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wearable devices. While the metal traces 
may face limitations, such as poor device 
stability and limited service life due to 
their large modulus.[1] Liquid metals not 
only have the properties of traditional 
metals, but also have certain fluidity, 
which makes them deformable, making 
it possible to improve the performance of 
such devices. Although mercury is one of 
the most commonly used liquid metals, its 
toxicity has limited a wide range of appli-
cation scenarios.[2] Due to its low toxicity,[3] 
gallium-based liquid metals have gradu-
ally become one of the major focus points 
of liquid metal research.

Liquid metals can be treated as a kind 
of smart materials (a type of functional 
materials that can perceive external 
stimuli, judge and handle the stimuli 
appropriately, and can react to changes 
in their environment). So far, the most 
popular gallium-based liquid metals are 
the eutectic gallium–indium alloy (EGaIn) 

and eutectic gallium indium tin alloy (Galinstan). Compared to 
Galinstan, EGaIn has a wider range of applications. EGaIn can 
form a mechanically stable structure due to the existence of a 
very thin layer (0.7–3  nm) of oxide layer on its surface,[4,5] so 
that it can be cast into varied and intricate shapes. Since the 
Whitesides group used a conical EGaIn tip to measure the 
properties of molecular layers in 2008,[6] the measurement of 
tunneling currents across large-area molecular junctions using 
an EGaIn tip as a soft-top electrode has become one of the most 
widely used techniques in the field of molecular electronics.[7,8] 
Compared with pure gallium (melting point 29.8  °C),[9] the 
melting point of Ga–In alloys can be fine-tuned by adjusting 
the ratio of gallium and indium which is liquid at room tem-
perature at its eutectic point.[10] While Galinstan has similar 
properties to EGaIn, the excess tin component may have an 
additional impact on the former’s use in metrology techniques. 
These comprehensive factors make EGaIn the more preferred 
material.

Here, we review the properties of EGaIn, one of the impor-
tant components of liquid metals, and its applications in mul-
tiple fields, including applications in the field of molecular 
electronics that are often overlooked. We aim to provide a 
comprehensive overview of essentially all the research areas 
of EGaIn applications, even though more detailed descrip-
tions are lacking compared to recent reviews on liquid metals, 
which normally focus on one or a few applications. As shown 
in Figure 1, EGaIn has many excellent properties, such as good 

Eutectic gallium–indium (EGaIn), a liquid metal with a melting point close to 
or below room temperature, has attracted extensive attention in recent years 
due to its excellent properties such as fluidity, high conductivity, thermal con-
ductivity, stretchability, self-healing capability, biocompatibility, and recycla-
bility. These features of EGaIn can be adjusted by changing the experimental 
condition, and various composite materials with extended properties can be 
further obtained by mixing EGaIn with other materials. In this review, not 
only the are unique properties of EGaIn introduced, but also the working 
principles for the EGaIn-based devices are illustrated and the developments 
of EGaIn-related techniques are summarized. The applications of EGaIn 
in various fields, such as flexible electronics (sensors, antennas, electronic 
circuits), molecular electronics (molecular memory, opto-electronic switches, 
or reconfigurable junctions), energy catalysis (heat management, motors, 
generators, batteries), biomedical science (drug delivery, tumor therapy, 
bioimaging and neural interfaces) are reviewed. Finally, a critical discussion 
of the main challenges for the development of EGaIn-based techniques are 
discussed, and the potential applications in new fields are prospected.

 

1. Introduction
Metals can be seen everywhere from industrial production to 
our everyday life. Traditional coinage metals (such as gold and 
silver) have high conductivity, for several applications, such as 
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electrical and thermal conductivity, stretchability, recyclability, 
self-healing, and biocompatibility. These properties make it 
possible to measure molecular layer properties by preparing 
EGaIn tips or using it in microfluidic channels,[8,11] to prepare 
sensors, antennas, electronic circuits, and other flexible elec-
tronic devices.[12–22] Furthermore, EGaIn can be used for heat 
management devices, motors, generators, batteries, and other 
energy devices,[23–31] or for catalysts to improve catalytic perfor-
mance.[32–35] In addition, EGaIn can also be used in biomedical 
sciences[36–42] for drug delivery, tumor therapy, bioimaging, 
and neural interfaces, and it also plays an important role in 
other fields.[43–45] Thus, the wide applications of EGaIn in such 
numerous fields further showcase that this liquid metal is cru-
cial to the development of new multifunctional devices in the 
future.

2. Properties of EGaIn

A eutectic alloy is a mixture of components with a single 
melting point lower than its individual components. In 
this case, Ga has a melting point (mp) of 29.8 °C and In of  
156.6 °C, but Ga-In at its eutectic mixture (75.5% Ga and 24.5% 
In by weight) has an mp of 15.7 °C. As an important family 

member of liquid metals, EGaIn has most of the properties 
of traditional liquid metals, such as excellent electrical (and 
thermal) conductivity, low viscosity, and high fluidity. Beyond 
the common properties, EGaIn has several unique properties, 
such as instantaneous oxidation, shape variability, stretchability, 
self-healing, and biocompatibility. We will introduce them one 
by one in this section.

2.1. Natural Oxidation

The EGaIn surface can spontaneously react with oxygen in the 
air to form an oxide layer with a thickness of about 0.7–3 nm 
depending on the different environmental conditions.[46–49] 
Moreover, it can be formed even at ppm level concentrations 
of oxygen,[50] indicating that the oxide layer is always present 
under ordinary laboratory conditions. This oxide shell acts as a 
shield between the external environment and bulk EGaIn, stabi-
lizing and generating a self-limiting oxide shell.[49,51] As shown 
in Figure 2a, through transmission electron microscopy (TEM) 
imaging and element mapping of the surface of EGaIn nano-
particles (NPs), it can be seen that the surface oxide layer is 
mainly composed of gallium oxide.[46] Figure 2b shows the rela-
tionship between metal surface oxides and Gibbs free energy, 
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Figure 1. Summary of the properties and related applications of EGaIn.
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which is a thermodynamical parameter that governs the direc-
tion of the reaction, where ΔG < 0 indicates that the reaction 
can proceed spontaneously, so the metal oxide with the largest 
reduction in Gibbs free energy will cover the surface of the 
alloy most readily.[51] It can be seen that the surface of EGaIn 
is more inclined to grow gallium oxide. Although β-Ga2O3 is 
the most stable gallium oxide, it is reported to be amorphous 
or weakly crystalline due to the free random growth of oxides 
on the surface of EGaIn.[49,52] Moreover, due to the existence of 
multiple oxygen vacancies in the naturally grown surface oxide 
layer, combined with the ultraviolet photoelectron spectroscopy 
(UPS) and bulk naturally prepared Ga2O3 with n-type bandgap, 
the Ga2O3 on the surface of EGaIn is reported to be n-type,[53] 
and is highly conductive,[54] because the Ga2O3 on EGaIn is too 
thin to form depletion layers and hence it normally form ohmic 
contacts with most of the target surfaces.[55]

The presence of the oxide layer on the surface of EGaIn cre-
ates a solid shell,[4,57,58] so that it can be formed into various 
shapes and retain those shapes. The oxide layer can be removed 
by aqueous acidic or basic solutions, or by electrochemical reduc-
tion, as shown in Figure 2c,d. Figure 2c shows that the surface 
oxide can be dissolved in NaOH aqueous. When the oxidation 
was increased (from panels i to iii), the deposited oxide gradually 
reduces the interfacial tension of the EGaIn droplets, making 
the droplets flatten under the action of gravity, reaching a new 
equilibrium shape. When the potential was increased further, 
the EGaIn continued to flatten and flow in several directions 

(panels iv to vi). This indicates that the interfacial tension of 
EGaIn can be modulated electrochemically to generate different 
shapes.[56,59,60] In Figure  2d, the non-spherical shape formed 
under the action of the oxide layer dissolves and becomes a 
spherical shape after contact with acid. At the same time, the 
rapidly formed oxide layer keeps the shape stable.[50] Recently, 
Amini et  al. investigated the physical and mechanical inter-
actions of EGaIn with its native Ga2O3 layer by depth-sensing 
nanoindentation (DSN).[61] They found that the oxide layer is 
repeatedly ruptured and reformed during the flow, and its exist-
ence and chemical properties are directly related to the environ-
ment (air or various water environments) and strongly influence 
the mechanical and interfacial adhesion responses of EGaIn.

In addition to the methods described above, the oxide layer 
on the surface of EGaIn can also be manipulated by mechanical 
deformation, where the surface oxide layer is fragmented under 
mechanical forces such as stirring or vibration. By modifying 
the surface of EGaIn, its properties can be tuned, so that it can 
be used in sensors, actuators, biomedicine, and other fields. 
Common surface modification methods include marbles and 
ligand binding.[62–64] Chi et  al. constructed tungsten trioxide 
(WO3)/EGaIn liquid metal marbles by wrapping WO3 nano-
particles on EGaIn micro-nano droplets, which can be used as 
gas sensors by enhancing the response to gas sensing through 
efficient interfacial transport.[65] Lu et al. combined EGaIn nan-
oparticles with drug molecules and ligands, and the prepared 
nanomedicine could be used for tumor treatment.[66]

Adv. Mater. 2023, 35, 2203391

Figure 2. Characteristics of the natural oxide layer of EGaIn. a) TEM imaging and element mapping of EGaIn nanoparticles. The first column shows 
the TEM image and the other columns show the element mapping of EGaIn nanoparticles. Scale bars: 10 nm. Adapted with permission.[46] Copyright 
2015, Wiley-VCH. b) Gibbs free energy distribution of oxides formed on the surface of different metals. Reproduced with permission.[51] Copyright 2021, 
Wiley-VCH . c) The electrochemical formation/dissolution of the oxide layer on the surface of EGaIn is controlled by applying a bias voltage in the NaOH 
solution. Note: The open bias voltage is −1.5 V, which is the potential relative to a saturated Ag-AgCl reference electrode, and means that there is zero 
external bias at this time. Reproduced with permission.[56] Copyright 2014, National Academy of Sciences. d) The surface oxide layer can be removed 
by acid to change the shape of EGaIn. Reproduced with permission.[50] Copyright 2014, American Chemical Society.
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It is worth noting that the interfacial force between the oxide 
layer shell and the EGaIn core is weak. When an oxygen-con-
taining plate is used to contact the EGaIn surface, the oxide 
layer and the plate can adhere together due to the van der Waals 
(vdW) force, making it possible to exfoliate the native oxide 
layer from the EGaIn surface to be used as a natural 2D mate-
rial.[67] It is also possible to use EGaIn as a sacrificial agent to 
prepare and peel off other types of oxide structures through 
surface chemical reactions, which provides a method for pre-
paring multiple types of 2D materials (see Section  3.3.2 for 
details).[68,69]

2.2. Electrical and Thermal Conductivity

Table 1 summarizes the physical properties of EGaIn relevant 
for the context of this review. EGaIn has a high conductivity 
of about 3 ×  106 S m−1,[6] which is close to the conductivity of 
traditional metals such as silver (6.3  ×  107 S m−1), and much 
higher than the conductivity of other types of materials, such 
as poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) 
(PEDOT:PSS), silicon, or insulators it is often encapsu-
lated in such as polydimethylsiloxane (PDMS), as shown in 
Figure 3a.[70] The high conductivity makes EGaIn widely used in 
antennas,[71–73] electronic circuits,[74,75] sensors,[76–79] etc. Notably, 
the conductance of EGaIn can be manipulated using stimuli 
from the external environment,[80] such as temperature,[81] oxi-
dation degree,[82] and electric field.[83] Therefore, just like con-
structing the basis of computing by controlling the voltage of 
transistors, scientists can control the state of liquid metal by 
changing the external environment, and take its conductivity 
difference in different states as a controllable computing logic 
unit.[84]

Further, EGaIn is widely used in coolants and thermal inter-
face materials due to its high thermal conductivity (ten times 

larger than that of water).[85–87] As shown in Figure  3b, when 
the EGaIn microdroplets are dispersed in a silicone elastomer 
to form a liquid metal embedded elastomer (LMEE) com-
posite material, the function of rapid cooling was achieved. 
Furthermore, when the volume fraction of liquid metal in 
the composite is 50%, the thermal conductivity of the com-
posite increases as the amount of stretching increases, and 
the thermal conductivity of the composite is 50 times different 
from that of the pure elastomer when it is stretched 400%.[85] 
This allows the use of EGaIn as a flexible and stretchable 
soft medium material with high thermal conductivity in soft 
robots,[88–90] wearable devices,[91–94] and other applications.

2.3. Shape Variability

EGaIn can form a mechanically stable structure due to the pres-
ence of the surface oxide layer and, therefore, it can be made 
into various shapes by injection, additive manufacturing tech-
niques, sintering, and other methods,[12,103] which can be used 
to fabricate stretchable devices,[104–106] sensors,[107] or printed 
circuits.[14,108,109]

Figure 4 shows various microstructures formed using EGaIn, 
including various 2D and 3D structures. A directly printed 3D 
structure is shown in Figure  4a. When multiple EGaIn drop-
lets are in contact with each other, the presence of oxide layer 
makes it possible to form a free-standing microstructure that 
does not merge into one large droplet.[58] Figure 4b shows that 
after EGaIn is injected into microfluidic channels, the mold 
could be chemically etched away forming a line array micro-
structure.[58] Besides, embedding EGaIn into elastomers and 
polymers can also form free-standing microstructures. Lu 
et al. used CO2 lasers to pattern EGaIn embedded in PDMS to 
prepare elastic microstructures with various sizes and shapes 
(Figure  4c),[110] which provides a new technology to pattern 

Adv. Mater. 2023, 35, 2203391

Table 1. Physical properties of EGaIn, Hg, Ag, In, Sn, and Bi.

Physical properties EGaIn Hg Ag In Sn Bi

Electrical conductivity [S m−1] 3.4 × 106[6] 1.0 × 106[95] 6.3 × 107[36] 1.25 × 107[32] 8.7 × 106[32] 9 × 105[32]

Thermal conductivity [W m−1 K−1] 26.43[52] 8.4[96] 429[52] 81.6[32] 66.6[32] 7.87[32]

Melting point [°C] 15.7[50] −38.8[95] 961.8[52] 156.6[97] 231.9[97] 271.4[32]

Boiling Point [°C] 2000[95] 357[95] 2162 2060[98] 2260[98] 1560[98]

Density [g cm−3] 6.25[52] 13.55[37] 10.49[52] 7.31[32] 7.29[32] 9.79[32]

Specific heat [J Kg−1 K−1] 404[99] 140[100] 235 233[32] 227[32] 122[32]

Viscosity [Pa s] 1.99 × 10−3[57] 1.53 × 10−3[37] ≈2.8 ×10−3[97] NA NA NA

Stretchability ≈700%[101] NA NA NA NA NA

Young’s modulus [Pa] 2.1 × 105[91] NA ≈5 × 109[97] 1.1 × 1010 5 × 1010 3.2 × 1010

Surface yield stress [N m−1] 0.5[57] NA NA NA NA NA

Surface tension [N m−1] 0.624[57] 0.487[37] NA 556 (157 °C)[98] 561.6 (232 °C)[98] 270 (382 °C)[98]

Surface free energy [dynes cm−1] 630[6] NA NA NA NA NA

Sound speed [m s−1] 2740[95] 1450[95] 2680 1215 2730 1790

Vapor pressure [Pa] NA 1 (42 °C)[37] NA ≈13 (1000 °C)[98] ≈9.87 × 10−4 (727 °C)[98] NA

Prandtl number 0.030[99] 0.0278[102] NA NA NA NA

Water compatibility Insoluble[89] Soluble[95] Insoluble Insoluble Insoluble Insoluble
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EGaIn. Further, using EGaIn as the printing ink, various com-
plex structures can be created (Figure 4d,e). Mohammed et al. 
sprayed EGaIn particle ink on a single printing platform, and 
then mechanically sintered it into conductive patterns, realizing 
fully automatic printing to prepare complex 2D conductive pat-
terns, such as laboratory gears (Figure 4d).[104] Park et al. used 

EGaIn ink to prepare high-resolution, reconfigurable 2D and 
3D hybrid microstructures with an impressive minimum line 
width for direct printing of 1.9  µm (Figure  4e).[109] Such free-
standing 3D microstructures can effectively reduce the number 
and space of interconnections, providing a promising avenue 
for the further integration of electronic circuits.

