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Gallium-based liquid metals (GaLMs) are promising for a variety of applications-especially as a
component material for soft devices-due to their fluidic nature, low toxicity and reactivity, and high
electrical and thermal conductivity comparable to solid counterparts. Understanding the interfacial
properties and behaviors of GalLMs in different environments is crucial for most applications. When
exposed to air or water, GaLMs form a gallium oxide layer with nanoscale thickness. This “oxide nano-
skin” passivates the metal surface and allows for the formation of stable microstructures and films
despite the high-surface tension of liquid metal. The oxide skin easily adheres to most smooth surfaces.
While it enables effective printing and patterning of the GaLMs, it can also make the metals challenging
to handle because it adheres to most surfaces. The oxide also affects the interfacial electrical resistance
of the metals. Its formation, thickness, and composition can be chemically or electrochemically
controlled, altering the physical, chemical, and electrical properties of the metal interface. Without the
oxide, GaLMs wet metallic surfaces but do not wet non-metallic substrates such as polymers. The
Received 13th February 2024, topography of the underlying surface further influences the wetting characteristics of the metals. This
Accepted 30th April 2024 review outlines the interfacial attributes of GaLMs in air, water, and other environments and discusses
DOI: 10.1039/d4nh00067f relevant applications based on interfacial engineering. The effect of surface topography on the wetting
behaviors of the GalLMs is also discussed. Finally, we suggest important research topics for a better
rsc.li/nanoscale-horizons understanding of the GaLMs interface.
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1 Introduction

Liquid metals that are liquid phase at or near room tempera-
ture have attracted attention as conductors for stretchable
electronics, active materials for soft devices, and catalysts,
among a number of emerging applications. However, most of
the elemental liquid metals such as mercury, cesium, rubi-
dium, and francium have problems in practical use due to their
high toxicity, reactivity, and/or radioactivity. In contrast, gal-
lium and gallium-based alloys have low toxicity. Plus, they have
negligible vapor pressure.

Eutectic gallium indium (EGaln) and gallium indium tin
alloys are the most commonly used gallium-based liquid metals
(GaLMs). They are homogeneous liquids that have fluidic
properties with low viscosity at room temperature. GaLMs have
high electrical/thermal conductivity (Ga ~3.9 x 10° S m™*,
30.5Wm 'K ', EGaln ~3.4 x 10°Sm™%,264Wm ™' K, and
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Galinstan ~3.3 x 10°Sm™", ~25.4W m™ 'K "), only one order
of magnitude lower than copper metal." A thin gallium oxide
layer generally forms on the surface of GaLMs in air or aqueous
environments. The native surface oxide, which is a solid-phase
film, encapsulates the liquid metal, enabling the formation of
stable microdroplets, thin films, or other non-spherical shapes.
The surface oxide easily adheres to and pins on many solid
substrates due to the various interactions such as van der Waals
attraction and hydrogen bonding. While such a solid, adhesive
oxide allows effective printing or patterning of GaLMs," it can
also make GaLMs difficult to handle because it sticks to
surfaces that touch it. Moreover, the presence of an oxide
decreases the interfacial conductivity relative to pure metal,
and therefore its formation largely determines the interfacial
resistance of GaLMs. The formation of such an oxide and its
thickness and composition can be varied chemically, thermally,
or electrochemically, which significantly affects the physical/
chemical/electrical properties of the GaLMs interface.

The surface of GaLMs oxidizes in the presence of air or
water. In air (oxygen), the metals form a native oxide layer on
the surface. The oxide is an amorphous Ga,0O;. Dissolved
metals in GaLMs with a more favorable Gibbs energy of reac-
tion, such as Al, can change the composition of the oxide.’ In
water, an oxide also forms (either due to dissolved oxygen or by
direct reaction with water). Over time, the oxide converts to
GaOOH. The GaOOH can exfoliate from the system to form,
crystalline rod-like shapes.”” Water can also serve as an elec-
trolyte to facilitate electrochemical reactions that drive oxida-
tion or reduction of the surface.® In addition, water can contain
acids or bases that can dissolve the oxide at low or high pH.

GaLMs can form metal-metal bonds with many metals and
therefore show favorable wetting behavior on most metallic
surfaces in the absence of the oxide. On the other hand, GaLMs
without the oxide generally show poor wetting behavior on non-
metallic surfaces such as polymers. The texture or topography
on the substrate further enhances the wetting or non-wetting
characteristics of GaLMs, which is governed by their wetting
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Fig. 1 Summary of interfaces of GaLMs in various environments.

states: Wenzel state or Cassie-Baxter state. Thus, interfacial
properties and behaviors of GaLMs greatly depend on their
environment and a proper understanding of these is crucial.
This review focuses on the interfacial properties and char-
acteristics of GaLMs when exposed to different environments
of air, water, acid and base, metals, and other materials, as

This journal is © The Royal Society of Chemistry 2024

summarized in Fig. 1. Recent reviews have focused on the
interfacial tension and surface chemistry of liquid metal,>"°
interfacial properties for patterning,” interface engineering for
particle production and utilization,"* and surface modification
for sensor and actuator applications."” Naturally, while there is
some overlap by necessity, the present review is distinguished
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by a focus on the connection between the interfacial properties
and interactions with interfacing matter. We discuss how the
interfacial properties of GaLMs are intentionally manipulated
to exploit them in various applications. Research on the effect
of surface topography on the wetting behaviors of the metals is
also introduced. Lastly, we suggest several potentially impor-
tant studies which need to be done for a better understanding
of the metals’ interface.

