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Abstract

Liquid metals (LMs) have compelling applications in stretchable electronics,
wearable devices, and soft robotics ascribing to the unique combination of room
temperature fluidity and metallic electrical/thermal conductivity. Adding metallic
elements in gallium-based LMs can produce heterophasic (i.e., solid and liquid) LMs
with altered properties including morphology, surface energy, rheology,
electrical/thermal conductivity, and chemical reactivity. Importantly, heterophasic
LMs can respond to external stimuli such as magnetic fields, temperature, and force.
Thus, heterophasic LMs can broaden the potential applications of LMs. This report
reviews the recent progress about heterophasic LMs through metallic elements in the
periodic table and discusses their functionalities. The heterophasic LMs are
systematically organized into four categories based on their features and applications

including electrical/thermal conductivity, magnetic property, catalysis/ energy
management, and biomedical applications. This comprehensive review is aimed to
help summarize the field and identify new opportunities for future studies.
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applications in  stretchable electronics,!'?!  thermal

management,!'3] chemical catalysis,!'*!! and biomedical

health

(1) Commercial LMs consist of gallium and its alloys such
as eutectic Ga-In (EGaln) and Ga-In-Sn (Galinstan).
While these metals have interesting properties, they are

1 | INTRODUCTION

Metals are an important category of materials owing to their
superior mechanical properties, high density, and excellent
electrical/thermal conductivities.[' ! Over one thousand years
of blacksmith's technology have made metals into desired limited. For example, they are diamagnetic and thus, not
shapes, yet such approaches require high energy responsive to magnetic fields.
consumption. The high moduli of most metals lead to (2) Commercial LMs have fixed melting points and phase
processing challenges as well as the significant behavior.'”! The ability to change the phase behavior
incompatibility with emerging types of soft electronics. would broaden the application space.
Liquid metal (LM) —that is, metals with low melting points
near room temperature—addresses these issues and have
received increased attention in various fields.[>®

Ga-based LMs are fascinating materials due to the
intriguing combination of room-temperature fluidity, low
viscosity, and negligible toxicity combined with metallic
thermal/electrical ~ conductivity.” ") Such interesting
combination of properties makes Ga-based LMs suitable for
care.['%] Nevertheless, broadening the applications of LM is
restricted by the following:
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(3) Most LM-polymer composites consist of LM dispersed
in polymer and therefore are typically insulating. While
these LM-polymer composites can be rendered
conductive with sophisticated designs or treatments,
simpler methods are preferable.[!%1]

(4) LMs have low viscosity. The leakage phenomenon is a
common issue during the operation of LMs due to its
constant low viscosity. The ability to vary the rheology
would make it easier to print it from a nozzle and also
make it less likely to leak from devices.

To address the above issues, research has been combining
Ga-based LM with other metallic elements to tune the
functionality.?*?>) The solid metals in the LMs (that forms
heterophasic LMs in this review) not only address the above
challenges but also bring new features into the heterophasic
LMSs.[26-281'We list several examples:

(1) Adding metal elements to LMs can endow the resulting
heterophasic LMs with distinctive functionality such as
magnetic responsiveness from LM-Fe/Gd/Nj,?*3!]
superior catalytic activity from LM-Pt/Pd/Rh,*>34 and
biomedical function from LM-Cu/Zn/Mg,?>3¢]

(Figure 1a, colors represent the functionalities).[*344]

(2) The properties of heterophasic LMs (e.g., morphology,
strength, rheology, electrical/thermal conductivity, and
chemical reactivity) can be tuned through compositions
and are highly dynamic*®*in response to stimuli such
as magnetic field and temperature. ]

(3) While LM-polymer composites are typically insulating,
heterophasic LM polymer composited can be electri-
cally conductive.#7#

(4) Heterophases in LMs can lower surface tension energy
compared with pure LMs.PY It can also improve
wettability and limit leakage of LM from devices.'3]

In recent years, due to the excellent features realized by
adding elements, a variety of heterophasic LMs have been
introduced into different fields such as soft electronics,
magnetic robots, catalysis, energy management, and
biomedical applications.[***3-3¢1 This review intends to
classify the recent research about heterophasic LMs through
a fresh and practical perspective of elements and
functionalities (Figure 1). According to the functionalities
derived from different metallic elements, heterophasic LMs
are systematically organized into four categories in the
review as shown in Figure 1b and Table 1. A comprehensive
review of the relevant literature is provided to summarize
current studies and intends to present a general picture for
future studies of LMs.

This article systematically reviews the properties as well
as functionalities of heterophasic LMs with different metallic
elements. The recent progress in the fields of electrical/
thermal conductivity, magnetism, catalysis, energy
management, and biomedical application are discussed
thoroughly. The heterophasic LMs can overcome the
deficiency of LM, improve its performance and introduce
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new functionalities. The detailed performance and
applications of different heterophasic LMs are summarized
by figures and tables in each section. The future research
directions of heterophasic LMs and the main challenges are
proposed, which can inspire innovations for future
investigation on heterophasic LMs.

2 | ELECTRICALAND THERMAL
CONDUCTIVITY OF HETEROPHASIC
LMs

2.1 | Preparation of heterophasic LMs

Heterophasic LMs can be formed through various established
strategies  including heating, mechanical blending,
acidfacilitated mixing, and electrochemical approach (Table
1).

As demonstrated in the phase diagram, a variety of metals
including In, Sn, Bi, Zn, and Ag are soluble in liquid Ga
through simply heating and stirring, which produces
heterophasic LMs. In addition, the morphological,
rheological, thermal, and catalytic properties are highly
tunable based on the metallic phase diagram to adapt to
different applications. Interestingly, the metallic crystals can
be extracted from the LM solvent through reducing the
surface tension by applying voltage and vacuum
filtration.®”>% The structure of the crystals exhibits versatile
morphological and compositional diversity, which proposes a
general approach to construct crystals with controllable and
delicate structures for further application.