Adv. Mater. 2023, 35, 2203391

Figure 3. Excellent electrical and thermal conductivity of EGaIn. a) Electrical conductivity (x-axis) and mechanical rigidity and viscosity (y-axis) of dif-
ferent materials, where elasticity refers to modulus. Reproduced with permission.[70] Copyright 2015, Wiley-VCH. b) Heating of alternating strips of 
liquid metal EGaIn microdroplet-dispersed elastomer (LMEE) and unfilled elastomer with a heat gun shows that the LMEE composite dissipates heat 
faster over time (scale bar: 25 mm). Adapted with permission.[85] Copyright 2017, National Academy of Sciences.

Figure 4. The shape variability of EGaIn. a) Free-standing EGaIn arch microstructure, scale bar: 500 µm. b) EGaIn injected into microchannels and 
dissolved in the mold to obtain a stable linear array microstructure. Scale bar: 500 µm. Reproduced with permission.[58] Copyright 2013, Wiley-VCH. 
c) The elastic composites of various shapes and sizes with embedded EGaIn in PDMS. Scale bar: 2 mm. Reproduced with permission.[110] Copyright 
2014, Wiley-VCH. d) The complex pattern of laboratory gears fully printed by EGaIn. Reproduced with permission.[104] Copyright 2017, Wiley-VCH. e) SEM 
image of high-resolution EGaIn 2D and 3D structure. Scale bars: 100 µm. Reproduced with permission.[109] Copyright 2019, The American Association 
for the Advancement of Science.
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2.4. Stretchability

Traditional rigid metals are usually relatively brittle and do 
not endure stretching compared to liquid metals, while liquid 
metals exhibit stretchability and can be used for flexible stretch-
able devices, improving the durability and service life of the 
device.[12,111] As shown in Figure 5a,[101] when EGaIn ink is 
written on a 700% pre-stretched flexible substrate and then the 
stretch is released to 100%, EGaIn lines are still adhered to the 
substrate and deformed with the deformation of the substrate. 
However, the resistance of each wire does not change signifi-
cantly during the stretching process. This behavior indicates the 
potential of using EGaIn wires in stretchable devices. Figure 5b 
shows that the stretchable fiber prepared by using the hollow 
shell made of elastomer and the core made of EGaIn can be 
flexibly stretched without losing electrical conductivity,[105] 
which can be used as stretchable wires for chargers, earphones, 
and other electrical appliances.

In addition to using EGaIn as the conductive core to prepare 
uniform conductive stretchable wires, EGaIn can also be ran-
domly dispersed into a composite or individually adhered to 
the surface of the elastomer for a stretchable device. Figure 5c 
shows that the liquid metal microdroplets dispersed into an 
elastomer remain stable even after being stretched by 250–
500%.[112] Figure 5d shows that Ag-EGaIn serpentine structures 
printed on an elastomer can deform without breaking under 
400% stretching.[113] Products based on the stretchability of 
EGaIn have great potential in stretchable devices and wearable 
devices,[12,91] and are expected to improve their performance.

2.5. Self-Healing

Devices are often unavoidably damaged by the outside world 
during operation, which makes how to extend the service life 

of the devices become a focus of attention. Traditional soft 
materials are mechanically damaged after repeated stretching 
and deformation cycles, while liquid metals have become one 
of the important candidates for repairable devices due to their 
good self-healing ability. The self-healing of a device can be cat-
egorized as autonomous and non-autonomous. Autonomous 
self-healing means that when the device is damaged it can 
automatically restore its function without external stimulation. 
Non-autonomous self-healing means that when the device is 
damaged it needs external stimuli,[114] such as high tempera-
ture, pH, or ultraviolet light, to realize the self-healing function.
Figure 6a shows an electronic circuit composed of a power 

supply, self-healing polymer wire and light-emitting diode 
(LED). The self-healing polymer wire is composed of EGaIn 
injected into Reverlink polymer microfluidic channels. When 
the wire is disconnected, due to the presence of the oxide layer 
on the surface of EGaIn, EGaIn at the disconnect point remains 
stable and will not shrink or flow out, which enables the self-
healing function to be realized when the wire is reconnected, 
so that the circuit works normally again and the LED lights up 
again.[115] Figure 6b shows that when the EGaIn line is cut by a 
knife, it can be reconnected by applying pressure.[111] In a mul-
tilayer microelectronic device with EGaIn capsules dispersed, 
even if the crack destroys the conductive path, the broken 
EGaIn will automatically adhere to the damaged area, so that 
the electrical conductivity in the broken circuit can be automati-
cally restored (Figure 6c).[116] When the circuit is disconnected, 
you only need to lightly press the two sides of the cut part to 
realize the self-healing function, and the incision will be invis-
ible under the optical microscope after 13 min, and stretching 
60% after 48 hours can also work normally, which can be used 
for wearable electronic devices.[117]

Most flexible devices composed of EGaIn often require 
external stimuli or manual intervention to achieve the self-
healing function. During the recovery of self-healing, the 

Adv. Mater. 2023, 35, 2203391

Figure 5. The Stretchability of EGaIn. a) Diagram of a device with EGaIn lines printed and released on a pre-stretched substrate (left) and its morphological 
evolution during release (right), scale bar: 1 cm. Reproduced with permission.[101] Copyright 2019, American Chemical Society. b) A stretchable fiber com-
posed of an elastomer shell and a core of EGaIn. Reproduced with permission.[105] Copyright 2013, Wiley-VCH. c) The change of the elastomer dispersed by 
EGaIn microdroplets under different stretching ratios, scale bar: 5 cm. Adapted with permission.[112] Copyright 2016, Wiley-VCH. d) Photographs of Ag-EGaIn 
serpentine electrodes on elastic substrates under different stretching ratios, scale bars: 1 cm. Reproduced with permission.[113] Copyright 2020, Wiley-VCH.
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device functionality may be temporarily lost. Various composite 
materials composed of EGaIn are expected to overcome these 
shortcomings and achieve instantaneous and fully automated 
self-healing functions. Park et  al. used Ag-EGaIn composite 
materials, which can achieve controllable instantaneous and 
repeatable self-healing function under environmental condi-
tions. Moreover, as the content of EGaIn capsules in the com-
posite material increases, more conductive paths can be pro-
vided in the damaged area, and the self-healing ability can be 
improved (Figure  6d).[118] As shown in Figure  6e, Markvicka 
et  al. embedded EGaIn microdroplets into an insulating elas-
tomer to form a composite material. When a conductive EGaIn 
path is formed, even if the composite material is severely dam-
aged, the current will pass through other EGaIn microdroplets 
to form a conductive path.[88]

2.6. Adhesion and Wetting

Liquid wettability refers to its ability to spread on the surface 
when it is in contact with a solid interface, and it also reflects 
the strength of adhesion at different interfaces. Generally, it is 
difficult for liquid metal to wet a non-reactive surface due to its 
high surface tension, but the presence of a native oxide layer 
on EGaIn surface has a great influence on its adhesion and 
wetting characteristics. Adjusting the wettability of EGaIn can 
have different effects for different applications. For example, 

in reconfigurable devices,[119,120] the adhesion of EGaIn should 
be minimized to avoid affecting the performance of the device. 
However, in flexible electronic devices,[121] it is necessary to 
increase the adhesion of EGaIn to achieve device stability. 
Through selective wetting of the substrate, it can be used to 
prepare a variety of patterns to achieve diversification of device 
structures.[120,122] Therefore, addressing how to tune the adhe-
sion and wettability of EGaIn to various substrates is crucial for 
the fabrication of high-performance reconfigurable and flexible 
electronic devices.

It is worth noting that there are several promising methods 
that can change the adhesion and wettability of liquid metals. 
Contact angle measurements can often quantify the wetting 
behavior of liquids on surfaces.[123–125] However, the presence 
of Ga2O3 layer on the gallium-based liquid metal surface com-
plicates the interpretation of contact angle measurements and 
allows the conventionally measured static contact angle to be 
manipulated to almost any value, possibly due to the forces 
created by the syringe tip pulling away from the substrate.[126] 
Therefore, traditional static contact angle measurements may 
not be suitable for characterizing the true contact angle of liquid 
metals. It is more convincing to use the advancing contact angle 
or the receding contact angle to characterize its wetting char-
acteristics. Furthermore, due to the pinned oxide skin, it was 
shown that the receding contact angle does not reach an equi-
librium value. Therefore, it is more appropriate to use a stable 
advancing angle to characterize its wetting characteristics.

Adv. Mater. 2023, 35, 2203391

Figure 6. Self-healing ability of EGaIn. a) A schematic diagram of the disconnection and reconnection of self-healing wire of the Reverlink polymer 
microfluidic channel filled with EGaIn. Scale bar: 5 mm. Reproduced with permission.[115] Copyright 2013, Wiley-VCH. b) A schematic diagram and 
pictures of EGaIn line self-healing under pressure. Adapted with permission.[111] Copyright 2018, Wiley-VCH. c) Schematic diagram of the self-healing 
of the multilayer microelectronic device composed of EGaIn microcapsules, in which the EGaIn capsules automatically flow to the damaged area after 
rupture, so that the electrical conductivity recovers automatically. Reproduced with permission.[116] Copyright 2012, Wiley-VCH. d) The color SEM image 
of the fractured area of the Ag-EGaIn composite. The EGaIn content on the left image is 30 wt%, and the EGaIn content on the right image is 70 wt%. 
The blue color represents EGaIn capsules which provide conductive paths in the crack area. Scale bars: 10 µm. Reproduced with permission.[118] Copy-
right 2019, American Chemical Society. e) Schematic illustration of the principle of EGaIn-elastomer self-healing in electricity, as electrical stimulation 
induces reconfiguration around damaged areas. Reproduced with permission.[88] Copyright 2018, Springer Nature.
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Figure 7a shows the changes in the morphology, contact 
angle and contact diameter of the EGaIn droplets under the 
application of different DC bias voltages in a 0.5 mol L−1 alka-
line (NaOH) solution with a Cu substrate connected to the 
anode, where the bias voltage was applied from 0 to 10 s, and 
powered off after 10 s.[127] With the increase of the bias voltage, 
the contact angle was smaller, indicating that the wettability 
was enhanced. This is because the native oxide layer on the 
surface of EGaIn removed by NaOH solution is formed again 

due to the anodic bias oxidation, reducing the interfacial ten-
sion. At the same time, the interfacial tension gradient formed 
due to the uneven distribution of OH– ions on the surface of 
EGaIn promotes the spread of EGaIn to a larger area. When the 
bias was removed (after 10 s), the droplet tended to shrink back 
into a spherical shape, and the contact angle was also reduced. 
This shrinking of EGaIn occurs because the oxide layer on the 
surface of EGaIn gets redissolved, which increases the tension 
at the EGaIn-solution interface, and the adsorbed OH− ions 

Adv. Mater. 2023, 35, 2203391

Figure 7. Adhesion and wettability of EGaIn. a) In a 0.5 mol L−1 solution, the substrate is connected to the anode, and the changes in i) droplet profiles, 
ii) contact angle, and iii) contact diameter with time were reported under different bias voltages. The bias was applied for 10 s. Reproduced with permis-
sion.[127] Copyright 2019, Elsevier B.V. b) An AC bias is applied between the substrate electrode and the EGaIn electrode, separated by a dielectric layer, 
to control the wetting process of EGaIn. Reproduced with permission.[131] Copyright 2019, Wiley-VCH. KGaA, Weinheim. c) Photograph and schematic 
diagram of EGaIn droplets with and without PMA glue on paper. Reproduced with permission.[111] Copyright 2018, Wiley-VCH. KGaA, Weinheim. d) Dif-
ferent adhesion abilities of EGaIn on smooth glass surfaces and rough surfaces sprayed with NeverWet. Adapted with permission.[120] Copyright 2018, 
American Chemical Society. e) Different adhesion abilities of EGaIn droplets on dry and water-moistened glass slides. Reproduced with permission.[132] 
Copyright 2014, American Chemical Society.
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on the surface of EGaIn also get dispersed into the solution. 
This indicates that in NaOH solution, the wetting properties of 
EGaIn droplets can be regulated by the bias voltage. The pin-
ning behavior after the retraction of the stage is believed to be 
caused by the formation of CuCa2 at the interface between the 
EGaIn droplet and the Cu substrate due to reactive wetting. 
Previous studies have shown that the liquid metal EGaIn can 
react with metals such as Cu and Al under electrochemical 
conditions,[128–130] thereby increasing the wettability. This dem-
onstrates that reactive wetting via EGaIn can also be a means 
of modifying material properties. The wettability of EGaIn can 
also be controlled by applying AC voltage. Watson et al. applied 
an AC voltage between the EGaIn electrode and the under-
lying substrate electrode, separated by a dielectric layer.[131] The 
resulting electric field enhances the wettability of the liquid 
metal, effectively reducing the surface tension between the 
substrate and the liquid metal, and realizing the electrowetting-
assisted selective printing of liquid metal (Figure 7b).

The adhesion properties of EGaIn can also be changed by 
adding an adhesive layer. The wettability between the EGaIn 
and paper is poor, while the adhesion to polymethacrylates 
(PMA) is good, and PMA does not easily adhere to the paper. 
Guo et  al. took advantage of this feature to print the required 
PMA patterns on paper, and then transfer printed EGaIn to pre-
pare paper electronics based on liquid metal transfer printing 
technology, as shown in Figure  7c.[111] The roughness of the 
substrate surface also has a significant effect on the adhesion of 
EGaIn.[123,133] Figure 7d shows that EGaIn droplets adhere to the 
smooth glass surface with residue oxide adhesion. In contrast, 
there will be no oxide residue after contact with the glass coated 
with NeverWet (a commercial superhydrophobic coating), which 
introduces surface roughness.[120] When a slip layer such as 
water is added to the interface, the adhesion properties of EGaIn 
can also be significantly changed, as shown in Figure  7e.[132] 
EGaIn droplets can adhere to the inclined dry glass substrate, 
but when the glass is immersed in deionized water for wetting 
treatment, the adhesion reduces significantly. This is because 
the water changes the chemical composition of the oxide, low-
ering the critical yield pressure, and weakening its mechanical 
strength. Adjusting the adhesion and wetting characteristics of 
EGaIn through electrochemistry, voltage, pressure, rough inter-
face, and slip layer provides new possibilities for future recon-
figurable electronic devices, sensors, printing devices, etc.