2 Interface with air

The surface of GaLMs oxidizes rapidly after even a brief
exposure to oxygen as low as 1077 Torr. At steady state, the
oxide is ~2-5 nm thick (several studies report it to be ~3 nm).
Previous high-resolution X-ray photoelectron spectroscopy
(XPS) has shown that the oxide skin is composed mainly of
Ga,03 as shown in Fig. 2(a), although small amounts of Ga,O
and In,0; may exist underneath the Ga,03.>""” When the oxide
is sputtered off in the absence of oxygen, other metals (such as
In in the case of EGaln) can preferentially go to the interface to
lower the tension. However, when air is reintroduced, the
surface reverts back to gallium oxide.'® The preferential for-
mation of gallium oxide can be explained by Gibbs free energy
(AGy) for the formation of oxides, which is most negative
for gallium compared to indium and tin (—998.3 k] mol " for
Ga,0;, —830.7 k] mol™* for In,0; and —515.8 k] mol™* for
Sn0,) (Fig. 2(b)).>"® Based on this principle, it is possible to
form oxides of other compositions by dissolving metals with a
more favorable AG; than Ga (e.g. Al). Ga®* is the most energe-
tically favorable oxidized state of Ga while Ga®>* is the least
stable. The formation of gallium oxide is shown in eqn (1):

2Ga + 3/202 — Ga,03 [1)

The growth of the native oxide is typically explained by
Cabrera-Mott (CM) oxidation mechanism, which is associated
with the oxidation process of group III metals, such as alumi-
nium and gallium."" In this framework, initially bare metal
reacts with O, to form a thin oxide layer. CM explains how this
layer continues to grow despite the low diffusivity of oxygen
through the oxide at room temperature. It also explains how it
eventually stops growing (or slows significantly). In the CM
mechanism, the first step involves O, adsorption on the surface
of the metal oxide. Electrons from the Ga can tunnel through
the oxide to form O,- ions on the outside of the oxide, leaving
behind a Ga cation on the inside of the oxide. The resulting
electric field can drive the ions (either Ga cations and/or oxygen
anions) through the oxide. The ions react to produce additional
metal oxide. When the oxide gets thicker, the electric field
diminishes to the point that the ions can no longer be driven
through the oxide and the oxide growth slows significantly
or stops.

Thus, the oxide layer typically stops growing in ambient
conditions and passivates the internal liquid metal core from
oxygen. Fig. 2(c) shows the EGaln core wrapped with
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Fig. 2 Attributes of oxide skin of GalLMs. (a) High-resolution XPS spectrum of
the Ga 2p region collected from the apex of EGaln with the Ga,Os native oxide.
Reproduced with permission from ref. 17 Copyright 2012 American Chemical
Society. (b) The Gibbs free energy (AGy) of formation for metal oxides help predict
favored composition of the surface oxide. Reproduced with permission from ref.
5 Copyright 2017 The American Association for the Advancement of Science. (c)
High resolution scanning transmission electron microscopy (HRSTEM) bright field
image for an EGaln NP at the temperature of 173 K. An amorphous gallium oxide
surface layer with a thickness of ~ 2.2 nm can be seen conforming to the surface
of the metal. On the left side of the interior of the NP, phase-separated, solidified
Ga and In are observed at the low temperature. Reproduced with permission
from ref. 24 Copyright 2019 Elsevier.
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nanometer-thick gallium oxide, which varies from 0.5 to 5 nm
depending on the conditions.**”>* At room temperature, oxygen
cannot penetrate through the oxide at any appreciable rate. Yet,
at elevated temperatures (>500 °C), the diffusion rate can
increase;>> %’ thus, one way to increase the oxide thickness is
via thermal oxidation. Thermal oxidation causes stress that
creates microfractures in the shell, allowing the In or Sn-
enriched interlayer to flow out and oxidize, leading to the
formation of additional oxide shells such as indium oxide
and tin oxide.”’”® Electrochemical oxidation can also make
the oxide thicker (see section below).

2.1 Injection of GaLMs in microfluidic channels

Injection of GaLMs into micro-channels is one of the simplest
and most effective ways to mold GaLMs into a variety of shapes

d EGaln

(Injected at inlet)

i ) Apply sufficient pressure to bring metal to the entrance of the narrow channel

Mercury

(Injected at inlet}

View Article Online
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while encapsulating them into materials such as silicones with
high structural stability. Pristine GaLMs without the surface
oxide layer have high surface tension values (726.6 mN m ™" for
Ga (at 30 °C),%® 624 mN m ' for EGaln (at 22 °C),*° and 533 mN
m~" for Galinstan (at 25 °C)*"). Normally, liquids with high
surface tension try to bead up to minimize surface energy.
However, GaLMs remain stable within microchannels due to
the rapid formation of the oxide layer."® In Fig. 3(a), EGaIn and
mercury (Hg) were injected into the microchannel by applying
pressure. Both liquid metals filled the channels if the applied
pressure exceeds the Laplace pressure of the liquid, which
opposes filling. After ceasing to apply pressure, EGaln stayed
in the channel, but Hg instantaneously withdrew from the
channel. The solid gallium oxide on the surface of EGaln
stabilizes the metal in the channel. In the absence of the
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Fig. 3 Microfluidic filling principles using liquid metal. (a) Top-down optical photographs of EGaln (left) and Hg (right) in PDMS microchannels and their
behavior under applied pressure. Reproduced with permission from ref. 13 Copyright 2008 John Wiley and Sons. (b) and (c) The behavior of EGaln (b) in a
dry capillary and (c) in a capillary prefilled with water: (b) (i) and (ii) The oxide layer directly contacts with the capillary wall. (iii) EGaln does not flow out
after tilting the capillary vertically. (c) (i) and (i) A water slip (or “lubrication”) layer exists between the oxide layer and the capillary wall. (iii) EGaln flows out
of the capillary due to gravity after tilting the capillary vertically. Reproduced with permission from ref. 7 Copyright 2014 American Chemical Society. (d)
Schematic of fabrication process for filling microchannels with liquid metal by injection from an inlet toward an outlet. Reproduced with permission from
ref. 32 Copyright 2015 Royal Society of Chemistry. (e) Schematic of vacuum process for filling microchannels with liquid metal using only an inlet and no
outlet. Reproduced with permission from ref. 33 Copyright 2017 Royal Society of Chemistry.
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solid-oxide skin, Hg reflowed immediately upon ceasing to
apply injecting pressure.

Moreover, the adhesive property of the oxide on GaLMs
provides mechanical stability to the metal in microchannels.
In a dry capillary, the oxide layer sticks to the inner wall of the
capillary and keeps EGaln stable in the capillary without
flowing out even under the influence of gravity (Fig. 3(b)). In
a capillary prefilled with water, however, a water slip (or
“lubrication”) layer forms between the surface of EGaln and
the inner wall of the capillary, which causes a plug of EGaln to
easily flow out of the capillary upon tilting (Fig. 3(c)).” Thus, the
direct contact and adhesion at the interface between the oxide
layer of GaLMs and the inner wall of microchannels is critical
for the stability of of GaLMs injected into channels.

