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Gallium-based liquid metals as reaction media for
nanomaterials synthesis

Ming Wang ‘& and Yiliang Lin @='*

Gallium-based liquid metals (LMs) and their alloys have gained prominence in the realm of flexible and stretch-
able electronics. Recent advances have expanded the interest to explore the electron-rich core and interface
of LMs to synthesize various nanomaterials, where Ga-based LMs serve as versatile reaction media. In this
paper, we delve into the latest developments within this burgeoning field. Our discussion begins by elucidating
the unique attributes of LMs that render them suitable as reaction media, including their high metal solubility,
low standard reduction potential, self-limiting oxidation and ultra-smooth and “layer” surface. We then provide
a comprehensive categorized summary of utilizing these features to fabricate a variety of nanomaterials,
including pure metallic materials (metal alloys, metal crystals, porous metals, high-entropy alloys and metallic
single atoms), metal—inorganic compounds (2D metal oxides, 2D metallic inorganic compounds and 2D gra-
phitic materials), as well as metal-organic composites (metal—organic frameworks). This paper concludes by
discussing the current challenges in this field and exploring potential future directions. The versatility and
unique properties of Ga-based LMs are poised to play a pivotal role in the future of nanomaterial science,

rsc.li/nanoscale

1 Introduction

Liquid metals (LMs) with low melting points are increasingly
garnering interest in several critical fields, owing to their
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paving the way for more efficient, sustainable, and innovative technological solutions.

unique combination of room temperature fluidity, metallic
conductivity and superior thermal conductivity. Among them,
mercury (Hg), cesium (Cs) and rubidium (Rb) are being pro-
gressively eliminated from use due to their high chemical
instability, radioactivity or toxicity."* Gallium (Ga) is known
for its non-toxicity and has a melting point of 29.7 °C. Ga
uniquely exhibits both metallic and covalent bonding, allow-
ing it to remain a liquid over a broad temperature range (up to
approximately 2000 °C), while maintaining a low vapor
pressure.>* Additionally, it exhibits remarkable stability in air
and water.® Apart from Ga, Ga-based LMs can be derived from
binary or ternary mixtures of other post-transition metals
(indium (In), tin (Sn), aluminum (Al), zinc (Zn), Hg, etc.).*”
This approach allows for adjusting the melting point range
from 13.2 to 27.0 °C, offering versatile applications in various
fields.

These LMs exhibit properties characteristic of both metallic
and covalent bonds, marked by an abundance of free electrons
and disordered ions.*” Consequently, various metal elements
can dissolve, precipitate, diffuse mutually and form interme-
tallic compounds within the LM matrix, making them ideal
reaction media for materials synthesis.®! Significantly, Ga
features a low standard reduction potential (Eo[Ga**/Ga’] =
—0.529 V vs. the standard hydrogen electrode (SHE)), endowing
it with a highly active surface for catalytic or reduction inter-
face reactions.''® More interestingly, LMs spontaneously
form an ultra-thin oxide layer when exposed to air."*'® This
oxide skin, with weak adhesion to the nonpolar surface of the
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flowing metallic matrix, is easily transferable to any desired
substrate.'®'” However, upon the removal of the oxide skin,
LMs can provide atomically smooth interfaces, making them
suitable as soft and ultra-smooth templates for low tempera-
ture deposition and 2D material growth.'®*?

In this review, we focus on the latest developments in the
synthesis of exciting nanomaterials utilizing Ga-based LMs as
reaction media. We begin with a concise overview of the dis-
tinctive characteristics pertinent to Ga-based LM reactors,
including their high metal solubility, low standard reduction
potential, self-limiting oxidation as well as ultra-smooth and
“layer” surface. Consequently, we highlight recent application
examples and fabrication strategies in the synthesis of diverse
materials, such as metal alloys, metal crystals, porous metals,
high-entropy alloys, metallic single atoms, 2D metal oxides, 2D
metallic inorganic compounds, 2D graphitic materials and
metal-organic frameworks, as illustrated in Fig. 1. Lastly, we
discuss the existing challenges and explore potential opportu-
nities in the realm of LM reactors, aiming to shed light on
their future prospects and applications.

2 Attributes of Ga-based liquid
metals
2.1 High metal solubility in LMs

Distinct from conventional liquid solvents, Ga-based LMs
stand out as dense and highly interactive liquid solvents.’
Their broad melting range, reductive fluid environment and
electron-rich composition, and the abundance of vacancies in

Fig. 1 Attributes of Ga-based LMs and the corresponding nano-
materials synthesis. The key properties of the liquid Ga are labeled as A,
B, C and D to convey the relationship between the synthesized nano-
materials and the utilized properties of Ga-based LMs.
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their bulk allow them to solvate or disperse a wide range of
metallic elements (Fig. 2a). This assortment includes various
post-transition metals, transition metals, lanthanides, alkali
metals and rare-earth elements, and even some semimetals
like silicon,? all maintained in a neutral state to form eutectic
alloys or composites.>**"** Notably, these alloys or compo-
sites can serve as unique stand-alone droplet microreactors,
promoting liquid-solid interfacial interactions within the
droplet. This facilitates the formation of ordered crystalline
phases of intermetallic compounds even below the melting
temperature of the individual elements involved.®**?*
Prominent examples include eutectic alloys of Ga and In
(EGaln) and galinstan (eutectic alloys of Ga, In and Sn) with
melting points of 15.4 °C and 13.2 °C, respectively (Table 1).'®
The high metal solubility of Ga-based LMs renders them valu-
able in various scientific applications, particularly in the syn-
thesis of new materials and compounds.

2.2 Low standard reduction potential

In the electrochemical series, Ga is in such a position (E,Ga/
Ga®" = —0.549) that it can theoretically reduce metal ions with
a higher standard electrode potential than itself to their metal-
lic form (Fig. 2b).>*” This characteristic facilitates surface
modification of LMs through a galvanic replacement reaction
(GRR), as illustrated in Fig. 2c. The general principle of this
reaction is summarized as the following equation,

3 3
Ga + —Me"" = Ga*t + “Me
n n

where the standard electrode potential value of the element
‘Me’ (metals) should be greater than that of Ga, as highlighted
by the elements marked in red in the periodic table (Fig. 2b).”®

In addition to the reduced-state metallic materials, non-
metallic structures such as reduced state graphene oxide
(rGO), can also be obtained on LM surfaces via the electro-
chemical reactions.”® These surface modifications not only
improve stability under harsh conditions, but also modulate
fundamental properties such as catalytic activity.