2.7. Biocompatibility

Traditional biomaterials such as rigid metals, polymers, and 
ceramics may not work well in the face of some complex med-
ical scenarios, and it is important to avoid immune rejection 
reaction of the human body when they are applied. In this con-
text, especially compared with the toxic Hg, EGaIn emerges 
as a non-toxic, biocompatible new generation of intelligent 
biomaterial potentially interesting for drug delivery applica-
tions,[134] tumor treatment,[135,136] bioimaging,[137,138] and other 
fields.[139–141]

Figure 8a shows the ion concentration of a Roswell Park 
Memorial Institute (RPMI) cell culture medium immersed by 
EGaIn at different periods of time, Figure 8b shows the relative 

viabilities of 4T1 murine breast cancer cells in the cell culture 
medium treated with EGaIn over time, and Figure  8c shows 
the relative viability of 4T1 and McA-RA7777 rat liver cancer 
cells in different culture conditions. It was found that the ion 
release concentration of EGaIn in the cell culture medium has 
no obvious increasing trend over time, and the relative survival 
rate of 4T1 cells in the EGaIn-treated cell culture medium does 
not decrease over time, which shows that EGaIn has no effect 
on the normal survival rate of cells. In the control group, pure 
EGaIn with alternating magnetic field (AMF) conditions did 
not affect the relative viabilities of 4T1 and McA-RA7777 cells. 
However, when EGaIn and AMF exist at the same time, the 
relative viabilities of these two kinds of cancer cells are signifi-
cantly reduced, which can be applied to AMF-induced tumor 
hyperthermia treatment.[142]

Although EGaIn is basically non-toxic to mouse cells, its 
toxicity to human cells remains to be studied. Kim et al. used 
human HeLa cells and adipose-derived stem cells (ADSCs) to 
compare the live/dead staining images on the first day and 
the third day in the growth medium without EGaIn (con-
trol group) and with EGaIn (Figure  8d).[143] The results show 
that EGaIn is also biocompatible with human cells. They also 
found that when there was no external agitation, only Ga ions 
were mainly released from EGaIn, while the concentration of 
In ions increased dramatically under the action of ultrasound, 
possibly affecting cell viability. Chechetka et al. also compared 
the effects of different nanomaterials on the viability of human 
Hela cells in an in vitro toxicity test.[137] As the concentration 
of nanomaterials such as representative carbon nanotubes and 
gold nanorods increases, it shows an increasingly adverse effect 
on cell viability. However, EGaIn nanocapsules with photopoly-
merization functionalized phospholipid shells have no effect on 
cell viability.

Furthermore, EGaIn can also form a mixture with other 
metals to improve the working performance of EGaIn in bio-
logical applications while ensuring biocompatibility. Wang 
et  al. reported that Mg-EGaIn mixtures with different doping 
ratios of Mg particles can significantly increase the photo-
thermal conversion rate (PTC) and thus be applied to the pho-
tothermal treatment of tumors in vivo.[144] In the in vitro toxicity 
test experiment, this mixture showed biological compatibility 
(Figure 8e). Among the Mg-EGaIn with different doping ratios 
of Mg particles, the rare dead cells in the fluorescence image of 
human melanoma C8161 cells and the cell viability after 12, 24, 
36, and 48 h of culture were nearly 100%, indicating its safety in 
biological applications.

2.8. Recyclability

In today’s world, the rise of electronic waste and the resulting 
increase in environmental pollution has inspired research com-
munities to seek functional devices that can assist green, sus-
tainable, and environment-friendly development. When the 
liquid metal composite device dissolves, it can recover easily 
because the liquid metal can flow, realizing the recyclability of 
the device. The devices based on EGaIn are widely considered 
because of their recyclability and degradability,[145–147] which can 
support green development and reduce costs.

Adv. Mater. 2023, 35, 2203391
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Figure 9a shows that in an electronic device composed of a 
LED connected with Fe particles doped EGaIn (Fe-EGaIn) in 
a polyvinyl alcohol (PVA)/fructose film,[148] the PVA/fructose 
film can be completely dissolved in 205 s in an aqueous solu-
tion, causing the structure to be destroyed, turning the LEDs 
off. Notably, the oxide layer is less passivating in water.[132] The 
Fe-EGaIn droplets and LED deposited on the bottom of the 
beaker can be recycled again for the preparation of another set 
of LED array devices. Moreover, this LED array circuit can also 
be rapidly degraded in the grass, as shown in Figure 9b. When 
water was sprinkled on the device to simulate a rainy scene, 
the device was dissolved in 85 s. Recently, Zhang et al. printed 
Fe-EGaIn on a laser-patterned silicone substrate to prepare 
electronic circuits.[149] The fabricated device could be degraded 
within 30 min under the action of ultrasound in an ethanolic 
solution. This is because EGaIn can be dissolved in ethanol by 
ultrasonication and dispersed into particles. When the ethanol 
evaporates, the remaining EGaIn particles and LED lights can 
be recycled and reused (Figure 9c).

The mixture of EGaIn with biological nanofibers can also 
achieve this function of biodegradation. Figure  9d shows that 
EGaIn and cellulose nanofibers can be completely degraded 
in natural soil within 15 days, which provides a new way for 
biodegradable composite devices.[150] For the EGaIn wire on the 
paper and polymethacrylates (PMA) glue, since the oxide on the 
EGaIn surface can be dissolved by the acid solution, the HCl 
solution destroys the adhesion between EGaIn and PMA glue, 

thereby removing the EGaIn adhered to the PMA glue, recy-
cling EGaIn and greatly reducing the cost of liquid metal paper 
electronic products.[111] Furthermore, EGaIn-based devices can 
also be degraded via combustion. Guo et  al. used Ni-EGaIn 
semi-liquid-metal to prepare flexible electronic devices on 
paper, which can also achieve device degradation through com-
bustion (Figure 9e).[151]

3. Applications of EGaIn

EGaIn has been shown to be a very useful in molecular elec-
tronics (ME) as a top electrode, for contacting soft organic 
materials and probing their intrinsic properties, as reported by 
our group[152–154] and several other groups.[155–157] As reviewed in 
Section 2, EGaIn has interesting properties which make it suit-
able for a large variety of applications which are discussed in 
this section. This section also introduces the working principles 
of EGaIn used in these applications briefly.

3.1. Top Electrode for Molecular Electronics

The rapid development of electronic communication and com-
putation technologies has put forward higher requirements 
for the evolution of electronic devices. The need for power-effi-
cient and further miniaturized electronic devices has become 

Adv. Mater. 2023, 35, 2203391

Figure 8. Biocompatibility of EGaIn. a) Ion concentration of RPMI cell culture medium immersed by EGaIn for different periods. b) The relative viabili-
ties of 4T1 murine breast cancer cells in the cell culture medium treated with EGaIn over time. c) The relative viabilities of 4T1 and McA-RA7777 (rat 
liver cancer cells) in natural control group, only EGaIn, only alternating magnetic field (AMF), and EGaIn with AMF. Reproduced with permission.[142] 
Copyright 2020, Wiley-VCH. KGaA, Weinheim. d) Fluorescence images of human HeLa cells and adipose-derived stem cells (ADSCs) in growth media 
without EGaIn (control group) and with EGaIn at different periods. Adapted with permission.[143] Copyright 2018, American Chemical Society. e) Cell 
viability of C8161 cell culture medium immersed in EGaIn with different Mg particle doping ratios (Φ) at different periods. Reproduced with permis-
sion.[144] Copyright 2018, Wiley-VCH. KGaA, Weinheim.
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inevitable. At present, traditional electronic devices based on 
semiconductor materials such as silicon and germanium face 
severe challenges. These challenges include both theoretical 
physical limitations and technical process limitations.[158,159] In 
addition to the above limits, as the size of the chip decreases 
the cost of chip fabrication also increases.[160] One of the ways 
to solve the above problems is to develop integrated circuit tech-
nology based on ME devices, and aim to realize high-tech prod-
ucts that are smaller in size, lower in power consumption, are 
environmentally friendly, but more importantly, provide uncon-
ventional molecule-based functionalities that are complemen-
tary to traditional (silicon-based) electrical devices.[161]

In a narrow sense, ME devices use organic functional 
molecular materials to construct various components in elec-
tronic circuits, such as molecular wires,[162,163] molecular 
switches,[140,164–167] molecular diodes,[168–171] molecular field-
effect transistors,[172,173] or molecular memory devices.[174,175] Its 
ultimate goal is to replace or complement solid-state electronic 
components such as silicon-based semiconducting transistors 
with single molecules, supramolecular assemblies or molecular 
ensembles to assemble logic circuits, resulting in operational, 
multi-functional ME devices. At present, the researche on a 
diverse range of ME materials and their device applications has 
attracted great attention from scientists from all over the world.

So far, the mature methods to measure the characteristics 
of molecular junctions include mechanically controllable break 
junctions (MCBJ),[84,176,177] scanning tunneling microscope 
break junctions (STM-BJ),[178,179] EGaIn-based molecular tun-
neling junctions (MTJs),[180,181] to name a few.[161,182] Currently, 

the most common way of incorporating EGaIn in ME devices 
is to measure the current-voltage characteristics of a molecular 
layer by either constructing a cone-shaped EGaIn tip or by 
using microfluidic channels filled with EGaIn as a top electrode 
to complete the MTJ.[140,183,184] Both of these techniques will be 
discussed in more detail below.

3.1.1. EGaIn Tip as Top Electrode

The use of EGaIn to study the tunneling properties of MTJs 
was first proposed by the Whitesides Group.[6] In their work, 
Chiechi et  al. obtained ultra-flat bottom electrode surface 
through the template-stripped method and used EGaIn as the 
top electrode to measure the tunneling characteristics of a self-
assembled monolayer (SAM) of n-alkanethiolates (CnSH). It 
was demonstrated that compared to the traditional use of mer-
cury as a soft-contact top electrode for measuring molecular 
layers,[185] the use of EGaIn has the following advantages: i) 
EGaIn is non-toxic and safer to handle, ii) EGaIn can easily 
be molded into a tapered tip (due to the presence of the native 
oxide layer as discussed in Section 2.3), forming a smaller con-
tact area than the spherical mercury electrodes, and iii) EGaIn 
MTJs are more stable than the mercury junctions, providing 
higher yields of working devices.
Figure 10a shows the formation of a conical EGaIn tip.[49] 

By extruding a droplet from a syringe containing EGaIn on a 
metal-plated substrate, when the substrate is moved away from 
the needle tip, the EGaIn droplet adheres well to the metal 

Adv. Mater. 2023, 35, 2203391

Figure 9. Recyclability of EGaIn. a) The process of dissolving and recycling the LED array composed of Fe particles doped EGaIn (Fe-EGaIn), PVA/
fructose film in an aqueous solution. b) The degradation process of the Fe-EGaIn LED array in the grass. Adapted with permission.[148] Copyright 2019, 
Wiley-VCH. KGaA, Weinheim. c) The biodegradation process of the mixed film of EGaIn and cellulose nanofibers (CNFs) in natural soil. Reproduced 
with permission.[149] Copyright 2021, IOP Publishing. d) The cyclic process of Fe-EGaIn electronic circuit on a laser-printed silica gel substrate. Repro-
duced with permission.[150] Copyright 2019, Springer Nature. e) Burning degradation process of Ni-EGaIn thread printed on paper. Reproduced with 
permission.[151] Copyright 2019, Springer Nature.

 15214095, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202203391 by U
niversity O

f T
w

ente Finance D
epartm

ent, W
iley O

nline L
ibrary on [17/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



© 2022 Wiley-VCH GmbH2203391 (12 of 42)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2023, 35, 2203391

Figure 10. The top EGaIn tip electrode used to measure molecular layer properties. a) The preparation process of the EGaIn tip. Scale bars: 500 µm. 
Reproduced with permission.[49] Copyright 2012, American Chemical Society. b) Measurement of the odd–even effect of alkanethiolates containing 
different carbon atoms on AgTS substrates: i) parity characteristics of charge transport; ii) parity characteristics of RSAM and SAM-top EGaIn electrode 
resistance (Rc,t); iii) parity characteristics of CSAM. Reproduced with permission.[186] Copyright 2015, American Chemical Society. c) Comparison of rec-
tification characteristics of CnSH SAMs with (i and ii) and without (iii and iv) ferrocene headgroups on Pt substrate. Reproduced with permission.[153] 
Copyright 2017, Springer Nature. d) Manipulating the molecular rectification behavior by controlling the position of the ferrocene group along the 
length of the alkanethiol chain on AgTS substrate. Reproduced with permission.[196] Copyright 2015, Springer Nature. e) Measuring the rectification 
characteristics of the CPh-TPI molecular layer on a doped-Si substrate: i) schematic diagram of CPh-TPI molecule and experimental structure; ii) the 
measured current density–voltage (J–V) characteristics of the CPh-TPI molecular layer; iii) histogram of SAM rectification. Reproduced with permis-
sion.[197] Copyright 2019, American Chemical Society.
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substrate, forming an hourglass-like shape, breaking into a con-
ical EGaIn tip. By replacing the substrate with a target substrate 
containing a SAM followed by bringing the EGaIn tip in con-
tact with the SAM, an MTJ of the form EGaIn/Ga2O3//SAM/
AuTS is formed (where, “/” and “//” represent covalent and van 
der Waals interactions, respectively and AuTS is the template-
stripped Au substrate). The current–voltage (I–V) character-
istics of these MTJs can be measured by applying a voltage 
between the EGaIn and AuTS substrates. Figure 10b shows the 
I–V measurements of junctions with monolayers derived from 
n-alkanethiols with the increasing number of carbon atoms 
on AgTS substrate, which was prepared using an annealing 
step before template-stripping.[186] The CnSH molecules form 
a covalent bond at the SAM-Au interface via a metal thiolate 
bond, while the CnSH SAM interfaces with the EGaIn top elec-
trode through van der Waals interactions. By applying a voltage 
between EGaIn and AgTS, and estimating the contact area by a 
microscope, the current density (log|J|) of the molecular layer 
was measured. It is interesting to find that the current density 
decreases in a zigzag shape with the increase of carbon atoms, 
with the contact resistance (RSAM) and capacitance (CSAM) also 
showing the same trends. Via impedance measurements and 
equivalent circuit analysis, it can be inferred that these odd–
even effects are mainly driven by intrinsic odd–even effects in 
the SAM packing energies and contact resistance.[11,186,187] Later, 
further experiments[188–192] and simulations[193–195] also proved 
the existence of similar parity effects in other types of junctions 
including molecular diodes.[154,190]

EGaIn tip as a top electrode has also been used to develop 
molecular diodes with a thickness of just 2  nm that work as 
well as diodes based on semiconductors with associated thick 
depletion layers that can extend for hundreds of nanom-
eters.[169,198] Figure  10c shows a comparison of the rectifying 
properties of SAMs of ferrocenyl (Fc)-terminated CnSH 
(FcCnSH) with CnSH SAMs on Pt substrates.[153] By introducing 
positively charged Fc headgroups at the end of the molecular 
chain, the charge transport mechanism under positive and neg-
ative bias switches between coherent and incoherent tunneling, 
respectively, resulting in rectification ratios of five orders of 
magnitude. By adjusting the position of the Fc group along 
the length of the alkane chain, the magnitude of rectification 
can be varied and the direction of rectification can be reversed 
(Figure  10d).[196] This high rectification ratio is close to that of 
conventional commercial diodes with a rectification ratio of 
105–108 based on Schottky[199] or P-N junctions.[200] These works 
show that EGaIn provides an accessible platform for the study 
and design of molecular controllable rectifier devices.

In addition to using common sulfhydryl bonds to connect 
to metal electrodes, researchers have also investigated several 
other anchoring groups.[201–203] Lamport et  al. used (E)-1-(4-
cyanophenyl)-N-(3-(triethoxysilyl) propyl)  methanimine (CPh-
TPI) molecules with triethoxysilane anchoring groups, which 
can form chemical bonds with Si substrates (Figure  10e),[197] 
which can be well combined with current Si-based devices, 
making the fabrication of hybrid devices simple. However, its 
rectification rate is about 103, and further research is needed to 
meet the requirements of commercial application.

