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Recent progress in liquid metal printing and its
applications

Shuting Liang, © *° Jie Yang,? Fengjiao Li, © © Shunbi Xie, © 2 Na Song® and Liang Hu®

This paper focuses on the latest research printing technology and broad application for flexible liquid metal
(LM) materials. Through the newest template printing method, centrifugal force assisted method, pen
lithography technology, and laser method, the precision of liquid metal printing on the devices was
improved to 10 nm. The development of novel liquid metal inks, such as PVA-LM ink and ethanol/
PDMS/LM double emulsion ink, have further enhanced the recovery, rapid printing, high conductivity,
and strain resistance. At the same time, liquid metals also show promise in the application of
biochemical sensors, photocatalysts, composite materials, driving machines, and electrode materials.
Liquid metals have been applied to biomedical, pressure/gas, and electrochemical sensors. The
sensitivity, biostability, and electrochemical performance of these LM sensors were improved rapidly.
They could continue to be used in healthy respiratory, heartbeat monitoring, and dopamine detection.
Meanwhile, the applications of liquid metal droplets in catalytic-assisted MoS, deposition, catalytic
growth of two-dimensional (2D) lamellar, catalytic free radical polymerization, catalytic hydrogen
absorption/dehydrogenation, photo/electrocatalysis, and other fields were also summarized. Through
improving liquid metal composites, magnetic, thermal, electrical, and tensile enhancement alloys, and
shape memory alloys with excellent properties could also be prepared. Finally, the applications of liquid
metal in micro-motors, intelligent robot feet, nanorobots, self-actuation, and electrode materials were
also summarized. This paper comprehensively summarizes the practical application of liquid metals in
different fields, which helps understand LMs development trends, and lays a foundation for subsequent
research.

have flexibility, impact resistance, high efficiency, and low
manufacturing costs. They have good application prospects in

Liquid metals (LMs) are amorphous and fluid metals. They have
both liquid and metal properties and play an increasingly
important role in industry, biomedicine, biosensing, and flex-
ible devices." Liquid metals have a range of advantages,
including low melting points, large contact areas, and good
solubility.> The low melting point enables them to be widely
printed as inks and thus used for sensor components. At the
same time, the large contact area and good solubility of liquid
metals enable them to be widely used in liquid-phase catalysts
with good performance. Liquid metal flexible electronic devices
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the field of wearable intelligent devices and robots.

This paper reviews the applications and principles of LMs in
different fields over the past years. The wide application of LMs
is mainly divided into the following four aspects: the prepara-
tion of biological/electrochemical/pressure sensors, the prepa-
ration of photoelectrical/hydrogen catalysts, the preparation of
a variety of liquid metal composites, the preparation of driving
devices, etc. LM could be processed and printed using laser/
template printing methods, combined with the latest different
formulations of LM inks.

From 2021 to 2023, there has been a significant surge in
liquid metal research. The development of liquid metal printing
focuses on higher precision and more advanced printing tech-
nologies. Secondly, in the printing ink research, the polymer
material and liquid metal form a composite ink, so that the
viscosity of the printing inks are better and stronger adhesion.
Regarding sensing technology, liquid metals have been used in
various applications, such as biosensors, electrochemical
sensors, medical sensors, etc. Liquid metal sensors could be
developed in the direction of flexible wearable devices for the
human body and extensive human health data monitoring.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Moreover, the direction of liquid metals as catalysts has been
widely expanded to catalyze the growth of assisted 2D materials,
catalyze chemical reactions of organic hydrocarbons, etc., which
makes their catalytic applications more extensive. With the
development of technology, various kinds of functional
composites could also be formed by doping different polymers
with liquid metals. Meanwhile, multiple types of liquid metal
motors continue to be developed. Liquid metals are expected to
bring disruptive changes in electronic information, flexible
electronics, biomedical, and other fields.

Research progress of liquid metal
patterning

In the past years, novel liquid metal patterning and printing
methods have been tried, including nanotip method,* stencil
lithography, centrifugal force-assisted printing,* photoetch,®
laser activation method,® and stencil printing.” The printing
accuracy could be increased to 10 nm to 2 pm.

A high precision three-dimensional (3D) nano tensile
method was used to prepare LM nanotip, using room temper-
ature gallium alloy as material. Different morphologies, and
lengths of nanotip were obtained by controlling the tensile
speed at a resolution of 10 nm. The accepted nano tips have
a high aspect ratio over several microns. When the vertical
tensile rate is 100 nm s~ ', the liquid metal alloy is confined
within the nanotip of about 10 nm?® (Fig. 1a).