Injection of GaLMs into a microchannel made by soft
lithography or 3D printing is a common method to mold the
metals due to its simplicity and convenience without complicated
patterning techniques (Fig. 3(d)). This method has been

widely used to fabricate liquid metal microchannels,
antennas,**>° sensors,**" electronics,*®**™” conductors,>"*%>°
60-62

and 3D structures.
tions, such as the need for extremely high pressure (~10 MPa) to
fill a narrow channel (150 nm in width) or the possibility of
trapping air, which can prevent the channel from being filled with
the metal. The channel should also have an outlet to allow air to
escape during liquid metal injection into the inlet. Vacuum filling,
as shown in Fig. 3(e), addresses these issues.**** Vacuum filling
and injection both use pressure differentials to fill the metal.
While injection requires an external pressure at the inlet to exceed
that atmospheric pressure at the outlet, vacuum filling uses
atmospheric pressure at the inlet and vacuum within the channels
to achieve the pressure differential. First, liquid metal is placed at
the inlet. Air in the channel is removed by placing the entire
device in a vacuum chamber. Air can bubble through the liquid
metal or diffuse through the silicone microchannel walls. Upon
returning the chamber to atmospheric pressure, the negative
pressure in the channel relative to the atmospheric pressure
forces the liquid metal into the channel. Due to their negligible
vapor pressure,”* GaLMs can be utilized in the vacuum filling
process without concern for evaporation or boiling occurring at
low pressure. The vacuum filling method is facile and hands-free,
and it can cast deep and branching features without air trapping,
leaks, or delamination. Moreover, it requires only one inlet and no
outlets.

However, this method has some limita-

2.2 Direct writing of GaLMs

Direct writing is a technique based on an extrusion from a
nozzle, which is a rapid, simple, scalable, customizable, and
low-temperature process. Printing or patterning of GaLMs is
enabled by direct writing on a substrate. This process requires
stable adhesion of GaLMs to the substrate and movement of
the nozzle to create mechanical stress (shear or tension) that
can rupture the oxide (Fig. 4(a)).®® Thus, the choice of a proper
substrate material is the key factor, as the printing process is
primarily governed by the interaction between the substrate
and the surface of GaLMs adhered to it.**®” The native gallium
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oxide skin on the surface of GaLMs tends to favor adhesion on
hydrophilic surfaces.®” For example, the printing works better
on oxygen plasma-treated silicone than pristine silicone. The
printed line width could be controlled by the inner diameter of
the nozzle and printing velocity (Fig. 4(b) and (c)).°**®® In a
recent study, the minimum width of 1.9 um was achieved using
a nozzle diameter of 5 um, as shown in Fig. 4(d).%®

Furthermore, the gallium oxide skin enables the resulting
pattern to maintain its printed shape against gravity and sur-
face tension, allowing free-standing features without any encap-
sulating solid materials (Fig. 4(e)). It is possible to print EGaln
in the z-direction, which is a type of 3D printing technology. In
this case, the liquid metal wire is elongated by the tensile force
generated by adhesion between the oxide skin and the under-
lying substrate. With additional motion of the stage, 3D micro-
structures, such as self-supporting bridges, can be fabricated.
Fig. 4(f) also shows the microstructures composed of sequen-
tially stacked droplets of EGaln, which is possible since the
droplets form physical contact without coalescing into one
bigger droplet.®®

2.3 Soft electrode tip

The surface oxide layer of GaLMs has allowed the metals to
form a soft electrode for non-destructive conformal electrical
contacts. Such an electrode is useful especially for investigating
the charge transport across organic thin films, such as self-
assembled monolayers (SAMs). In molecular electronics, the
studies of charge transport in organic molecules and at organic
molecule-electrode interfaces have been crucial for under-
standing the relationship between molecular structures and
electrical properties of molecular layers, e.g., injection tunnel
current and current rectification.””’" Initially, the electrical
properties of the single-molecular junction were typically stu-
died by scanning tunneling microscopy (STM) and atomic force
microscopy (AFM). However, the methods have technical diffi-
culties and complexity of data interpretation. Also, it is challen-
ging to achieve non-destructive, reproducible contacts between
the top electrode and organic thin film.”* To solve the pro-
blems, soft liquid metal electrodes consisting of a Hg droplet
were utilized.”>””® However, the use of mercury has been
avoided due to its toxicity. GaLMs have been studied as an
alternative material for the top electrode with low level of both
toxicity and hazard.””®' The oxide layer of GaLMs enables the
metal to form a cone-shaped tip with micrometer-scale dimen-
sions under ambient conditions, which makes semi-conformal
and non-damaging contacts with SAM at a small area (Fig. 5(a)
and (b)).”>** The cones form by adhering a droplet to a surface
and then pulling on it as shown in Fig. 5(a).”*> Electrodes
composed of GaLMs showed higher yields of junctions (80-
100%) than the Hg electrode (<20%).** The higher junction
stability of the GaLM electrode results from the oxide layer,
which prevents the liquid metal from penetrating the under-
lying material without affecting the current measurement.®
The EGaln electrode can measure the tunneling current
through the SAM of a short-chain alkyl group (n = 1-6)

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Direct-writing and 3D printing of liquid metals by harnessing the stabilizing effects of the oxide skin.(a) Schematic of direct printing of GaLMs
through shear force. Reproduced with permission from ref. 65 Copyright 2020 John Wiley and Sons. (b) Optical microscope images of printed EGaln
lines on glass according to inner diameter of nozzles. Scale bar is 100 um. Reproduced with permission from ref. 66 Copyright 2014 John Wiley and Sons.
(c) Optical microscope images of printed EGaln lines on PET film according to printing velocities. Scale bar is 40 um. (d) SEM image of 1.9 pm-width EGaln
lines. Scale bar is 10 um. Reproduced with permission from ref. 68 Copyright 2019 American Association for the Advancement of Science. (e) Sequential
images of EGaln wire vertically extruded from a nozzle and free-standing liquid metal arches. (f) Photographs of 3D microstructures composed of
stacked droplets of EGaln. Scale bar is 500 pm. Reproduced with permission from ref. 69 Copyright 2013 John Wiley and Sons.