However, a large proportion of other metals such as Cu
and Fe have difficulty dissolving in liquid Ga. Fortunately,
the heterophasic LMs can be obtained by mechanical stirring
of LM and immiscible metallic particles in an ambient
environment. Mechanical stirring increases the contact area
of the metals by splitting the particles and disrupting the
interfacial oxides. For example, heterophasic LM consist of
LM and tungsten (W) can be formed by physical grinding and
the obtained LM-W mixture inherits the high thermal
conductivity of tungsten.l*” Besides, the immiscible particles
can also be “swallowed” by the LM through removing the
metal oxide in an acidic environment. For instance, magnetic
LMs can be fabricated by mixing iron particles and LM in
hydrochloric acid (HCI) solution.®” The key issue in
dispersing immiscible metals in LM is to eliminate the metal
oxide that impedes the solid metal particles from entering the
LM.

Apart from physical blending, chemical reaction such as
galvanic replacement contributes to the formation of the
heterophasic LMs. Galvanic replacement reaction (GRR) is
an electrochemical process driven by the electrochemical
potentials difference of two metals. During this process, the
metal with higher potential is reduced and deposits at the
cathode. The simple GRR has been widely used for the
generation of controllable metallic nanostructures. For
instance, the metallic core-shell structure can be obtained
through the galvanic replacement between KAuBr4and
LMs.61]
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2.2 |
LMs

Electrical conductivity of heterophasic

Ga-based LM with excellent fluidity, negligible toxicity, and
high electrical as well as thermal conductivity is receiving

RESPONSIVE MATERIALS
(Figure 2f).

To realize electrically conductive LM composites,
researchers have added solid metal particles (Cu, Ag, Ni, and
W) into LM. The resulting composites are conductive,
stretchable, and thus useful for stretchable electronics.!”! 73!
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FIG URE 1 (a) Adding elements to Ga-based LMs can create heterophasic LMs that exhibit varied functionalities, including electrical and thermal,
magnetic, catalytic and energetic, and biomedical functions. Different colors represent different functionalities. The elements with multifunctionalities are
represented with a gradient color. For example, heterophasic LM with iron (Fe) element exhibits enhanced electrical conductivity, magnetic response and
biomedical utility. For the preparation of the heterophasic LMs, it should be noted that the mixing of metallic elements in liquid metals is usually limited by
the surface oxides of LM (although the native oxide contributes to the adhesion of LM on substrate). There are several approaches for the synthesis of
heterophasic LMs to overcome the challenges. Increasing the temperature, grinding, and applying mechanical stirring or sonication would accelerate the
mixing of the solid metals and LMs. In addition, the oxide layer can be removed via chemical dissolution with acids or bases such as HCI or NaOH. In
addition, electrochemical strategy is also a promising method to dissolve various metals into LMs. (b) Appealing features and corresponding applications of
different heterophasic LMs. Reproduced with permission.l*”’ Copyright 2021, Springer Nature. Reproduced with permission.*! Copyright 2022, National
Academy of Sciences. Reproduced with permission.*” Copyright 2021, American Chemical Society. Reproduced with permission.!*”! Copyright

2021, Wiley-VCH. Reproduced with permission.*3! Copyright 2021, American Chemical Society. Reproduced with permission.*!! Copyright 2020,
Wiley-VCH. Reproduced with permission.*®! Copyright 2021, Wiley-VCH. Reproduced with permission.*? Copyright 2020, the Royal Society of

Chemistry. LMs, liquid metals.

increasing attention in metal-polymer composites.[¢2-4]

However, in most cases, the composites are not inherently
conductive because they are not in intimate contact. The LM
particles (LMPs) have to be sintered (e.g., mechanical,
hightemperature, and laser sintering) to rupture the native
oxide of LM to form a continuous percolating network in the
polymeric matrix.[%! Fortunately, adding solid metal particles
into liquid gallium that are biphasic or heterophasic LMs will
avoid the sintering procedure and directly form uniform
electrically conductive route in polymers (Table 1).[66-%81 This
is because the rigid solid phase in heterophasic LM could
penetrate the coverage of polymer and connect the LM to
form conductive networks in polymer matrix

For example, the electrical limitation can be eliminated by
coating highly conductive metals on the surface of LM micro
or nanoparticles (GRR).®] As shown in Figure 2a, the
metallic core-shell structure is available through the galvanic
replacement between alkaline KAuBrs and LMs with the aid
of surfactants. By sonication and galvanic reaction, Au/
AuGa; encapsulated stable sub-micrometer Ga-alloy droplets
are successfully synthesized and applied by drop casting a
film. Core-shell structural Ag@LM particles are also
obtained by in situ coating nano-silver on the surface of
LMPs.™ Due to the features of sintering-free initial
conductivity (8.0 Q sq7!), real-time self-repairing, and
electrical durability, the Ag@LMP are a promising candidate
to fabricate self-healing flexible circuit (such as NFC tags,
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TABLE 1 Detailed information of heterophasic LMs with enhanced properties.
Function Composition Features Preparation Application Ref.
Electrical Au-Ga 43Q Chemical reaction Drop casting noble metal-LM circuits [61]
property S Qo] T o
AgNWs-LM  8.65 10°Sm~ Laser-irradiating Complex stretchable circuitry [73]
Fe-, Au-LM 1.1 Q'm/0.5 Qsq”’ Stirring/deposition Multilayer circuits, sensors, and [67,70]
actuators
Ga-In Tunable: 1-108Q Heating Flexible thermal conductors and sensors  [45]
Thermal Cu-LM 50 Wm-1K-1 Stirring in solution Thermal interface materials [79]
property under 5 V
Cu-LM 65.9 Wm-1K-1 Chemical modification  Electronics thermal management [77]
W-Ga 57 W m-1K-1 Grinding [59]
Ga-In-Sn 20.3 W m-1K-1 Heating and stirring [38]
Magnetic Fe-LM Tunable mechanical properties, Stirring in HCI Wearable electronics, implantable [40, 60]
property viscosity, and stiffness devices and magnetic manipulation
NdFeB-LM  Reversible transition and Mechanical mixing Flexible erasable recording paper and [85, 86]
morphological adaptability controllable miniature robotics
Gd-LM Magnetocaloric effect Grinding Magnetically controlled cooling [39]
Fe-LM Self-healing, locomotion and shape Submerging in HCl Magnetically controlled locomotion [87]
deformation under magnetic field
Catalytic Ga-Ag 92% efficiency Sonication and stirring ~ CO, conversion [95]
ropert;
property Pt-, Rh-and  Productivity: 80-263 gpropencgpi-1 Sonication Akanes dehydrogenation [33, 34,91, 96]
Pd-Ga
Pt-Ga Activity: 2.8 10’ mA mgp,! 400°C heating Oxidation, reduction and electrochemical [32]
reactions
Energetic  Na/Li*-Ga/  Discharge capacity for Li: Heating, sonication and Energy storage devices [101]
property In 706 mAh g-' Na stirring
2223 mAh g!
Ga-Sn Faradaic efficiency: >95% Shaking High-specific-energy batteries [102]
Na-K-Ga Capacity retention: 99.95% Mixing Energy storage devices [41]
Coulombic efficiency: 100%
Biomedical Cu-LM Radiographic capabilities Mixing in NaOH CT assistant localization [42]
rope
property Cu-LM Pathogens eradication: 99% Chemical reactions Antimicrobial and antiviral fabrics [107]
Fe-, Zn-LM  High antibacterial efficiency Coating/Doping Bacterial treatment [36, 109]
Pd-LM Photothermal effect and Sonication in PVP Tumor inhibition [110]