An injection technique based on pressurized fountain pen
lithography was proposed. Liquid metal was etched onto a hard
flat substrate® (Fig. 1b) using a glass nano straw. The inside of the
nano straw was coated with gold as a sacrificial layer, which
promoted wetting in the pipette hole (an inner diameter of 100~
300 nm). The metal was squeezed through the hole by applying
hydrodynamic pressure to the pipette joint. Long continuous (>3
mm) and narrow (1-15 pm) LM wires were formed on the silicon
oxide and gold surfaces. With this sturdy platform, LM patterns
could be drawn down to various substrates and geometry.

Due to the low resolution of LM printing, a template
lithography printing method assisted by centrifugal force was
developed. The LM-based stretchable conductor was prepared
with the highest printing accuracy up to 2 pm (Fig. 1c).* LM
patterns could be formed based on this method, and molds
could be used multiple times. The selective wettability of LM to
the metal pattern was removed by 4% NaOH solution. Using
a rotating substrate to generate centrifugal force to remove
excess printed metal, an LM pattern with micron accuracy (2-20
pm) was achieved. The substrate could include PDMS or
biodegradable polymer. Liquid metal serpentine resistors and
interlocking capacitors could be printed based on this method.
After being stretched to 80% strain, the resistor could return to
its original shape.

Using laser activation, small-scale, high-density stretchable
electrons could be produced in PDMS-LM composites to form
a conductive circuit (Fig. 1d).° The consistency and precision of
the laser could be combined with the printability, strain
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insensitivity, and ruggedness of composite materials. And high-
density stretchable electrons could be produced.

Fig. 1g shows that the polyurethane (TPU) substrate was
prepared by electrostatic spinning, and liquid metal circuits were
printed by stencil printing.” Multilayer flexible circuits, resistors,
capacitors, inductors, and their composite devices were con-
structed by layer-by-layer repetitive assembly. These devices have
good stretchability, air permeability, stability, and multilayer
reconfiguration. These flexible electrons were recyclable and
reconfigurable, which showed excellent application potential in
flexible displays, electronic skin, and flexible devices.

The novel-developed liquid metal inks include PVA-LM ink,?
EtOH/PDMS/LM ink,* and hydrogen-doped LM ink.” Compared
with previous liquid metals, these inks have better viscoelas-
ticity and printability.

In Fig. 1e, a printable and recycled polyethylene/liquid metal
(PVA-LM) ink was developed. By introducing LM into 10 wt%
PVA solution, and dispersing LM into small particles by high-
speed shear, a conductive ink was prepared.® This ink
improved the wettability of the PET substrate surface and could
be printed with 3D technology. It has a conductivity of 1.3 x 10°
S m™', which is highly sensitive, and generates super stable
signals even after 200 cycles. The flexible sensor prepared by
this ink was widely used in human movement monitoring,
printing alarm system, and target locator. This ink could also be
recycled in alkaline conditions, and its flexible devices are
environmentally friendly and recyclable.

In Fig. 1d, ethanol/polydimethylsiloxane/liquid metal (EtOH/
PDMS/LM) double emulsion inks were prepared. This ink was
easily printed to a silicon substrate and featured a high
conductivity of 7.7 x 10> 87", little strain resistance change, and
stable cycle performance.* By soaking LM in ultrasonic ethanol,
a single emulsion was formed. Then 2-12 vol% PDMS precursor
was added to the emulsion, and a double emulsion was formed
by ultrasonic. The ethanol has a low viscosity which could be
used to print the double emulsion ink onto the substrate. Direct
laser writing could activate this printed composite ink to form
a high-resolution conductive channel.

The formation of Ga,0O; skin on the LM limits its electrical
conductivity. Therefore, by ultrasonic treatment of toluene,
PEVA (polyethylenevinyl acetate), and free radical initiator DCP
(di isopropyl peroxide) with LM, hydrogen-containing LM inks
could be prepared (Fig. 1f).> Among them, excessive hydrogen
free radicals provide electrons to oxygen, filling the electronic
band structure of oxide skin, making it relatively high conduc-
tivity, viscoplastic, and deformable. The circuit printed by this
ink showed metallic conductivity of 2.5 x 10* S em™", constant
conductivity under 500% extended strain, excellent scratch
resistance, and long-term stability. This ink could directly print
a 3D circuit and an inductance strain sensor.

Research progress of liquid metal
sensing

In the past year, liquid metal sensor components have been
successfully implemented in healthcare, daily activity tracking,

RSC Adv, 2023, 13, 26650-26662 | 26651
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and health monitoring. At present, LM respiratory sensor,
liquid metal heartbeat (Fig. 2a),'® gesture monitor (Fig. 2b),"
biosensors (Fig. 2d-f), and wrist pulse monitor (Fig. 2c)** have
been successfully prepared.

