly(acrylic) acid (PAA) segments, rather than teth-
ered initiators for surface polymerization can also enable the
formation of a protective interface.*® With this additional
coating, a high yield of narrow size distributed EGaln nano-
particles can be synthesized. The diblock copolymers consist of
attachable poly(methyl methacrylate)-block-poly(acrylic acid)
(PMMA-b-PAA) where the PAA chains act as the anchoring block
onto the oxide layer whereas the longer PMMA chain plays the
role of a stabilizer, preventing LM nanodroplets from coales-
cing (Fig. 6g). To conduct this synthesis for creating the
smallest LM nanodroplets (Fig. 6h), bulk EGaln is ultrasoni-
cated with PMMA-p-PAA copolymer in dimethylformamide
(DMF) solution. By increasing the length of PMAA (stabilizer)
polymer chain within the PMAA-b-PAA copolymer, the size
distribution of the yielded LM nanoparticles has smaller stan-
dard deviation but it becomes more polydisperse (Fig. 6i). For
stabilizing EGaln nanodroplets in both water and organic
solvents (Fig. 6j), poly(ethylene glycol)methyl ether-block-
poly(acrylic acid) (PEO-b-PAA) is another diblock copolymer
with a water-soluble polymer block (PEO) that can be attached
to the oxide interface. The results show that the size distribu-
tion of the LM nanodroplets in DMF and water is similar when
this water-soluble diblock polymer is attached at the oxide
interface (Fig. 6k). Moreover, the successful attachment of
polymer brushes on the oxide skin also enables the possibility
of attaching polymer brushes that are compatible with
photolithography.®” Thus, with selective photolithographic
patterning, spatial and temporal control of surface polymeriza-
tion at the surface of LM nanoparticles is now possible.

Creating a conductive polymer layer on LM nanoparticles is
also possible by in situ polymerization. One novel method is to
grow a conductive polyaniline nanofibrous network directly on
the insulative Ga oxide interface of EGaln nanoparticles.®®
Growing the polymer from the surface of LM nanoparticles by
in situ polymerization is beneficial because the functional
groups of the conductive polymers are susceptible to irreversible
degradation when deposited or exposed to metal ions such as
Ga*'. To enable in situ polymerization, the reactive LM droplet is
first disrupted by sonication to expose the reactive LM with
p-phenylenediamine followed by aniline monomers and their
initiator (ammonium peroxydisulfate). The created polyaniline
layered LM nanoparticles have been applied as sensitive sensors
for detecting acidic vapor and temperature changes. Recently,
another strategy to create conductive interfaces on LM micro/
nanoparticles is demonstrated by hydrogen doping of the
oxide layer.®® This conductive hydrogenated oxide skin is
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spontaneously formed when sonicating bulk EGaln/Galinstan
with poly(ethylene-co-vinylacetate) and a free radical initiator
(dicumyl peroxide). Once prepared as an ink to print conductive
traces, the LM particles require no sintering as interparticle
contact is sufficient to form electrical connections. As a result,
the printed conductive circuit using this hydrogen doped LM
particles is robust against scratching, temperature, and humidity
changes and exhibits no resistance change even after 500% of
uniaxial strain.

3.2.2 Without initiator molecules. So far, the reviewed LM
initiated polymerization processing methods employed molecular
initiators for grafting polymers around LMNPs. However, LM
itself can initiate surface polymerization during sonication. This
is evident when EGaln is present in an aqueous solution of vinyl
monomers, a rapid free radical polymerization (FRP) can occur
without requiring the use of molecular initiators.* In this process,
the high energy ultrasonication is used to not only reduce the size
of bulk LM but also simultaneously expose the reactive Ga alloy
core to directly initiate polymerization by FRP with an available
vinyl-based monomer such as acrylamide (Fig. 7a). This process
eventually results in the formation of a thick hydrogel layer
(20 nm thick polyacrylamide — PAAm) on the interface of LMNPs
which appears as a bulk gel after sonication (Fig. 7b). When these
hydrogel grafted LM nanoparticles are embedded in liquid metal
PAAm nanocomposites, the composite exhibits both thermal
responsiveness (Fig. 7c) and high stretchability up to 1500% strain
(Fig. 7d). Ring opening polymerization is another surface poly-
merization approach on LM particles without requiring initiator
molecules.”’ This polymerization technique is initiated when
sonicating bulk EGaIn with fluidic lactones. Through this
method, EGaln nanodroplets grafted with polylactone shells are
produced. The thickness of the polylactone shell is tunable and
transforms LMNPs into a stable and durable solid powder that
can be dispersed in different organic solvents for synthesis of
various liquid metal polymer nanocomposites. Based on these
studies, it is evident that liquid metal nanoparticles generated via
sonication can initiate and catalyze surface radical polymerization
without requiring initiators. Therefore, other studies have taken
advantage of the catalytic properties of surface oxides to effectively
convert various water-soluble monomers into long-chained
high molecular weight polymers with or without the help of
sonication.?*?>

Another method to decorate LM with different types of
polymers is the reversible addition-fragmentation chain trans-
fer (RAFT) process.”® In this process, a RAFT agent is first
anchored on the generated EGaln nanoparticles during ultra-
sound treatment in THF before being exposed to monomers to
initiate surface polymerization (Fig. 7e). The RAFT agent in this
study has a carboxylic group (HOOC) for binding to the Ga
oxide layer, long alkyl chain for stabilization, and a trithio-
carbonate group for enabling polymer chain growth when
monomers are present. The study shows that with the proper
design and choice of RAFT agents tethered on the interface
of LMNPs, a diverse group of polymers and block copolymers
can be grafted at the interface to allow EGaln nanoparticles
to have better dispersion stability. For instance, when methyl