photoenhanced catalysis

flexible cables, and direct writing circuit). Another unique Pt-
LM Janus structure in Figure 2b is constructed by sputtering
Pt onto one hemisphere of an LM microsphere. These
chemically powered biphasic metallic particles can target and
weld silver nanowires (AgNWs) to improve the electrical
conductivity of the AgNW network.!®! Moreover, a laser-
irradiated metallic composite (LIBMC) with biphasic
metallic fillers (LM and AgNW) is reported to have
programmable electrical properties and outstanding
stretchability.”* Although the high fluidity of LM makes it
suitable for stretchable electronics, the deformation-induced
resistive change of LM composite limits the applications of

solution

LM in conductors. On the contrary, the LIBMC conductor
exhibits robust electrical and mechanical features by creating
contact between discrete LMPs and AgNW network. The
existence

of biphasic metal enables direct, uniform, and durable
patterning of conductive layer on the stretchable substrate.

It is convenient to introduce solid metals into LMs via
mechanical agitation or other physical means to create
heterophasic ~ systems.[”>7®)  Biphasic LM composites
consisting of LM and solid metal fillers(®® (Ag flakes, Ag-
coated-Ni, Ag-coated-Fe, Ni, etc.) can form conductive
ternary material systems by combining them with block
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copolymer binder. The resulting composites are intrinsically
conductive without any sintering. Such heterogeneous
materials can also form super elastic, healable, and durable
conductors by mixing conductive fillers (Ag flakes) with
eutectic gallium indium particles and thermoplastic
elastomers.’1 Moreover, the composites can form sinter-free
conductive inks that can be used to deposit thin, highly
conductive, and mechanically
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surface tension of an LM, it tends to form isolated particles
during thermal evaporation onto surfaces. This issue can be
addressed by depositing it onto a thin layer of gold, to which
it reactively wets to form AuGa (s). The asprepared thin film
with liquid Ga and solid AuGa; shows excellent electrical and
mechanical performance, pattern ability as well as scalability.

Iron powders have been incorporated into LM to form
LM-filled magnetorheological elastomer (Figure 2d) with
NPs-shell B0 A
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FIG UR E 2 Enhanced electrical conductivity of heterophasic liquid materials. (a) Left: Galvanic replacement reaction on the LM droplets and the
formation of Au encapsulated structures. Right: SEM images of deposited AuGa,-LM and Au-LM after galvanic replacement; Reproduced with
permission.[®) Copyright 2019, the Royal Society of Chemistry. (b) Top: Fabrication of the LM—Pt Janus particles through sputtering Pt onto LM
monolayers. Bottom: Schematic illustration and SEM images for the microwelding of AgNW by LM—Pt Janus particles under HCI vapor. Reproduced with
permission.[”) Copyright 2019, Wiley-VCH. (c) Top: The microstructure for the surface of Ga-AuGa, thin layer. Bottom: stretchable biphasic conductor
formed by physical vapor deposition of gallium onto an alloying metal film. Reproduced with permission.”” Copyright 2016, Wiley-VCH. (d) The
microstructure and anisotropic property of the LM-filled magnetorheological elastomer. Reproduced with permission.®”! Copyright 2020, Elsevier. (¢)
Gallium-Indium binary phase diagram. (f) Comparison for the internal network of LMPC and HLMPC. The LMPC is insulated as the LM particles are
separated by polymer matrix. While the rigid solid phase added in heterophasic LM could penetrate the coverage of polymer and connect the LM to form
conductive networks in polymer matrix, leading the HLMPC an intrinsic conductor. (g) The temperature dependent resistive change of binary metal
composite. Reproduced with permission.**! Copyright 2021, Wiley-VCH. HLMPC, heterophasic LM-polymer composites; LM, liquid metal; LMPC, LM-

polymer composites.

robust semiliquid circuit traces on a wide range of
substrates.®” The enhanced properties of conductive ink are
achieved through the bonding of Ag nanoparticles by LM and
the circuit can even be printed on 3D surface with complex
shapes.

As shown in Figure 2¢, Au is widely combined with LM
to achieve high conductivity and outstanding stretchability.
For example, it can be used as a substrate to deposit LM to
form biphasic solid-liquid thin metal films.”) Due to the high

anisotropic and unconventional piezoconductivity (i.e.,
conductivity that changes with deformation of the
composite).®” Interestingly, the mechanical, magnetic, and
thermal properties of these heterophasic materials also
exhibit significant anisotropy due to the directional alignment
of the Fe microparticles under magnetic fields in the matrix.
In addition, the electrical conductivity of the composite
increases thousands of times in response to small strain,
which is attributed to the connection of LM microdroplets
between ferromagnetic microparticles. Such strain-sensitive
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composites are useful for sensing touch or physical
deformation.