Fig. 2a shows the preparation of the LM breath monitor,
which has an arched air gap LM magnetoelectric sensor,
including LM and magnetic powder materials.' It could be
driven by exhaled and inhaled breath, and conduct breath
monitoring by self-power. It has a high sensitivity of 17.73 kPa™*
and a fast response speed. It could be used as a noninvasive,
miniaturized, portable respiratory monitoring system to warn of
potential health risks. When the human body wears an LM
breathing monitoring system for breathing conditions, the
sensor could generate an electrical response to diagnose the
current breathing status. For chest breathing less than 12
breaths per min, the sensor voltage is less than 2 nV; for normal
breathing, 12-20 breaths per min, the sensor voltage is 2-4 puv;
and for acute breathing 20-40 breaths per min, the sensor
voltage is 4-8 pV. The sensing system provides an early warning
signal once the breaths per minute are outside the normal
respiratory range.

Fig. 2b is a multilayer LM wire pulse sensor that could be
recycled, portable, non-invasive, and scalable. Its printing
accuracy is 50 um, with a tensile capacity of 380%." It could be
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(a) Schematic diagram of liquid metal nanotip traction device using triaxial piezoelectric stage.® (b) Transport of liquid metal in pressurized
(c) Stencil printing and centrifugal force-assisted patterning.*
(e) Photographs of complex laser-activated maze patterns on PDMS—LM composites.®

(d) PVA-LM ink manufacturing, printing, recycling
(f) Hydrogen-doped viscoelastic liquid metal

attached to the knuckle of the hand to achieve accurate gesture
detection. This biomedical sensor consists of a transparent
wearable electronic skin composed of a 6 x 6 base capacitor
array. It enables multitouch monitoring and could be used for
patient heartbeat monitoring. It also has the potential to help
patients improve their healthcare lives, replace prosthetic
devices, track daily movement, and continuous health
monitoring.

At the same time, two different types of rigid micropump
structures (embedded micro-pump E-bump and anchored
micropump A-bump) were used to realize multipurpose
pressure-sensitive devices (Fig. 2¢).*> These devices were applied
to wireless multi-position wrist pulse monitoring, fingertip
pressure sensor gloves, and wireless body sensor-machine
interface devices. E-bump and A-bump structures could achieve
a susceptible, robust interconnection structure, increasing the
average sensor sensitivity to 0.0727 kPa™', and A-bump reduced
the average sensor sensitivity to 0.0004 kPa~". This sensitivity is
improved and controllable. With this liquid metal biomedical
sensor, pulse palpation could be performed at three locations
on both wrists. These AR/R, signals could be medically assessed
by applying different pressures for three positional pulse
measurements, with pulse mode measurements resulting in
AR/R, results of 0.1, 0.2, and 0.3, respectively. Doctors could

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic diagram of self-powered intelligent respiratory monitoring system.* (b) Optical images of digital gestures in China wearing

liquid wire-based flexible electronic devices.* (c) 3D-printed schematic design of a liquid metal pressure sensor integrating A-bump and E-
bump.*2 (d) Reduction of interfacial graphene oxide by liquid metals.* (e) Bright-field images of GaAle, at room temperature, GaAle, at 500 °C,
and Ga-30 at% Al at 500 °C.* (f) Multilayer carbon nanotubes/gold nanoparticles composites based on gallium-based liquid metal for elec-
trochemical biosensing.* (g) Bio-elastomer based liquid metal filled magnetorheological elastomers.**

sense and analyze wrist pulse waveforms with real-time wrist
pulse visualization.

Based on a silicone rubber substrate, conductive elastomers
filled with spiky nickel particles and LM droplets could be
prepared (Fig. 2g).** Due to the synaptic structure of the spiky
nickel surface, the electrical conductivity of this composite
significantly increases by several orders of magnitude under
compressive and tensile loads. This composite was extremely
sensitive and could be used for pressure sensors. It became an
ideal material for tactile perception and mechanical response.
By preparing an intelligent heating film with a pyramid struc-
ture, the temperature could be adjusted according to the pres-
sure. This flexible pressure sensor has a high sensitivity of 1-3
kPa™", a high resolution of 2 Pa, and a low detection limit of 2
Pa.

Nano-alumina layer could also be successfully obtained from
Ga-Al alloy at room temperature (Fig. 2e). This nano oxide layer
obtained from two LM components (including Ga-Al,,; and Ga-
30 at% Al) was applied to gas sensors.™ It allows deposition at
low temperatures and produces eco-friendly nanomaterials with

© 2023 The Author(s). Published by the Royal Society of Chemistry

minimal consumption. The prepared metal oxide nano-
materials have significance for sensors and electronic devices.

An electrochemical sensor is shown in Fig. 2f. Electro-
chemical deposition deposited the carbon nanotubes on the
surface of LM, and then functionalized gold nanoparticles on
carbon nanotubes (Fig. 2f)." It had electrochemical perfor-
mance, and showed good dopamine sensing detection perfor-
mance with a sensitivity of 0.236 + 0.013 uA uM ™" and a LOD of
23.2 nM. It has high-performance electrochemical sensing and
biological stability compared with the current dopamine-
sensing electrochemical apparatus.