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) A passivating oxide layer isolates the metal from the solution. Sonication breaks the liquid metal into small particles and thereby greatly
increases the surface area and exposes the Ga core, which initiates radical polymerization, (b) LM particles initiate free radical polymerization without the
need for conventional molecular free-radical initiators, (c) swelling and deswelling of the PAAm LM composite when responding to lower and higher
temperatures. Scale bars correspond to 10 mm. (d) PAAm LM composite showing stretchability (1) of 1500%. Reproduced with permission,®® copyright
2019, American Chemical Society. (e) Top: The structure of the RAFT agent. Below: Processing schematic during sonication and the polymer chain
assembly on LMNPs, (f) the stability test of EGaln with the PMMA layer over 14 days in THF and the dispersibility test in different solvents. Reproduced with

permission,®® copyright 2021, Royal Society of Chemistry.

methacrylate (MMA) monomers are added, PMMA is success-
fully grafted around EGaln nanoparticles to provide long-term
stability in various solvents (Fig. 7f).

A challenge that remains for most surface initiated ATRP
and RAFT-based synthesis of LM nanoparticles is that they are
limited to low monomer concentrations which results in a low
yield of surface polymerization. This is because at a high
concentration of monomers, the large amount of polymeriza-
tion results in increased viscosity of the solvent-LM mixture
which hinders the strength of cavitation bubble induced by
ultrasonication. Moreover, these processes are not readily scal-
able and require additional studies on the scalability and
stability of the final nanomaterials when synthesized in larger
quantities.

4 Surface modification

For liquid metal nanodroplets to be compatible with various
advanced additive manufacturing techniques such as inkjet,
aerosol printing, and direct writing, a stable oxide interface that
will grant long-term dispersions and particle-solvent compati-
bility is highly desirable. An approach to achieve these func-
tionalities is to specifically engineer the oxide interface of the
LM droplets for creating a surface versatile and printable LM
nanoparticle ink. Other than this, surface modification of LM
nanoparticles is vital for designing multifunctional polymer
nanocomposites, stretchable conductors, and biocompatible
therapeutic nanocarriers with tailorable properties. In the pre-
vious section, the discussed surface modification methods
involve creating a surface polymer layer at the interface of LM
droplets through a ‘“growing from’” approach. An alternative
approach will be to deposit or chemically modify the Ga oxide
interface with various inorganic and organic materials.

© 2021 The Author(s). Published by the Royal Society of Chemistry

4.1 Functionalized LM nanoparticles with inorganic and
organic coating

Inorganic agents can control the thickness and stiffness of the
native oxide skin of LM nanoparticles for a functional purpose.
For instance, the addition of highly oxidizing hydrogen per-
oxide in ethanolic solution for probe sonication of bulk EGaln
can produce EGaln droplets with a thick oxide shell, ~4 nm.*®
Also, these synthesized LMNPs with thicker (~4 nm) oxide
shells have larger measured elastic modulus (>2 GPa) than
those of unfunctionalized LM droplets (~1.06 GPa) (Fig. 8a)
and thus are more challenging to sinter on a nanoscale due to
the rigid insulating oxide shell.”> On the other hand, surface
chemical functionalization with various thiolated ligands can
suppress the Ga oxide growth at the interface of the LM
droplets by reducing the available surface sites for oxygen
adsorption (Fig. 8b)."" For example, thiolated ligands such as
dodecanethiol (DDT) and 2,3,4,5,6-pentafluorothiophenol
(FTP) suppress the thickness of the oxide shell by 30% and
23%, respectively, 1 day after synthesis (Fig. 8c). After allowing
30 days for both the functionalized and unfunctionalized LM
nanodroplets to mature, the DDT and FTP functionalized LM
nanodroplets were still found to have measured oxide shell
thicknesses that are 13% and 17% smaller than those of
unfunctionalized LM droplets (~2.6 nm). From this study, it
is known that FTP is the best thiol ligand for slowing the final
growth of the oxide shell but the decline in thiol-metal (i.e., Ga
core) bonding over time still leads to inevitable regrowth of the
oxide shell on LM nanodroplets (Fig. 8c).

To ensure that the Ga oxide growth on LM nanodroplets is
irreversible while still having a tunable thickness, 1-Decyl-
phosphonic acid (DPA) has been subsequently chosen as an
alternative ligand molecule for the synthesis of LM droplets.®®
The benefit of the DPA ligand is that it can form strong and

Mater. Adv., 2021, 2, 7799-7819 | 7807
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Fig. 8 (a) Ga oxide shell elastic modulus against particle thickness to diameter ratio for EGaln nanoparticles with various chemical functionalization

methods. Reproduced with permission,®® copyright 2019, Royal Society of Chemistry. (b) The core—shell structure of a LM nanoparticle; it is likely that the
gallium oxide shell is not totally continuous in thiolated nanoparticles as thiols are expected to bind to elemental gallium rather than gallium oxide,
(c) initially, oxide thickness is reduced up to 30% by thiolation, while at the longest times studied thiolation produces up to a 17% thickness reduction.
Although DDT starts out with a thinner oxide shell initially, as equilibrium is approached, the FTP sample exhibits a thinner oxide than either TP or DDT.
Reproduced with permission,'* copyright 2018, American Chemical Society. (d) Silanization of the EGaln particles with schematic depicting the reaction
of EGaln particles possessing hydroxylated gallium oxide shells with substituted trialkoxysilane, (e) polymerized LM network formation with strain-
induced rupture at much smaller particle sizes than the oxygen-inhibited free-radical polymerization of acrylates, electromechanical behavior of
functionalized polymerized LM networks for initial strain activation (f) and strain to substrate failure (g). Reproduced with permission,®* copyright 2020,

American Chemical Society.

long-term covalent bonds on the Ga oxide interface as proven
before on bulk EGaln surfaces.’® Moreover, the binding
strength of the DPA layer on the Ga oxide surface improves
even after being stored for a week under ambient conditions or
can be further augmented by heat treatment (i.e., heat reflux in
solvent or bath sonication). In contrast, the thiol-Ga binding
strength is short-lived which allows less stable Ga oxide shell to
regrow on LM nanodroplets.