2.3 Oxide skin on the LM surface

Upon exposure to oxygen (>1 part per million), Ga rapidly
forms a self-limiting oxide skin,’® and the self-limiting oxi-
dation process can be explained by the Cabrera-Mott metal
oxidation model (Fig. 3a).>' The thickness of the final oxide
layer, typically just a few nanometers, has been confirmed
through various methods, such as X-ray reflectivity analysis,*”
transmission electron microscopy (TEM) (Fig. 3b)** and angle-
resolved X-ray photoelectron spectroscopy (XPS).>* This atomic-
ally thin interfacial oxide is regarded as a naturally occurring
2D material.*

The oxide skin significantly alters the physical and chemi-
cal properties of Ga-based LMs, affecting their surface chem-
istry, wetting behavior and rheological properties.*®
Furthermore, the oxide skin also enhances the adhesion of the
metal substrate, allowing it to firmly adhere (or ‘wet’) more
efficiently with many substrates, particularly like glass, quartz,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Ga-based LMs have high metal solubility and a low standard reduction potential. (a) The procedures for forming metal alloys or growing
metal crystals in liquid Ga solvents. Reprinted with permission.® Copyright (2022), American Association for the Advancement of Science. (b)
Standard reduction potentials for selected elements in the periodic table; elements marked in red could be reduced by Ga. (c) Sketch of the GRR
scheme based on liquid Ga. Metal salt ions (Me"*) pass through the pores in the Ga oxide shell and are reduced to their metal form by Ga.

Table 1 The composition and melting point (<60 °C) of commonly used Ga-based LMs

Alloyed elements Element A at (%) Element B at (%)

Element C at (%) Element D at (%) Melting point (°C)

Ga 100 0
Ga/In (EGaln) 85.8 14.2
Ga/sSn 91.7 8.3
Ga/Al 97.6 2.4
Ga/Zn 96.1 3.9
Ga/Hg 98.0 2.0
Ga/In/Sn (galinstan) 78.3 14.9
Ga/In/Zn 67.0 29.0
Ga/In/Sn/Zn 51.0 25.0

Si0,/Si wafers or polyimide films.?” The non-polar and mobile
nature of the parent metal also make the oxide skin on the
surface less attractive, allowing for easy transfer of the oxide
layer to desired substrates or its layering into a colloidal sus-
pension (Fig. 3c). Moreover, this facile method to acquire 2D
metal oxides is not limited to single-phase metal surfaces.
Integrating desired metal elements into LMs can create alloys,
and on the surface of LM alloys, metal elements compete for
presence in the 2D oxide layer. The oxide that leads to the
largest reduction in Gibbs free energy (AG) will dominate the
surface, allowing controllable modification of the oxide layer
by the addition of different selected metals (Fig. 3d).*

2.4 Ultra-smooth and “layer” surface

Interestingly, upon the removal of oxide skin (i.e., with acid),
LMs feature an atomically smooth and highly reactive surface,
characterized by abundance of many quasi-free electrons and
positive ions.> The ultra-smooth surface template character-
istic of LMs makes them exceptionally suitable for the depo-
sition of 2D layered materials. Such a surface offers significant
advantages, including prevention of inhomogeneous nuclea-
tion, minimization of defects and reduction of grain boundary

This journal is © The Royal Society of Chemistry 2024
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occurrence (Fig. 3e). Moreover, near the surface of LMs,
there is a relaxation in interatomic interactions, differing from
those in the metal core. The variation leads to a change in
density from the body of the metal to the liquid-gas interface,
resulting in the liquid core of the metal exhibiting a state of
almost free electrons, while the surface becomes layered and
ordered (Fig. 3f).>*° This surface “layering”, typically only two
to three atomic diameters thick, is observed in many oxide-free
LMs and their alloy droplets.*® This surface structure plays a
crucial role in the distinctive properties and applications of
LMs, particularly in the field of low-dimensional materials
synthesis.

3 Liquid metal reactors for
nanomaterials synthesis
3.1 Metallic nanomaterials

3.1.1 Solid metallic nanomaterials. Ga-based LMs possess
an extraordinary ability to dissolve a diverse range of elements,
making them ideal liquid media for reactions that lead to the
creation of innovative products.’”*' The variety of solute

Nanoscale, 2024, 16, 6915-6933 | 6917


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr06566a

Open Access Article. Published on 06 Bitooteessa 2024. Downloaded on 17/10/2025 3:48:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Minireview Nanoscale
a Adsorbed b
L (0))
T W
LE e
Q' s
ESIE o
-~ ..
N Oxide
c G =
Touch Substrate —
Liquid alloy Substrate :
droplet )
Oxide
formatlon Printed 2D 2
sheet ~ N
5

Preferential e

: <
-400 + oxide formation Gravhene_ ot 50> Ty &7 e 3
= 2 A o, S 4 [ ] <]
s -800 : = e = ) 5 - Pe
E 1200 :
-1600 :
-2000 + -
0 O VS~V
00’9’ V0” O
ITELFELS g

Fig. 3 Unique surface properties of Ga-based LMs. (a) Schematic diagram of the Cabrera—Mott metal oxidation model. Reprinted with permission.t®
Copyright (2021), Royal Society of Chemistry. (b) TEM image and elemental mapping of the EGaln nanoparticles with an oxide skin. Scale bars are
5 nm for the TEM image and 10 nm for the elemental mapping. Reprinted with permission.>* Copyright (2015), Wiley-VCH. (c) Schematic of oxide
layer exfoliation and translocation on LMs. (d) AG; of formation for different metal oxides. The oxides leading to the maximum reduction in AGs (to
the right of the red dashed line) are predicted to dominate the interface. Reprinted with permission.*> Copyright (2017), American Association for
the Advancement of Science. (e) Chemical vapor deposition (CVD) growth of 2D GaCNisz on the liquid Ga ultra-smooth surface. Reprinted with per-

mission.>®

Surface layered structures are observed for both metals and alloys. Reprinted with permission.>®

Advancement of Science.

elements that can be dissolved in LMs includes post-transition
metals,*? transition metals,*® lanthanides,** elements from
the zinc group,* 16 and
some semi-metals (Fig. 4a).”° Ga-based LMs can react with
other metals to form alloys or composites through thermal*®
and mechanical forces,*® electric fields®® and micromachining
(Fig. 4b).>' Furthermore, the composition of binary, ternary, or
more complex metallic element LM alloys or composites can
be predicted through an integration of phase diagram calcu-
lations, theoretical analyses, experimental justifications and
computational simulations (Fig. 4c).>>

Additionally, Ga possesses a low standard reduction poten-
tial, allowing it to undergo galvanic replacement with a wide
range of metals. This unique attribute makes Ga-based LMs a
versatile template for GRR. Leveraging this, bimetallic nano-
particles (NPs), metallic crystals or metal shells in their
reduced state can be synthesized through the GRR. The reac-
tion is controlled by the disparity in the standard reduction
potentials between the two metal/metal ion couples involved,’®
such as Ga with Cu®, Ag*, Co®", Ni*", cd*", sn*", Pt*", Au’"
and others (Fig. 5a).””°>>’ Notably, recent studies highlight
the efficiency and versatility of sonochemical synthesis in pro-

alkali metals,*® rare earth elements®’

6918 | Nanoscale, 2024, 16, 6915-6933

Copyright (2015), American Chemical Society. (f) Schematics of the atomic surface structure and electron density profile pe(z) of LMs.