At the same time, there is a strong galvanic interaction
between LM and graphene oxide (GO), which could be used to
generate RGO monolayers and thick films (Fig. 2d).** RGO film
of different thickness could be produced on the surface of LM to
form LM-rGO-shell structure. In the presence of other biolog-
ical disturbances, by synthesizing LM-RGO composites on LM
droplets for selective biosensing of dopamine, biosensors could
also be prepared. One of the body's neuromodulators, dopa-
mine could be monitored using a liquid metal electrochemical

RSC Adv, 2023, 13, 26650-26662 | 26653
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sensor. Differential pulsed voltammetry (DPV) and cyclic vol-
tammetry (CV) changes (30-90 pA) in electrochemical signals
could be recorded by exposing bare and liquid metal-modified
electrodes to solutions containing dopamine mixtures. The
observed peak separation enables low-cost, portable dopamine
measurements.

Research progress of liquid metal
catalysts

Liquid metals would be further developed in catalysis,"” cata-
lytic hydrogen production,'® and catalytic atom transfer of free
radicals.”

At room temperature, a LM base method is proposed for the
catalytically assisted deposition and graphitization of molyb-
denum dioxide (MoO,) (Fig. 3h).** Introducing molybdate
precursors around the eutectic Galn alloy droplets formed
a uniform hydrated molybdenum oxide layer (H,M0Oj3) at the
interface. By using this transferred H,MoO; layer, a laser
writing technique was developed to selectively convert H,Mo0O;
into crystalline MoO,, and generate a conductive pattern with
plasma characteristics. The obtained method of metal oxide
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deposition and mapping has been widely used in optoelec-
tronics, sensing, and energy.

Through liquid Ga-assisted chemical vapor deposition to
prepare 2P-N heterojunction, vertical GaSe/MoS, controlled
growth was reported (Fig. 3¢).** By adjusting the amount of Ga,
the growth mode between vertical and transverse could be
precisely changed. P-N heterojunction was further studied
based on this realized vertical GaSe/MoS,. Under the illumina-
tion condition, the photovoltaic effect of this photosensitive
device was significant, which has a large open circuit voltage of
0.61 V and a broadband detection capability of 375-633 nm. It
could be further used for autonomous light detection with
a high response of 900 mA W™, and a fast response speed of 5
ms.

Two-dimensional (2D) aluminum hydroxide with high elec-
trostatic polarization was prepared using LM as a reaction
platform (Fig. 3g).>> By changing the synthesis conditions of
Ni** and Co®" ions, the OH bond was used as the adsorption
site, and 2D Al/NiCo-LDO layered double oxides nanosheets
could be obtained. This developed frame has a good electron
beam absorption performance. And this synthesis method has
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(a) Liquid metal catalyzes atom transfer radical polymerization.?* (b) Liquid metal alloys are used to make catalysts in nanometallurgy.? (c)

Schematic diagram of vertically stacked GaSe/MoS, heterostructure devices.?* (d) Schematic diagram of propane dehydrogenation catalyst.?® (e)
Simplified description of the fuel pyrolysis process in a liquid metal bubble reactor.?® (f) EGaln is a heterogeneous catalyst to produce thin
phenolic coatings under acidic to alkaline conditions.?® (g) Liquid metal derived two-dimensional layered bisoxide nanoplates.?* (h) Liquid metal

assisted low-temperature molybdenum dioxide deposition.*®
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broad application prospects in electron beam absorption and
electromagnetic protection.

LM was also used as a catalyst to promote the oxidative self-
polymerization of natural polyphenols (Fig. 3f).>* The oxidative
polymerization of polyphenols initiated by LM resulted in very
high reaction kinetics of the nano-coating. Highly active free
radical species were produced, which enabled the rapid oxida-
tion of polyphenols. Moreover, phenolic nano-coatings ob-
tained from acidic pH environments have good antioxidant and
antibacterial properties. This method could also be used in
industry, food science, and biomedicine.

EGaln micro/nanodroplets with a high surface area could be
applied in atom transfer radical polymerization (ATRP)
(Fig. 3a).** LM micro/nanodroplets were mixed with a Cu II
complex, monomer, and alkyl halide initiator in an N, atmo-
sphere. In the presence of LM, ATRP produces well-defined
polymers. LM nanodroplets could reduce Cu II complex to Cu
I complex, which could be used as an activator of ATRP.

A new method of hydrogen production from complex
hydrocarbon fuel pyrolysis is discussed. The methane decom-
position process of hydrocarbon fuel in LM bubble reactor
could be divided into two stages: the pyrolysis intermediates are
simulated based on the functional group dynamics model; the
quantities of the main products (CH,, H,, Cs, C¢Hs) from
secondary pyrolysis of intermediates were simulated using
a detailed high-temperature mechanism and approximated by
a simplified regression equation (Fig. 3e).*® The further
decomposition of smaller hydrocarbons until they exit the
reactor was simulated. The mixed effects of bubble coalescence
and bubble rupture were studied in a reactor. The results show
that the H/C ratio and cyclic/aromatic content are the main
factors affecting the total H, conversion.