As shown in Figure 2e, there are five regions in the Ga-In
phase diagram including two solid region (S(In) and S (Ga) +
S(In)), two solid—liquid biphasic regions (L + S(In) and L +
S(Ga)), and one liquid region (L(Ga + In)). The ratio of solid
to liquid in binary metal (BM) materials can be conveniently
controlled through composition and temperature regulation
based on the classical phase diagram. The principles can be
used to form a dynamic stretchable polymer composite with
a reversible electrical transition by introducing the BM into
polymers.”*] Compared with eutectic LMs, BM has the
continuous phase transition and unique temperature
dependent properties (fluidity, viscosity, solid fraction, and
surface morphology). Specifically, the composition of the
liquid and solid phases in BM gradually changes (that is so-
called “continuous” transition) as a function of temperature
during the phase transition, transferring from solid alloy
(S(Ga) + S(In)) to slushes (L + S (In)), and finally monophasic
LM (L(Ga + In)). Therefore, the phase transition controlled
by temperature regulation leads to the reversible electrical
transition of the BM composite between insulator and
conductor (Figure 2g). There are microgaps between adjacent
BM particles under low temperature. When the temperature
increased, the BM gradually melts to fill the original poor
contact area, leading to decreased resistance of BM polymer.
While cooling, the microgaps regenerate due to the fact that
LMs will possibly move to solid seeds to have
recrystallization in the system.

23 | Thermal properties of
heterophasic LMs

The addition of solid metals to LM can enhance the thermal
conductivity and change the rheology to minimize leakage of
LM during stress loading.”” Generally, high thermal
conductivity is associated with fast heat dissipation, which is
of great importance to avoid heat damage in electronics.
Therefore, rigid metals such as Cu, Ag, Ni, and W are mixed
LM to build heterophasic materials for thermal
management.!”?l Through mechanical mixing, the native
gallium oxide (Ga>O3) will break and reform continuously.
The oxide helps LM and solid particles mix by creating a thin
film that encases the particles.[”®!

A series of stable semiliquid gallium-based LM
composites are prepared with high electrical (6 10°S m™)
and thermal (50 W m™!' K!) conductivity through packing the
LM with copper particles!” (Figure 3a). The contacts of the
solids and liquids among the particles in the composite
significantly improved the heat transfer and the electrical
connection. Such LM-Cu materials can be 3D printed as a
paste and ultimately convert to CuGa; solid alloys, which
implies it is possible to print metals at room temperature that
convert to solids with high melting points postprinting.® The
inclusion of solid particles in LM can increase the roughness
of the heterophasic LM, which enhances the wettability to

WILEY

most substrates (Figure 3b). In addition, the transitional-state
metallic mixtures exhibit appealing properties such as
chemical stability, tunable viscosity, and selfhealing ability,
endowing potential applications in fields such as printed and
flexible electronics and thermal interface materials.

Cu and LMPs can be brought closer together for more
intimate heat transfer by using interfacial engineering.[’” As
shown in Figure 3c, a silane treatment of Cu serves as
effective thermal linkers and diffusion barriers at the Ga
oxide-Cu interfaces, further improving the thermal
conductivity (65.9 W m™! K!) and stability of the modified
LM-Cu composites.

The stability of composites of LM with other metals can
be improved by using metals such as W that do not alloy with
Ga. W is interesting because it has a high thermal
conductivity of 173 W m™ K-!. Through the formation of
chemically stable LM-W mixture, the moderate thermal
conductivity of LM can be enhanced and the
surfacespreading as well as pump-out issues (describes the
tendency for LM-based grease to squeeze out of the interface
gap due to thermo-mechanical cycling) can be addressed!*”!
(Figure 3d).

Heterophasic systems have been introduced into the soft
materials for the heat dissipation of stretchable electronics.
Such systems can be formed by incorporating a series of solid
microparticles (Fe, Cu, Ag, and Ni) into LM and then
dispersing this suspension in a soft, highly extensible silicone
elastomer.®!! These flexible materials have a thermal
conductivity of 11.0 0.5 W m™' K~! when strained. Concepts
from classical ternary phase diagram can be used to enhance
the thermal management.8! In addition to metallic thermal
conductivity, the ternary metal (TM) possesses wide phase
transition temperature range and high effective latent heat
(The enthalpy actually used for devices in the working
temperature ranges from 30 to 70°C) compared to room
temperature LM-based thermal grease. Figure 3e shows the
liquidus projection with isotherms of the ternary phase
diagram. The Ga-In-Sn ternary phase diagram can be thought
as the combination of three binary phase diagrams of Ga-In,
Ga-Sn, and In-Sn. The Eoei, Eoez, and Ege; refer to the eutectic
curves of the system, under which the TMs are completely
solid. Different from binary metals, TM passes through two
solid-liquid biphasic regions and eventually turns into a
homogeneous single liquid phase as the temperature
increases. The triple-phase transitions upon heating
contribute to high effective latent heat and wide service
temperature window of TM as the Differential Scanning
Calorimetry (DSC) curves shown. More importantly, the
melting range, latent heat, and fluidity (viscosity) of TMs can
be tuned through the composition and temperature regulation
to adapt with different service conditions. The elemental
composition of TM system can be extended to metals such as
Fe and Al to meet the needs of higher working temperature in
industrial production.
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FIG URE 3 Enhanced thermal conductivity of heterophasic liquid materials. (a) Optical photos of transitional-state metallic mixtures. As the content of
Cu increased, the composite changed from a liquid-like state to a solid-like state. (b) Schematic illustration for the interaction between the substrate and the
heterophasic LM. The solid particles and liquid bridge significantly improved the heat transfer. The surface oxide layer and the internal solid particles both
increased the roughness and adhesion of the heterophasic LM. Reproduced with permission.!” Copyright 2017, American Chemical Society. (c) Top:
Schematic illustration of heat conduction between the interface of CuPs and Ga,0Os. Bottom: Optical images of pure EGaln and EGaln composites with
modified CuPs. Reproduced with permission.t””! Copyright 2021, Wiley-VCH. (d) The optical photo and thermal conductivity of LM-W mixtures contained
different volume ratios of W microparticle inclusions as measured using the step-bar apparatus (SBA, a method to measure thermal conductivity). Images of
LM-W beginning as a LM and transitioning from a liquid-like to a solid-like material as more tungsten particles are added, eventually becoming granular-
like pure tungsten powder. Reproduced with permission.” Copyright 2019, Wiley-VCH. (e) Top: Ga-In-Sn ternary phase diagram and optical photos for the
thermal grease with ternary metal. Bottom: The ternary metal exhibits high enthalpy of fusion (latent heat, calculated from the integration of the shadowed
areas) and thermal conductivity (dots) compared with LM and binary metal. Reproduced with permission.*® Copyright 2022, National Academy of Sciences.