(Fig. 5(c)).”>®> A recent review has summarized the use of such
soft electrodes for characterizing SAMs.%®

3 Interface with aqueous
environments

GaLMs are directly or indirectly exposed to water from humid
or aqueous environments in various applications such as
microfluidics, soft electronics, e-skin and wearables, and bio-
medical devices. Here, the role of water on the interfacial
properties of GaLMs and the applications are summarized.

3.1 GaLM in water

When GaLMs are in contact with water, the chemical composi-
tion of the oxide skin changes to gallium oxide hydroxide
(GaOOH), which is identified by the XRD analysis (Fig. 6(a)).*”
In a recent study, it was revealed that H, gets produced when
GaLMs interact with water.®® A reaction for converting gallium
and gallium oxide to gallium oxide hydroxide and hydrogen by
water is proposed in below equations.

4Ga + 30, + 2H,0 — 4GaOOH ()

2G3203 + 2H20 — 4GaOOH (3)

This journal is © The Royal Society of Chemistry 2024

2Ga + 3H,0 — Ga,0; + 3H, (gas evolution) (@)

Ga,0 + 2H,0 — Ga,0; + 2H, (gas evolution)  (5)

GaOOH is less passivating than Ga,0j3. Also, the mechanical
properties of the EGaln surface oxide skin formed in water (i.e.
GaOOH) are weaker than that formed in air (ie. Ga,0;) in
Fig. 6(b). The oxide in water showed lower values of the elastic
modulus and the yield stress (G' ~1Nm %, ¢ ~ 0.1 Nm )
than the oxide formed in the air (G’ ~ 10 Nm ™', ¢ ~ 0.5 N
m~").” While these initial studies were done by adapting bulk
rheology tools, more recent measurements using surface rheol-
ogy tools also produced similar results (Fig. 6(c)). This study
compared the elastic modulus, G’, of gallium and its alloys in
air and water.®® In the air, G’ values for gallium, EGaln (75%
Ga), and Galinstan (61% Ga) are similar. G’, however, drops
significantly in water (relative to air) and the decrease is the
largest for gallium. G’ increases as the weight percentage of
gallium in liquid metal alloy decreases. Such a different
mechanical strength of the oxides in air and water affects the
structural stability of liquid metal droplets. In air, the oxide
preserves the shape of micro-scale liquid metal droplets (like a
solid shell), whereas, in water, the shapes tend to sag with time.
The conversion of liquid metal to GaOOH can be accelerated by

Nanoscale Horiz., 2024, 9,1099-1119 | 1105
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Fig. 5 Forming soft electrode tips for characterizing the electrical properties of thin films. (a) Fabrication and use of Ga,Oz/EGaln conical tip electrodes.
Reproduced with permission from ref. 72 Copyright 2013 American Chemical Society. (b) Schematic of the junction between Ni">-SAM and a Ga,Os/
EGaln electrode. (Ni': template-stripped Ni substrate) Reproduced with permission from ref. 82 Copyright 2017 Royal Society of Chemistry. (c) Plot of
the tunneling current density (log|J|) through SAMs of n-alkanethiolates (n = 1-18) as a function of the length d of the tunnel gap established by the alky!
chain. Reproduced with permission from ref. 72 Copyright 2013 American Chemical Society.

heating.® Moderate heating in an aqueous solution converts
spherical particles of liquid metal into crystalline rods of
GaOOH. The thermal-induced transformation of GaLMs has
proven useful for piercing cancer cells® that endocytose liquid
metal particles or destroy films of bacteria.”*

3.2 1In acid and base

According to the Pourbaix diagram, the gallium oxide skin is
amphoteric and unstable at acidic (pH < 3) or basic (pH > 11)
conditions (Fig. 7(a)).°>°® When the gallium oxide is exposed to
acidic or basic aqueous solutions, for example, hydrochloric
acid or sodium hydroxide solution, it undergoes a chemical
reaction in eqn (6) or (7), respectively, to form water-soluble
products.

Ga,0; + 6HCl — 2GaCl, + 3H,0 (6)

Ga,0; + 2NaOH + 3H,0 — 2NaGa(OH), (7)

Thus, the gallium oxide on the surface of GaLMs is removed,
leaving a smooth metallic surface. In general, sodium hydro-
xide solution is safer because of its low vapor pressure and
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tends to remove oxide skin faster than hydrochloric acid
solution.’ The experiments in Fig. 7(b) and (c) show the effect
of exposure to acidic and basic solutions on the interfacial
behavior of GaLMs.””°® EGaln initially has non-spherical
shapes - a droplet with a conical tip in (b) and line patterns
in (c) — due to the oxide skin. Since the oxide skin is chemically
removed upon exposure to acid or base solutions, the metal
droplet beads up and the narrow metal line is broken and
retracts, to minimize the surface area driven by high surface
tension of pristine EGaln. The wetting behavior and contact
angle of GaLMs depend on pH, which can be used for liquid
metal switches and reversible flow systems. Fig. 7(d) shows an
environmentally responsive liquid metal switch.”® First, a
Galinstan droplet connects the tungsten lead electrodes in
the air, and the LED illuminates. However, when a NaOH
solution fills the bath, the metal droplet becomes spherical,
disconnecting the circuit and turning off the LED. After the
metal droplet is washed with deionized water and dried in the
air, the droplet reconnects with the electrodes to turn on
the LED.