Another way to circumvent the issue of transient surface
functionalization among thiol ligands is to instead silanize
liquid gallium alloy nanoparticles. The silanization of LM
nanoparticles can be performed by enabling the reaction of
hydroxyl species on the oxide layer with the alkoxysilane group
(R’-Si(OR)3) of a substituted trialkoxysilane (R’) such as 3-(gly-
cidyloxypropyl)-trimethoxysilane (GLYMO) and 3-(acryloxypro-
pyl)-trimethoxysilane (AcTMS) as illustrated in Fig. 8d.°* The
following chemical functionalization on the interface enables
diverse chemical groups (i.e., amines, epoxides, cyanides, nitriles,
amides, and esters) including the more expensive DPA ligand to
be permanently functionalized on the core-shell structure of
Ga-based LM alloys. Furthermore, the alkoxysilane functionaliza-
tion of LM droplets allows for the fabrication of architected
polymerized liquid-metal networks, termed poly-LMNs, with

7808 | Mater. Adv., 2021, 2, 7799-7819

tunable mechanoresponsive stretchable conductors (Fig. 8e).
These poly-LMNs with nanosized (~110 nm) GLYMO functiona-
lized LM droplets can be conductive at a small strain although the
rigid insulative oxide shell of the LM nanoparticles can be difficult
to rupture and there is significantly less volume of conductive
LM (EGaln core) available compared to insulating Ga oxides at the
nanoscale (Fig. 8f). For instance, poly-LMNs with LM nano-
particles functionalized with GLYMO exhibit successful strain
activation (i.e., from dielectric to conductor) at 150% strain and
have negligible electromechanical behavior up to 400% strain.
In contrast, poly-LMNs with nanosized (~130 nm) AcTMS func-
tionalized LM droplets show limited rupturing to form a con-
ductive network at the same strain (Fig. 8g). This distinction
occurs because the GLYMO surface functionalization enables a
higher order of interparticle polymerization. As a result, the LM
nanoparticles with GLYMO functionalization can be easily sin-
tered to form percolated conductive networks after straining.

4.2 Functionalized LM nanoparticles for biocompatibility and
stability in water

Most surface modifying and functionalizing molecules, including
thiolated ligands, involve the stabilization of suspended LM
micro-/nanoparticles in toxic organic solvents (ie., ethanol,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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hexane, and benzene). However, for biomedical applications,
where bulk or nanodroplets of LM have the potential to carry
and release therapeutic payloads in the human body, an alter-
native non-toxic protective layer surrounding the LM particle in
an aqueous medium is essential. The challenge of synthesizing
LM droplets by ultrasonication in water (an oxygen-rich
environment) is that the pristine Ga core can undergo rapid
uncontrollable oxidation to form undesirable gallium oxide
monohydroxide (GaOOH) solid nanorods, particularly as the
water temperature increases.”” Simultaneously, indium parti-
cles covered with GaOOH spiky rods can also form when
ultrasonicating bulk EGaln in a water-ethanol mixture, indicat-
ing the dealloying of the LM alloy (Fig. 9a).>* Although these
formed GaOOH crystallites can be stable in water and silanized,
and have efficient photothermal transduction, they lack the
desired core-shell structures for other functional applications.

A protective barrier such as a water-soluble polymer can be
deposited on the core-shell structure of LM nanoparticles to
avoid uncontrollable oxidation. Hence, coating liquid metal
nanoparticles with water-soluble polymers such as poly(vinyl-
pyrrolidone) (PVP) is a rapid method to create stable core-shell
LM particles in an aqueous medium.’® This is achieved by
degrading PVP into smaller fragments by ultrasonic cavitation
bubbles before directly depositing onto EGaln as a coating shell
with a thickness of up to 20 nm (Fig. 9b). For comparison, this
PVP coating shell is much larger than the thiol ligand-derived
protective shell (<5 nm). As a result, the PVP-coated LM core—
shell particles have longer stability of 30 and 60 days in water
and ethanol, respectively, while it has been reported that
thiol-coated LM particles have <7 days of colloidal stability.>
In addition, with PVP coating in an aqueous medium, the
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generated LM nanoparticles are both smaller and less poly-
disperse (compared to without PVP) (Fig. 9c). This is different
than LM nanoparticles with a polymer brush (diblock copolymers)
coating where the obtained particle size and polydispersity are
inversely proportional. Other than this, the PVP polymer deposi-
tion on LM nanoparticles is a one-step synthesis process in water
(green solvent) while previous strategies to form a polymer shell
around LM particles such as surface-initiated atom transfer
radical polymerization and sonication-assisted emulsification
involve multiple additional steps (i.e., initiation, polymerization,
heat treatment, and washing steps) in addition to using different
toxic organic solvents.*>®* It is discussed that when producing LM
nanoparticles in water, these generated colloidal particles suffer
short-term stability and have wide size distributions. To remedy
both issues, EGaln can be sonicated with poly(1-octadecene-ait-
maleic anhydride) (POMA) in water to produce stable, double-
layered POMA encapsulated LM nanoparticles.>” The double-
layered POMA encapsulation offers a hydrophobic insulation
layer and a non-chemically reactive barrier for the dispersed LM
nanoparticles because of the formed octadecyl (CH,(CH,),CHs;)
hydrocarbon chain (Fig. 9d). As a result, the mean size of pro-
duced NPs in water after sonication can be as small as 170 nm
with both high concentration and narrow size distribution.
For tunable shape and surface properties of LMNPs in an
aqueous medium, a novel composite material that embeds
the LM core in a zeolitic imidazolate framework (ZIF) shell is
introduced.®® This is done by first stabilizing the EGaln nano-
droplets with poly(vinyl pyrrolidone) (PVP) coating during
sonication (Fig. 9e). When these PVP-coated EGaln nano-
droplets are mixed with 2-methylimidazole (2-MI) and zinc
ion (Zn**) in methanol, the coating will interact with the zeolitic