Copyright (2006), American Association for the

ducing Ga-based nano-alloys.” Sonochemical-assisted syn-
thesis, when applied in metal-ionic solutions, facilitates the
growth of crystalline nanostructures on the surface of LM
NPs,'® such as 1D Ag-Ga nano-alloys (Fig. 4b and 5b),° binary
and ternary alloy nanoparticles (Fig. 5c),® and core-shell
nanoparticles (LM core and WO,, MoO,, VO,, MnO, shell)
(Fig. 5d).>® These nanostructures or nanoparticles can be opti-
mized by fine-tuning the chemical concentration, the
sequence of addition and introducing oxidizing skin inhibi-
tors. When modulating the sonochemical-assisted GRR
process of a Ga—chloroauric acid (HAuCl,) system and adding
NaH,PO, inhibitors, unprecedented Au@Ga oxide and hollow
Ga oxide nanostructures were obtained.>® Bimetallic NPs, syn-
thesized through the GRR strategy with Ga, such as Ga-Pd,
Ga-Pt and Ga-Ni, find diverse applications in catalysis and
photocatalysis.>*®**®! Furthermore, this approach can further
create metal-shelled or hollow-shelled nanoparticles, which
hold promise for various applications, including nanoreac-
tors,* catalysis,* drug delivery®* and diagnostic imaging.®®
Intriguingly, when a solute metal is fully dissolved in a Ga
solvent at high temperatures and subsequently becomes super-
saturated upon cooling, intermetallic crystals composed of Ga

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Liquid Ga can serve as a reaction medium. (a) Elements that may get dissolved in Ga.*>® (b) Schematic representation of the synthesis
methods of the LM alloy, taking Ag—Ga alloys as an example. Reprinted with permission.® Copyright (2022), American Chemical Society. (c) Analyzed
Ca-In phase diagram alongside the corresponding experimental data. Reprinted with permission.>* Copyright (2016), ASM International.

and the solute metal can crystallize within the LMs.? Physical
perturbations at the interfaces of LMs, such as applying elec-
tric potential or controlling the melting temperature, can
induce phase separation of solute metals into their zero-valent
form, a phenomenon known as ‘metal expulsion’. This results
in the complete separation of metal entities from the LMs. For
example, alloys, such as Ga-In-Sn and In-bismuth (Bi)-Sn,
can be utilized as electrochemical cathodes to initiate the sep-
aration of the metal phases at the LM-electrolyte interface by
applying a cathodic potential, with the type of metal emission
depending on the electrolyte (Fig. 5e-g).® Moreover, the inter-
facial crystal formation within metallic liquid-solid coexisting
systems leads to unique growth dynamics, crystal structures
and arrangements that are distinct from traditional solvent
precipitation (Fig. 5h). This LM-based intermetallic crystal
growth approach holds promise for designing bimetallic or
multi-metal structures useful for catalysis,*® sensing®” and
energy storage.""*®

3.1.2 Nanoporous metals. An alternative application of the
excellent alloying properties of Ga-based LMs is in the pro-
duction of nanoporous metals. In this process, a single com-
ponent of a binary alloy within the Ga-based LM can be selec-
tively dissolved to produce nano-porous materials, known as a
dealloying process. This involves liquid Ga reacting with a
solid metal to form crystals, followed by selective removal of
the less inert and relatively soft Ga from the intermetallic crys-
tals, thereby creating a nanoporous metal (Fig. 6a).""*° For
instance, liquid Ga is used as a metal solvent to grow interme-

This journal is © The Royal Society of Chemistry 2024

tallic crystals by integrating solid transition metal copper (Cu),
silver (Ag), gold (Au), palladium (Pd) and platinum (Pt) sub-
strates."” Subsequently, Ga is selectively removed to design
transition metal-based nanoporous metals via chemical and
electrochemical dealloying methods, due to its low standard
reduction potential compared to many transition metals
(Fig. 6c). Pore size analysis reveals the uniform formation of
nanoligaments and pores in single- or double-digit nanometer
sizes (Fig. 6b and d)."* When the inert metal substrate is a thin
film, the liquid Ga-assisted alloying-dealloying strategy is also
employed to design porous metal films with tunable porosity
and thickness.”® This low-temperature method allows accessibil-
ity to well-controlled nanoporous metals, offering scalability
and low energy costs.”* The resulting nanoporous metals are
crucial in diverse applications, including catalysts,”* actuators,”*
sensing/biosensing’*”> and energy systems,”® owing to their bi-
continuous channel-ligament structure and high surface area.

3.1.3 High-entropy nanoalloys. High entropy alloys (HEAs)
are a unique category of alloys notable for their high configura-
tional entropy of mixing, often surpassing the enthalpy of for-
mation of the compound, which leads to be the formation of
single-phase disordered solid solutions. These alloys are
known for their excellent chemical and mechanical properties,
including robust mechanical strength, high thermal stability,
superior oxidation and corrosion resistance, as well as excep-
tional biocompatibility.”””°

The easy alloying properties of Ga-based LMs, coupled with
the negative mixing enthalpy with other metal elements, make

Nanoscale, 2024, 16, 6915-6933 | 6919
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metals in non-aqueous electrolytes. Reprinted with permission.2 Copyright (2022), American Chemical Society. (h) SEM images of CuGa,, AuGa,

PdGas, PtGas and Ag,Ga intermetallic crystals. Reprinted with permission.** Copyright (2023), American Chemical Society.

them an ideal matrix for preparing complex multicomponent
HEAs.®° Specifically, the negative mixing enthalpy can reduce
the AGy, enabling effective creation of homogeneous alloys
through liquid Ga-assisted synthesis methods, overcoming the
challenges of elemental segregation and immiscibility in alloy
systems. For instance, it is feasible to create an equiatomic
HEA of gallium, indium, tin and zinc (GalnSnZn) by employ-
ing a technique that involves induction-melting high-purity
elements of In, Sn and Zn in equal ratios (1:1: 1) within a Ga
solvent (Fig. 7a). The resulting HEA is a highly conductive
fluid, promising for flexible electronic applications (Fig. 7b).*"
Additionally, a novel and versatile strategy has recently been
developed for synthesizing HEA NPs from various metal
elements (Cu, Pd, Ni, Mn, Al, In, Rh, Pt, Co and Mg) with Ga-
based LMs as reaction media and reservoirs under mild con-
ditions (923 K) (Fig. 7c and d).?> Ga’s relatively negative mixing
enthalpy with other solute elements results in HEAs with a
highest percentage of solid solution for compositions with the