It is also possible to effectively remove gallium oxide on the
surface of GaLMs using acid vapor instead of the solutions.”® In

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 The role of water on the oxide. (a) XRD data of oxide crystallites
formed from the surface GalLMs in water. The inset shows the crystal
structure of GaOOH. Reproduced with permission from ref. 87 Copyright
2020 American Chemical Society. (b) The surface elastic moduli (G') and
the viscous moduli (G”) of the EGaln oxide skin formed in air and water.
The values were measured by adoping a bulk rheology tool with the
parallel plate geometry to extract these surface moduli. Reproduced with
permission from ref. 7 Copyright 2014 American Chemical Society.
(c) Comparison of the elastic moduli (G’) in air and water for gallium
(100% Ga), EGaln (75% Ga), and Galinstan (61% Ga). The values were
measured by the interfacial rheology tool with the du Nouy ring geometry.
Reproduced with permission from ref. 89 Copyright 2019 American
Chemical Society.

acid environment either in liquid or vapor phase, water is
formed on the surface of GaLMs as a product by the reaction
(6). Further H,S gas treatment (>900 °C) enables the

This journal is © The Royal Society of Chemistry 2024

View Article Online

Review

fabrication of two-dimensional semiconducting GaS film with
a thickness of 1.5 nm.'®® Using a gas-permeable substrate or
membrane could provide a safer and more controlled way to
expose acid vapor to GaLMs.'® For example, PDMS-based
coplanar microfluidic channel was designed, where one chan-
nel filled with HCI solution was placed parallel to the other.””*®
Diffusion of HCI vapor through the gas-permeable PDMS
channel wall removes surface oxide from GaLMs, enabling
the effective movement of GaLMs droplets in the channel

(Fig. 7(e) and (f)).
3.3 Electrochemical redox reactions

Applying electrical potentials to liquid metal in an aqueous
medium is also one of the methods for controlling the inter-
facial characteristics of GaLMs. As electrical potential is applied
to GaLMs, the charge density at the interface of liquid metal
changes, leading to change in interfacial energy. This phenom-
enon is called electrocapillarity, which can be described by the
following Lippman’s equation.'®>'%

1
Y="7% — ic(V — Voze) (8)

where 7 is the surface tension, 7y, is the maximum surface
tension when V= 0, ¢ is the capacitance of EDL per unit area, V
is the potential difference across the EDL, and Vpyc is the
potential of zero charge (PZC). When a GaLMs droplet is placed
between a cathode and an anode in a channel filled with NaOH
solution, the droplet accelerates toward the anode due to the
surface tension gradient induced by electrocapillarity
(Fig. 8(a)).""* In this case, the metal is not directly attached to
an anode and thus, does not oxidize electrochemically (as long
as the potential drop is small). Instead, the externally applied
field shifts the charges on the surface of the metal toward one
side of the droplet, thereby creating asymmetric interfacial
tension across the surface of the droplet.

Eqn (8) assumes that no electrochemical reactions occur at
the interface. Interestingly, when the metal oxidizes electro-
chemically, the effective tension drops significantly beyond that
predicted by Lippman’s equation.'® The term ‘effective ten-
sion’ is utilized because the interface contains a thin layer of
oxide species and is therefore not a pure liquid-fluid interface.
The role of electrochemical oxidation has been reviewed else-
where and is briefly highlighted here."*®%® Fig. 8(b) shows the
change in effective interfacial tension of EGaln via electroche-
mical oxidation in 1 M NaOH solution.® At negative potentials
up to low positive potentials (open circuit potential (OCP)
<0.05 V), oxide-free EGaln due to 1 M NaOH electrolyte follows
behavior predicted by electrocapillarity. The effects of electro-
capillarity are modest in terms of lowering the absolute tension
and thus, the metal is in a state of high interfacial tension.
Conversely, as the oxide electrochemically forms on the surface
at elevated positive potential, the effective interfacial tension
drops dramatically and EGaln could form an irregular shape,
like petals, as shown in Fig. 8(c)."*
that it can flow through pores."'® When a positive potential is
applied to the GaLMs exiting a nozzle, the flow of liquid metal

The tension can get so low
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Fig. 7 pH effect on interfacial behavior of GaLMs (a) Potential vs. pH equilibrium diagram of gallium at 25 °C. Reproduced with permission form ref. 93
Copyright 2013 The Korean Electrochemical Society. (b) Exposure to acid removes the oxide skin and causes the metal to bead up due to the high surface
tension of the bare metal. Reproduced with permission from ref. 95 Copyright 2014 American Chemical Society. (c) Chemical method for removing liquid
EGaln circuits using a sodium hydroxide (NaOH) solution. Reproduced with permission from ref. 96 Copyright 2017 John Wiley and Sons (d) A liquid
metal switch that is repeatedly disconnected and connected depending on environmental stimuli. Reproduced with permission from ref. 94 Copyright
2017 John Wiley and Sons. (e) Schematic of oxidized Galinstan droplet and reduced Galinstan droplet using HCl vapor. HCl vapor diffuses through the
gas-permeable PDMS. Reproduced with permission from ref. 97 Copyright 2014 Royal Society of Chemistry. (f) Schematic of Galinstan-based inkjet
printing system. Reproduced with permission from ref. 98 Copyright 2016 Royal Society of Chemistry.

changes from a droplet shape to a stable cylindrical stream due magnet behind the wires.'"" At even higher potentials, the

to the significant reduction in interfacial tension. The resulting oxide thickens, which disrupts the flow of the metal and results
wires can be manipulated using a Lorentz force by placing a in irregular shapes (Fig. 8(d))."**
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The gallium oxide deposits on the surface in response to
oxidative potentials. Conversely, reductive potentials can
remove the oxide layer. This was confirmed by observing that
the surface morphology of EGaln in water changes depending
on the polarities of electrical potentials (Fig. 8(e)).'"® Electro-
chemical oxidation can be used to control the interfacial
electrical resistance of GaLMs, that is, increasing the oxide
thickness increases the interfacial resistance of GaLMs. This
principle can be applied to modulate the conductance of
devices based on the GaLM electrodes. Liquid metal
electrode-based diodes can be fabricated where the ionic cur-
rent flows in one direction, using an asymmetric configuration
of acidic and basic hydrogel layers (Fig. 8(f)).""*The acidic
interface keeps the metal oxide-free (and thus, conductive) at
one electrode regardless of the potential, whereas the other
electrode surface can switch between resistive (oxidized) and
conductive (oxide-free) states depending on the applied
potential. The switchable conductance states enable the device
to display memristor-like characteristics in which the “1” and
“0” correspond to resistive and conductive states due to the
presence or absence of oxide (Fig. 8(g));*** this, it is possible to
form liquid metal diodes and memory devices that are
entirely soft.