Water phase

d 5@%
28

EGaln NP

Fig. 9 (a) Crystalline spikes of the EGaln particles sonicated in the presence of water. Reproduced with permission,®* copyright 2017, Royal Society of
Chemistry. (b) PVP-assisted synthesis of LM nanoparticles in water. The degraded PVP molecules adsorb onto the oxidized surface of the EGaln
nanoparticles and induce the deposition of a polymer coating, (c) size distribution and polydispersity index (PDI) of LMNPs with or without PVP.
Reproduced with permission,®® copyright 2020, Wiley-VCH. (d) Production of POMA grafted EGaln NPs with schematic depicting the mechanism leading
to the production of stable liquid metal NPs. Reproduced with permission,*? copyright 2018, Wiley-VCH. (e) lllustration of the synthesized “litchi”- and
“passion fruit”-like EGaln with ZIF-8 nanoparticles. (f) Images of EGaln with PVP coatings (left), single (middle) or more (right) ZIF-8 crystals
encapsulation. Reproduced with permission,®® copyright 2020, Royal Society of Chemistry. (g) Light-induced shape transformation of PDA coated
core—shell LM nanoparticles and the (h) TEM image of a single particle. Reproduced with permission,'°® copyright 2019, Wiley-VCH.
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imidazolate framework ZIF-8 precursor for the next encapsula-
tion stage. By changing the ratio of ligand (2-MI) to Zn>* metal
ions, the number of EGaln nanodroplets encapsulated in single
(Fig. 9f middle) or more (Fig. 9f right) ZIF-8 crystals can be
controlled. Other efforts have focused on stable dispersion of
core-shell LM droplets in an aqueous medium with a reversible
spherical to ellipsoid shape change when stimulated by near-
infrared radiation (NIR) (Fig. 9g).'° This feature can be
achieved by assembling a thick (20 nm) polydopamine (PDA)
monolayer which has a strong photothermal conversion
(i.e., light to heat energy) property around the outer oxide shell
of LM nanodroplets (Fig. 9h). With this shape transformation
functionality, the following PDA layered LM nanodroplets can
be used in cancer treatments by controllably releasing thera-
peutics at the treatment site using light irradiation.

Conductive 2D inorganic materials such as graphene can
also be deposited on the generated LM nanoparticles to enable
stable colloidal dispersions in an aqueous medium and in a
broad range of pH conditions.’®® To synthesize such nano-
material architecture, bulk EGaln is sonicated in water with
adjustable pH and pre-dispersed graphene oxides (GO). During
this process, 2D graphene oxide can form a secondary protec-
tive encapsulation for EGaln nanoparticles under acidic condi-
tions. On the other hand, under basic conditions, only
thiolated graphene oxide can be deposited on the oxide layer
of the EGaln nanoparticles. As a result, the EGaln nanoparticles
with GO encapsulation have 10x larger measured stiffness for a
single nanoparticle and require 5x more compressive loading
to be sintered as thin film in comparison to using pristine
EGaln nanoparticles. In short, GO encapsulation not only
stabilizes EGaln nanoparticles under various pH conditions
but also enables their interface to be electrically conductive
with regulatable rigidity.

5 Applications of LM nanoparticles

The applications of functional liquid metal nanoparticles have
been continuously increasing in the creation of flexible and
stretchable electronics as they can be made compatible with
different additive manufacturing techniques (i.e., handwriting,
direct writing, and inkjet printing). Nanoscale LM droplets are
also utilized for creating thermal, dielectric, and solar energy
harvesting materials in the form of nanocomposites. In the
field of nanomedicine, nanoscale LM droplets are preferably
used as therapeutic carriers or disease diagnostic tools because
of their known non-toxic properties. These emerging applica-
tions of LMNPs are briefly discussed here.

5.1 Printed stretchable conductors

Liquid metal nanoparticles are preferrable for creating printable
electronics because of the reduced surface tensions and large
surface area of the chemically modifiable oxide layer. These are
the two features that are crucial for the stable dispersion of LM
nanodroplets as printing ink and surface adherence on various
stretchable and flexible substrates. In soft electronics, bulk LM is
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commonly used as a microfluidic-based LM interconnection to
fill the created channel, but this fabrication step requires large
dispensing pressure because of the high surface tension and
viscosity of bulk EGaIn.'°>'®® To overcome this, concentrated
EGaln micropatrticles in ethanol solution (formed via ultrasonica-
tion) are selected because their lower viscosity and surface tension
(due to reduced droplet size) will enable a lower injection pressure
into the PDMS microchannels.®® Once most of the solvent evapo-
rates, the sandwiched EGaln microparticles can now be selectively
activated from the top of the PDMS packaging where the length of
sintered conductive trace controls the resonant frequency of a soft
antenna (Fig. 10a).%®