6920 | Nanoscale, 2024, 16, 6915-6933

same mixing enthalpy (Fig. 7e).** This method represents a
significant advancement in the field of materials science, par-
ticularly in the synthesis of HEAs, enabling the creation of cus-
tomizable metal nanoparticles under mild conditions. The
nanostructures of HEAs, with their high specific surface area,
strong synergistic effects, customizable compositional vari-
ations and significant lattice distortions, expand their poten-
tial applications.®>®? This facile strategy makes them an ideal
platform for a variety of surface reactions,®"®> making them
applicable in fields such as multiphase catalysis,®® energy
storage®® and bio/plasma imaging.?*%”

3.1.4 Metallic single atoms. Single atoms (SAs) exhibit
exceptional performance in numerous catalytic reactions
owing to maximized atom utilization, high catalytic selectivity
and distinct coordination environments.?®%° However, devel-
oping a universal, efficient, and controllable synthesis method
for single atoms is challenging due to the high surface energy
of individual atoms.’® Traditional synthesis methods often

This journal is © The Royal Society of Chemistry 2024
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require harsh conditions or lengthy processes.®® Notably, the
potent reducibility and fusible properties of Ga-based LMs
offer a promising solution for effectively dispersing individual
atoms.”*

Ga single atoms, with their inherent catalytic properties,
can be prepared through impregnation and reduction under a
high temperature atmosphere.”’* For instance, Ga SAs were
successfully synthesized by reducing Ga metal salt precursors
under a high temperature atmosphere. The confinement effect
of oxygen vacancies (Vo) plays a crucial role in this process,
favoring the synthesis of well-isolated Ga SAs. This results in
maximizing the availability of Ga-Vg reaction sites, thereby sig-
nificantly enhancing catalytic activity and selectivity.”> Another
example is the creation of Ga single atom-coordinated hollow
ZSM-5 catalysts via wet chemistry combined with high-temp-
erature treatment. These encapsulated Ga SA catalysts exhibit
high catalytic conversion efficiency, excellent reusability, and
resistance to sintering, attributed to the presence of Ga single
atoms.”® Besides the high-temperature and wet-chemical syn-
thesis strategies, laser irradiation is a more facile and effective
method to synthesize Ga SAs at room temperature.”"
Additionally, the fluid nature of the LMs enables the mobility
of Ga single atoms, and a series of Ga single atoms with
different coordination environments (P, S and N atom doping)
have been synthesized (Fig. 8a and b). The fluxional feature of
Ga single atoms enhances the active sites, improving catalytic
stability and boosting activity in CO, reduction for CO
formation.”*

This journal is © The Royal Society of Chemistry 2024

Besides Ga SAs, the metal-fluid nature of Ga-based metal
alloys results in solute elements to be atomically isolated,
resembling solute single atoms of other metallic elements
(Fig. 8c). For instance, in a Ga-platinum (Pt) catalyst, liquid Ga
serves as a support matrix for Pt, and these Pt atoms are uni-
formly dispersed within the liquid Ga matrix, effectively pre-
venting atomic aggregation and resulting in the formation of
“liquid” Pt single atoms (Fig. 8d). This unique catalytic system
accelerates various catalytic reactions and significantly
improves kinetics at low temperatures.”® Similarly, in the
GaSng 0p9Nig 023 liquid alloy catalyst, the Ga solvent plays a
crucial role in achieving well-dispersed tin (Sn) and nickel (Ni)
atomic configurations, resulting in a highly selective catalytic
synthesis of propylene (Fig. 8e).°® In addition, liquid Ga also
assists in generating Pd single atoms through physical vapor
deposition of Pd-Ga alloys in an ultrahigh vacuum enviro-
ment.”” An another notable aspect of liquid Ga is its abundant
vacancies, which allow it to incorporate various metallic
elements as a second phase. Within this system, the active
second-phase element is dynamically and atomically isolated
within the liquid Ga-rich phase of these binary eutectic alloys,
contrasting with solid metals. Such alteration in their elec-
tronic structure leads to significantly enhanced catalytic pro-
perties, offering possibility in future studies to use lower ener-
gies (under mild conditions) for breaking metal bonds to
obtain various SAs. Furthermore, the liquid matrix provides
exceptional fluidity, deformability and self-healing capabili-
ties, beneficial for product separation, maintaining catalytic

Nanoscale, 2024, 16, 6915-6933 | 6921
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Fig. 7 Ga-based high entropy alloys (HEAs). (a) Back scattering electron (BSE) image of GalnSnZn HEAs; elemental mapping shows that the com-
ponents in the alloy are phase separated. (b) GalnSnZn-based direct-writing 3D electronic circuits; scale bar is 2 cm. Reprinted with permission.®!
Copyright (2022), Elsevier B.V. (c) Schematic diagram of the LM reservoir-assisted synthesis process for HEA NPs. Various metal salt precursors are
mixed, thermally decomposed, hydrogen reduced and alloyed in liquid metal reservoirs. (d) The TEM image of the process of conversion from pre-
cursors into HEA NPs shows that the HEANPs were formed on a large scale after 30 min at 923 K. (e) The distribution of the mixing enthalpy (AH i)
and the atom radii difference factor (5) of the HEAs without Ga and containing Ga, In and Sn. With the introduction of Ga, more data points were
available to satisfy the AHmix and 5 in the solid solution phase region. Reprinted with permission.8? Copyright (2023), Springer Nature.

system integrity even in the face of external damage and redu-
cing interface polar impedance. For example, dynamic dis-
persion of Sn atoms in the liquid Ga matrix can maintain
long-term integrity of the catalytic conversion of lithium poly-
sulfides (LiPSs), thereby improving their overall catalytic
performance.”®

3.2 Metal compound nanomaterials (inorganics)

3.2.1 Metal oxide nanomaterials (2D materials). Ga-based
LMs feature a self-limiting thin oxide layer under ambient con-
ditions at the metal-air interface, which is considered to be
one of the most perfect 2D planar materials.”® Ga spon-
taneously forms oxides in ambient air and the oxidation
process follows the Cabrera-Mott oxidation model.**%%1%°