4 Interface with metals

GaLMs can form amalgams and alloys with other solid metals
such as copper, nickel, iron, indium, tin, silver and gold since
they have a high affinity for the solid metals. Removing native
oxides (using methods discussed in this review) can facilitate
metal-metal contact. Adding metals to GaLMs can tune various
properties, such as electrical conductivity, thermal conductiv-
ity, magnetic polarity, rigidity, wettability, and formability. At
the interfaces with solid metals, gallium can destructively
diffuse into grain boundaries, form intermetallic compounds,
cause intergranular degradation, and weaken the bond between
the solid metal atoms even at room temperature.'™™"*® The
composition of the reaction product varies depending on the
solid metals and reaction conditions. For example, the inter-
metallic compound between Galinstan and copper substrate
was identified as CuGa, by XRD as shown in Fig. 9(a)."*°
However, the presence of a gallium oxide layer can limit the
ability of GaLMs to reactively wet other solid metals by acting as
a passivating barrier between them. Basic or acidic environ-
ments can remove the passivating gallium oxide and induce
reactive wetting. This can be seen in Fig. 9(b), which shows that
EGaln droplet spontaneously spreads on the copper substrate
in HCI solution without any electric field or external force.'*"
Using this principle, it is possible to create electrical connec-
tions via reactive wetting between EGaln and micro-device that
was composed of tin-plated copper as shown in Fig. 9(c)."**
The high affinity of GaLMs for other solid metals enables
selective wetting or patterning of liquid metals to regions of a
surface coated with patterns of solid metal. Fig. 9(d) depicts the
fabrication process of a flexible conductive pattern via selective

This journal is © The Royal Society of Chemistry 2024
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wetting of GaLMs."** The solid metal, e.g. gold, is patterned on
a soft substrate such as PDMS, via photolithography. Then,
rolling Galinstan over the pattern generated a soft and stretch-
able conductive pattern leaving the remaining area clean since
the liquid metal selectively wet the solid metal pattern. In this
process, however, the corrosion of a thin Cr layer could occur by
reacting with the HCl-treated GaLMs, which affects the uni-
formity of the GaLMs pattern and restricts the high resolution.
To address this, an additional Cu layer covering the Au/Cr layer
could improve the uniformity, preventing the corrosion issue
since the Cu layer does not react with non-oxidizing acids such
as HCI and diluted H,SO,. As a result, a minimum line width of
2 pum for the Galinstan pattern was achieved.***

At certain compositions, adding solid metal particles to
GaLMs can produce an amalgam, a semiliquid/semisolid state
composite.*'?® The amalgam state of GaLMs and the solid
metal particles is soft-solid phase with a good formability,
enabling the molding of stable free-standing 3D structures.
The properties of amalgams may differ depending on the types
of solid metals. For instance, it was reported that a Cu-EGaln
amalgam mixture showed remarkable improvement in the
electrical conductivity and thermal conductivity, and displayed
excellent adhesion properties, demonstrating its potential for
directly printable electronics (Fig. 10(a))."*” Due to the high
electrical conductivity and excellent deformability, a Cu-EGaln
paste was printed on the skin or 3D surface, which could be
used as a computed tomography (CT) assistant localization
marker.’*® In addition, the Cu-GaLM mixture has excellent
affinity and wettability with GaLM. 3D porous structures made
of Cu-EGaln alloy particles were fabricated, where rapid diffu-
sion of EGaln liquid metal into the pores was demonstrated,
driven by capillary force (Fig. 10(b))."**

Printing of a suspension of solid particles can be challen-
ging due to particles settling. Nevertheless, concentrations of
Cu and Ga can be combined to form a temporary paste that can
be molded or printed at room temperature, and then ultimately
harden into a solid CuGa, intermetallic with a melting point of
540 °C; this allows solid metals to be printed at room
temperature.'*° To address the printability issue, liquid metal
may be used to form ‘bridges’ between Cu particles to form a
‘metallic gel’ network that can be printed at room temperature.
The resulting parts are metallically conductive and can even
change shape after printing to enable so-called 4D printing."*"

Particles that are not metallic or those that are coated with a
very stable layer of oxide do not readily mix with liquid metal.
In such cases, it is possible to entrain the particles into the
liquid metal by stirring in the presence of the native oxide,
which wraps around the particles to allow them to enter the
metal, such as nickel and tungsten.'**"** "¢ superficially, this
process is analogous to endocytosis. For example, Ni-EGaln
amalgam, in which the gallium oxide layer wrapped around the
Ni particles and gave scaffold-like support for the dispersed
particles (Fig. 10(c)), exhibits an increase in elastic modulus
and viscosity (Fig. 10(d))."** Furthermore, accelerated oxidation
by continuous stirring reduces fluidity as well as surface ten-
sion, enabling GaLMs-based amalgams to be deposited on
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Fig. 8 Electrical manipulation of interfacial tension. (a) Snapshots for Galinstan drop moving in water under an electric field with 12 V DC applied
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2014 John Wiley and Sons. (b) Effective interfacial tension of EGaln drop as a function of potential measured by sessile drop profile in 1 M NaOH.
Electrochemical oxidation causes the tension to drop significantly. Reproduced with permission from ref. 8 Copyright 2014 National Academy of Science.
(c) The deformation of liquid gallium in 1 M NaOH when 1.3 V is applied. Reproduced with permission from ref. 109 Copyright 2017 American Physical
Society. (d) Morphologies of EGaln liquid metal exiting a nozzle as a function of electric potential. Reproduced with permission from ref. 112 Copyright
2020 National Academy of Science. (e) Top-viewed optical microscope images of EGaln electrode in water before (middle) and after (left and right)
applying biases. (f) Current rectification from the diode with EGaln electrodes that asymmetrically configured acid (PAA, pH 3)-base (PEI, pH 11)
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various substrates, such as Eco-flex, PMA, or skin. This con-
ductive paste can be applied to wearable, flexible electronics
and e-skin devices for healthcare,'?”~1?%132/134,137-139

Even though Ga is diamagnetic, it can be imparted with
magnetic properties by incorporating magnetic particles. For
example, magnetic responsive Fe-Ga particles can form by
combining iron particles with liquid gallium."**'*! These
gallium-coated iron particles can be dispersed in uncured
elastomer and assembled into soft and stretchable conductive
microwires in response to magnetic fields. Additionally, ferro-
magnetic neodymium-iron-boron (NdFeB) microparticles can
be aligned within GaLMs matrix under a magnetic field,
resulting in the solid, putty-like amalgam having the corres-
ponding magnetic polarity."*”'*> Based on paper coated with
the ferromagnetic NdFeB-GaLMs film, an inchworm-like actua-
tor that responds to the magnetic field with a crawling speed of
29.7 mm s ' was demonstrated (Fig. 11(a))."*” The magnetic-
responsive soft robot was also fabricated by mixing and mag-
netizing NdFeB particles within Ga and embedding the amal-
gam in the PDMS shell. As an example of programmable
motions, the soft robot showed grasping and delivering a target
as shown in Fig. 11(b)."*?