Creating soft electronics by direct writing of bulk EGaln
interconnections often poses difficulties such as high surface
tension and limited substrate wettability (large contact angle
>90°).'%* Hence, inkjet printing of bulk LM is not possible.
As a result, this leads to the preference towards using LM
nanoparticles which exhibit lower surface tension to enable
both successful nozzle and inkjet printing.”’ For example,
EGaln nanoparticles (180 to 600 nm) can be inkjet printed
directly onto an elastomer glove to form multiple scalable
arrays of strain gauges (Fig. 10b). When these LM nanoparticles
are prepared as a thin film, they can also be selectively sintered
using laser irradiation to form thin conductive traces of any
architecture before encapsulation in protective PDMS as a soft
circuit.®® This created a soft circuit that not only adheres well to
the skin but is also compliant to large wrist movements
(Fig. 10c). Moreover, the resistance changes of the created soft
circuits are negligible even after repeated bending deforma-
tions up to 1000 cycles and, thus, perform much better than
bulk LM traces (microfluidic or printed) which often exhibit
larger resistance change under deformation.

Surface modification enables LM nanoparticles to maintain
average size, long-term dispersion, and surface wettability or
adherence with broad types of substrates. In early attempts,
thiol ligated LM nanoparticles (~ 110 nm) were used to produce
printing ink with high dispersion stability to create high
resolution printed electronics. With these LMNPs, a flexible
micro-coil can be created using inkjet printing and laser pat-
terning techniques.>® The following printed micro coil showcases
stable and low resistance behavior after 100 cycles of loading
(Fig. 10d). However, the bare oxide layer and other thiol ligands on
the LM nanodroplets still have limited wettability with certain
substrates. A recent study addresses this limitation by functiona-
lizing natural polyphenols such as tannic acid (TA) on the inter-
face of EGaln to enable better adhesion of the nanoparticles with
diverse rigid and soft surfaces.”® This improvement is attributed
to TA molecules having universal surface adhesion properties and
possessing the functional groups to anchor strongly on Ga-based
LMNPs. Previously, other polyphenol compounds, such as gallic
acid, have been self-assembled on Ga nanoparticles via sonication
for stabilization in water and incorporation as conductive paper
membranes.'®® In contrast, the assembled TA molecules on EGaln
nanoparticles serve as versatile adhesives when LM nanoparticles
are deposited on different types of surfaces. For functionalization,
probe-based ultrasonication of bulk EGaln in the presence of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Different lengths of flexible antenna by selective mechanical sintering of encapsulated LM trace for tuning the resonant frequencies.

Reproduced with permission,®® copyright 2015, Wiley-VCH. (b) Inkjet printing of EGaln NPs to form strain gauges on a nitrile glove. Scale bar is 5 mm.
Reproduced with permission,* copyright 2015, Wiley-VCH. (c) Soft circuit board with conductive traces made from a laser sintered EGaln nanoparticle
substrate adhered to human wrist. Reproduced with permission,®® copyright 2018, American Chemical Society. (d) A flexible micro-coil electrode
prepared by laser patterning from EGaln nanodroplets and the resistance stability over a hundred rounds of bending and folding (right). Reproduced with
permission,?® copyright 2016, American Chemical Society. () EGaln—TA nanoparticle ink handwritten with ball point pen on different rigid, flexible and
curved surfaces. Reproduced with permission,®* copyright 2021, Wiley-VCH. () Utility of the double emulsion ink to create stretchable electronics with
laser sintering forming thin conductive traces. No evident reduction of the LED brightness was observed under 80% strain. Reproduced with
permission,®! copyright 2021, American Chemical Society. (g) Direct writing of PVP based LM nano-ink on various substrates. Reproduced with
permission,®? copyright 2021, Elsevier.

suspended tannic acid molecules is carried out. After synthesis, a
printing ink containing a high concentration of EGaln nano-
particles suspended in TA solution is created for writing conduc-
tive traces on various rigid or soft surfaces by using a ballpoint
pen as presented in Fig. 10e.

Other methods to form conductive traces for printed elec-
tronics involve printing LM nanodroplets with a grafted polymer
layer in order to enable adhesion to diverse substrates while
adjusting ink’s viscosity. The formulated ink can have double
core-shell structured LM nanoparticles with an oxide and poly-
dimethylsiloxane (PDMS) shell (i.e., double emulsion ink).**
To create this double emulsion ink, bulk EGaln is probe
sonicated in ethanol followed by PDMS precursors. The second
step allows the PDMS to be attached to the ethanol-oxide
interface to form double grafted emulsions of the LM nano-
particles. By using this processing technique, the double emul-
sion ink can contain a high loading of LM (98.4% by weight),
while having low viscosity (6x larger than water), large shear
thinning behavior, and high surface wetting characteristics for
an efficient printing process. Finally, the double emulsion LM

© 2021 The Author(s). Published by the Royal Society of Chemistry

particles can form stretchable (~80% strain) conductive traces
with a resolution up to 37 pm when selectively sintered by laser
irradiation (Fig. 10f). Thus, through surface modification, the
polymer coating on LM nanoparticles helps to minimize the ink
viscosity and improves surface wettability for rapid printing of
soft electronics.