Based on the cone-shaped EGaIn top electrode, apart from 
rectification behavior, many properties of the charge transport 

of molecular layer devices have also been measured, such as the 
influence of anchoring groups,[204,205] influence of head-group 
substituents,[206–211] influence of environmental effects,[156,212,213] 
influence of thermal gradients for thermoelectric effects,[157,214] 
influence of bottom substrates,[215–217] quantum interfer-
ence effects,[218–221] influence of dielectric properties of 
SAMs,[54,222,223] etc. Recently, Li et al. introduce transition metal 
ions at one end of the molecule and used charge tunneling cur-
rent density to study the non-covalent binding of ligands on the 
surface of the molecular layer, which provides a new tool for 
analyzing surface composition that undergoes reversible chem-
ical reactions with species in solution.[224]

3.1.2. EGaIn Microfluidic Channel Top Electrode Junction

EGaIn can be injected into a microfluidic channel under 
external force because of its fluidity. Meanwhile, the exist-
ence of the native oxide layer on the surface of EGaIn makes 
its structure stable in these channels, so that a variety of 
microfluidic channel-based devices can be prepared, such as 
antennas,[71,72,225] optical elements,[226] electrical elements,[227,228] 
and heat transfer elements.[87,99,229]

After employing the EGaIn tip to measure the properties 
of the molecular layer, the Whitesides group further develop 
this strategy by injecting EGaIn into microfluidic channels to 
use them as top electrodes and measure the rectification char-
acteristics of SAM-based MTJs.[230] Figure 11a shows a SAM-
based array junction fabricated by lithography techniques, and 
an enlarged optical microscope image of the junction, where 
EGaIn is injected into the microfluidic channel as the top elec-
trode, and the width of the channel and bottom electrode define 
the active junction area.[230] When using the array junction to 
test the characteristics of the SC11Fc molecular layer, the dif-
ference in transport mechanism for positive and negative bias 
makes the current density-voltage (J–V) curves of the molecular 
layer exhibit rectification behavior (Figure  11b), similar to our 
discussion in the previous Section 3.1.1.

In order to reduce the influence of junction defects on the 
measurement results and improve the repeatability of the 
electrical characteristics of the molecular junction, Wan et  al. 
improved the microfluidic channel junction to achieve revers-
ible electrical contact. They show that the top electrode of a 
single EGaIn microfluidic channel can be reversibly placed on 
and moved from the AgTS substrate to repeatedly make junc-
tions, see Figure 11c.[231] This method does not require the pat-
terning of the bottom electrode, reduces the residual photore-
sist and the edge disorder of SAMs during the patterning of the 
bottom electrode, significantly improving the yields of working 
junctions (≈78%) to measure the I–V characteristics of the 
CnSH MTJs. Later, they further built an array of microfluidic 
channel junctions on this basis, which can not only be placed 
and moved reversibly, but can also acquire a large number of 
data quickly and accurately at the same time (Figure  11d).[232] 
Afterward, Karuppannan et al. introduced AlOx micropores into 
the preparation process of the electrode junction on the top of 
the EGaIn microfluidic channel, which reduced the influence 
of leakage current and stray capacitance, broadening the tem-
perature test range (8.5–300 K), and explored the influence 
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of the fabrication process and surface roughness on electrical 
response characteristics.[233]

Compared with the MTJs with EGaIn tips, although the fab-
rication process of EGaIn microfluidic channels is more com-
plicated and requires cleanroom environment, its enhanced 
mechanical stability and well-defined contact area make it a 
useful technique also for other experiments, such as imped-
ance and temperature-dependent I–V measurements,[187] inves-
tigation of biomolecule-based MTJs,[234,235] reconfigurable mole-
cular ensembles,[236] surface plasmon studies,[237] etc. Although 
these two methods have similar performance in the measure-
ment of molecular layer charge transport characteristics, the 
error in the measurement data of the microfluidic channel 
junctions can be relatively smaller.[184] However, since the fab-
rication and measurements of MTJs with an EGaIn tip can be 
performed in an ordinary laboratory environment, this meas-
urement method seems to rapidly increase in popularity.

3.1.3. Functional Molecular Devices with EGaIn

The advent to discover new functional MTJs has led to the devel-
opment of next-generation devices where intrinsic molecular 
functionality can be utilized for newer circuit features. Further, 
recent advancements in our understanding of utilizing EGaIn 
as a top electrode in the device and elucidating molecule-EGaIn 
interaction have aided in functional molecular devices. For 
instance, a recent work from our group on MTJs comprising 
SAMs of methylviologen-terminated alkylthiols, with different 
counterions, showed dynamic one diode-one resistor (1D-1R) 
molecular memory behavior, as shown in Figure 12a.[165] Large 
resistive on/off ratio and rectification ratios were reported, 
where these two-terminal MTJs were shown to exhibit dual 
functionality with conical EGaIn tips as well as with EGaIn sta-
bilized in microfluidic channel devices, where 2.0 × 106 voltage 
sweeps could be performed, showing long term retention 

Adv. Mater. 2023, 35, 2203391

Figure 11. Microfluidic channels filled with EGaIn used as a top electrode to measure the I–V characteristics of molecular layers. a) The optical micro-
scope image of the molecular junction array device (left) and the enlarged image of the EGaIn/Ga2O3//SAM/Ag MTJ (right). b) Schematic diagram of 
the structure of the SC11Fc molecular layer measured by the array junction device (left) and the current density–voltage (J–V) curve and rectification rate 
distribution diagram (right). Reproduced with permission.[230] Copyright 2010, American Chemical Society. c) Schematic diagram of the microfluidic 
top electrode junction (top) and the J–V curves of CnSH SAM (bottom). Reproduced with permission.[231] Copyright 2014, Wiley-VCH. KGaA, Weinheim. 
d) Schematic diagram of a reversibly placed microfluidic top electrode array junction, where channel 3 is used to fill EGaIn and a vacuum is applied 
to channels 1 and 2 such that the EGaIn in channel 3 completely fills the small-sized through-holes to serve as the top electrode. Reproduced with 
permission.[232] Copyright 2015, The Royal Society of Chemistry.
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Figure 12. Functional MTJs with EGaIn top electrode. a) Demonstration of a dual functional 1D-1R molecular memory: i) methylviologen-terminated 
alkylthiols in MTJs under positive and negative bias; ii) the J–V characteristic showing hysteresis and rectification. Reproduced with permission.[165] 
Copyright 2020, Springer Nature. b) A 3-state molecular switch based on spiropyran ↔ merocyanine photoisomerization, where (i) shows the two 
molecular conductance states, and ii) J–V characteristics of differently reached ON-OFF states. Reproduced with permission.[238] Copyright 2019, 
Wiley-VCH. KGaA, Weinheim. c) Two-terminal molecular memory based on destructive quantum interference showing i) the molecular structure 
in neutral and reduced states, ii) differences in quantum interference induced by cross-conjugated neutral and linear conjugated reduced forms, 
iii) two-terminal molecular memory realized by reversible switch. Reproduced with permission.[220] Copyright 2018, Wiley-VCH. KGaA, Weinheim. 
d) In operando switching of rectification in an EGaIn-based bilayer device by swapping the top layer. Reproduced with permission.[236] Copyright 
2020, Wiley-VCH .
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characteristics with number of voltage sweep cycles as well as 
time. In addition to using electric field to manipulate mole-
cular switches, light and pH can also be used to realize the 
switching function. Kumar et  al. studied spiropyran (SP) ↔ 
merocyanine (MC) molecular switches that can switch between 
conductance states via photoisomerization,[166,167,238] where the 
high conducting SP state converts to low conducting MC state 
upon illumination with UV light and back with white light 
(Figure 12b).[238] The MC form converts back to SP form grad-
ually at room temperature but can be locked in the MC form 
upon treatment with acid and unlocked by treatment with base. 
This process was utilized to encode ASCII data on a molecular 
punch card via the write-read-erase-read (WRER) operational 
cycle.

In another work, Carlotti et al. demonstrated a two-terminal, 
non-volatile molecular memory in conical tip-based EGaIn 
MTJs (Figure  12c),[220] utilizing destructive quantum interfer-
ence, which is mostly used for fundamental ME investiga-
tions.[218–221] The authors used conjugated molecular wires 
with symmetric thiol anchoring groups and the core based on 
a cross-conjugated tetracyano-anthraquinone moiety. It was 
demonstrated that the molecular core gets readily reduced by 
taking an electron from the AuTS substrate, converting to linear 
conjugation, and losing quantum interference, increasing the 
molecular conductance. At negative bias the molecule converts 
back to its pristine cross-conjugated state with lower conduct-
ance because of destructive quantum interference, resulting 
in a hysteresis. Besides, the authors also constructed a vertical 
molecular transistor based on quantum interference.[239] In 
another work, Qiu et  al. used self-assembled bilayers[201] and 
demonstrated in operando switching of rectification in micro-
fluidic-stabilized EGaIn channels (Figure 12d).[236] The authors 
demonstrated a working device where the top layer could be 
exchanged for different functional molecules, in operando 
switching the device behavior from a resistor to a rectifier. In 
our recent work on the detection of surface plasmons in SAM-
based MTJs with EGaIn top electrode, we demonstrated that 
the direction of emitted plasmons could be entirely controlled 
by molecules in the junctions.[237]

3.2. Flexible and Stretchable Electronics

Flexible and stretchable electronics play an important role in 
the development of sensors,[240–244] antenna,[245,246] electronic 
circuits,[74,247] and area which is a natural fit for liquid metals. 
This section reviews the recent developments of flexible and 
stretchable electronics based on liquid metals, and we discuss 
the opportunities as well as challenges for this new generation 
of soft electronic devices.

3.2.1. Sensors

Typically, a sensor is a kind of device that can sense external 
physical quantity and convert it into an electrical signal or other 
signal output. Common flexible sensors based on EGaIn are 
strain sensors,[248–251] pressure sensors,[77,107,252,253] tactile sen-
sors,[254–256] or temperature sensor.[257] Figure 13a shows that a 

hydrogel composed of EGaIn and acrylic acid can be used as a 
wearable strain sensor,[258] which can detect the bending of fin-
gers and wrists via monitoring the changes in electrical resist-
ance. Strain sensors can also detect human movement through 
changes in capacitance. As shown in Figure  13b,[259] when 
EGaIn droplets are dispersed into the elastic body to form a soft 
material composite, they can be attached to the finger joints, 
the hand movement can be detected by the change of capaci-
tance caused by the deformation of the sensor at the finger 
joint when grasping objects of different sizes.

Figure  13c shows a liquid metal elastic foam (LMEF) soft 
capacitance tactile sensor array composed of EGaIn droplets, 
sugar particles and uncured Ecoflex used to detect different 
touch positions by a human finger.[260] Upon a finger touch, 
air with lower relative dielectric permittivity (εr) is squeezed 
out of the foam due to the applied pressure, increasing εr and 
concomitant change in the capacitance at the touch position, 
realizing the detection of its location. Besides, by incorporating 
EGaIn and a thermochromic material into a silicone elas-
tomer, it can also be used for temperature and tactile sensing 
(Figure  13d).[261] The local Joule heating caused by currents in 
EGaIn wires can change the temperature of thermochromic 
material in the outer layer and cause different discolorations. 
Furthermore, it can also be used as a tactile logic device. By 
providing different logic inputs in the form of pressing either 
region A or B or both, the current will be redirected to area C to 
cause a color change.

Further, Liu et  al. showed that by embedding the 3D spiral 
channel filled with EGaIn into a PAA-alginate hydrogel, it 
can also be used as a pressure sensor (Figure  13e).[262] The 
working principle proposed by the authors suggests that resist-
ance varies differently under different pressures. This kind of 
hydrogel pressure sensor has the advantages of fast response 
speed (≈0.1 s) and high sensitivity (≈100  Pa), which provides 
the possibility for future applications in heartbeat and blood 
pressure monitoring. Cai et al. constructed a flexible composite 
sponge by incorporating gallium micro-nano droplets into a 
deformable polyurethane sponge and found that its resistance 
decreased with the increase of applied pressure, thus demon-
strating its utility as pressure sensors.[265] Compared to elas-
tomers, this composite sponge exhibits good elastic recovery 
(≈90%) and conductive durability without sacrificing structural 
integrity. Besides, the reversible change in the resistivity range 
is also significant.

Kim et  al. showed that an all-soft microfluidic capacitive 
sensing platform composed of EGaIn and PDMS can be used 
for liquid and gas phase volatile organic compound (VOC) 
detection (Figure 13f).[263] For liquid-phase VOC detection, sol-
vents with different dielectric constants, such as isopropanol 
(i-PrOH), ethanol (EtOH), and methanol (MeOH), were used 
to directly contact EGaIn. Different solvents could be distin-
guished effectively by measuring the change in capacitance. For 
gas-phase VOC detection, the different diffusion coefficients of 
different gases in the sensing film made it possible to detect 
i-PrOH, EtOH and MeOH gases. By in situ growth of polyani-
line nanofibrous on EGaIn nanoparticles, the prepared hybrid 
liquid metal-polymer nanocomposites can also be used for gas 
sensing and temperature sensing, in which the presence of 
EGaIn effectively enhances the temperature and gas sensitivity 

Adv. Mater. 2023, 35, 2203391
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of the nanocomposite.[266] This work not only provides a refer-
ence for the direct synthesis of long organic molecular chains 
on liquid metal surfaces, but also provides a new method 
for liquid metal-embedded multifunctional nanocomposite 
sensing devices. Xie et  al. used polydopamine (PDA) as the 

surface coating of EGaIn, which could effectively adsorb and 
precipitate Ga3+ ions, thereby inducing the phase separation 
of Ga and In in EGaIn and realizing the transition from liquid 
phase to solid phase.[267] This nanoalloy@PDA can be used as a 
gas sensor for efficient detection of NO2 concentration. This is 

Adv. Mater. 2023, 35, 2203391

Figure 13. Application of strain sensor, touch sensor, pressure sensor, temperature sensor, gas sensor, and inertial sensor based on EGaIn. a) The 
hydrogel resistive strain sensor composed of EGaIn and acrylic is used to sense different bending angles of the fingers (left) and the bending of the 
wrist (right). R0: initial resistance product. ΔR: variation of resistance product. Scale bars: 5 cm. Reproduced with permission.[258] Copyright 2019, 
Elsevier B.V. b) Wearable EGaIn-elastomer soft composite capacitive strain sensor (left) can be used to detect the movement of the finger when grasping 
objects of different sizes (right). Reproduced with permission.[259] Copyright 2019, American Chemical Society. c) Liquid metal elastic foam (LMEF) 
tactile sensor (left) is used to detect different touch positions of fingers (right). Reproduced with permission.[260] Copyright 2020, Wiley-VCH. KGaA, 
Weinheim. d) Silicone composites doped with EGaIn and thermochromic materials can be used for Joule heating color temperature sensing and touch 
logic gate circuits. Reproduced with permission.[261] Copyright 2019, Springer Nature. e) EGaIn 3D microfluidic channels embedded in hydrogels is 
used as a pressure sensor, inset shows its photograph. R0: initial resistance. R: resistance under external force. Adapted with permission.[262] Copyright 
2018, Wiley-VCH. KGaA, Weinheim. f) The EGaIn-based interdigitated capacitor, used for detection of liquid and gas phase volatile organic compound. 
Reproduced with permission.[263] Copyright 2017, The Royal Society of Chemistry. g) The inertial sensor based on EGaIn, which senses the movement 
of an object through capacitance change. Reproduced with permission.[264] Copyright 2017, The Royal Society of Chemistry.
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done by physical adsorption of NO2, and extraction of free elec-
trons from the nanoalloy@PDA, reducing the electrical resist-
ance. This way provides a novel means of smart gas sensing. 
Varga et  al. demonstrated the fabrication of inertial sensors 
based on EGaIn droplets (Figure  13g).[264] The movement of 
EGaIn droplets in the container caused changes in the capaci-
tance and associated frequency characteristics of the sensors at 
different positions. The device was applied to detect the swing 
of the forearm of a human body.