5 Interface with non-metallic
materials

GaLMs without oxides typically exhibit poor adhesion on non-
metallic surfaces, such as polymer substrates. With the oxide,
the adhesive behavior is complex. The term ‘wetting’ is often
misused; if the oxide is present, then droplets ‘adhere’ to
surfaces. Metrics like static contact angle are effectively

This journal is © The Royal Society of Chemistry 2024

meaningless because the oxide does not allow the metal to
flow freely, which is a requisite for using contact angles. If the
droplet is advanced (i.e. volume increasing) on a surface, it
adheres to seemingly all smooth solid surfaces.'*® If the sur-
faces are rough, the oxide does not adhere,"****® which pro-
vides a route to create non-stick surfaces. The behavior of the
oxide-coated metal on smooth surfaces is complicated: If a droplet
of metal is merely contacted with a surface, it may or may not
adhere. First, the oxide on the metal may have roughness from
wrinkles that prevent good contact, which helps explain why
advancing helps promote adhesion. Second, the oxide should
interact favorably with the surface to promote adhesion. Since the
oxide is hydrophilic and hydroxyl terminated, it naturally adheres
to hydrophilic surfaces such as polymethacrylate (PMA),"*”'*®
poly(3,4-ethylenedioxythiophene):poly(4-styrenesulfonate) (PED-
OT:PSS),"*° polyvinyl alcohol (PVA),">>"' and poly(2-
hydroxyethyl acrylate) (PHEA).""> The oxide coated metal
adheres less-well to silicones (hydrophobic), but the adhesion
improves with plasma treatment (hydrophilic).®” As an exam-
ple, Fig. 12(a) shows that PMA acts as the intermetallic adhesive
layer for EGaln coating due to the adhesion between PMA and
gallium oxide."” In a recent study, the excellent adhesion of
Galinstan on PEDOT:PSS film was observed, which was attrib-
uted to the strong interaction between Ga,O; and PEDOT:PSS,
as evidenced by a new peak corresponding to the PEDOT:PSS-
Ga(III) complex in the XPS spectrum (Fig. 12(b)).**’

The surface of GaLMs without oxide could present a catalytic
platform for carbon material growth since they promote the
formation of C-C bonds.'®*™*%> Moreover, their ultrasmooth
surface and the absence of interfacial forces allow for facile
exfoliation of products.”®"*” A recent study reports that the
selective synthesis of propylene using liquid gallium as a
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solvent for catalytic reactions, where the Ga matrix provides a
surface for active reconfiguration."®

Studies have explored the interaction between GaLMs (with
native oxides) and carbon materials such as graphene, graphite,
and carbon nanotubes. Chemically oxidizing CNTs by acid
treatment allows for stable adhesion between CNTs and
GaLMs. An oxygen functional group on the oxidized CNTs
can enhance the interaction between CNTs and GaLMs, result-
ing in a robust attachment to the EGaln surface even under
deformation."®

The transformation of GaLMs through contact with graphite
in an alkaline solution has also been reported.'®® Upon contact
with graphite in alkaline solution, a potential drop at the
interface of GaLMs and graphite leads to electron transfer from
GaLMs to graphite (Fig. 12(c)). As a result, the oxidation of
GaLMs occurs, which significantly decreases its surface tension
and causes a transformation to a flat film shape.

GaLMs could form composites with non-metallic particles
such as graphene oxide (GO), graphite, diamond, and silicon
carbide.'®*"'** For the successful formation of a composite of
non-metallic fillers and GaLMs, gallium oxide is critical
(Fig. 12(d)),"® as discussed in the previous Section 2.3. It forms
a filler-gallium oxide-GaLMs interaction, which helps enable
the incorporation of filler particles. The potential applications
and performance of the GaLMs composite with carbon-based
fillers are determined by the properties of the fillers. The
inclusion of carbon materials improves mechanical strength,

112 | Nanoscale Horiz., 2024, 9, 1099-1119

processability and electrical and thermal properties, enabling
the creation of free-standing structures, 3D printing patterns,
and thermal interface materials (TIMs). CNT-EGaln composites
exhibit enhanced modulus and mechanical stability, enabling
it 3D printing with high resolution (5 pm).'®® Composites
containing GO demonstrate excellent processability, and the
composites containing diamond or reduced-GO exhibited high
thermal conductivity of range 104-126 W m~ ' K~ ' compared to
pure liquid metal(Ga/EGaln/Galinstan) of range 25-30 W m ™"
K '.'°" Thermally and electrically conductive graphene net-
works in gallium exhibit high thermal conductivity (44.6 W
m ' K ') and electrical conductivity (8.3 S pm '), making it
ideal for use as TIMs."®’

6 Effect of surface topography on
interfacial characteristics of GaLMs

Surfaces that are rough and textured affect interfacial adhesion/
wetting of GaLMs with/without the oxide. We focus initially on
the metal with the oxide. Like other liquids, GaLMs have two
states on a rough surface: Wenzel and Cassie-Baster states,
which are, largely dictated by the roughness dimensions. When
the dimensions of surface roughness are small, e.g., in the
nanometer to tens of micrometer scales, GaLM with the oxide
skin is in the Cassie-Baxter state due to the formation of an air
gap between the solid oxide and valleys of the roughness, as

This journal is © The Royal Society of Chemistry 2024
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from ref. 142 Copyright 2022 IEEE.

shown in Fig. 13(a)."*®'®® The solid oxide skin prevents the

liquid metal from intruding the valleys, thus GaLMs with the
oxide are difficult to adhere to rough surfaces. The Wenzel state
occurs when GaLMs completely fill the micro-structures of the
surface, when the roughness scale of the substrate is large, e.g.,
in the hundreds of micrometers to millimeters (Fig. 13(b)).