To create a water-based LM nano-ink, the synthesized LM
nanoparticles are grafted with polyvinylpyrrolidone (PVP), a
water-soluble and biocompatible stabilizer, to ensure disper-
sion stability of the particles.*> The LM nano-ink can be filled
into a ballpoint pen and can print conductive traces with
various configurations and on various organic or inorganic
substrates (Fig. 10g). These conductive traces from LM nano-
particles can also be casted on filter paper, laser patterned, and
encapsulated in PDMS to make flexible antennas and capaci-
tors with their resistance stable against bending or stretching.
There is also an effort to produce a LM printing ink that enables
recyclability, printability, and compatibility with various surfaces.
For instance, EGaln microdroplets (70 to 100 pm) coated with a
water-soluble poly(vinyl alcohol) (PVA) polymer form a LM ink
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wettable on various surfaces (ie., polyacrylamide hydrogel,
poly(ethylene terephthalate) and polyurethane), exhibit shear
thinning behaviors and are recoverable as bulk EGaln when
dissolved in sodium hydroxide.>® This ink can form functional
conductive traces for electronic skins to detect various body
movements including pressing, bending, stretching, and even
subtle airflows.

5.2 Flexible energy harvesting devices

Liquid metal composites with embedded micro or nanosized
particles have been used as thermal interfaces and electrical
interconnections for stretchable and wearable thermoelectric
energy generators (TEG).>**'°*'%” The use of nano-/microparti-
cles enables the suppression of freezing and melting points of
LM droplets compared to those of bulk LM. When this freezing
point is lower than the glass transition temperature of the
encapsulating polymer, the LM composite can remain soft and
stretchable even at extremely low temperatures as the LM
inclusions remain as a fluid. Moreover, this suppressed freez-
ing point or supercooling properties of LM micro/nanoparticles
occur independently of the type of encapsulating polymers
(Fig. 11a). Thus, this enables a broad range of LM polymer
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composites to remain compliant at extreme low temperatures,
in the range of —85 °C. Taking advantage of this property, this
LM composite is used as a compliant thermal interface of a
wearable TEG for harnessing body heat under cold conditions
to electrically power an electronic sleeve (Fig. 11b) in addition
to powering a wearable pulse oximeter sensor.’® Since LM
composites can also form conductive traces by selective mechan-
ical sintering, they can serve as both a thermal conductor and an
electrical interconnector.'® With these combined functional-
ities, the LM composite can be used to fabricate soft and
stretchable thermoelectric devices by replacing the conventional
stiff interconnectors such as copper and silver with stretchable
activated traces of LM particles. In a more recent study, a LM
elastomer composite with enhanced thermal conductivity
was used as a thermal interface material to fabricate not only
flexible but also stretchable thermoelectric generator as shown
in Fig. 11c.

Smaller liquid metal particles in elastomer composites pre-
vent the leakage of LM at high volume fractions, which may
cause undesirable LM contact with the skin and the formation
of short circuit within the device. However, reducing the
particle size to the nanoscale level can stiffen the LM-PDMS

Ui Motal Embedded Clastomer (LMEE)
(Thermal intertace)

Fig. 11

EGaln Electrode

Diclectric Layer

DEC

EGaln Electrode

Time (s) |:

(a) Freezing and melting temperatures of bulk EGaln and EGaln particles encapsulated in different polymer matrices, (b) an electronic sleeve

with a wearable thermoelectric generator powering a red LED light under a large temperature gradient. Reproduced with permission,*° copyright 2019,
Wiley-VCH. (c) Top: A schematic of the stretchable TEG with a thermally conductive EGaln-PDMS composite as the material interface on the top and
bottom. Bottom: A stretchable thermoelectric wearable conforming to the forearm surface. Reproduced with permission,'°® copyright 2020, American
Chemical Society. (d) Time dependent infrared images of the thermoelectric device with COOH-PDMS-CONH-PDMS-NH2 (unfilled PDMS) and surfaced
modified liquid metal composite (SMEE) as thermal interfaces. Reproduced with permission,°® copyright 2021, Wiley-VCH. (e) Left: Schematic of a
dielectric generator (DEG) when stretched. The DEG consists of a LM nanocomposite dielectric layer sandwiched by two EGaln electrodes. Right: Using
LM nanocomposite as a dielectric layer improves the power output and efficiency than using a pristine elastomer layer. Reproduced with permission,*®
copyright 2019, Wiley-VCH.
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composites with limited improvement of their thermal con-
ductivity because of low LM volume fraction (<20%) in the
nanocomposite. Thus, to reap the benefits of LMNPs while
maximizing thermal conductivity, high volume fractions of
LMNPs should be embedded in the polymer matrix without a
significant effect on the composite’s stiffness. A recent work
overcomes this challenge by modifying the surface of LMNPs
with carboxylic acid terminated PDMS to fabricate a stretchable
LM nanocomposite with up to 44% filler volume fraction and
with reasonable stretchability (110% strain break; 350% for
unfilled polymer).'® With this novel LM nanocomposite, a
stretchable and thermally conductive thermal interface can be
demonstrated to enhance the temperature gradient across a
unit cell thermoelectric generator during active heating or
cooling as shown in Fig. 11d. Another use of LM nanodroplets
is the production of a stretchable high dielectric material for
fabricating stretchable dielectric energy generators with high
power conversion efficiency.>® This is possible because nano-
scale LM inclusions can increase the effective dielectric con-
stant of the LM composites with a moderate decrease in
compliance. Synthesized liquid metal nanoparticles have also
been successfully downsized into quantum dots for solar
energy harvesting.”® It is shown that these liquid metal quan-
tum dots (5 to 9 nm in diameter) can enhance the ultraviolet
absorption efficiency of perovskite solar cells with improved
power conversion by 17%. To date, there is no substantial work
on LM nanoparticle application for solar energy harvesting, but
it is expected to receive further attention in the future devel-
opments of flexible wearables integrated with solar energy
harvesting modules.

5.3 LMNPs in nanomedicine

Liquid metal nanoparticles are advantageous in the field of
nanomedicine due to their reduced cytotoxicity, small size for
easy intracellular transport, and high photothermal energy
conversion at the interface.®* These features enable LM nano-
particles to function as agents for rapid DNA detection and
therapeutic carriers with light-controllable drug release for
targeted treatment of cancer cells.