The chemical cycling of LMs (Bi, In, and Ti) from low calo-
rific value exhaust gases (e.g., blast furnace gas) as effective
modifiers for iron-based redox catalysts has been investigated at
moderate temperatures (450-650 °C).** The bismuth modifier
forms a coating layer on the Fe oxide matrix and has better
anticoking performance than the Fe oxides supported by
Lag gSro,FeO; and Cey 9GDy 10,. In the cyclic redox reaction at
550 °C, the sintering resistance and redox activity of bismuth-
modified samples were also improved, and the oxygen
capacity was 4 times higher than that of the original Fe,O; (28.9
vs. 6.4 wt%). The redox performance of the compound was
enhanced effectively. Liquid metal (Bi, In, etc.) modified iron
oxides could be used as catalysts for low calorific value exhaust
gases. Hydrogen could be generated from the fuel by a cyclic
redox process.

Narayanan Raman et al. investigated the dehydrogenation of
propane with Pt-supported catalyzed active LM solution
(SCALMS) at Ga (2 at% Pt) in the temperature range of 500-600 °©
C (Fig. 3d).>* The catalyst was synthesized on silicon dioxide
(Si0,), alumina (Al,03), and silicon carbide (SiC). The results
show that the SiC-based SCALMS catalyst has the highest
activity, while the SiO,-based SCALMS -catalyst has most
increased stability and the lowest cracking tendency at a higher
temperature. At 600 °C, the selectivity of SiO,-based catalyst to
propylene remained above 93%. The coke content was analyzed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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by temperature-programmed oxidation (TPO) and Raman
spectroscopy. The coke content of SCALMS supported by SiC
and SiO, had almost no coking phenomenon, while that of
SCALMS supported by Al,O; had an obvious coking
phenomenon.

During the solidification process of the Bi-Ga alloy system,
highly ordered nanopatterns appear preferentially on the
surface of the alloy. Various transition, hybridization, crystal
defect patterns, and lamellar and rodlike structures, have been
observed (Fig. 3b).?” The effects of Bi and Ga,0; layers on the
surface solidification process were studied by combining
experimental and molecular dynamics simulations. And the
formation mechanism of heterogeneous nucleation mode was
found. The dynamic heterogeneous nucleation mode was
found. The dynamic characteristics of this phenomenon under
different solidification conditions and alloy systems were
demonstrated. Bi-Sn nano-alloy transformed binary oxide
Bi,Sn,0; could be applied to photocatalytic Congo dye degra-
dation. Its degradation rate constant (slope of the In(co/c) — ¢
curves) could reach 80%.

Research progress of liquid metal
composites

Flexible electronic devices have penetrated every industry in
human life, for example consumer electronics, automotive, and
medical. They require stretchable conductive composite mate-
rials to provide better performance. Conductive composites
have been traditionally prepared by adding conductive inor-
ganic fillers into flexible polymers. Due to limited deformation,
low electrical conductivity, and poor machinability, the perfor-
mance of conductive composites could not meet the require-
ment of today's demanding equipment. Currently, LM could be
used in composite materials to prepare row memory composite
materials and another flexible composite.****

LM-TPE composite wires were prepared by electrospinning
porous thermoplastic elastomer microfibers and coated with
LM (Fig. 4k).*® For packaging, another layer of electrostatic
spinning TPE ultrafine fiber was deposited on this steel wire.
The porous structure of electrostatic spinning fibers could
significantly improve the tensile property and electrical stability
of LM-TPE wires. A stretchable conductor was developed by
simply spraying or printing LM on an elastic fiber mat of elec-
trospinning. In addition, it has good biocompatibility and
intelligent adaptability. Compared to these wires using
nonporous TPE as a matrix, the breaking strain of LM-TPE
wires increased. Under the tensile pressure of 1900%, the
increase in resistance of the wires could be controlled by less
than 12 times, which is much more stable than other one-
dimensional LM-based elastic conductors.

A highly deformable eutectic LM embedded in natural
rubber (NR) structure was prepared (Fig. 4b),** using industri-
ally feasible solid-state mixing and vulcanization. The standard
vulcanization method allowed us to break and disperse LM into
submicron droplets in crosslinked NR. This composite material
has a six-fold increase in tear resistance, a four-fold decrease in
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(a) Soft stretchable liquid metal composite with shape memory and healing conductivity.** (b) Super stretched liquid metal embedded

natural rubber composite.** (c) Schematic diagram of a typical manufacturing process for a liquid metal fiber pad.** (d) Anisotropic conductive
adhesive for liquid metal nanodroplet.*® (e) Conductive hydrogel adhesive containing liquid metal.*® (f) Liquid metal maglev with rheological,
magnetic, electric, and thermal strengthening.*® (g) Solvent machinability and insulator-to-conductor reversible transition of microporous liquid
metal embedded in polymer films.?” (h) Schematic diagram of “Taiji" of liquid metal foam film.3° (i) Highly conductive liquid metal-based shape
memory material.*? (j) Stiffness changes of liquid metal composites driven by electricity.*® (k) Manufacturing scheme for super stretchable
XEGaln-pSBS line. () Schematic diagram of surface solidification process.>?