The significant stickiness of gallium oxide on almost any
substrate makes GaLMs challenging to handle and control
reversibly. This can be addressed by introducing nano/micro
roughness to the surfaces where GaLMs do not adhere in the
Cassie-Baxter state. Methods for forming nano/micro rough-
ness on a surface include nanoparticles coating,'****>'”° laser
writing,"”>'”> and soft lithography.'®>'”* For instance, glass
substrates coated with silica nanoparticles form a rough sur-
faces where GaLMs do not adhere and leave no oxide residue
when detached (Fig. 13(c)). Patterns of nano/micro-structured
surfaces enable EGaln patterning by selective adhesion. Such
rough coatings can also be used on the inside of channels and
3D printed parts to prevent adhesion.'*’

In the absence of the gallium oxide skin, the formation of a
thin film of GaLMs is challenging due to their high surface
tension. However, this issue can be addressed by adopting a
micro-topography on the liquid metal-favorable surface like
metals. Oxide-free GaLMs can be deposited by physical vapor

This journal is © The Royal Society of Chemistry 2024

deposition. When gallium is deposited by thermal evaporation
on microstructured gold substrates, a smooth and homogenous
film of gallium forms by imbibition which is a capillary-driven
transport process where the liquid invades a textured surface
(Fig. 13(d))."”* Introducing HCI vapor can trigger the enhanced
wetting by removing the oxide skin of GaLMs. EGaln can wet
micro-structured copper surfaces in the presence of acid vapor
to keep the metal oxide-free (Fig. 13(e))."”> EGaln reactively wets
the copper and fills into the topography by ‘imbibition’. The
pattering of the liquid metal is also possible because the liquid
metal selectively wets along the region with the micro-
structures (Fig. 13(f)). The unique wetting characteristics of
GaLMs enable control of the film thickness as well as sponta-
neous coating/patterning of the liquid metal on various sub-
strates for stretchable electronics and other emerging
applications.

7 Closing remarks and outlook

This review discusses the interfacial properties and behavior of
GalLMs in various environments and possible applications
based on them. In air, by the Cabrera-Mott (CM) oxidation
mechanism, a self-passivating gallium oxide skin forms on the

Nanoscale Horiz., 2024, 9,1099-1119 | 1113
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surface of GaLMs. The presence of a solid oxide on the surface
changes the interfacial chemistry from metallic to oxide-
terminated while adding a mechanical (solid) skin that encases
the metal. The oxide skin allows the metal to form stable
shapes by injection into micro-channels, 2D/3D printing, or
forming soft electrode tips. In water, the composition of the
oxide skin changes to GaOOH with lower mechanical strength
and poor passivation. The thickness of the oxide skin in the
aqueous environment can be controlled by pH or electric bias,
which has been adopted for modulating interfacial resistance
or surface tension in many applications previously reported,

114 | Nanoscale Horiz., 2024, 9, 1099-1119

such as diodes, memristors, and electric switches. When con-
tacting most metals, GaLMs have a good wettability. When
mixed with metal particles, GaLMs become a soft semi-solid
amalgam with good formability, enabling stable free-standing
3D shapes. GaLMs without oxides generally exhibit poor adhe-
sion on non-metallic surfaces. In the presence of oxide skin, the
adhesive behavior of GaLMs is complicated and depends on
surface roughness and how the metal contacts the surface. For
the inclusion of non-metallic fillers in GaLMs, the gallium
oxide layer is important to form a stable interface between
GaLMs and the fillers. Surface topography significantly affects

This journal is © The Royal Society of Chemistry 2024
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permission from ref. 174 Copyright 2018 John Wiley and Sons. (e) Imbibition-induced spontaneous wetting of EGaln on a micro-structured metallic
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the adhesive characteristic of GaLMs featuring surface oxides.
Introducing nano- and micro-scale roughness on a surface
prevents GaLMs from wetting or adhering on the surface. On
the other hand, GaLMs exhibit rapid, spontaneous spreading
on the textured metallic surface because of the enhanced
wetting induced by imbibition.

GaLMs have been demonstrated in the literature as having
applications in a variety of fields, including electronics, sen-
sors, microfluidics, energy, catalysts, and biomedical engineer-
ing, where the liquid metals are in contact with various
substances in gas, liquid, or solid phase as mentioned above.
As the effort to discover and exploit the characteristics of the
metals and their interfaces has been increasing, it is critical to
understand the interfacial characteristics of the liquid metals.
The systematic studies on the interface of the metals would
include understanding the meaning of contact angles and their
hysteresis, wetting, and adhesion. The surface oxide that
GaLMs have in most environments is a few nanometers thick,
solid-phase film and tends to stick to or pin on a surface. The
oxide causes abnormal interfacial behaviors of GaLMs different
from those of common liquids, depending on the presence or
absence of the oxide or its composition. Surprisingly, it is easy
to find that many papers carry out routine interface analysis
methods (such as contact angles) and discussions without
careful consideration on the hetero-phase interface of GaLMs.
For better analysis and understanding of the interfacial beha-
viors of the liquid metal, a rational standard procedure should be
established according to the surface oxide conditions.

This journal is © The Royal Society of Chemistry 2024

In-depth studies on the oxide of the liquid metal should
promote novel technologies and applications as the nanometer-
thick oxide skin dominates the interfacial properties of the liquid
metal. The electrical properties of the surface oxide, such as
electrical conductivity, band gap, and permittivity, need to be
investigated depending on its thickness and composition which
could be varied in response to its environment. The composition
of the oxide versus depth would also be the interest to funda-
mental and nano-scale research. To broaden the potential appli-
cations for liquid metals, further research is needed to enhance
their stability under various challenging conditions, including
extremes of temperature as well as acidic or basic environments.
Rational engineering of the surface chemistry will allow GaLMs to
be more actively employed for energy harvesting and storage,
catalysts, biological research and more. Moreover, it would be
possible to design and fabricate new types of composites of the
liquid metals with other materials like polymers, elastomers, and
gels with previously unreported procedures and compositions.
The novel composites would further expand the possibilities of
liquid metals and contribute to inventing their more applications,
such as soft robotics and actuators.
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