CuPs, Cu particles; LM, liquid metal.

3 | MAGNETIC HETEROPHASIC LMs

As a noninvasive and highly selective stimulus, magnetic
fields can realize remote and penetrating control of
magnetoactive  materials  without influencing  the
nonmagnetic materials.>34 For example, it can penetrate
into tissue. It is well known that gallium is a diamagnetic
material, which means it does not move in response to
magnetic fields. Fortunately, magnetic materials can be added
to LM. Fe, Co, and Ni particles combined with LM endow
the LM with magnetic responsiveness, which has
applications for moving metal for electronic cooling, robotic

actuation, and microfluidic patterning (Table 1). For instance,
Fe particles can disperse in LM using a dilute hydrogen
chloride (HCI) solution to remove surface oxide.l®] The
viscosity and stiffness of LMFe composites can be increased
by adding more Fe. More importantly, the inner magnetic Fe
particles align along the magnetic field lines, as shown in
Figure 4a. Consequently, the mechanical properties of the
LM-Fe slurry could be reversibly tuned by an external
magnetic field. Due to the high conductivity, reversibly
tunable stiffness, and excellent biocompatibility, the LM-Fe
composites show great potential in both wearable electronics
and implantable devices. Interestingly, the LM-based
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ferrofluid possesses convenient phase transition between
liquid and solid states. Through melting and solidification of
the LM matrix, the transitional ferrofluid exhibited
switchable adhesion and interlocking forces (Interlocking
means two objects fitting perfectly so that they connect and
move together. Rough surfaces with matchable irregularities
get interlocked when contact with each other due to the
friction force) to grasp nonmagnetic objects*®! (Figure 4b). A
magnetic field could be applied to manipulate and transport
the objects, which release on demand by using
electromagnetic induction heating to melt the metal. Thus,
the whole magnetic manipulation of arbitrarily shaped
objects was realized without any other treatments to the target
objects. Besides, a magnetoactive phase transitional material
(MPTM) is built through dispersing magnetic microparticles
in LM.® Similarly, the MPTMs can also realize reversible
transition between solid and liquid state through heating by
alternating magnetic field and cooling under ambient
temperature. The MPTMs exhibit excellent morphological
adaptability such as splitting, merging, and stretching in the

liquid phase, which have promising applications in the fields
of healthcare, flexible electronics, and controllable robotics.
Composites containing heterophasic LM can be utilized
as an ink to realize magnetic-assisted direct writing of
stretchable electronics. NdFeB microparticles in LM
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F 1 G U R E 4 Magnetic performance of heterophasic liquid materials. (a) Left: Schematic illustration for the preparation of LM-Fe slurry. The liquid
Galinstan becomes slurry-like after mixing with the Fe particles in the HCI solution. Right: Schematic illustration and photos for the LM-Fe slurry with and
without magnetic field applied. Chains of Fe particles are formed under the alignment force of magnetic field. Thus, the stiffness of the LM-Fe slurry could
be enhanced by applying an external magnetic field. The cylinder under a permanent magnet shows no deformation with a weight on the top. However, the
high cylinder topples over immediately after the magnet is removed. Reproduced with permission.!®”! Copyright 2018, Wiley-VCH. (b) Left: The reversible
phase transition of a TF between solid and liquid. Right: Optical photos for the magnetic grasp of nonmagnetic objects by the phase transition of the TF.
The TF solidifies at room temperature (25°C) and tightly interlocks the embedded objects. The embedded objects can be controlled remotely and delivered
to the designated spot by a magnetic field. Reproduced with permission.*”) Copyright 2021, Wiley-VCH. (c) Left: Schematic illustration for the
magnetization and demagnetization of FM-LMP. Right: Scheme for the writing, reading and erasing process of FM-LMP through magnetic regulation.
Reproduced with permission.® Copyright 2020, Wiley-VCH. FM-LMP, ferromagnetic LM putty-like material; LM, liquid metal; TF, transitional ferrofluid.
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produce inks that can be fully magnetized through a strong
impulse of a magnetic field® (Figure 4c). The liquid-like
suspension turns into ferromagnetic LM putty-like material
(FM-LMP) which can be easily remodeled to various shapes
and patterned on various substrate. Moreover, the aligned
magnetic microparticles become disordered in the absence of
the magnetic field, resulting in the demagnetization of the
FM-LMP. The process is reversible and the magnetic
microparticles can be rearranged to enable macroscopical
magnetization. Therefore, the remote magnetic manipulation
of FM-LMP resulted in writing, reading (through reading the
surface magnetic flux density by Gaussmeter), and erasing of
soft substrates, enabling the application of flexible erasable
magnetic recording paper.

The element gadolinium (Gd) and some of its alloys have
strong magnetocaloric effect (Cooling or heating of magnetic
materials when the external magnetic field changes) near
room temperature. To create a magnetocaloric ferrofluid, Gd
nanoparticles can be combined with LM.F”) The Gd/LM
displays  spontancous magnetization and a large
magnetocaloric effect as shown in Figure 5a, enabling
magnetically controlled cooling.

Magnetic LM can also create shape-deformable,
locomotive, and magnetic-field-induced self-healable

a)

Gd:galinstan

ferrofluid

Gd nanoparticles 11
Galinstan

RT Gd:galinstan

RESPONSIVE MATERIALS
materials. The MXene-encapsulated magnetic LM (MX-
MLM) contains magnetic particles and MXene flakes to
realize the nonwettability (from the flakes), high electrical
conductivity (from the LM), and locomotion (from the
magnetic  particles).®”” The shape deformation and
locomotion of MXMLM left no traces on surfaces in response
to a magnetic field (Figure 5b). Moreover, the mechanical and
electrical properties of damaged MX-MLM could be healed
under the influence of magnetic field.