For rapid DNA detection, gallium nanoparticles are incorpo-
rated into a biomedical device to detect a specific gene mutation
associated with cystic fibrosis from a DNA sequence.'® This
device consists of Ga plasmonic nanoparticles that are deposited
on silicon substrates by a thermal evaporation method. The
result is a device with a formed pseudo dielectric platform that
functions as a selective DNA biosensing layer that can detect a
targeted gene sequence even in the presence of impurities
(pathogen materials). For instance, this DNA detection platform
can selectively detect the presence of a single nucleotide poly-
morphism of a specific genetic sequence of Helicobacter pylori,
the gene mutation indicative of cystic fibrosis. In addition, this
fabrication technique is demonstrated to be versatile and can be
tailored to detect a variety of other mutated genes with high
sensitivity. Hence, these DNA sensing systems can be very useful
over previous gene detection procedures by providing rapid and
targeted gene detection from a DNA sample.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Highly shape transformable LMNPs with attached thera-
peutics have also been proven effective in aiding intracellular
drug delivery.** These functional liquid metal nanopatrticles are
surface modified with graphene quantum dots (GQDs) by
sonication before being grafted with doxorubicin (DOX) drug
molecules. GQDs on the interface of LM nanoparticles act as
high energy collectors to convert light to heat energy which aids
in changing the shape of the spherical nanoparticles to hollow
rods. During this light-induced shape transformation, the
attached drug molecules are controllably released within the
targeted cell. To study the efficacy of this treatment mechanism,
this study examines the antitumor efficacy when the LMNPs with
DOX are injected into HeLa tumor-bearing mice followed by
near-infrared light irradiation at the tumor site (Fig. 12a). The
mice that were injected with the liquid metal nanoparticles
showed strong inhibition efficacy to tumor growth, with the
tumors eliminated completely by day 14 (Fig. 12b). Even without
the GQD surface deposition, the LM nanoparticles with a
biocompatible surface polymer coating (with polyethylene glycol
functional group) exhibit a strong photothermal effect for
controllable drug delivery by shape transformation from
nanospheres to nanocapsules as shown in Fig. 12c and d.*?
Moreover, similar shape transformable LMNPs can be used to
enhance X-ray imaging in biological organs and living mice for
cancer cell diagnostic purposes (Fig. 12e).

A more recent study in this area has demonstrated that
LMNPs not only induce cancer cell death but also prevent
cancer cell recurrence. By creating a locally injectable LM
doxorubicin nanoflake hydrogel nanocomposite, an enhanced
prevention of postoperative tumor relapse can be achieved
compared to just using LMNPs with doxorubicin attachment
(Fig. 12f)."*° Instead of using laser irradiation, these LM nano-
flakes use pH changes as the stimuli to initiate drug release.
The nanoflake structure of synthesized LM nanodroplets enables
a larger loading capacity of DOX therapeutic by 63.5% compared
to previous LM-based nanospheres and nanorods. To create this
nanostructure, surface functionalization of LMNPs with hyper-
branched poly(amidoamine) ligand is conducted by sonication.
Further encapsulation with hydrogel delays the DOX drug release
and is the key approach to achieve a long-term antitumor effect
and lower drug toxicity at the targeted cancer treatment site.
As a result, the LM nanoflakes synthesized in this way have the
potential to be utilized as a post-surgical cancer treatment to
decrease the chance of relapsing tumors. These studies have
demonstrated the emerging use of liquid metal micro-/nano-
particles in biomedical applications. Additional studies should
be conducted to ensure the safety of LMNPs and their composites
for long term applications.

6 Summary

In this review article, we summarized recent developments in
the synthesis and applications of liquid metal nanoparticles.
From the synthesis perspective, mechanical shearing and soni-
cation are two current attractive methodologies for the rapid
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(a) Schematic of HelLa tumor-bearing mice injected with saline, free DOX solution, and DOX on transformable LM nanoparticles. Light treatment groups

were irradiated with light after the injection. (b) Diseased tissue is circled in red and Hela tumor growth curves through 14 days. Reproduced with permission,**
copyright 2017, American Chemical Society. (c) TEM images of LM nanocapsules before laser irradiation, after 1 minute of laser irradiation, and after 3 minutes of
laser irradiation. Scale bars represents 200 nm, 100 nm, and 500 nm labelled from left to right, (d) visible light and thermographic images of LM droplet before
and after laser irradiation from a 785 nm near infrared laser at 1 W for 5 min, (e) 3D-X-ray image of LM nanocapsules injected in living mouse. The red arrow
displays the laser-irradiated site with a magnified view of laser-irradiated part. Scale bar, 3cm (inset: 2mm). Reproduced with permission,** copyright 2017,

Nature. (f) Schematic of LM nanoflake hydrogel formulation for post-surgical cancer treatment. Reproduced with permission,

synthesis of LM micro/nanoparticles because of their ability to
control the size of particles while allowing surface modification.
Mechanical shearing with or without an impeller allows facile and
scalable synthesis of LM micro-/nanodroplets and nanocomposites
with average sizes down to several microns by varying the mixing
speed, time, and LM-solvent volume ratios. When a large yield of
LMNPs is desired, probe- or bath-based ultrasonication can be
used to generate LM droplets with an average size of several tenths
of nanometers. Successful synthesis of LM nanoparticles via
sonication relies on optimized sonication power, time, concen-
tration, and type of surfactants.