6922 | Nanoscale, 2024,16, 6915-6933

Factors such as the metal’s work function, the process temp-
erature and the oxide properties influence the oxide layer’s
morphologies and thickness.'®*! For instance, Ga,0; forms a
layer of about 0.5 nm on Ga when exposed to an oxygen dose
of more than 8 x 107° Torr.*® Ga,0; printed from Galinstan
surfaces is amorphous and 2.78 nm thick, while it is ~3 nm
on amorphous EGaln and Galinstan nanoparticles with a self-
assembled organic thiol layer.'®** The thiolate modification
effectively mitigates the growth of the oxide layer on the
surface of EGaln particles, and the thickness of the oxide layer
can be controlled between 1.23 and 2.12 nm (Fig. 9a—c).'*" In
addition to the spontaneous oxide formation, 2D hexagonal
ribbons of Ga,Oj3 single crystals (tens of nanometers thickness)
can be grown on liquid Ga in a controlled manner by sublima-

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Ga single atoms (SAs) or metal SAs produced with Ga assistance. (a) EDS elemental mapping of the Ga-N3S-PC catalyst confirms the distri-
bution of P, S, N, and Ga elements. (b) The atomic phase image of the Ga-N3S-PC catalyst shows the dispersed Ga single atoms. Reprinted with per-
mission.®* Copyright (2022), Wiley-VCH. (c) Schematic representation of the Ga—Pt system and its atomic distribution. Pt is atomically dispersed and
maintains dynamics in Ga solvents. (d) Representative snapshots of the atomic configurations of Pt in Ga in the bulk. Two Pt atoms dispersed in Ga
are 4.6 A apart, indicating that Pt remains in the liquid state. Reprinted with permission.®® Copyright (2022), Springer Nature. (e) Schematic represen-
tation of the preparation and atomic mobility of the liquid GaSng o29Nig 023 catalyst. Sn and Ni remain atomically dispersed and active in the Ga

matrix. Reprinted with permission.°® Copyright (2023), Springer Nature.

tion of O atoms at 1020 °C using chemical vapor deposition
(CVD) (Fig. 9d-f).'°> More importantly, the surface oxide of
Ga-based LMs exhibits minimal adhesion to the parent metal
in a liquid state, allowing easy transfer to other substrates via
van der Waals (vdW) transfer techniques.***”*%?

Furthermore, the alloying of Ga-based LMs allows the for-
mation of co-alloyed 2D metal oxides at the LM-air interface.>”
In these LM alloys, the surface oxides are determined by the
oxide with the lower Gibbs free energy, typically leading to a
binary oxide on the surface.'® Moreover, the oxides that lead
to the largest reduction in AGy are the main products, and LM
eutectic alloys, such as EGaln, mainly consist of Ga oxides in

This journal is © The Royal Society of Chemistry 2024

their surface oxide composition (Fig. 10a)."°> However, select-

ing specific alloying elements can control the oxide layers,
allowing the spontaneous formation of high-melting-point
oxides like HfO,, Gd,03 and Al,O3, instead of Ga,O; (Fig. 10b),
and XPS shows exfoliated 2D materials consisting entirely of
oxides of solute elements (Fig. 10c). This method offers a con-
trollable method to synthesize high-quality 2D metallic oxides
at or near room temperature.>®> Notably, this principle could be
extended to other LMs (i.e., Sn-Bi alloys and Bi-Sb alloys) to
obtain Bi,O;-doped SnO nanosheets and ultra-thin o-Sb,0;
layers, respectively.'®>'®” For further examples and detailed
insights into metal oxide synthesis using non-Ga-based LMs,

Nanoscale, 2024, 16, 6915-6933 | 6923
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Fig. 9 Ga oxide layer, 2D Ga,Os. (a) Schematic showing thiolated molecule functionalized EGaln nanoparticles. (b) Representative HAADF image of
1-day old thiophenol-functionalized EGaln nanoparticles after processing with a sobel filter to reveal Ga oxide shell thickness. (c) Intensity peaks
extracted from scanning transmission electron microscopy (STEM) images of the nanoparticles. The average Ga oxide shell thickness values were
hrp1day = 1.23 + 0.20 nm and hrp 2ggays = 2.12 + 0.26 nm. Reprinted with permission.’®* Copyright (2018), American Chemical Society. (d) Schematic
diagram of the growth process of hexagonal a-Ga,Os crystals. As the temperature increases, Ga spreads out on the substrate to form a flat surface,
and O atoms diffuse into the surface of liquid Ga to form hexagonal a-Ga,Os. (e) The SEM image shows that the Ga,O5 crystals are regular hexagonal

in shape and extremely homogeneous. (f) Atomic force microscope (AFM) image of the hexagonal Ga,Os crystals. Reprinted with permission.

Copyright (2021), Royal Society of Chemistry.

readers are encouraged to consult recent reviews on this
topic.””*!

Interestingly, in the presence of different temperatures,
Galinstan undergoes a transition from self-limiting Cabrera-
Mott oxidation to a more complex, non-self-limiting reaction,
forming heterogeneous oxide regions or shells containing Ga,
In and Sn.'®'%%1% The formation of LM oxides is influenced by
several factors: (1) Temperature. Temperature plays a crucial
role, as higher temperatures boost oxidation through increased
thermal energy and favorable thermodynamics. (2)
Environment. The environmental conditions, particularly the
presence and pressure of oxygen, significantly impact the rate of
oxidation. (3) Interfacial properties. Interfacial properties
including surface contaminants, tension, and wetting deter-
mine oxide layer morphology and thickness. (4) LM compo-
sition. The composition of the LM, along with dissolution kine-
tics, and mechanical aspects influence oxide skin formation. By
controlling these factors, it is possible to tailor LM oxides for
specific applications and uses.'® Furthermore, oxide layers can
be acquired by introducing gases into LM melts in various
environments (such as aqueous, organic, or inorganic electro-
lyte solutions) to go beyond self-limiting oxidation. For instance,
GaOOH microcrystals form when liquid Ga is sonicated in the
presence of water,"'® while y-AIOOH is synthesized through the
interaction of the Galinstan-Al alloy surface with water.""*