The combinations of LM and magnetic metals also have
utility for remotely actuated miniature untethered devices for
soft robotics. A LM-elastomer magnetic composite (LMMC)
with dual-energy transmission mode!® can shape-morph and
locomote under low-frequency field (<100 Hz). Additionally,
the LMMC converts the energy from the magnetic field (radio
frequency: 20 kHz—300 GHz) to electricity for powering
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F 1 G U R E 5 Magnetic performance of heterophasic liquid materials. (a) Schematic illustration for the magnetocaloric refrigeration process based on
magnetic Gd/LM ferrofluid. The temperature of Gd/LM ferrofluid increases under a magnetic field. The energy is then released to the environment as heat.
Finally, the temperature of ferrofluid is lower than that in step I. Reproduced with permission.” Copyright 2021, American Chemical Society. (b) Top:
Schematic of magnetically induced deformation, recyclability and self-healing of MX—MLM. Bottom: Schematic illustrating translation of MLM using a
permanent magnet. Reproduced with permission.!®”) Copyright 2022, Wiley-VCH. (c) Scheme for the design and two working principles of the soft composite
material. The first energy transmission mode delivers mechanical energy for locomotion under a low-frequency magnetic field. The second energy
transmission mode is established by an RF fast-changing component of the magnetic field to deliver heat and electric current. Reproduced with permission.**!

Copyright 2022, Wiley-VCH. MX-MLM, MXene-encapsulated magnetic LM.
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electronic device or performing local heating, while
maintaining the magnetic-induced manipulation of the
materials (Figure 5c). According to the Faraday's law of
induction, the induction voltage is produced by the rapid
change of the magnetic flux of the robot from the radio-
frequency field.

4 | CATALYSIS AND ENERGY
APPLICATIONS OF HETEROPHASIC LMs

4.1 | Catalytic performance and efficiency

Catalysis is a key concept for lowering energy requirements
to drive reactions.['*) Most traditional solid catalysts have
fixed atom arrangement with various inhomogeneous
structures, such as different types of crystals, uneven element
distribution, abundant lattice defects, and so on. Recently,
LM has attracted increasing attention as a catalyst due to its
distinct features of rich electrons on the surface, fluidity,
negligible vapor pressure, and low toxicity.®®°!! For
example, the fluidity allows the metal to be dispersed easily
into particles to increase surface area. Likewise, the fluidity
of LM can prevent solid products from “coking” the catalyst
(that is, sticking to the surface and blocking active sites). The
reactivity can be tuned by dissolving or mixing other metals
into LM, some of which can migrate to the surface where
catalytic reactions occur.

To obtain enhanced catalytic performance and efficiency
of different chemical reactions, researchers have developed a
lot of heterophasic LMs by integrating LMs with common
precious- or transition-metal catalysts (such as cerium [Ce],
nickel [Ni], silver [Ag], rhodium [Rh], palladium [Pd], and
platinum [Pt], Table 1).°>¥ For example, the reduction of
CO; is critical for ensuring a future stable climate and
developing a sustainable society. CO; can be reduced based
on Ga-Ag catalyst through mechanical stimuli.>! The high
CO; conversion efficiency (92%) and cyclic sustainable
process are attributed to the existence of liquid-metal Ga
droplets as well as solid silver—gallium rods (Figure 6a). The
reaction is attributed to the triboelectric effect of Ago72Gags
rods under sonication. The localized contact electrification
initiates the CO; conversion. This work is important because
the only energetic input is stirring (mechanical energy).

As another example, Ni, Sn, or Ce addition to LM has
some catalytic benefits.[¥**] Converting inert and lowvalued
alkanes to reactive and valuable olefins is commercially
valuable. Suitable catalysts are critical to obtain high activity
and selectivity during the alkane dehydrogenation. Supported
catalytically active LM solutions (SCALMS) have proven
effective for alkane dehydrogenation®33*°! (Figure 6b).
When exposed to propane in the form of solidsupported and
highly dynamic liquid—solid mixture, Pt-, Rh-, and Pd-Ga
systems become very active, selective, and robust alkane
dehydrogenation catalysts. Different from traditional solid
catalyst, the liquid nature of Ga-based systems not only
provides superb catalytic activity, but also effectively
prevents deactivation.[’ Besides, the productivity of

WILEY
SCALMS prepared by ultrasonic method is higher than
previous reported chemical route indicating a convenient,
scalable and efficient heterophasic catalysis.

In addition, heterogeneous catalysts with a solid metal
and liquid media can catalyze a variety of reactions. Trace
amount of Pt dissolved in liquid Ga could drive a range of
catalytic reactions with enhanced kinetics at low
temperature®? (45—~ 70°C) (Figure 6c). The Ga-Pt
heterophasic LM is prepared by dissolving solid Pt beads in
liquid Ga at 400°C and then cooled to the desired operating
temperature (40—-80°C) to evaluate the catalytic activity for
different chemical reactions. The catalytic performance of
Ga-Pt system is explored by oxidation, reduction, and
electrochemical reactions, demonstrating superior catalytic
performance than the existing solid platinum catalysts. The
high-catalytic activity of the Ga-Pt system is derived from the
combined advantages including the activation of Ga atoms,
favorable electronic structure and distinct configuration, and
the continuous replenishment of mobile Pt atoms at the
interface. The importance of the fluidity as well as mobile Pt
atoms is evaluated by reduction experiment using solid and
liquid Ga—Pt system. Obviously, the solid Ga-Pt system
exhibits inferior catalytic activity. Such heterophasic catalyst
system with the dynamic interface opens a new window for
future exploration of a high-throughput catalysis.

4.2 | Energy harvesting, transformation
and storage

In addition, the heterophasic LMs are functional materials for
energy harvester, conversion and storage devices (Table
1).°7 Their unique features, such as self-repairing ability,
room temperature fusibility, high capacity, and dendrite-free
operation, provide new approaches to the challenges in
conventional energy materials.["*®! Among various energy
harvesters, the triboelectric nanogenerators (TENGs) could
harvest energy from daily motions, which makes TENGs a
promising power source for self-powered wearable devices.
As exhibited in Figure 7a, LM and silver flakes were
embedded in the polymer matrix to build a stretchable and
mechanically durable nanogenerator electrode. The system
maintained its energy-harvesting performance under extreme
deformation as the LM bridged the silver flakes. Moreover,
TENGs possess high output voltage, high energy-conversion
efficiency, and environmental friendliness, thus significantly
expanding the application of deformable energy harvesters.
Converting chemical energy into mechanical propulsion
is also explored to produce self-fueled micromotors based on
LM composites. A  water-driven  bubble-propelled
micromotor is realized without the aid of energy input.['"
The unique self-propelled micromotor is realized through the
asymmetric Janus microstructure coated by Al-Ga binary
alloy and Ti. After exposing to water, the ejected hydrogen
bubbles provide powerful directional propulsion (Figure 7b),
holding considerable promise for applications in industrial
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energy conversion devices. Energy storage devices based on
LMs are also constructed with high theoretical capacities for
Probe