When bulk LM is reduced to nanoscale, a large surface area
of the oxide layer is present, offering diverse opportunities for
chemical functionalization or modification. In summary, these
strategies consist of coating organic and inorganic materials on
the oxide shell. Other solutions involve chemically modifying
the surface chemistry or initiating the cross-linking of mono-
mers (i.e., surface-initiated polymerization) on the surface of Ga
oxide to either substitute the Ga oxide layer with resilient
ligands or creating an additional reinforcing monolayer on the
formed LM nanoparticles. The preferred surface modification

7814 | Mater. Adv, 2021, 2, 7799-7819
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on LMNPs will depend on their functional applications such as
enhancing their surface adhesion properties for additive manu-
facturing of stretchable conductors, interface tuning for
LM-polymer nanocomposites, or enhancing photothermal
conversion efficiency for nanomedicine. Concurrently, a con-
centrated effort has also been made to incorporate LM nano-
particles as stretchable and functional nanocomposites in
wearable energy harvesting devices. New studies are also
expected in the photovoltaic systems in order to leverage the
metallic properties of LMNPs and their high stability. Based on
this summary, there are still fundamental questions yet to be
answered to enable reliable synthesis of LM nanoparticles in
large quantities with their morphologies and functional proper-
ties customizable for desired applications.

7 Outlook and future directions

Generating monodispersed liquid metal nanoparticles by emul-
sion shearing and sonication remains a formidable challenge
despite the emergence of various innovative interface tuning

© 2021 The Author(s). Published by the Royal Society of Chemistry
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strategies. A synergistic processing technique involving micro-
fluidic and sonication seems to produce relatively narrow size
distribution of droplets but is unable to create <100 nm
nanoparticles with high yield. Extensive study on the relation-
ship between processing parameters and final size distribution
and morphology of LMNPs has been made. However, more
investigation should be done to better understand how the
interaction between these processing parameters affects the
properties (both chemical and mechanical) of the interface and
the final macroscale properties of the nanocomposites. Another
research direction is exploring universal surface engineering
solutions for LMNPs that will ensure colloidal stability in both
organic and aqueous media while having diverse attributes
such as surface-independent adhesion properties or particle-
matrix/solvent compatibility. Once the processing method of
LM nanoparticles has matured, automated synthesis can even-
tually replace in lab synthesis to allow scalable, safe, rapid, and
reproducible quality of the generated LM nanoparticles. The
automated synthesis approach will involve an on demand end-
to-end continuous fabrication featuring large-scale emulsion
shearing and sonication processing for synthesizing LMNPs
while monitoring the physical and chemical properties in
real time.

Elemental gallium is produced mainly as a by-product
making its production and availability limited unlike other
abundant elements. Therefore, practical strategies to recycle
and reuse Ga-based LMNPs should be considered. A few studies
had shown that soluble coating on LMNPs can be removed
while the surface oxidation is reversible in highly basic and
acidic medium. In this way, bulk LM can be collected and
reused. For LM nanocomposites, having soluble polymer
matrices is essential to successfully recover the embedded
LMNPs. For the most part, the recovery of bulk LM requires
hazardous chemicals, is limited to certain nanocomposites,
and requires special chemical treatments. Hence, to ensure
sustainable application of LMNPs, more studies should be
done on developing cost-effective and green chemistry methods
to recycle and reuse LM from synthesized LMNPs and LM
nanocomposites after reaching their end of use.

To achieve commercialization, the reliability and long-term
stability of LM nanocomposite need to be verified. For instance,
extensive investigations need to be performed to reveal the
stability of the dielectric constant of LM nanocomposites over
time and under different conditions such as high loading
cycles, high electric field and at extreme temperatures. Similar
studies should also be conducted for identifying the stability of
electrical and thermal properties of the composites. In parallel,
an effort to identify the best interface-tuning approach to
ensure durability and stability of properties of the nanocomposite
is critical for future commercialization.

Limited knowledge on the reactivity, corrosiveness and
cytotoxicity of liquid metal nanoparticles remains a concern
for their incorporation in wearable and biomedical applica-
tions. Recent studies have hypothesized that the large surface
area of passivating Ga oxide layer on LM nanoparticles sup-
press the formation of Ga®" ions which reduces their reactivity
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when in close contact with other metals or tissue cells. More
in depth investigation into these proposed mechanisms and
additional low cytotoxicity evidence need to be presented to
convince future stakeholders on the long-term safety of
Ga-based LMNPs and to continue their growth in biomedical
applications.

As the functionalities and applications of synthesized liquid
metal nanoparticle broaden, advanced modeling tools guided
by experimental measurements should be taken advantage to
predict the mechanical and functional properties of the LM
nanocomposites or nanoparticles. Finite element methods and
micromechanics modeling have been useful for understanding
and predicting the mechanical, thermal, electrical, and coupling
behaviors of LM composites at the continuum level. However,
these modeling techniques rely on simplifying assumptions at the
oxide interface such as the bonding conditions, size, thermal,
mechanical, and electrical properties of the oxide shell.
To accurately predict the effects of various surface engineering
on the bulk properties of LM composites, multiscale modeling
approaches that combine molecular dynamics (MD) simulation
at the interface and continuum computational model at the
mesoscale should be synergized to accelerate the design of
functional LMNPs or nanocomposites while reducing experi-
mental time. In addition, MD and density functional theory
computations can aid in simulating chemical processes at the
interface to explore novel ligand molecules or surface engineer-
ing processes that can enhance the multifunctional properties
of LMNPs.

Overall, we foresee that as the interest and number of
researchers who are actively studying nanoscale liquid metals
continue to increase, we expect to see more interdisciplinary
problem-solving approaches emerging in the future along with
more compelling applications of liquid metal nanoparticles
and nanocomposites.
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