crack growth, and significant improvement in mechanical (up
to 650% strain at failure) and elastic properties. The compos-
ites' thermal conductivity and dielectric properties were also
improved, providing a simple and extensible way to develop LM-
embedded soft elastomer composites.

By mixing LM nanodroplets coated with tannic acid with
catechol functionalized chitosan (PCHI-C), cholesterol,
aldehyde-modified glucan (PDEX-ALD-CH), and PEDOT:Hep,
a complex polymer network was synthesized (Fig. 4e).** Biomi-
metic conductive self-assembly hydrogel was also synthesized
by polysaccharide, conductive biopolymer, and LM nano-
droplet. The structure and concentration of each intermediate
could be varied, resulting in a modular system with adjustable
mechanical, physical, and biochemical properties. After poly-
merization and synthesis, it could combine materials with

26656 | RSC Adv, 2023, 13, 26650-26662

different properties to generate a matrix with high adhesion
strength, enhanced electrical conductivity, good cytocompati-
bility in vitro, and high biocompatibility in vivo. This reversible
network has properties of self-healing and shear thinning. The
high biocompatibility was demonstrated in immunoactivity
mice by allowing 3D printing and minimally invasive injection
in vivo experiments.

Adding LM Ga into flexible and porous polymer matrix
(porosity 78.93%) could prepared LM composite with varying
stiffness (Fig. 4j).* This composite has high conductivity and
reversible stiffness transformation could be easily triggered by
a small voltage of 5 V in the electrolyte. When the external
voltage was removed, the stiffness remained constant. This LM-
based stiffness variable material showed a 1000-fold modulus
difference (65-79 MPa). This composite material could be

© 2023 The Author(s). Published by the Royal Society of Chemistry
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successfully used to construct intelligent valves, mechanical
claws, and other robots in the marine environment.

Through the solvent evaporation-induced microporous
method, LM was fused into a matrix of microporous polymer
(ABS/PMMA/PMMA-co-BMA), and a stretchable microporous
LM embedded polymer film was prepared (Fig. 4g).*” This
composite film was insulating but became conductive during
the stretching. Under the action of organic vapor, this micro-
porous LM-embedded polymer film exhibits reversible insu-
lation-conductor transition (8.3 Q). After 50 solvent exposure
tensile strain cycles, the change of resistance value was ignored,
and it has excellent stability. This composite membrane could
be used in hazard sensors, solvent leakage alarm devices, and
protective switches, which has incredible potential in sensor
applications. By combining laser irradiation and ultrasound,
a series of core-shell eutectic LM nanodroplets with different
diameters were successfully synthesized (Fig. 4d).>® Due to their
high conductivity and good fluidity, these LM nanodroplets
were used as soft conductive fillers to prepare anisotropic
conductive adhesives (ACAs). When used for the interconnec-
tion of tiny electronic circuits, these prepared ACAs have good
anisotropic conductivity. It could maintain highly durable
anisotropic electrical properties in flexible package devices,
even in bending or torsional operation modes.

By introducing the thermal decomposition of bicarbonate,
LM foams could be designed with the help of environmentally
friendly foaming agents (Fig. 4h).** The foaming agent
(NaHCO3) was uniformly distributed in LM. Then the foaming
process was based on the thermal decomposition of NaHCO; on
a heating platform. It has a porous structure, controllable
adjustment, rich interface, conductivity, adjustable stiffness,
and other excellent performance. This LM foam has a hydrogen
evolution in neutral deionized water, and it could also produce
high-performance compact foam in an air battery. The prepared
adjustable four-dimensional LM foam material has excellent
electromagnetic shielding performance.

Using shell core structure Fe@PDA-Ag as particle and LM as
the base, LM-based maglev liquid could be prepared, which has
good electrical, magnetic, and thermal properties* (Fig. 4f). By
introducing polydopamine (PDA) in situ reduction, the silver
shell on the surface of iron particles was fixed, which could
prevent the alloying of iron particles with LM, and improve the
conductivity and thermal conductivity of the alloy. This LM
material could keep its magnetism unchanged during the 60
days of the test. Compared with the mixture of iron particles
and LM, the maximum conductivity (2.41 x 10° S m™") and
thermal conductivity (48.95 W m ™" K ') of the LM base
magnetic suspension were increased by at least 13.69% and
nearly 4 times, respectively. This LM-based magnetic suspen-
sion could be used in thermal interface materials, and magnetic
manipulation to write and draw patterns.