6924 | Nanoscale, 2024, 16, 6915-6933
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Liquid Ga serves as an excellent template for 2D material
growth due to its atomic-level ultra-smooth surface and strong
reducibility.” In acidic solutions, the Ga surface readily attracts H"
to exhibit a dynamic electric double layer (EDL) (Fig. 10d)."*'*?
The self-generated potential, along with excess electrons on the
Ga surface, provides an ideal environment for reducing metal
anions at the interface."’” One notable example is the reduction
of the molybdate precursors (MoO,>”) templated onto the liquid-
liquid interface, leading to the formation of hydrated molyb-
denum oxide (H,Mo0Os) (Fig. 10e). These are subsequently trans-
formed into 2D MoO, via laser writing techniques (Fig. 10f).""
Similarly, atomic-thickness hydrated MnO, sheets and the in-
organic network of nano-MnO, are synthesized by an electric
coupling substitution reaction between permanganate ions and
EGalIn.">'** Additionally, 2D CuO, nanomaterials are produced
by galvanic replacement between Cu(OH);~ and liquid Ga.'* The
electron accumulation on the Ga surface creates a reactive surface
potential, driving the reduction and self-deposition of precursor
metal cations. For example, significantly crystallized rhombohe-
dral layered Bi,Te; platelets were formed when metal-based
cations (specifically Bi**-HTeO," in acidic environments) are
introduced to the smooth and oxide-free EGaln surfaces.'*
These 2D metal oxides derived from Ga-based LMs have been
explored for a variety of potential applications, including elec-
tronic devices,"'> spintronics,"'® photocatalysts,''” energy storage

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr06566a

Open Access Article. Published on 06 Bitooteessa 2024. Downloaded on 17/10/2025 3:48:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Minireview
a Gla. ; b 9 Hipacan Ga 3s scan
4.0 2
8 p
C £
> 3.51
‘5 3705 3805 3905 158 160 162 164
€ 30 %In:%Ga:%0
3 Ga s 5- 6: 1 In 3d scan Sn 3d scan
o —— Sputtered : N .
5
2.5 &)
~— Sputtered + 1-15-17 >
Exposed to Air é
2.0 g
’ ——From the Bottle 1:10:14 £ IV i g
0 700 1400 A '

Auger Kinetic Energy (eV)

N2 ol
A0 \,\e\Dﬂ;g e 18y
—

d yoner HEGer oo

o2 oz
o ey \—\e\gg“ Jse \Ye
e

442 447 452 457 481 486 491 496

outer Molybdem;m sulfides

Liquid metal
< 4 4L LL A
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Auger spectra of EGaln samples from the bottle (black), removed from the outer skin (blue) and exposed to air after removing outer layer. It shows
that the oxide layer of EGaln is mainly composed of Ga,Os. Reprinted with permission.°> Copyright (2008), Wiley-VCH. (b) Characterization of
metal oxides from the GalnSn alloy containing 1% Hf. i, AFM images, with thickness profile (inset) determined at the red line as indicated. ii, TEM
image. iii, selected-area electron diffraction (SAED). iv, high-resolution TEM images (scale bar, 0.5 nm). The as-grown HfO, sheets are ultrathin and
polycrystalline. (c) XPS spectra of the exfoliated metal oxides from the GalnSn alloy containing 1% Hf shows that the oxides are composed exclusively
of HfO,. Reprinted with permission.*> Copyright (2017), American Association for the Advancement of Science. (d) Schematic diagram showing
dynamic electric double layer (EDL) formation on LM surfaces, where [MoS4]%~ reacts with H* in the Helmholtz layer to form 2D MoS,. Reprinted
with permission.®® Copyright (2020), Wiley-VCH. (e) Schematic diagram of the preparation and patterning process of the 2D MnO, material. MnO,
was prepared by introducing molybdate precursors around EGaln droplets. A laser writing technique was used to prepare patterned MnO,. (f) AFM
image of the laser-annealed pattern shows 45 nm reduction in thickness. Reprinted with permission.!'? Copyright (2021), American Chemical

Society.

systems,"*® sensors''® and more,">**' highlighting their versati-
lity and potential in various technological fields.

3.2.2 Other 2D materials (metal sulfides, phosphates,
nitrides, selenium, etc.). The unique reaction conditions at the
interface of liquid metals (LMs) not only facilitate the 2D
growth of both layered and non-layered metal oxides, but also
extend to the synthesis of other 2D compounds like sul-
fides,"** phosphates'*® and nitrides'** directly on the LM
surface under anoxic conditions (Fig. 11a).’® This LM-based
method offers significant advantages over traditional exfolia-
tion and ‘bottom-up’ techniques, including faster processes
and eliminating the need for meticulous control of epitaxy

This journal is © The Royal Society of Chemistry 2024

conditions and surfactant-mediated growth.*® For instance, tin
sulfide (SnS) forms spontaneously via the Cabrera-Mott sulfur-
ization, using a custom-built device exposing liquid Sn dro-
plets to an anoxic environment of H,S gas at 350 °C. The
resulting SnS lamellae can be stripped off from the LM surface
and transferred to another substrate by vdW adhesion.'>>'®
Similarly, homogeneous tetragonal In,S; with a single unit cell
thickness is synthesized by exposing it to sulfur vapor under
nitrogen flow.”® Additionally, high-quality and nanoscale-thick
2D GaN films are created by direct nitridation of Ga
droplets through exposing to N, plasma at room temperature
(Fig. 11a-c)."*’

Nanoscale, 2024, 16, 6915-6933 | 6925
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Fig. 11 2D GaN semiconductors were directly derived from LM Ga and GaPO,4 nanosheets were transformed from Ga,Os. (a) Schematic illustration
of the formation of a GaN layer on Ga via a nitrogen-plasma reaction mechanism. The GaN layer adheres to the substrate by vdW forces. (b) AFM
image shows the exfoliated GaN layer at 4 nm height. The inset shows the step height profile of the GaN layer. (c) High-resolution TEM images
confirm the crystallization of the GaN nanosheets. Reprinted with permission.*?” Copyright (2022), Wiley-VCH. (d) Schematic diagram of the vapor
phase reaction system for the synthesis of GaPO,4 nanosheets. (e) AFM topography of a GaPO,4 nanosheet and the height profile along the magenta
line. (f) TEM micrograph of the GaPQO, film shows a translucent sheet-like morphology. (g) The SAED pattern of the TEM micrograph of the GaPO,4
nanosheet confirms its crystalline structure. Reprinted with permission.'°® Copyright (2018), Springer Nature.