3.2.2. Flexible Antennas

With the development of modern wireless communication 
technology, flexible and reconfigurable antennas based on 
liquid metals have gradually attracted people’s attention. By 
taking advantage of the unique properties of liquid metals 
(Section  2), it is now possible to fabricate a variety of tunable 
and reconfigurable antennas, such as dipoles,[72,268,269] patches 
antennas,[270–272] coils,[273] radio frequency, or antennas.[73,245]

Figure 14a shows a multilayer microstrip patch antenna 
based on EGaIn,[272] which is prepared by injecting EGaIn 
into the microfluidic channel of the elastomer, with certain 
flexibility which shows no significant change in device perfor-
mance upon bending. Figure 14b shows a flexible and stretch-
able coil antenna composed of PDMS and EGaIn,[273] which can 
be used for wireless energy transmission. When EGaIn, sugar 
particles and silicone elastomer are mixed to form a 3D liquid 
metal composite, the prepared dipole antenna can achieve 
300% stretching, and as the stretching amount increases, the 
resonance frequency gradually decreases (Figure  14c).[274] This 
strain-dependent wide-range tunable frequency characteristic 
provides new possibilities for wireless strain sensing.

A reconfigurable antenna based on EGaIn can also be 
used to achieve active control over resonance frequency. 
Figure  14d shows a potential-controlled reconfigurable mono-
pole antenna,[71] which controls the injection or withdrawal of 
EGaIn in the capillary by using the oxidation and reduction of 
the EGaIn surface oxide layer under the opposite bias polarity, 
in which NaOH alkaline solution was used to remove the sur-
face oxide layer of EGaIn, so that it can be used as a slip layer. 
Since the length of the EGaIn-filled capillary is different, the 
antenna frequency can be adjusted. A reconfigurable antenna 
can also be realized by using the wetting characteristics of 
EGaIn (Figure  14e).[275] The PVA film, which is often used to 
adhere liquid metals, becomes rough and uneven after fem-
tosecond laser ablation, thereby reducing the wettability to 
EGaIn. The length of the reconfigurable area can be adjusted by 
brushing EGaIn on the ablated area, so as to achieve frequency 
control. Since the rough area has a weak adhesion to EGaIn, 
the EGaIn on the surface can be removed again by moving the 
roller in the reverse direction realizing the reversible recon-
struction antenna. Qin et  al. also reported a gravity-triggered 
frequency reconfigurable antenna,[276] which fills EGaIn into a 
resin substrate as a radiation patch and uses NaOH to remove 
the surface oxide film. When the antenna rotates at different 
angles, the EGaIn inside the antenna deforms under the 
action of gravity, which causes the antenna frequency to be  
changed.

3.2.3. Electronic Circuit

At present, many electronic products are limited, such as their 
inability to bend, larger sizes, and poor portability. Liquid 
metals can be used as a stretched conductor[277,278] or inter-
connecting wire,[279,280] combined with commonly used circuit 
components, to prepare flexible and bendable electronic cir-
cuits,[281–283] which provides a new way to solve this problem.
Figure 15a shows that an ink based on EGaIn doped with 

conductive nanoclay can be used for direct stamp printing of 
flexible electronics.[284] When the stamp is pressed on the sub-
strate and exceeds the yield stress, the oxide layer wrapped on 
the nanoclay will break up, thus forming hydrogen bonds with 
the hydrogel and other substrates, and strengthening adhesion 
force. Moreover, the doped conductive clay also has good elec-
trical conductivity and significant electrical response to defor-
mation, which can be printed directly and quickly on the skin 
to prepare multifunctional circuits.

EGaIn can also be used directly as a printing ink to print cir-
cuits. The printing technology uses a nozzle to directly print 
electronic circuits without photolithography and has good 
heat dissipation performance, which is especially required for 
electronic chips. Figure  15b shows an all-soft twistable and 
deformable LED array electronic circuit based on EGaIn dual-
trans printing technology.[75] Liquid metal dual-trans printing 
technology is based on liquid metal printing technology and 
introduces a solidification phase transition mechanism, thereby 
making the fabrication of circuits encapsulated by flexible sub-
strates simpler and faster. First, the mirror circuit is printed 
on the PVC substrate by using the liquid metal printer and 
then covered with PDMS. After solidification of the PDMS, 
the multi-layer structure including the inner EGaIn is cooled, 
and the circuit on the soft substrate can be easily peeled off. 
According to the placement sequence of electronic compo-
nents, it has two operation sequences, before peeling and after 
peeling. Through this liquid metal dual-trans printing tech-
nology, an integrated flexible temperature measurement circuit 
can also be prepared for wearable devices.

By changing the composition of the printing ink, EGaIn 
can also be used to improve the performance of printed cir-
cuit devices. Lopes et  al. prepared digitally printed multilayer 
stretchable electronic devices using a composite ink “AgIn-
GaSIS” prepared by mixing EGaIn, Ag flakes, and styrene–iso-
prene block copolymers (SIS) elastomer binder (Figure 15c).[285] 
Compared with AgSIS ink without EGaIn, AgInGaSIS ink has 
higher conductivity and stretchability, and can improve the 
working stability of printed circuits. This means that the perfor-
mance of printed circuit devices can be improved by changing 
the composition of the printing ink.

By changing the composition of substrates and wires, it can 
also be used to fabricate 2D electronic devices. Zhang et  al. 
used EGaIn nanoparticles, PVA and cellulose nanocrystalline 
cotton (CNC) to prepare Janus films with asymmetric structure 
and conductivity on both sides, which can be used to prepare 
multilayer electronics (Figure 15d).[286] Due to the difference in 
deposition density during the mixing process, EGaIn droplets 
were found to be mostly distributed in the lower layer, while 
CNC-PVA in the upper layers, and both layers were insulating 
before any treatment. However, when the lower layer was wiped 
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with a rigid thin blade, the oxide layer of EGaIn was broken 
under shear force and conductive channels were formed, while 
the unwiped areas remained insulating. Multilayer circuits, 
such as bilayer LED arrays with multiple intersections, can be 
easily fabricated using this liquid metal Janus film.

Recent studies have shown that anisotropic conductive adhe-
sives prepared using gallium-based liquid metal nanodroplets 
as soft conductive filler micro/nanoparticles possess good ani-
sotropic conductivity, which can be used in small-scale flex-
ible integrated electronic circuits.[287] The electrical connection 

between two adjacent nanodroplets inside the conductive adhe-
sive can be completed by mechanical breakthrough of the oxide 
skin, constructing anisotropic conductive paths in the glue 
matrix.

In addition to using EGaIn to fabricate 2D electronic cir-
cuits, it can also be used to fabricate 3D electronic circuits.[289] 
Figure  15e demonstrates the direct printing of high-resolution 
(minimum line width ≈ 1.9 µm) microLED arrays with a mix of 
2D and 3D structures by adjusting the printing path of the liquid 
metal printer nozzle.[109] Moreover, when the micro-LED circuit 

Adv. Mater. 2023, 35, 2203391

Figure 14. Stretchable and reconfigurable antennas based on EGaIn. a) EGaIn microfluidic channels embedded in elastomer to form a flexible micro-
strip patch antenna. Reproduced with permission.[272] Copyright 2012, IEEE. b) A deformable coil antenna composed of EGaIn microfluidic channels 
wrapped in PDMS. Reproduced with permission.[273] Copyright 2014, IEEE. c) 3D liquid metal EGaIn network is embedded in the elastomer to form 
a stretch adjustable frequency dipole antenna. Reproduced with permission.[274] Copyright 2020, Elsevier B.V. d) Schematic illustration of the electro-
chemically controlled capillary action-driven reconfigurable liquid metal EGaIn antenna (top). The working frequency of the antenna during withdrawal 
and injection, where the full length of the antenna is 75 mm (bottom). Reproduced with permission.[71] Copyright 2015, AIP Publishing LLC. e) Schematic 
diagram of the reconfigurable patch antenna fabricated using the wetting properties of EGaIn (top). The resonant frequencies of the antenna under 
different reconfigurable line lengths L (bottom), where the reconfigurable line length L can be adjusted by a soft brush, and the line width is 400 µm. 
Reproduced with permission.[275] Copyright 2020, American Chemical Society.
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printed on the flexible polyethylene terephthalate (PET) film is 
bent and deformed, the LEDs continue to work normally without 
a noticeable change in the respective current-voltage characteris-
tics. Figure  15f shows a customized 3D electronic circuit fabri-
cation flow based on a predistorted pattern and thermoforming 
process.[288] On the basis of the 3D circuit model, a 3D electronic 

device is fabricated by a combination of 3D modeling, finite ele-
ment method simulation and predistortion pattern generation 
technology. It utilizes the thermoplastic elastomer substrate 
styrene-ethylene-butylene-styrene to form conformal contacts 
through the reverse texture of the mold, and EGaIn mixed with 
copper microparticles (EGaIn-CP) as electrodes. Compared with 

Adv. Mater. 2023, 35, 2203391

Figure 15. Electronic circuits based on EGaIn. a) Schematic diagram of the conductive nanoclay-based printed flexible electronics process left), which 
can be applied to functional LED electronic circuits on the skin (right). Reproduced with permission.[284] Copyright 2021, The Royal Society of Chemistry. 
b) PDMS-encapsulated liquid metal circuit (left) fabricated by the “before peeling ” method, the inset is a cross-sectional view of the device. The flexible 
printed circuit fabricated by double-reverse printing technology (right). Reproduced with permission.[75] Copyright 2015, Wiley-VCH. KGaA, Weinheim. 
c) The bi-phasic AgInGaSIS composite ink prepared by mixing Ag flakes and EGaIn in the SIS superelastic binder has good tensile properties and can 
be used to prepare printed multilayer stretchable circuits. d) Schematic diagram of the cross-section of Janus film composed of liquid metal micro-
nano droplets, PVA, CNC (left), schematic diagram of wiping method (middle), and LED array circuit fabricated by single-sided conductive properties 
of Janus film under shear force (right). Reproduced with permission.[286] Copyright 2019, The Royal Society of Chemistry. d) Schematic diagram (top) 
and physical image (bottom left) of the micro-LED array fabricated by 3D liquid metal interconnection, and the current-voltage characteristics of the 
micro-LED array under flat and bent conditions (bottom right). Scale bar: 1 cm. Adapted with permission.[109] Copyright 2019, The American Association 
for the Advancement of Science. e) 3D electronic flow fabricated using thermoforming simulation and predistorted pattern generation method. f) Fab-
rication of 3D LED circuit with green mold (left), original state of 3D LED electronic circuit (middle) and stretchable deformation (right). Reproduced 
with permission.[288] Copyright 2021, The American Association for the Advancement of Science.
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other methods (such as 3D printing, spraying, etc.), this thermo-
forming method has high 3D consistency and gives access to 3D 
electronics with good stretchability (Figure 15g).

3.2.4. Other Flexible Devices

In addition to the above applications, EGaIn can also be used 
to fabricate other kinds of flexible devices or devices compo-
nents, such as supercapacitors, diodes, memristors, or photo-
detectors. Figure 16a shows an all-soft supercapacitor based on 
EGaIn, which uses photolithography and layer-by-layer (LbL) 
adsorption technology to prepare surface oxidized carbon nano-
tubes (O-CNT) functionalized EGaIn electrodes.[290] By control-
ling the number of steps of LbL, the areal capacitance can be 
controlled. For instance, the areal capacitance can be as high 
as 12.4 mF cm−2 for 30 steps. Besides, So et al. used the redox 
characteristics of the thin Ga2O3 layer on EGaIn under different 
bias polarities to prepare an EGaIn/polyethyleneimine (PEI) 
gel/polyacrylic acid(PAA) gel/EGaIn structures that can be 

used as an ion rectifier diode (Figure 16b).[291] Without applied 
bias, the alkalinity of the PEI polyelectrolyte gel is sufficient to 
remove the Ga2O3 layer, thus this Ga2O3 layer is only present 
at the interface between the PAA polyelectrolyte gel and the 
EGaIn electrode. When a positive bias is applied to the EGaIn 
terminal, the surface is oxidized to form a thick GaxOy layer, 
which suppresses the current in the circuit. When a negative 
bias is applied to the EGaIn terminal, the GaxOy layer shrink 
leading to an increase of the current. Based on a similar struc-
ture and principle, this group further prepared an array of 
memristors (Figure 16c) with an operating voltage of 1 V where 
each node works independently.[82]

3.3. Energy Devices and Energy Catalysis

3.3.1. Energy Devices

With the advent of the low-carbon era, a new generation of LM-
based energy harvesting devices has gradually been developing. 

Adv. Mater. 2023, 35, 2203391

Figure 16. Application of other flexible devices based on EGaIn. a) The established process and cyclic voltammogram characterization of an all-soft 
supercapacitor based on integrated functionalized carbon nanotube EGaIn electrode. Reproduced with permission.[290] Copyright 2020, American 
Chemical Society. b) The photograph, working principal diagram and I–V curve of a soft-matter rectifier diode with EGaIn electrode. Reproduced with 
permission.[291] Copyright 2012, Wiley-VCH. KGaA, Weinheim. c) The photograph, schematic diagram and switching performance of a memristor 
crossbar array based on EGaIn. Reproduced with permission.[82] Copyright 2011, Wiley-VCH. KGaA, Weinheim.
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These LM-based heat management devices,[24,25,93,292] 
motors,[43,293–296] generators,[28,297,298] batteries,[29,30,299–301] and 
other energy devices have opened up a new direction for the 
development of next generation of high-performance, multi-
functional, and flexible devices.
Thermal Management: The high thermal conductivity of liquid 
metals can be used for heat management. It can be used both 
as heating devices based on Joule heating or as a coolant to cool 
devices. Figure 17a–c shows the application of liquid metal-
filled magnetorheological elastomer (LMREE) composed of 
EGaIn microdroplets and metallic magnetic Ni microparticles 
in heating devices.[250] The working principle of the heater is 
shown in Figure  17a. LMREE has a positive piezoconductive 
effect, that is, the conductivity increases when strain is applied. 
The local deformation of LMREE occurs in the magnet region 

due to the pressure, which lowers the resistance of the magnet 
area significantly, thus inducing the local heating effect when a 
bias voltage is applied between top copper electrode and bottom 
steel electrode. Moreover, the magnet area can quickly heat 
up and stabilize within two min (Figure  17b). When a square 
PMMA sheet (side length 10 mm) is placed on the LMREE film 
and the pressure is applied by loading different weights, the 
local heating of the PMMA sheet causes the temperature to rise 
when the bias voltage is applied. Here, the increase of tempera-
ture is exponentially related to the pressure (Figure 17c). During 
the tensile strain process of LMREE film, the temperature also 
increases due to the local heating effect under applied voltage. 
When the stretching amount increases, the temperature change 
is more obvious due to the larger strain in the middle part of 
the LMREE film. Furthermore, the high temperature induced 

Adv. Mater. 2023, 35, 2203391

Figure 17. Thermal management device based on EGaIn. a) The working principle of the pressure-sensitive LMREE heating device. b) The temperature 
change of the film at different times after the heater applies magnetic field. c) Temperature change versus applied pressure. d) Temperature change 
versus applied strain. Scale bars are 1 cm. Reproduced with permission.[250] Copyright 2019, Springer Nature. e) The temperature change during the 
heating process of a cold plate when using hybrid liquid metal-water cooling system (red) and pure water system (black), the inset is a schematic 
diagram of the system structure. f) The temperature change of the cold plate and the liquid metal inlet and outlet under different volume flow rates. 
Adapted with permission.[87] Copyright 2010, Springer-Verlag.
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by high tension begins to slow down the exponential growth of 
temperature change (Figure 17d).