RESPONSIVE MATERIALS
electrocatalytic  strategy with solid Sn dynamically
distributed in the liquid Ga is proposed to facilitate LiPSs
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F1IG U RE 6 Catalysis applications of heterophasic LMs. (a) Mechanism for the production of solid carbon from CO, using heterophasic liquid metal. The
suspension of catalyst and the CO, reduction process can be realized through different mechanical energy inputs. Right: The formation/detachment of the
carbon flakes and the generation/escape of O, during the CO, conversion process. Reproduced with permission.*”! Copyright 2021, Wiley-VCH. (b) Top:
Schematic representation of GaPt-SCALMS catalysts for propane dehydrogenation. The Pt atoms moved from the bulk to the surface and back (orange
arrows) under high temperature (approximately 300°C). Bottom: Productivity of propane dehydrogenation with different GaPt-SCALMS supported on Al,O;
from ultrasonication method (blue symbols) and the chemical route (red symbols). Inset: Schematic illustration for the preparation of GaPt-SCALMS through
ultrasonication method. Reproduced with permission.** Copyright 2021, American Chemical Society. (c) Left: The preparation and atomic distribution of
the Ga-Pt system. The Pt atoms are atomically dispersed and remain dynamic in the Ga matrix due to their natural diffusion. Right: Comparison for the
reduction capability of solid and liquid Ga—Pt. Reproduced with permission.** Copyright 2022, Springer Nature. LM, liquid

metal; SCALMS, supported catalytically active LM solutions.

both Li and Na.['"!'Na/Li ions in the Ga-In alloy change the
state of LM and heal the surface defects during discharging
and charging (Figure 7c). The high theoretical capacity
utilization, outstanding cyclic durability, and rate stability
make heterophasic LM a promising candidate in the field of
energy storage. Owing to the extremely high theoretical
energy density and environmental friendliness, lithium-sulfur
(Li-S) batteries hold great potential in rechargeable batteries
for high-energy storage technologies. A novel dynamic

redox reaction!'”? (Figure 7d). The EGaSn eutectic alloy
effectively improve the performance and cyclic stability of
Li-S batteries, expanding the utilization of heterophasic LMs
in  highspecific-energy  batteries.  Furthermore, an
unprecedented LM battery employing a Na-K alloy anode
and Ga-based
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voltage of the SH-TENG was evaluated when it was subjected to a mechanical force. Reproduced with permission.!””! Copyright 2019, Spring Nature. (b)
Schematic image of a water-driven hydrogenpropelled Al-Ga/Ti micromotor. The dark hemisphere (right) and the green area (left) represent the Al-Ga alloy
and the asymmetric Ti, respectively. Reproduced with permission.!'”! Copyright 2012, American Chemical Society. (c) Schematic images of the anode design
and working mechanism for the liquid metal nanoparticle (LMNP) system in a full cell. Reproduced with permission.!'®!) Copyright 2018, Wiley-VCH. (d)
Illustration for the electrochemical performance of dynamic LM electrocatalysts in Li—S batteries. Reproduced with permission.!'%?!

Copyright 2022, Wiley-VCH. (e) Scheme for the room temperature LM battery. Due to the immiscibility and the density difference, the negative electrode
(Na-K alloy), electrolyte (organic electrolytes), and positive electrode (Ga-based alloy) self-segregate into three layers. Reproduced with permission.*!)
Copyright 2020, Wiley-VCH. LMs, liquid metals; PUA, polyurethane acrylate; SH-TENG, stretchable and healable triboelectric nanogenerator.

alloy cathodes is demonstrated in Figure 7e. Due to
immiscibility and the density difference, the negative
electrode (Na-K alloy), electrolyte (organic electrolytes), and
positive electrode (Ga-based alloy) self-segregate into three
layers.[*! Different from the conventional solid electrode and
liquid electrolyte, this all-liquid battery delivers stable
cycling performance and negligible self-discharge even at
-13°C. The self-healing nature, high energy densities, simple
battery structures, and high safety of LMs offer them
opportunities to build innovative energy-storage devices
beyond conventional solid-state batteries.

5 | BIOMEDICAL APPLICATIONS OF
HETEROPHASIC LMs
5.1 | Bioimaging and antimicrobial/

antiviral properties

Heterophasic LMs have attracted lots of attention in the field
of biomaterials owing to the unique photothermal conversion
capacity, antimicrobial properties, high electron mobility,
fluidity, and excellent biocompatibility.[1%:1%] Therefore,
heterophasic LMs show great potential in the field of

antimicrobial and antiviral composites, drug delivery, active
treatment of Dbacterial infection, and broad-spectrum
treatment of bacterial biofilms (Table 1).l'%1%]1 Adding
metallic elements into LMs can have significant effects on
the physical and chemical properties of LM-based
composites. Through different approaches, various metals are
mixed with LMs, thus forming multi-functional LM-based
composites. Doping metallic particles into LMs or producing
novel metallic compounds with LMs by chemical reactions is
a vital and effective strategy to achieve biomedical
applications.l'! In previous research, copper (Cu) has been
added into the LMs to achieve biomedical applications such
as antimicrobial and antiviral composites, and computed
tomography (CT) assistant localization.*?] For example,
stretchable electronic skins based on heterophasic LM-Cu
show high electrical conductivity and favorable radiological
imaging capability (Figure 8a). The electronic skin with Cu
particles in LM confirms that metallic compounding is an
efficient strategy to
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FIG U RE 8 Biomedical applications of heterophasic LMs. (a) Top: Preparation of LM-Cu particle composites. Bottom: The structure of the CT assisted
localization marker and the effect of the CT assisted localization marker. Reproduced with permission. *?! Copyright 2020, the Royal Society of Chemistry.
(b) Top: LM coating scheme on copper fabric. Bottom: Adhesion of LM particles on the fabric by conformal contact and galvanic replacement of LM particles
on fabric with Cu ions. SEM images show a single fiber coated with LM-Cu. Adapted with permission.!'""” Copyright 2021, Wiley-VCH. CT,

computed tomography; LMs, liquid metals.

endow the functionality of CT assisted localization for LMs.
Furthermore, Cu particles-based antimicrobial composites
have been widely used in daily life and medical fields. A
straightforward method has been reported by using LMs to
facilitate the deposition of LM-Cu alloys on fabrics to
construct antimicrobial and antiviral fabrics!'%”! (Figure 8b).
Compared with pure Cu, LM-Cu alloys have excellent
antibacterial, antiviral, and antifungal properties, which
enhances the property of copper by mixing it with LMs.