Shape memory composites could preserve deformed shapes
and recover when subjected to specific external stimuli
(Fig. 4a).** Because LM Ga could control the geometry of the
packing, it could be applied to elastomer films containing
microchannels and create metal conductive circuits. By inte-
grating LM, polydimethylsiloxane (PDMS), and polyurethane
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foam, LM-based shape memory material (LM-SMM) was
synthesized (Fig. 4i).** The flexibility of PDMS ensures good
shape recovery performance. The switchable construction and
excellent electrical conductivity make the LM-SMM suitable for
ultra-sensitive fire alarm responses. This performance enables
the LM-SMM to achieve the lowest fire alarm temperature in
a short response time, which has broad application prospects in
the safe storage of flammable materials.

Research progress of liquid metal
driving machine

Micro/nanomotors have made great progress in driving power
and precise maneuvering. Ga/In-based LM alloy has good
biocompatibility and low biotoxicity;* it is the ideal material to
solve these problems. Soft crawling robots have potential
applications in monitoring, rescue, and detection in complex
environments. Most existing soft crawling robots are either
driven by passively induced friction asymmetries or could only
move on specially designed surfaces. As a result, robots often
lack an ability to move in two dimensions, or in any direction of
unpredictable environments. In the field of LM drive, new LM
micro motor,** LM intelligent foot,** crawling robot,** and LM
nano robot*” have been prepared.

As shown in Fig. 5a, Ga, In, and Sn were dispersed into
micro-nano particles by ultrasound, and then metal (Pt, Au, Ag)
and nonmetal (SiO,) were sputtered on LM microspheres.** An
alkaline-driven LM micro-motor (100 nm to 20 pm) was
prepared, which could move in an alkaline solution. The driving
mechanism is divided into two kinds: (1) self-electrophoresis:
when the sputtering material was metal, there was a current
between met-al and LM; (2) self-diffusion electrophoresis: when
the sputtering material was non-metallic, there was no current
between non-metallic and LM. The driving speed of self-
electrophoresis was much faster than that of self-diffusion
electrophoresis. The micromotors of LM expand fuel options
and could be adapted to different biochemical applications.

The LM intelligent feet were prepared, which could be used
for active control of crawling robots (Fig. 5b).** This LM brilliant
foot consisted of two LM droplets inside a 3D printing stand,
and controlled by copper wire. The body was made of elastic
composite material, with a shape memory alloy spring
embedded in the center. The shape memory alloy spring was
encapsulated in a composite with a silicone matrix and nickel
particles to enhance heat dissipation. When the LM smart foot
was immersed in the electrolyte, friction was electrically
controlled. The bidirectional and climbing movement of the
robot on various substrates and smooth surface was explored,
which display the crawling robot's ability, and achieve multi-
function drive prismatic climbing.

A LM nanorobot driven by urease was also proposed.
Through photothermal and chemotherapy effects, when it was
exposed to near-infrared light, it would deform and achieve
synergistic and antibacterial treatment (Fig. 5e).** The dual-
mode ultrasonic and photoacoustic properties of LM nano-
particles could be used to monitor the active movement of

RSC Adv, 2023, 13, 26650-26662 | 26657
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a robot in a microfluidic vascular model. It also provides
a feasible tool for preclinical studies and clinical trials of image-
guided therapy.

By using an acid droplet, the spontaneous and stable rota-
tion of LM droplet was realized. When acid droplets deposit on
LM surfaces, they could move spontaneously (Fig. 5d).*” This
phenomenon results from the fluctuation of the droplet
boundary, and the movement of bubbles produced by the
chemical reaction of the acid and LM. This finding may improve
understanding of the transformation of physical systems under
the influence of chemical reactions, and provide new avenues
for the design of potential micro-nano devices.

Due to the multifunction and structural advantages, non-
spherical LM particles (NLMs) show great potential in various
applications. A simple microfluidic strategy called rotary flow
shearing was proposed to produce efficient, controllable, and
template-free shaped NLMs (Fig. 5¢).*® In the carrier fluid, two
counterrotating rotors provide high-speed viscous shear flows,
that induce continuous clipping of LM from a capillary in front
of a slit. Real-time oxidation enables rapid solidification of the
extrusion neck and LM surfaces, resulting in many NLMs.
Rotary flow shearing makes the NLMs shape adjustable, espe-
cially for high-viscosity working materials. Under the action of

26658 | RSC Adv, 2023, 13, 26650-26662

the applied electric field, the collected NLMs exhibit unique
electrostatic response properties, including translation, rota-
tion, reciprocation, and alignment.