As opposed to the use of EGaIn to prepare heating devices, 
it can also be used as a coolant (Figure  17e,f).[87] When the 
heating block is used to heat a cold plate and the cooling 
agent is used to observe the temperature changes during this 
process, it can be found that using a hybrid LM-water cooling 
system composed of a water cooling module and an LM “heat 
spreader” has a better cooling effect than a pure water cooling 
module (Figure  17e). This is because the thermal conductivity 
of EGaIn (26.43 W m−1 K−1)[52] is much greater than that of 
water (0.6 W m−1 K−1).[96] The higher convective heat transfer 
coefficient makes the hybrid liquid metal–water cooling system 
have a better cooling effect. In addition, the larger the volume 
flow rate of the input liquid metal coolant, the better the cooling 
effect of the system (Figure 17f), which shows that the cooling 
effect of the coolant can be controlled by controlling the volume 
flow rate of the coolant. Recently, Wang et  al. also mixed 
EGaIn with 3-chloropropyltriethoxysilane (CPTES) modified 
copper particles, which can improve the thermal conductivity 
(65.9 W m−1 K−1) as the CPTES in the complex effectively acts 
as the thermal connection and diffusion barrier at the copper-
gallium oxide interface.[302] This makes it more advantageous 
than the traditional device heat dissipation methods, and can 
be effectively applied to the heat dissipation of, for example, a 
central processing unit (CPU) in a computer and other devices.

Motors: Self-propelled motors can move autonomously 
without aid from any form of external energy. Due to the flex-
ibility of liquid metal, the direction of motor motion can be 
precisely controlled via the application of external fields, such 
as electric field or magnetic field, and has been applied in the 
fields of cargo transportation,[303] and micro robots.[26,27,304–306]

Figure 18a–c shows a Ni/Al/EGaIn motor controlled in dif-
ferent ways,[307] in which part of the surface Ni layer is obtained 
by electroplating, and part of the Al layer is covered by Al foil 
and penetrated by EGaIn. Without any external force control, 
the chemical energy is converted into kinetic energy because 
of hydrogen evolution formed by the dissolution of Al sur-
face layer,[308] so that the motor can move spontaneously in 
a NaOH solution (Figure  18a). However, the direction of this 
type of motor that only relies on chemical fuel for propulsion is 
random,[296] so it is necessary to precisely control the direction 
of movement by additional means. Figure  18b shows that the 
Ni/Al/EGaIn motor can adjust the direction of movement by 
applying an electric field. The electric field gradient forces the 
motor to respond to the direction of the external electric field 
and accelerates the movement of the motor. In the NaOH solu-
tion, Ni is more stable than Al, and the Ni cap can react to the 
external magnetic field, which means that the movement of the 
motor can also be controlled by a magnetic field (Figure  18c). 
The magnetic field can control the directional and rotational 
motion of the motor, and can even bring it to halt.

In addition to using a magnetic field to control the move-
ment of a chemical fuel motor in a NaOH solution, it can also 
respond to an external magnetic field by incorporating mag-
netic particles into the liquid metal, which allows the motor 
to be applied in different working environments. Figure  18d 
shows by incorporating micro-sized steel beads in EGaIn, the 
motor can be controllably moved in water and on paper through 

an external magnetic field.[303] It can also be used to transport 
goods and release them at specific locations (Figure  18e). By 
using a motor with EGaIn as the core and the cargo-loaded gel-
atin hydrogel solution as the shell, a cargo carrier was obtained. 
It can reach the target position driven by a magnetic field, and 
then through a heating step (37 °C, 10 min), the cargo located 
in the hydrogel shell is released, and the release rate can further 
be controlled by the concentration and volume of the hydrogel 
shell. The remainder of the EGaIn motor can be moved back 
in the opposite direction through the magnetic field and recov-
ered, waiting for the next loading task, highlighting its applica-
tion potential in drug delivery.

Furthermore, the movement of such motors can also be con-
trolled by sound waves. As shown in Figure  18f,[309] an EGaIn 
colloidal motor can convert the energy of external sound waves 
into kinetic energy, and the moving speed of the motor can be 
controlled by different sound wave frequencies, thereby making 
the reconfigurable assembly of the colloidal motor possible. 
Figure 18g shows the process of using acoustic frequencies to 
control the EGaIn colloidal motor from random distribution 
to dandelion-like shape, and then to disperse, which provides 
a new method for the design of reconfigurable soft materials 
and systems.

Generators: As a form of energy harvesting devices, genera-
tors can convert mechanical energy, thermal energy, and other 
forms of energy into electrical energy, which can be used to 
supply power to the equipment or devices. Due to the high 
electrical and thermal conductivity, low Young’s modulus, and 
fluidity of liquid metal, liquid metal-based generators have the 
advantages of good power generation, high elasticity, stretch-
ability, and high durability, and are often used in wearable elec-
tronic devices. Common liquid metal-based generators include 
thermoelectric generators (TEGs),[310–313] triboelectric nanogen-
erators (TENGs),[297,314] and magnetohydrodynamic generators 
(MHDGs).[315–317] TEG devices can convert thermal energy into 
electrical energy, the temperature gradient between the hot 
and cold termini converts the heat flux into electrical energy 
to generate electricity. On the other hand, TENG devices can 
convert the triboelectric and electrostatic energy of the inter-
face into electrical energy by relying on the potential difference 
generated when two objects are rubbed together. Finally, MHD 
devices can convert the mechanical energy of a flowing fluid 
into electrical energy, which is generated by the interaction 
between a moving conductive fluid and a rotating magnetic 
field.
Figure 19a shows a TEG device with a thermal interface of 

EGaIn embedded in an elastomer (LMEE) and liquid metal 
unfilled PDMS thermal shield. The strong combination of 
LMEE and unfilled PDMS can act as an insulating layer on 
both sides of the TEG, which can reduce unnecessary heat 
transfer and energy dissipation, thereby enhancing the thermal 
management of wearable thermoelectric devices. The TEG 
device utilizes the Seebeck effect where the temperature gra-
dient across the device is converted to electrical energy. More-
over, the greater the temperature difference, the greater the 
open-circuit voltage (Figure  19b). EGaIn-based TEGs can also 
supply power to wearable electronic sleeves to achieve self-
powered function. When the cold side temperature drops to 
0 °C, the power generated by the TEG sleeve is enough to light 

Adv. Mater. 2023, 35, 2203391
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up two blue LEDs (Figure  19c). The preparation process of a 
sedimented liquid metal (SLM)-elastomer composite, which 
can be used as a TENG, is shown in Figure  19d. The com-
posite is obtained by dispersing EGaIn droplets into PDMS 
(wherein EGaIn deposits at the bottom of the elastomer due 
to the difference in density) and curing. The upper layer of the 
composite is silicone-rich layer, which can be used as a dielec-
tric and friction layer, and the lower layer is EGaIn-rich layer, 
which can be used as the electrode for the TENG. A wearable 
device based on SLM-TENG is shown in Figure 19e, in which 
the skin acts as a second electrode, which can generate and 
separate charges repeatedly as follows. When the TENG is 
attached to a knee and separated from the moving body skin, 
it can generate energy through the triboelectric effect and elec-
trostatic induction. It was demonstrated that the energy pro-
duced was enough to charge and discharge a capacitor power 
bank in a wearable computing device circuit consisting of a 

digital hygrometer and an electronic display, and fully power 
the device (Figure 19f).

Recently Vallem et al. reported a variable-area electric double-
layer capacitor fabricated from a liquid metal–hydrogel com-
posite for converting mechanical energy from deformation into 
electrical energy.[318] This composite is soft, deformable, and 
works well in both air and water, allowing it to harvest energy 
from human motion, wind, waves, and other applications.

Batteries: Rigid alkali metals are commonly used as elec-
trode materials in batteries, and the growth of anode dendrites 
during use may cause a decrease in battery efficiency and safety 
issues.[319,320] However, good deformability and self-healing 
properties of EGaIn can slow down the growth of such den-
drites and the appearance of cracks, and achieve better charge 
and discharge efficiency at high current densities, which pro-
vides a development path for a new generation of high-energy-
density rechargeable batteries.

Adv. Mater. 2023, 35, 2203391

Figure 18. Various types of motors based on EGaIn. a) The process of autonomous movement of Ni/Al/EGaIn motor in a petri dish containing  
0.1 mol L−1 NaOH solution. Scale bar: 3 mm. b) The movement process of a Ni/Al/EGaIn motor under the action of an electric field. Scale bar: 2 cm.  
c) Snapshots of magnetic field controllable direction movement of Ni/Al/EGaIn motor in 0.15 mol L−1 NaOH solution (top) and a schematic diagram 
of its working principle (bottom). Reproduced with permission.[307] Copyright 2016, The Royal Society of Chemistry. d) A Schematic diagram of the 
movement of EGaIn doped with micro-magnetic steel beads on paper or in water under the action of an external magnetic field. e) Magnetically con-
trolled liquid metal motors can be used to transport cargo. Adapted with permission.[303] Copyright 2018, The Royal Society of Chemistry. f) A schematic 
diagram of the movement of liquid metal colloidal nanorods controlled by sound waves. g) The reconfigurable assembly of the acoustically controlled 
EGaIn colloidal motor clusters. Scale bars: 60 mm. Adapted with permission.[309] Copyright 2020, WILEY-VCH GmbH.
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Figure 20a shows an EGaIn-air stretchable battery composed 
of liquid metal anode and flexible carbon fiber cathode.[321] 

During the discharge operation, the effective reaction involves 
the anode gallium losing electrons, the cathode oxygen gaining 

Adv. Mater. 2023, 35, 2203391

Figure 19. Generator application based on EGaIn. a) Schematic and photograph of a TEG composed of LMEE and unfilled PDMS. b) The open-circuit 
voltage of TEG devices at different temperatures of the cold terminal. c) Wearable self-powered electronic sleeve based on TEG devices. Reproduced 
with permission.[92] Copyright 2019, Wiley-VCH. KGaA, Weinheim. d) The preparation process of the SLM-elastomer composite used to prepare the 
TENG. e) Photograph of the contact and separation of TENGs on the knees when running on treadmill. f) The voltage change of the capacitor power 
bank during running. The TENG patch on the knee is used to harvest energy from the movement of the human body, where TENG is in contact with 
the knee. Reproduced with permission.[314] Copyright 2020, WILEY-VCH GmbH.

Figure 20. Application of EGaIn as battery electrode. a–c) Schematic diagram of a) the structure of EGaIn-air battery operating at room temperature, 
and b) the influence of length of injected EGaIn, c) battery bent on battery discharge performance. Reproduced with permission.[321] Copyright 2018, 
Wiley-VCH. KGaA, Weinheim. d) Rechargeable soft-matter EGaIn-MnO2 battery structure diagram) and e) its working principle, f) battery charge and 
discharge performance. Reproduced with permission.[322] Copyright 2019, Wiley-VCH. KGaA, Weinheim.
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electrons, and the indium of the anode is used to suppress 
the side reaction of gallium in alkaline electrolyte and keep 
the anode liquid at room temperature. This cable-type bat-
tery can also control the discharge performance by adjusting 
the amount of EGaIn injected into the anode, as shown in 
Figure 20b. Moreover, when the battery is bent and stretched, 
it does not affect the discharge performance of the battery 
(Figure  20c), achieving the function of flexibility and stretch-
ability. Although the charging performance of the battery needs 
to be further improved, this use of EGaIn as a battery anode 
provides a new method to access deformable batteries for wear-
able electronics.

More recently, researchers began to use EGaIn as the bat-
tery anode to study rechargeable batteries. Guo et  al. proved 
that EGaIn can be used as a self-healing anode for alkaline 
ion batteries with excellent cycle performance and capacity.[323] 
Park et  al. also used composite materials prepared by EGaIn 
particles as the two poles of the battery.[324] Recently, Liu et al. 
prepared an EGaIn-MnO2 battery and realized a rechargeable 
and stable stretchable battery, as shown in Figure  20d.[322] 
The anode of the battery is EGaIn, the cathode is MnO2 
slurry, and the electrolyte is alkaline hydrogel. The reversible 
chemical reaction was realized at the two poles of the battery 
(Figure 20e). The charge and discharge performance are shown 
in Figure  20f. The discharge capacity and charge capacity are 
similar, indicating that it has a high coulombic efficiency, and 
its area-specific capacity can reach 3.8 mAh cm−2. This kind 
of soft silicone-wrapped all-soft material battery also has good 
tensile and bending properties and can be applied to wearable 
electronic devices.

3.3.2. Energy for Catalysis Systems

Catalytic reactions refer to chemical reactions that take place 
under the action of catalysts. Unlike conventional chemical 
reactions, catalytic reactions require the presence of catalysts 
to selectively accelerate specific chemical reactions. Catalysis is 
very important to the development of new energy in the future. 
Liquid metal-based catalysts have received extensive attention 
in recent years, due to their flexibility, fluidity, recyclability, 
higher surface energy, and so on.[32–34,325] Compared with tra-
ditional catalysts, liquid metal catalysts have the advantages 
of selectivity and stability,[33] and can improve catalytic perfor-
mance, becoming an important part of advanced energy and 
catalytic systems.

Liquid metals can be used as energy catalysts for the prepara-
tion of 2D materials. Traditional 2D material synthesis methods 
often cannot avoid defects, the introduction of residual impu-
rities, cumbersome operation, long fabrication times, high 
cost, and other challenges,[326,327] while liquid metal has good 
solubility, fluidity and weak interfacial force, which can realize 
the self-limited growth and orderly arrangement of 2D mate-
rials on the surface of liquid metal, enrich the organizational 
structure of the material, and obtain new properties. In addi-
tion, this technique enables the synthesis of a range of mate-
rials, including naturally layered, non-layered, and amorphous 
compounds, by mechanical exfoliation, reactive exfoliation, etc., 

thereby significantly expanding the available 2D material com-
pound types.[69]

As an important component of liquid metals, EGaIn can be 
used as a sacrificial agent to prepare a variety of 2D materials, 
such as Bi2Te3,[328] MoO2,[329] reduced graphene oxide (rGO),[330] 
2D graphitic. Figure 21a shows the process of preparing self-
limiting hydrated 2D MnO2 on the surface of EGaIn through 
the Galvanic replacement reaction.[68] The resulting core-shell 
structure can be used for photocatalysis, which can decompose 
Congo Red (CR) organic dyes (Figure  21b). With the increase 
of illumination time, the relative absorbance (At/A0) of CR 
dye gradually decreases, indicating that the dye is gradually 
degrading. The photocatalytic effect is optimal when the con-
centration of KMnO4 solution is 2.5 or 5 mm. When the core-
shell structure (EGaIn/Mn-2.5) prepared in 2.5  mm KMnO4 
solution exists, the change from the UV–vis spectrum of CR 
dyes also reflects that EGaIn/Mn-2.5 has a good photocatalytic 
effect on the decomposition of organic dyes.