Additionally, other chemical modifications or CVD vapor
conversion of Ga,O; can produce other 2D materials. For
instance, centimeter-scale Ga,O; is produced through sub-
strate printing methods, followed by a chemical vapor-phase

reaction with phosphoric acid to form 2D GaPO, nanosheets
(Fig. 11d-g).'”® Similarly, chlorination and low-temperature
sulfurization steps can transform Ga,O; and In,O; into 2D
GaS and In,S;, respectively."*> Extrusion printing and ammo-
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Fig. 12 The growth of GaSe crystals on the liquid Ga surface. (a) Schematic representation of the GaSe 2D crystal formation process. GaSe powder
melts in liquid Ga, and then GaSe crystals precipitate and grow on the liquid Ga surface. (b) Optical images of (I) GaSe in liquid Ga and (ll) stripped
down, and (lll) SEM image of crystals, showing the triangle morphology and smooth surface. (c) High resolution TEM (HRTEM) image of the GaSe
crystal. The inset selected area electron diffraction (SAED) pattern shows a single-crystalline structure. (d) Schemes of the atomic structure of GaSe
viewed from top and side. Reprinted with permission.*** Copyright (2021), Tsinghua University Press and Springer-Verlag GmbH, Germany, part of
Springer Nature.
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nolysis of Ga,0; and In,0; as precursors, with InN requiring
an extra bromination step, creates 2D GaN and InN
nanosheets.'*® The resultant 2D GaN films are utilized to con-
struct patterned GaN-based photodetector arrays through vdw
transfer, UV lithography patterning and Ti/Au thermal evapor-
ation.'®  Electrochemical substitution represents another
notable technique for synthesizing 2D materials using LM
reactors, which leverages the dynamic EDL of LMs. For
instance, an aqueous solution of the (NH,),MoS, precursor
reduced on the EGaln surface produces expansive planar MoS,
with an oxide-free EGaln interface acting as both a reduction
agent and a template."®

Moreover, LMs in their molten state exhibit an amorphous
and isotropic atomic structure, which helps in mitigating the
negative effects typically associated with grain boundaries. The
increased mobility of atoms and electrons in the liquid phase
promotes the spontaneous assembly of 2D materials on the
LM surface. When the LM is subsequently solidified, this
process triggers the self-limited growth of 2D materials, result-
ing in the attainment of a strictly uniform monolayer. The
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unique shear transformation of LMs facilitates the ultraclean
sliding transfer process of the deposited planar materials on
the LM interface.'® For instance, 2D layered chalcogenide crys-
tals, such as GaSe and Ga,In;_,Se, have been achieved using
Ga or EGaln through low-temperature vapor-phase growth.*°
Alternatively, centimeter-size GaSe crystals were prepared
through atmospheric pressure CVD in liquid Ga-assisted syn-
thesis at a higher temperature (Fig. 12a) After removal from
the synthesis boat, large-scale GaSe nanosheets with a smooth
surface, a single-crystalline structure and high quality were
obtained (Fig. 12b-d)."**

3.2.3 2D graphitic materials. Additionally, the atomically
smooth and unpolarized surface of LMs not only aids in the
deposition of planar materials like graphene oxide (GO), but
also enhances the ultra-clean slide transfer processes. The
super-reactive interface of LMs, abundant with free electrons
and off-domain ions, is effective for room-temperature
reduction of GO films. For instance, free-standing composites
of LM-reduced graphene oxide (LM@rGO) nanosheets were
synthesized by immersing a Si/SiO, substrate coated with GO
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Fig. 13 Liquid Ga for the synthesis of graphene 2D materials. (a) Schematic representation of a GO layer immobilized on a Si/SiO, substrate
reduced by liquid Ga. (b) AFM images and the thickness profile of the rGO sample showing a monolayer rGO sheet with a thickness of 0.6 nm.
Reprinted with permission.'® Copyright (2021), American Chemical Society. (c) Schematic diagrams of two methods (A, continuous and B, stepwise)
for graphene edge growth using liquid Ga. The process involves the formation of graphene nuclei using **C CH, at 1050 °C for 300 s and graphene
edge growth with CH, at a lower temperature. (d) Mechanism of graphene nuclei generation and film growth. () SEM images of graphene grown
at 100 °C with different coverage; 0% (:*C nuclei only), 60% (partly covered) and 100% (full coverage). After the high-temperature growth of GO
nuclei with **C-CH, and further low-temperature growth with 2C-CH,, the product still contains only *C. Reprinted with permission.'32 Copyright
(2017), Springer Nature.
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flakes in EGaln. In this process, the LM acts as an ultra-
smooth soft reaction template to reduce graphene oxide
(Fig. 13a and b)." Alternatively, core-shell structured
LM@rGO nanoparticles were prepared via a sonochemical
method, in which Ga provides electrons for the redox reactions
as a strong reducing substance. Moreover, the partial electric
field produced by the electron transfer assists in the self-
assembly of rGO onto the LM droplet surface.**

Liquid metals not only serve as a common interface for the
retention and generation of planar materials, but they also
exhibit a natural catalytic effect, particularly effective in break-
ing C-O, C-N and C-H bonds in organic molecules and recon-
structing them as graphitic C-C bonds at room temperature.
Ga-based LMs, doped with metals such as In and Sn, are
especially conducive to dissociating organic precursors to form
free radicals for adsorption. Upon leveraging this capability, a
wide range of carbon-containing sheets can be fabricated,
ranging from graphene-like planar surfaces to highly porous
2D graphitic material sheets, in both monolayers and multi-
layers.’®® A practical application of this is the continuous pro-
duction of high-quality GO sheets using liquid Ga as a catalyst
and diluted "*C/**C methane as the CVD source gas (Fig. 13c-
e). These Ga catalysts facilitate catalytic conversion on various
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substrates, such as sapphire or plastic polycarbonate, at a
temperature near room temperature.'**

3.3 Metal-organic frameworks

Metal-organic frameworks (MOFs) represent a category of
porous polymeric materials, wherein metal ions are intercon-
nected by organic bridging ligands.** MOFs have attracted
wide interest in the fields of energy storage,'** small molecule
detection,'®® optical sensors,"?” catalysis,"*® and electromag-
netic wave absorption due to their excellent properties such as
high internal surface area, tunable pore size, ordered crystal
structure, and excellent chemical stability."**'*® Ga-based LMs
have demonstrated impressive capabilities as fluid electrodes
in the electrochemical synthesis of MOFs. These Ga-based
LMs act as activators, accelerating electrosynthesis and
enabling reactions at lower onset potentials. Moreover, when
submerged in an electrolyte solution, solute metals in the Ga-
based LMs dynamically migrate and accumulate at the inter-
face, enhancing electrode interfacial exposure and boosting
the reaction efficiency (Fig. 14a)."*° Additionally, the electrifi-
cation of LMs induces interfacial Marangoni flow, facilitating
the continuous progression of chemical reactions through
releasing adhered reaction products from the electrode surface

|
g b

ZIF-8 crystals

Melm solution

Experimental setup

4
&7
4
°

vq

>
) &
.
°
o

PPge 2 A QW

e d
e o

°H ©C ON
00 ©Ga@©zn

1.00Vv i A
0.70 vV
. |osov A L
3
e
2
2
3
z 0.30V
0.20V " \ l_. =
T T T T T
300 600 900 1200 1500 1800

Raman shift (cm")

Fig. 14 GaZn alloys for the synthesis of ZIF-8. (a) Schematic diagram of the electrosynthesis of ZIF-8. The solute metal Zn in GaZn alloys migrates
to the surface and is ionized into Zn?*, which coordinates with deprotonated organic linkers to form the polyhedral ZIF-8. (b) The setup of the
three-electrode cell, in which a Ga—Zn alloy was used as an anode for the electrosynthesis of ZIF-8. (c) SEM images of products synthesized at
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to enhance the overall efficiency and effectiveness of the
electrochemical synthesis (Fig. 14b).'*’ Notable examples of
this application include the production of layered Zn-MOFs
using a liquid Ga-Zn alloy as the working electrode®® as well as
synthesizing zeolitic imidazolate frameworks (ZIFs)-8 through
anodic oxidation of a Ga-Zn liquid alloy (Fig. 14c and d).**!