5.2 | Drug delivery and
bacterial/tumor treatment

Moreover, heterophasic LM finds proposed use in drug
delivery, active treatment of bacterial infection, and
broadspectrum treatment of bacterial biofilms.['%4198] Based
on the direct doping strategy, heterophasic LM can be applied
in bacterial treatment of biomedical fields. For example,
researchers have achieved bacterial biofilm physical
removement and individual cell rupture by doping LMs into
iron (Fe) particles!'®! (Figure 9a). The heterophasic LM-Fe
exhibits a magneto-responsive characteristic causing
spherical particles to undergo shape transformation in a

rotating magnetic field. These shape-transformed LM-Fe
particle composites exhibit great potential in broad-spectrum
applications of antibacterial technology. Besides, by
asymmetrical coating LMs on zinc (Zn) particles, researchers
can endow Janus structural heterophasic LM-Zn with superb
biocompatibility and biodegradability for active target
treatment of bacterial®® (Figure 9b). The motion and self-
propulsion of LM-Zn micromotor are achieved by hydrogen
bubbles generated from the zinc—acid reaction. Furthermore,
the Ga'' cations produced from LM-Zn micromotors are
served as a built-in antibiotic agent, which enhances
antibacterial efficiency against Helicobacter pylori. Such
LM-Zn micromotors provide an efficient method for the
active treatment of bacterial infections. Recently, Pd-based
transition metal catalysts have attracted increasing attention
in combating diseases. In order to improve the catalytic and
therapeutic efficiency of current Pd’, LM-Pd catalyst has
been designed to realize efficient tumor inhibition.'!% The
electron-rich
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F1G U RE 9 Biomedical applications of heterophasic LMs. (a) Left: Schematic demonstration of the shape-transformation of the actuated-LM-Fe particles
from spherical to high-aspect-ratio shapes when exposed to a rotating magnetic field; SEM illustration of the range of high-aspect-ratio shapes of actuated-
LM-Fe particles, nanostars, nanorods, and spheroids. Right: Scheme for the magneto-physical anti-biofilm activity of the actuated-LM-Fe particles.
Reproduced with permission.!'””’ Copyright 2020, the Royal Society of Chemistry. (b) Left: Scheme for the fabrication of Janus LM-Zn micromotors. Right:
The mechanism of the antibacterial activity of LM-Zn micromotors against Helicobacter pylori bacteria. Reproduced with permission.**! Copyright 2021,
Wiley-VCH. (c) Left: The fabrication of the LM-Pd NPs. Right: The intracellular prodrug activation for tumor treatment by LM-Pd catalysts. Reproduced

with permission.!"'”) Copyright 2022, Wiley-VCH. LMs, liquid metals.
environment provided by LM ligand can significantly
stabilize the active Pd° and accelerate the uncaging process of
precursor molecules (Figure 9¢). Besides, the photothermal
effect and photo-enhanced catalysis of LM also contribute to
the removal of tumor cells. This work paves the way for the
application of heterophasic LM in the biomedical field.

6 | SUMMARY AND OUTLOOK

This review summarizes the research progress of functional
heterophasic LMs and their advanced applications in various
fields, including sensors, robotics, catalysis, energy
management, and biomedical materials (Table 1). Although
there are many reports of heterophasic LMs, further
investigation is necessary to enable broad applications.
Several major challenges and research trends are listed
below:

(1) Only a small subset of elements in the periodic table has
been introduced into LMs for the functionalization of

LMs, therefore exploring new additives may
significantly broaden the application of heterophasic
LMs. For example, heterophasic LMs with radioactive
elements might be used as radioactive tracers for
diagnosis or radioactive sources for radiotherapy in the
medical field. Besides, introducing alkali metals into
different LMs has the promising opportunity to improve
the performance of batteries, which is of great
importance to the energysaving development in society.

(2) For thousands of years, metals have been widely used as
essential materials in all walks of life, while heterophasic
LMs are only demonstrated in literature to date. Most of
the current research relate to heterophasic LMs flowing
at or below room temperature. As a result, their fluidic
nature cannot meet the requirement of high moduli
needed for structural applications. Interestingly, rigid
heterophasic metals can exhibit super-high mechanical
robustness through adding new elements such as Bi, In,
Zn, and Sn in LMs, which can have special interests for
artificial bones and construction materials.
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(3) Interfacial issues significantly affect the homogeneity of
heterophasic LMs in composite materials, and
consequently influence the physical as well as chemical
properties of the composites. Polymers and heterophasic
LMs readily phase segregate during mixing, increasing
the difficulty in forming nano-scaled, uniform and stable
materials. Therefore, it is very necessary to explore new
strategies to lower the surface energy of heterophasic
LMs and disperse nano/micro heterophasic LMs
uniformly in the matrix to ensure the high
precision/resolution, stability, and durability of the
metal-polymer composites for the cutting-edge
applications.

(4) Although the phase diagram and fabrication of
intermetallic in each phase have been thoroughly
investigated, only limited research has focused on the
dynamic phase transitions between different metal
phases. The properties of heterophasic LMs including
morphology,  rheology, and  electrical/thermal
conductivity are tunable through the mediation of the
composition and temperature. Besides, phase transitions
between metal, metal-nonmental, and binary/TM phase
transitions have not been extensively explored. However,
versatile phase transitions can improve the performance
in applications and enrich functionalities of heterophasic
LMs. For example, Fe-C phase diagram occupies a
fundamental position in the metallic field, and a small
change in carbon content can significantly influence the
mechanical properties of the composites. Therefore,
phase diagrams could be the key for the investigation and
application of heterophasic LMs in the future.
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