Recently, Mayyas et  al. reported that 2D graphite can 
also be prepared electrochemically from gallium-based 
liquid metals,[331] which can be doped with organic precur-
sors and electrochemical devices at room temperature and 
low voltage, and can prepare graphene-like flakes to highly 
porous 2D graphite flakes, carbon-containing flakes of var-
ious sizes ranging from monolayer to multilayer, provide a 
novel method for the preparation of 2D materials. They also 
reported that nanomaterials can be extracted from gallium-
based binary alloys in an electrolytic system.[332] The nature 
of liquid-liquid interface between the gallium–bismuth liquid 
alloy and the aqueous electrolyte results in the precipitation 
of bismuth from the surface of the alloy into the electrolyte. 
By adjusting the chemical properties and temperature of the 
electrolyte, bismuth or bismuth oxide in various shapes and 
crystal phases can be prepared. Han et  al. reported a proof-
of-concept gallium-based liquid metal reactor.[333] Gallium-
based liquid metal is used as the reaction core, which can 
convert external electrical energy into mechanical motion, 
assist the formation and release of reaction products, and fur-
ther can be used to synthesize Mn3O4, MoS2, rGO, and other 
materials.

EGaIn droplets can be used to initiate and promote the self-
polymerization of monomers. Ma et al. reported that sonication 
of EGaIn in aqueous solutions of vinyl monomers resulted in 
fast radical polymerization (FRP) without the use of conven-
tional molecular initiators.[336] The EGaIn nanoparticles pro-
duced by sonication can effectively increase the surface area of 
the metal, and the exposed metal initiates the polymerization 
reaction, which proceeds through the FRP mechanism and pro-
duces high molecular weight polymers that can form physical 
gels. The prepared hydrogel polymers exhibit good stretch-
ability and thermal response properties, providing a facile 
method to synthesize functional polymers and gels.

EGaIn droplets can not only play a role in accelerating 
oxidation of the catalytic substrate, but also can be used as a 
reducing agent to promote the progress of a catalytic reaction. 
Figure 21c shows the use of EGaIn droplets as a heterogeneous 
catalyst to promote the oxidative self-polymerization of natural 
plant polyphenols under acidic or alkaline conditions.[334] As 

Adv. Mater. 2023, 35, 2203391
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the storage time increases, the color of the phenolic solution 
gradually becomes darker, and the color depth is much deeper 
than the natural placement without EGaIn droplets. The thin 
phenolic nanocoating prepared by oxidative self-polymerization 
can be prepared on a variety of substrates, and through fur-
ther processing, it can also be used as an antioxidant and for 
sterilization, important for potential applications in biomedi-
cine and food-related technologies. Figure  20d shows that in 
an atom free radical polymerization (ATRP) process, where 
EGaIn droplets can be used as reducing agent (RA) and sup-
plementary activator (SA) to assist in the preparation of main 
ATRP activator CuI, so as to produce well-defined polymers in 
organic solvents with low ppm (parts per million) loading of Cu 
catalyst.[335] Among them, CuI/L (L = ligand) activator will irre-
versibly transform into Br-CuII/L deactivator under natural con-
ditions, while EGaIn nanodrops can reduce CuII back to CuI, 

thereby recycling the activator and promoting the progress of 
ATRP for the synthesis of well-defined polymers.

3.4. Biomedical Science

Compared with traditional drug carriers, EGaIn-based drug car-
riers can form stable, safe and effective core–shell structures 
along with drug molecules owing to their biocompatibility and 
adhesion properties. Its movement can also be controlled using 
light and magnetic field,[337] and its deformability reduces the 
possibility of vascular blockage during movement and realizes 
the rapid release of drugs at specific positions. In this section, 
we provide a brief overview of the prospects of EGaIn in bio-
medical applications,[37–41,338,339] including drug delivery, tumor 
therapy, biological imaging, and neural interfacing.

Adv. Mater. 2023, 35, 2203391

Figure 21. Role of EGaIn in catalysis. a) A schematic diagram of the preparation process of using EGaIn as a substrate to build a hydrated MnO2 layer 
on the surface. b) The degradation process of Congo Red (CR) organic dye in different concentrations of KMnO4 solution under visible light (left), the 
UV–vis spectra of CR under different illumination times in the presence of EGaIn/Mn-2.5 nm droplets (right). Reproduced with permission.[68] Copyright 
2019, Wiley-VCH. KGaA, Weinheim. c) A schematic diagram of the oxidation of polyphenol using EGaIn as a catalyst. Reproduced with permission.[334] 
Copyright 2021, American Chemical Society. d) The process of preparing well-defined polymers by atom free radical polymerization (ATRP) assisted 
by EGaIn (left), and the role of EGaIn nanodroplets in catalytic reaction (right). Reproduced with permission.[335] Copyright 2021, American Chemical 
Society.
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3.4.1. Drug Delivery

Utilizing the properties of EGaIn, the accelerated and effective 
release of a drug at the respective target location can be real-
ized. As shown in Figure 22a,[66] EGaIn nanoparticles were used 
as the core in combination with thiolated (2-hydroxypropy)-
β-cyclodextrin (MUA-CD) ligands (L) that can be loaded with 
drugs and targeting ligands thiolated hyaluronic acid (m-HA), 
for the delivery of doxorubicin (DOX) drug molecules com-
posed of EGaIn-NPs/DOX-L (≈107  nm in average diameter). 
After intravenous injection into the blood vessel, the drug 
molecules were shown to accumulate at the target tumor 
cells through active and passive effects, bounded to the CD44 
receptor on the cell surface and entered the endosome through 
endocytosis. In the endosome, which has a weakly acidic envi-
ronment, the oxide layer on the surface of EGaIn is gradually 
dissolved, thereby promoting EGaIn-NPs/DOX-L fusion, degra-
dation and the release of DOX drugs. The released DOX drugs 
gradually accumulate and act on the nucleus, thereby affecting 
the normal gene expression of the target tumor cells. This tar-
geted therapy and accelerated release of drugs can effectively 
improve the efficacy of drugs. Moreover, in vivo metabolism 
studies have shown that EGaIn-NPs/L composed of EGaIn and 
ligands may be excreted through feces and kidneys, and there is 
no obvious toxicity to organisms.

EGaIn nanoparticles wrapped in graphene quantum dots 
(GQDs) can effectively absorb and convert photoenergy to gen-
erate thermal effects and reactive oxygen species (ROS), which 
promote the transformation of internal Ga to (GaO)OH chem-
ical reaction in a humid environment, resulting in a shape 
change from nanospheres to nanorods.[340] Taking advantage of 
this feature, EGaIn NPs loaded with drug molecules entering 
the cell through endocytosis can release, the drug molecules 
under light illumination (Figure  22b). This remote-controlled 

photodynamic therapy provides a new strategy that can effec-
tively improve the efficacy of drugs.

Recently, Zhang et al. reported a new view of the anti-inflam-
matory mechanism associated with traditional Fe ions.[341] By 
delivering liquid metal gallium nanodroplets into lipopolysac-
charide-induced macrophages, Ga3+ ions can selectively inhibit 
nitric oxide production without affecting the accumulation of 
pro-inflammatory mediators, which provides a new avenue for 
gallium-based liquid metals to be used in future anti-inflamma-
tory drugs.

3.4.2. Tumor Therapy

So far, common tumor treatment methods include hyper-
thermia, chemotherapy, electrochemical treatment, etc., among 
which photothermal therapy (PTT) is one of the most popular 
therapies that can induce thermal ablation of tumor cells by 
using photothermal conversion (PTC) materials to absorb photo-
energy.[342] Here we review the use of EGaIn in tumor treatment.

By using an EGaIn electrode, heat can be generated at the 
skin tumor through laser illumination or alternating magnetic 
field (AMF) to induce thermal ablation of tumor cells. Under 
laser irradiation, an Mg-EGaIn mixture prepared by doping Mg 
particles with EGaIn can improve the treatment of tumors.[144] 
Compared with pure EGaIn, the temperature increase is 
improved under laser illumination (Figure 23a). This is because 
the intermetallic compound Mg2Ga5 is produced by the reac-
tion and the increased surface roughness increases the light 
absorption efficiency. In vivo experiments with mice showed 
that the growth of tumors in mice treated with Mg-EGaIn was 
inhibited compared to other groups, further indicating that this 
Mg-EGaIn mixture can be used as a promising candidate for 
tumor photothermal therapy.

Figure 22. EGaIn nanoparticles for drug delivery. a) Schematic diagram of the accelerated drug release process at low pH after EGaIn loaded nano-
medicine enters the cell. Adapted with permission.[66] Copyright 2015, Springer Nature. b) Schematic diagram of the process of drug release from 
transformable EGaIn nanoparticles loaded with drug molecules in cells under illumination. Reproduced with permission.[340] Copyright 2017, American 
Chemical Society.
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By using EGaIn as the core after surface functionalization, 
photothermal therapy can also be performed on tumor-targeted 
accumulation.[135,138] Zhu et al. proved that before surface func-
tionalization, the soft EGaIn core can be wrapped with an 
inorganic silica nanoshell to form an EGaIn@SiO2 structure 
to improve thermal stability (Figure  23b).[343] Then, the (Arg-
Gly-Asp) RGD polypeptide is used to functionalize the EGaIn 

surface to achieve the targeted accumulation of tumors. Under 
irradiation with near-infrared (NIR) light, the absorption of 
light is enhanced due to local surface plasmon resonance 
(LSPR) with EGaIn@SiO2 particles and the success rate of pho-
tothermal induced cell ablation is improved compared to the 
bare EGaIn particles, thereby effectively achieving the purpose 
of tumor treatment.

Figure 23. EGaIn for tumor treatment. a) The temperature changes of EGaIn and Mg-GaIn doped with Mg particles for photothermal therapy (PTT) 
of skin tumors under repeated laser switching (top), and tumor growth curves of mice under different conditions (bottom). Reproduced with permis-
sion.[144] Copyright 2018, Wiley-VCH. KGaA, Weinheim. b) The EGaIn nanoparticles wrapped in an inorganic SiO2 shell improve thermal stability, and 
realize the targeted accumulation of tumors and PTT under NIR illumination through the surface functionalization of RGD peptides. Reproduced with 
permission.[343] Copyright 2019, American Chemical Society. c) The O-EGaIn bioelectrode on the skin tumor can realize the treatment of the tumor 
(top) due to the thermal effect of the eddy current under the action of the AMF. The survival rate curve of mice under different conditions (bottom). 
Reproduced with permission.[344] Copyright 2019, Wiley-VCH. KGaA, Weinheim. d) The schematic diagram of electrochemical treatment (EChT) using 
liquid metal electrodes in C8161 tumor cell culture dish (left). C8161 tumor cell viability under different treatments (right). Reproduced with permis-
sion.[338] Copyright 2017, Elsevier Ltd. e) Schematic diagram of the prepared liquid metal/calcium alginate (LM/CA) hydrogel used to embolize the 
blood vessels around the tumor to realize the treatment of the tumor. Reproduced with permission.[346] Copyright 2019, Wiley-VCH. KGaA, Weinheim.
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To use electromagnetic heating to achieve tumor hyper-
thermia, Wang et  al. built an oxidized EGaIn (O-EGaIn) elec-
tronic skin (e-skin) (Figure  23c).[344] The eddy currents gener-
ated on the EGaIn electrode by the AMF can generate sufficient 
heat and control the amount of temperature. By injecting the 
chitosan (CS) hydrogel loaded with DOX drug molecules (CS-
DOX), the drug can be released quickly under the thermal effect 
induced by AMF. Wireless tumor treatment in vivo can be real-
ized simultaneously with magnetothermal and chemotherapy, 
thereby improving the treatment effect. In vivo experiments in 
mice show that tumor-bearing mice treated with AMF+LM+CS-
DOX can have a high probability of survival. Pure hyperthermia 
increases the temperature near the tumor to thermally ablate 
tumor cells, however, cooling can also kill tumor cells. Hou 
et  al. used a combination of cryoablation and photothermal 
therapy.[345] The high thermal conductivity of the EGaIn paste 
doped with Cu particles effectively reduced the temperature 
near the tumor tissue to achieve cryoablation, and then used 
Pluronic F127-modulated LM-NPs for photothermal therapy. 
This synergistic effect of cold and heat can further improve the 
therapeutic effect of tumor.

In addition to the above methods of tumor treatment, elec-
trochemical treatment (EChT) can also be used. Sun et al. used 
EGaIn electrodes to achieve effective EChT (Figure  23d).[338] 
In Hank’s solution, EChT will cause the pH around the elec-
trode to change. By applying a 5 V bias voltage for 5 min and 
continuing to incubate for 4 h, the cell viability of C8161 tumor 
cells in the metal platinum electrode EChT group (EChT_Pt; 
empty in PDMS container) and the liquid metal electrode 
EChT group (EChT_LM; liquid metal in PDMS container) was 
obtained. Through the comparison of different treatments, it 
can be found that the cell viability of the EChT_LM group is the 
lowest, indicating that it can effectively kill tumor cells.

Fan et  al. also proposed a new method, which is to cut off 
the source of nutrition of tumor cells through embolization 
of blood vessels around the tumor, thereby causing ischemic 
necrosis of the tumor and realizing the treatment of the tumor 
(Figure  23e).[346] Through rapid cross-linking of liquid metal/
sodium alginate (LM/SA) mixed solution and calcium chloride 
solution injected by two separate syringes, the prepared liquid 
metal/calcium alginate (LM/CA) hydrogel can effectively block 
the blood vessels around tumor cells, blocking the source of 
oxygen and nutrients needed for sustenance, resulting in the 
death of tumor cells. Furthermore, in vivo experimental studies 
in rabbits showed that the tumor volume of rabbits treated with 
LM/CA hydrogel embolization gradually decreased with time, 
and the body weight was basically unchanged, indicating that 
the LM/CA hydrogel embolization treatment of tumors is effec-
tive and low toxicity. Recently, Wang et al. combined chemoem-
bolization and photothermal therapy by encapsulating magnetic 
LM-NPs (Fe@EGaIn NPs) into calcium alginate (CA) micro-
spheres (denoted as Fe@EGaIn/CA microspheres) loaded with 
the anticancer drug doxorubicin hydrochloride (DOX·HCl). By 
combining the photothermal/photodynamic sensitivity of Fe@
EGaIn NPs and the embolization of CA microspheres, tumor 
growth can be further inhibited and tumor cells can be effec-
tively killed.[347]

It is worth noting that the above treatment methods may 
have a better therapeutic effect on skin tumors, because for 

example, PTT has limited light transmission ability and cannot 
penetrate deep into the skin, and may have a poorer thera-
peutic effect on internal tumors. The electrode of EchT and the 
syringe needle of embolization therapy are difficult to reach 
the deep inside of the body, so they also have certain treatment 
limitations.

3.4.3. Biological Imaging

EGaIn can also be used in computed tomography (CT) imaging, 
X-ray imaging, photoacoustic (PA) imaging and other biomed-
ical imaging fields, assisting the development of new nanomed-
ical imaging applications. Figure 24a shows that EGaIn doped 
with Cu particles (Cu-EGaIn) can be used for stretchable e-skin 
and CT assistant localization marker.[348] Guo et al. marked the 
surface of brain, chest and abdomen of rabbits and found that 
the CT value of Cu-EGaIn was significantly higher than that of 
other biological tissue parts. This was due to the high density 
of Cu-EGaIn relative to biological tissue, which improves the 
radiographic imaging capabilities, thereby improving the con-
trast and making the display clearer.