4 Challenges and opportunities

Although there have been notable achievements in utilizing
Ga-based LMs as solvents or reaction media for preparing
various functional materials, this research area remains largely
exploratory with vast untapped potential. This review identifies
key challenges and promising directions for future research on
LM reactors, aiming to stimulate further investigation in this
area. The primary considerations can be outlined as follows:

(1) Ga-based liquid metal solvents offer the ability to dis-
solve various metal elements, creating alloys that blend the
advantages of each component. Future research interest has
surged in exploring the doping of Ga-based metal alloys with
different components and ratios to produce a range of func-
tional alloys, such as corrosion resistance, magnetism, high
strength, flexibility, shape memory, elastocaloric properties,
etc.

(2) The sonochemical-assisted GRR strategy, relying on Ga,
can be used to fabricate metal nanocrystals, multi-alloyed NPs
and core-shell structure NPs. However, the nanostructures
generated through electrocoupling substitution and sonication
processes exhibit stochastic characteristics, leading to uncer-
tainties in dimensions, elemental distributions, and mor-
phologies.>® This lack of control limits the application of
uniform and specific nanostructured NPs. Therefore, further
research should focus on precisely regulating the NP structure.

(3) Nanoporous metals’ properties can be significantly
affected by the challenge of precisely controlling the residual
content of sub-inert metals.’*? Furthermore, the microstruc-
ture of stabilized nanoporous metals is essential for their
applications in catalysts, sensing, and other areas. These two
aspects are also significant considerations in Ga solvent-based
dealloying strategies.

(4) HEA NPs can be synthesized by a variety of methods,
such as carbothermal shock synthesis, mechanical alloying,
microwave heating, wet chemistry, liquid laser ablation, chemi-
cal dealloying, etc.'*> However, these methods always require
the application of extreme heating temperatures to provide
high mixing entropy.®* The easy alloying property of liquid Ga
makes it possible to synthesize HEA NPs at low temperatures.
Future investigations could focus on the utilization of liquid
Ga in diverse synthesis techniques for HEA NPs, aiming to
uncover more efficient, gentle and cost-effective methods for
HEA NP synthesis.

(5) The fluid-like, ultra-smooth surfaces of Ga-based LMs
are extensively used in synthesizing 2D materials. Yet, an
underexplored aspect is their short-range atomic “layer”
surface in the near-surface region. Current research lacks evi-
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dence of the specific impact of this near-surface atomic layer-
ing on materials synthesis in Ga-based LM systems. Future
studies could focus more on how liquid Ga’s layered surfaces
influence the interfacial growth of crystals and 2D materials.

(6) Single atom (SA) catalysts are prized for their maximum
atom utilization and high catalytic selectivity. Common SA
preparation processes, such as atomic deposition and wet
chemistry, often demand harsh conditions (such as high temp-
eratures, high pressures, strong acids or tedious procedures),
while the solute elements in Ga-based metal alloy catalysts are
mobile and atomically separated. Those solute elements
resemble single atoms, and the solvent Ga effectively prevents
bonding between solute elements, suggesting the possibility of
producing metal SAs under milder conditions, which could
facilitate large-scale production of SA catalysts. There is con-
siderable potential in using Ga-based solvents for producing
SA catalysts for a wide range of applications. Also, Ga SAs have
been less explored so far, and Ga’s fluxional nature at the
single atomic level and the corresponding catalytic mechanism
due to inherent mobility require deeper investigation.

(7) In synthesizing 2D metal oxides, the strategies utilizing
LMs’ self-limiting oxidation combined with subsequent trans-
fer stripping techniques offer compelling advantages.
However, two key areas need further optimization. Firstly,
achieving complete, single-attempt delamination of all 2D
metal oxides presents a challenge. Imperfect contact between
the substrate and the LM surface, along with inconsistent
application of contact force, can lead to the rupture of the
oxide layer or restrict the size of the 2D metal oxide. Secondly,
issues with substrate bonding or uneven force application can
result in residual LM being left on the substrate. This is a sig-
nificant hurdle in the fabrication of high-purity and high-pre-
cision electronic devices.

(8) Currently, the exploration of MOF production using LM
reactors is in its early stages, primarily focusing on Zn-based
ZIFs. Considering LMs’ capability to alloy with various metal
elements and the potential universal applicability of the
electrochemical synthesis method discussed in this review,
future research could pivot towards electrochemically synthe-
sizing a diverse range of metal-based MOFs using Ga-X alloys
as anodes (where ‘X’ represents other metal elements). Such
an efficient production method might have the potential to
significantly expand the use of MOF materials, especially if the
range of metal elements in LM-based MOF systems can be
broadened.

5 Conclusion

Ga-based room temperature LMs possess a wonderful combi-
nation of metallic and liquid solvent features, including high
metal solubility, low standard reduction potential, self-limiting
oxidation, and ultra-smooth surfaces. This unique combi-
nation positions Ga-based LMs as exceptional reaction media
for the exploration and fabrication of a diverse range of nano-
materials. In this review, we summarize the recent develop-
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ments for the fabrication of pure metallic materials (metal
alloys, metal crystals, porous metals, high-entropy alloys and
metallic single atoms), metal-inorganic compounds (2D metal
oxides, 2D metallic inorganic compounds and 2D graphitic
materials), and metal-organic composites (metal-organic
frameworks) from liquid Ga reactors.

Looking forward, the potential applications and inno-
vations in nanomaterial synthesis using Ga-based LMs are vast
and largely untapped. As researchers continue to unravel the
complexities and capabilities of these fascinating materials,
we anticipate a surge in groundbreaking discoveries and appli-
cations across various fields, including electronics, catalysis,
energy storage, and environmental technology. The versatility
and unique properties of Ga-based LMs are poised to play a
pivotal role in the future of materials science, paving the way
for more efficient, sustainable, and innovative technological
solutions.
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