Research progress of liquid metal
electrode

LM was used to modify the nano-porous SiGe. Al was selectively
removed from GegSi;,Algg alloy by chemical etching in an acidic
solution, and the nanoporous structure was formed (Fig. 5i).*
LM was stirred and mixed with the SiGe, and the LM particles
were successfully embedded into the SiGe hole structure to
create a LM base electrode. This LM composite anode improved
the cycling stability of nano alloy anode and showed high
reversible lithium storage performance and self-healing prop-
erties. After 300 cycles at room temperature, the capacity is
1200 mA h g% after 100 cycles at —20 °C, the capacity is
746.7 mAh g .

By depositing smooth and uniform LM films on a large and
elastic substrate, stretchable reflective electrodes could be
prepared (Fig. 5g).*° Thermal evaporation deposited Cu films on
the substrate, and the LM was diffused onto the metalized

© 2023 The Author(s). Published by the Royal Society of Chemistry
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substrate. The thickness of the LM film (1.6 pm) was controlled
by high-speed rotation. This electrode could maintain good
electrical conductivity and optical reflectance under a large
deformation. The prepared electrode has a low chip resistance
(0.15 Q Sq.™ "), high optical reflectance (95% at 550 nm), and
ultra-high deformation (500%), which could withstand repeated
tensile deformation. This electrode could be used in various
optoelectronic devices, such as stretchable displays, intelligent
wearables, and deformable solar cells.

Conclusions

This paper reviews the applications and principles of LMs in
different fields in the past year. First, in the area of sensing
applications, LM is used for respiratory monitoring, biomedical
sensing, electrochemical sensing, etc. The device has high
sensitivity, dramatically reduces error, improves biological
stability and electrochemical performance, and plays an
essential role in monitoring human health. The potential bio-
sensing application of LM devices is opened through the elec-
trochemical deposition of nanomaterials on gallium alloy,
which has excellent application in intelligent artificial skin and
soft robot fields.

Secondly, in the field of catalysis, LM is used in photo-
catalysis, catalytic hydrogen production, catalytic atom trans-
fer radical, electrocatalysis, and so on. The application of the
LM catalyst will continue to develop in the future, and its
catalytic performance will continue to improve. LM with a low
melting point, large contact area, and good solubility could be
used as a popular material for multifunctional catalysts. LM
single/multi-catalyst, multiphase catalyst, multifunction, green,
and high efficiency are the critical development direction in the
future.

In the field of printing, this paper summarizes laser printing,
template printing, and the development of new liquid metal
ink. The research of low melting point metal melt deposition
printing, liquid phase printing, compound printing, suspen-
sion printing, microcontact printing has also made progress.
Through template printing, flexible circuits, resistors, capaci-
tors, inductors, and multilayer reconfigurable composite
devices with good stretchability, permeability, and stability
could be prepared by parameterization. Recyclable LM ink
stability, and high sensitivity in alkaline conditions could be
recycled and reduce environmental pollution.

In the field of composites, LM shape memory composites
with healing conductivity have been used in flexible electronics
and soft robotics. LM phenolic nanocoating composites have
good oxidation resistance and antibacterial properties, which
are widely used in industry, food science, and biomedical fields.
Electrostatic spinning elastic fiber pad with strong tensile
performance, spraying/printing LM could be made into flexible
electronic products. The magnetic, electric, and thermal prop-
erties of LM-based maglev, LM-based shape memory material,
and LM-based stretchable conductor have been greatly
improved. These LM composites were widely used in magnetic
operation, optoelectronics, sensing, and energy fields.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In the field of driving, the research on the properties of LM
crawling robot drive, nano LM drive, etc. It also has implications
for potential monitoring, rescue, detection applications, devel-
opment of advanced LM soft robot systems.

Future challenges, potential advances, and emerging trends
in liquid metals in various fields were discussed as follows: in
terms of sensing, liquid metal in the future is expected to
prepare a lot of ultra-thin, small, highly flexible, susceptible
human wearable sensor parts, which are expected to carry out
the human body's multi-physiological parameter measure-
ments and extensive data health monitoring. These liquid metal
sensor devices are expected to provide real-time and accurate
indications of the body's physical condition in the medical field.
In terms of catalysis, the applications of liquid metal catalysts
will continue to develop in the future, with catalysts that may be
applied to a broader range of organocatalytic reactions, most of
which have not yet been attempted, such as hydrocarbon
addition or dehydrogenation, and chain-breakage responses,
with improving catalytic performance. In the printing field, it is
expected to develop more liquid metal composite inks with
better conductivity, adhesion, and printability and to mix liquid
metals with more different polymer materials to produce more
composite inks. Additional liquid metal 3D printing technolo-
gies could be developed in the future. In composites, more
various polymer materials can also be matched with liquid
metals through modification methods to form more functional
composites. In robotics, liquid metal could be combined with
materials such as liquid crystals to prepare more foldable
micro-driving machines.

This paper comprehensively summarizes the application of
LM in different practical fields, which helps understand the
development trend and direction of LM materials, and lays
a foundation for the development of metal materials in the next
step.
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