EGaIn was also shown to be useful for X-ray imaging by 
Larsson et  al. who used an EGaIn jet source as the source of 
X-ray imaging, which can achieve high-resolution imaging of 
thicker samples and small animal tissues.[349,350] Figure  24b 
shows the structural diagram of the liquid-metal-jet X-ray 
source imaging system and high-resolution X-ray imaging of 
mice, breaking through the limitations of traditional micro-
focus X-ray sources.[350]

In addition to being used as an X-ray jet source to obtain 
high-resolution X-ray images, EGaIn can also be used for tar-
geted X-ray enhanced imaging. Chechetka et  al. used LM 
nanocapsules (composed of EGaIn wrapped in phospholipid 
shell) to significantly increase the X-ray intensity under light, 
while the X-ray intensity of LM nanocapsule solutions at dif-
ferent concentrations in the absence of light did not show an 
obvious enhancement.[137] Compared with traditional contrast 
agents that passively restore contrast to obtain clear struc-
ture images, light-induced LM nanocapsules are transformed 
into agglomerates to achieve adjustable contrast enhance-
ment. This light-controlled X-ray enhancement method pro-
vides a new type of application scenario. By injecting such 
LM nanocapsules into rabbit heart, brain, or eyeball, light-
controlled targeted enhanced X-ray imaging can be achieved  
(Figure 24c).

Such liquid metal nanocapsules can also exhibit stronger 
PA intensity by increasing the concentration or modifying 
the antibody, so that they can be used for PA imaging. When 
the light irradiates the tissue, while generating heat, it also 
sends out an ultrasound signal with the light absorption char-
acteristic information of the tissue, so that the imaging infor-
mation of the tissue in the body can be restored through the 
collected PA signal. The PA signal intensity distribution after 
injection of the epidermal growth factor receptor (EGFR) anti-
body (Anti-EGFR) functionalized liquid metal nanocapsules is 
subtracted from the pre-injected PA signal intensity distribu-
tion to obtain the variation of distribution map of PA inten-
sity (Figure 24d). Then after three-dimensional imaging, a 3D 
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imaging map of the tumor is obtained (Figure 24e), indicating 
that it can be used to effectively target tumor detection and  
imaging.

3.4.4. Neural Interfaces

Cheng et  al. reported that EGaIn can be used to prepare elec-
tronic blood vessels and can be used for neural interfaces 
without the limitation of traditional autologous transplantation 
that requires donor size matching.[139] By combining EGaIn 
and poly(l-lactide-co-e-caprolactone) (PLC) into a metal polymer 
conductor (MPC), a PLC-based MPC (MPC-PLC) membrane 
was prepared. Then, in combination with the use of multi-
channel microfluidic chips, human umbilical vein endothe-
lial cells (HUVECs, blue), human aortic smooth muscle cells 
(SMCs, green), and human aortic fibroblasts (HAFs, red) were 
successively placed on the MPC-PLC membrane, to mimic 
natural blood vessels, in which three different cells are distrib-
uted in different layers in the 3D multilayer tubular structure 
(Figure 25a). When this electronic blood vessel was implanted 
into the carotid artery of a rabbit, after three months the real-
time blood flow of the surgical site and the synchronized ultra-
sound pulse were monitored by Doppler ultrasound, which 
showed that the blood can flow well in the electronic blood 
vessel (Figure 25b).

Recovery of motor function by electrical stimulation of nerve 
tissue can treat movement disorders caused by nerve damage. 
The use of LM electrodes can be adapted to body tissues and 
endure the effects of long-term electrical stimulation to achieve 
rapid recovery of nerve tissue functions. Guo et al. used EGaIn 
electrodes wrapped in PDMS to fix the EGaIn electrodes and 
nerves through a silicone tube, which can be used as nerve 
electrodes for stimulation and conduction electrical excitation 
(Figure  25c).[351] When this EGaIn electrode was implanted 
into the sciatic nerve of a dead adult bullfrog, it had a higher 
monophasic action potential under electrode stimulation than 
the traditional metal platinum electrode. This experiment indi-
cates that this liquid metal electrode has better conductivity in 
the nerve tissue than the platinum electrode. By stimulating the 
sural nerve and tibial nerve with liquid metal electrodes, the 
gastrocnemius and soleus muscle can be controlled to realize 
the movement of the hind limbs of the dead bullfrog.

A biological electrode prepared with liquid metal ink can also 
be used for nerve signal sensing.[352] The biological electrode 
composed of filter paper base, EGaIn conductive layer, and Eco-
flex wrapping layer can be used to stimulate and monitor the 
biological electromyographic signals in mice (Figure 25d).

A cardiac ablation catheter based on liquid metal electrodes 
can also be used to assist in the treatment of atrial fibrillation 
(AF),[353] its composition and schematic diagram are shown in 
Figure 25e. By combining the soft fiber-reinforced thick-walled 

Figure 24. Application of EGaIn to biological imaging. a) Optical images and VR images of the musculoskeletal structures and bones in the brain, 
thorax and abdomen of rabbits with markers prepared from a liquid metal mixture (Cu-EGaIn) containing Cu particles (left), and the CT values of dif-
ferent parts of the rabbit and Cu-EGaIn at 80 kV (right). Reproduced with permission.[348] Copyright 2020, The Royal Society of Chemistry. b) Schematic 
diagram of an imaging device based on a liquid metal EGaIn jet source, and the inset is the high-resolution X-ray imaging of mice. Adapted with per-
mission.[350] Copyright 2013, American Association of Physicists in Medicine. c) 3D X-ray images and cross-sections of rabbit heart, brain, and eyeball 
injected with LM nanocapsules. Scale bars: 1 cm. The red arrows indicate the laser irradiation position. d) Targeted tumor imaging of antibody-modified 
LM nanocapsules (100 µg mL−1) in living mice, ultrasound (US) (grey) and PA (red) images obtained by 750 nm laser excitation of the tumor, orange 
circles indicate the part to be analyzed. Scale bars: 2 mm. e) 3D tumor imaging after treatment with antibody-modified LM nanocapsules. The blue 
circle shows the part for construction of 3D structure. Reproduced with permission.[137] Copyright 2017, Springer Nature.
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cylindrical hydraulic actuator and the soft sensor embedded in 
EGaIn, the contact force can be controlled and tracked, making 
AF safer. This system can be used for ablation of the heart that 
is often used in minimally invasive surgery to locally destroy 
abnormal heart tissue. Both the soft actuator and the soft 
sensor can achieve stable system response within a sinusoidal 
input signal of 0.2–1.5  Hz, and can achieve good mechanical 
control.

3.5. Other Fields

In addition to the above-mentioned applications, EGaIn can 
also be used in other fields. Figure 26a shows that the electro-
chemical physical reconstruction of a pair of EGaIn droplets 
immersed in an alkaline electrolyte at low bias can be used as 
a transistor.[83] By controlling the coalescence and separation 

of LM droplets contact by bias voltage, the conductivity can be 
changed by three orders of magnitude. The fluid instability of 
the field-controlled gradient is considered to be the mechanism 
of EGaIn physical reconstruction. EGaIn droplets can also be 
used as the electrode of an interface field-effect transistor(IFET) 
(Figure 26b).[354] the IFET composed of EGaIn droplets, super-
hydrophobic F16CuPc semiconductor nanowires and graphene 
gates can achieve a high switching ratio of 3 ×  104. When the 
drain voltage VD is fixed, the wettability between nanowires and 
liquid metal droplet through mechanical force, thereby control-
ling the performance of the IFET. Besides, EGaIn droplets can 
be used to prepare bipolar resistive switching (Figure 26c).[355] 
by constructing an EGaIn/GaOx/SiOx/p+-Si junction, conduc-
tive filaments are formed between EGaIn and Si due to the 
movement of Ga ions under a positive bias, thereby entering 
the low resistance state, while under negative bias, the dis-
connection of the conductive filaments makes it enter the 

Figure 25. Neural interface application based on EGaIn. a) Photo (left) and cross-sectional view (right) of electronic blood vessels composed of EGaIn-
based flexible electrode scaffold protective membrane and three vascular cells. b) Pictures of electronic blood vessel implantation into rabbit carotid 
artery. The dotted box indicates the range of electronic blood vessel implantation, and the arrow indicates the edge of electronic blood vessel. Repro-
duced with permission.[139] Copyright 2020, Elsevier Inc. c) Schematic diagram of the connection of liquid metal biological electrode in vivo, in which 
silicone tube is used to fix the electrode and nerve. Reproduced with permission.[351] Copyright 2017, IOP Publishing. d) Liquid metal nanoink-based 
bio-electrodes are used to stimulate and monitor electromyographic signals in mice (top), and the collected reflection signals (bottom). Reproduced 
with permission.[352] Copyright 2020, Elsevier Ltd. e) Design of a cardiac ablation catheter with integrated soft drive and sensing unit for dynamic force 
control. Reproduced with permission.[353] Copyright 2021, Mary Ann Liebert, Inc.
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Figure 26. Other applications based on EGaIn. a) A EGaIn-based transistor controlled by an electric field, in which the source and drain are fixed on 
a copper pad by alloying, the counter and the gate are also composed of copper contact pads, and the working environment is an alkaline electrolyte 
aqueous solution. Reproduced with permission.[83] Copyright 2017, Wiley-VCH. KGaA, Weinheim. b) IFET based on EGaIn drop electrode. Reproduced 
with permission.[354] Copyright 2018, Wiley-VCH. KGaA, Weinheim. c) EGaIn resistance switch based on Ga ion conductive filament mechanism. Repro-
duced with permission.[355] Copyright 2021, American Chemical Society. d) The EGaIn tip measures the size effect of perovskite microcrystals of different 
sizes. NDR behavior is solely observed for small size microscale perovskite crystal. Adapted with permission.[357] Copyright 2020, American Chemical 
Society. e) The EGaIn tip measures the temperature-controlled rectification effect of KTN ferroelectric microcrystals. Reproduced with permission.[358] 
Copyright 2021, American Chemical Society.
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high resistance state, and its switching ratio can be as high  
as 108.

Due to the existence of the oxide layer on the surface of the 
EGaIn, EGaIn can be prepared into a conical tip shape with a 
small radius of curvature (as discussed in Section 3.1.1), which 
can be used in some other fields.[356] Figure 26d shows that a 
soft-contact EGaIn/CH3NH3PbBr3 microcrystal/graphene junc-
tion can be constructed using an EGaIn tip.[357] It can be found 
that for different sizes of perovskite microcrystals, there are 
obvious differences in the carrier transport characteristics. The 
negative differential resistance (NDR) behavior solely observed 
with small-size microcrystals is likely caused by the compen-
sation electric field formed by ion migration in the perovskite 
which screens the external electric field. By replacing perovskite 
microcrystals with ferroelectric microcrystals, EGaIn tip elec-
trodes can also be used to study the properties of microscale 
ferroelectric crystal junctions. The results show that the recti-
fication direction can be reversed by controlling the ambient 
temperature and thus the temperature-controlled rectifica-
tion can be realized (Figure 26e).[358] The underlying proposed 
mechanism for these observations involves carrier trapping/
detrapping by surface defects.

4. Conclusions and Prospects

Liquid metals are recognized to be at the center of the second 
revolution in the use of metals.[36] At present, many major 
transformative applications based on liquid metals are still 
imaginary, but it has already broadened the boundaries of 
human cognition of the world. As a special functional material, 
EGaIn has shown the characteristics of leading and developing 
major technological frontiers, and is expected to bring disrup-
tive changes in the fields of electronic information, advanced 
manufacturing, flexible robots, biomedical health, and spawn 
a series of strategic emerging industries. Although the EGaIn 
has received extensive attention, so far, there are still some 
unsolved problems or challenges which may hinder its further 
wide applications.

1) Resolution limit: although the liquid metal EGaIn can 
be prepared into various small shapes and can be used 
as interconnection lines, or antennas,[103] it is difficult to 
reduce the size of the liquid metal pattern to the nanom-
eter level due to the liquid-liquid interaction between liquid 
metals.[359] In the long run, this limits the preparation and 
application of miniaturized devices based on liquid metal  
patterns.

2) Toxicity: liquid metal EGaIn has long been considered a 
substitute for toxic mercury due to its low toxicity: EGaIn 
nanoparticles have been proven to be harmless to the body 
and can be used in biological applications. However, most 
of these experiments were carried out in a short period of 
time (less than three months).[135,140] Although EGaIn nano-
particles may be excreted through kidneys and feces,[66] the 
absorption of liquid metal by body organs is not yet known. 
Under long-term use, the accumulation of liquid metals by 
organs may cause potential safety hazards to organisms, 
which needs to be investigated.

3) Interface reaction: although EGaIn has been relatively 
mature in its application in measuring the properties of 
molecular layers, for the measurement of material proper-
ties, the effect of the interface between EGaIn and the sur-
face of the material, especially the effect of GaOx on the 
measurement results remains to be further studied.

4) Oxide layer regulation strategies: By precisely regulating the 
oxide layer by various means (e.g., solvent, temperature, elec-
trochemistry, or ultrasound),[98] and controlling the balance 
between the oxide layer shell and EGaIn core, more novel 
physicochemical properties may be discovered, which can be 
applied to more kinds of multifunctional devices.

5) Long-term life and cycle stability: some flexible devices pre-
pared with EGaIn may lead to the rupture and oxidation of 
the surface oxide layer under the action of voltage or external 
force, thereby affecting the service life of the device, although 
this also brings us opportunities, for example, it can be used 
for diodes,[291] or memristors.[82] In addition, energy devices 
using internal effects or external stimuli may also face the 
problems of device fatigue and slow response during long-
term use.

Although EGaIn still faces several challenges, its wide range 
of applications in many fields confirms that it has obvious 
advantages. Here, we would like to briefly highlight several 
potential applications based on liquid metals which are not 
summarized in the aforementioned sections independently.

1) Computer based on liquid metal: researchers have found 
that devices such as logic gates can be prepared with EGaIn 
as aforementioned.[84] Besides, when the liquid metal is 
placed in a liquid, it will naturally form a sandwich struc-
ture of “liquid metal electrode–liquid film–liquid metal elec-
trode”, in which the liquid film gap can be regulated through 
various physical fields such as force field, electric field and 
magnetic field, and the size can reach extremely small scales 
or even disappear. It is expected to realize the all-liquid 
quantum tunneling effect, which may lay the foundation for 
future liquid metal quantum computers.[360] Compared to 
traditional solid-state devices, the thickness of the interlayer 
is more flexible, and the device can be deformed and seg-
mented for multiple applications. These indicate that liquid 
metal computers with high flexibility, intelligence, and con-
trollability may become the prototype of the next generation 
of new computers.

2) Liquid metal soft robots: soft robots with deformable shapes 
possess many advantages compared to traditional robots, 
and thus it is a hot research topic. Liu Jing’s group devel-
oped a deformable liquid metal machine that moves auton-
omously,[308] taking an important step towards the develop-
ment of a deformable robot. After that, they also studied 
more complex motions to manipulate the motion of liquid 
metal. But there is still a long way to go to realize a practical 
liquid metal robot.

3) Liquid metal catalyzes energy reactions: recent studies 
have reported that the use of mechanical energy-induced 
methods to convert CO2 to carbon in Ga liquid metal sus-
pensions near room temperature,[361] and the low melting 
point of EGaIn can be used to convert CO2 to carbon at room 
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temperature without supplementary reductant,[362] which 
shows that EGaIn has a great potential for energy recovery 
and utilization. Moreover, it is also expected to reduce the 
greenhouse effect and play an important role in environ-
mental protection.

In summary, new applications based on liquid metals are 
emerging, and it is believed that further technology based on 
EGaIn will be expected to further change the world and create a 
brighter future due to its unique properties in the near future.
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