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ABSTRACT: Zn-ion batteries (ZIBs) are considered promising alternatives to conven-
tional Li-ion secondary batteries due to their high safety, environmental friendliness, and
cost-effectiveness. Despite these advantages, uneven metal plating and stripping, dendrite
formation, and passivation and corrosion owing to the hydrogen evolution reaction (HER)
have hindered the practical implementation of ZIBs. A promising route for overcoming
these problems involves coating the Zn anode with eutectic gallium indium (EGaln)-based
liquid metal (LM) with a strong Zn affinity and growth direction tenability. Despite
considerable research on EGaln-coated Zn anodes for ZIBs, this topic has not been
comprehensively reviewed. Hence, this Review introduces the application of LMs to ZIBs
and particularly discusses the mitigation of stability issues using LM and the fundamental
processes related to Zn anodes. We summarize the progress in this field and suggest

promising future research directions to advance ZIBs.

toward Zn-ion batteries (ZIBs) due to their compati-
bility with inexpensive, environmentally friendly, and
safe aqueous-based electrolytes, higher stability than Li-ion
batteries (LIBs), favorable redox potential (—0.76 V vs standard
hydrogen electrode (SHE)), and high theoretical gravimetric
capacity (820 mA h g™') of the Zn anode."” Due to these
advantages, the applications of ZIBs are gaining traction.
Nevertheless, key challenges, including uneven plating and
stripping, dendrite growth, formation of side products by
corrosion, such as Zn hydroxides or zincates, and surface
passivation, such as by the formation of ZnO, must be addressed
before the practical application and commercialization of this
technology.” >
Diverse research directions have been pursued to overcome
these challenges. Figure 1 illustrates the timeline of the
development of protective layers on Zn anodes. The majority
of research efforts have been focused on various coatings on the
Zn anode and achieved partial success. Specifically, or(ganic
coatings, e.g., Zn anodes coated with a carbon skeleton” and
metal—organic frameworks (MOFs),”” ensure highly uniform
Zn deposition via constrained 2D surface ion migration, partly
inhibiting dendrite formation. Although such attempts have
improved the stabilities and performances of ZIBs, the fast-
charging performances of organic coatings are limited due to low
ionic conductivity and merely delay dendrite formation rather
than complete prevention.® Hence, a strategy for effectively

Recently, significant research efforts have been dedicated
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inhibiting dendrite formation and corrosion while ensuring
sufficient rate capability, particularly during charging, continues
to be critical for ZIBs.

Recently, researchers particularly emphasized the use of liquid
metal (LM) electrodes to enhance battery performance.”'’~"*
LM electrodes form a unique liquid-to-liquid interface between
the electrode and electrolyte, which can significantly enhance
the charging performance by reducing the voltage inefficiencies
stemming from various losses, including charge, ohmic, and
mass transport losses. In addition, LMs exhibit no significant
deformation even after large number of charge/discharge cycles,
supporting improved durability.'*~'® These properties make
LM anodes strong candidates for next-generation batteries.

However, the intrinsic limited structural stability of liquid
electrodes, with a risk of short circuits, makes LM electrodes
unsuitable in practice, particularly for wearable and flexible
devices in which external stress from human motion is
common.'”"® Several attempts have been made to overcome
this challenge by combining a LM with a solid ZIB electrode as a
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Figure 1. Timeline summarizing the development of Zn anodes and protective layers for ZIBs. Reprinted with permission from ref 9. Copyright

2023, Springer.

functional coating. Possible LMs include eutectic Galn
(EGaIn),19 NaK,” eutectic GaSn (EGaSn),21 NaZn,”* and
SbPb,* Among these, the EGaln-based LM is the most
promising candidate for use in ZIBs due to its strong Zn
affinity, growth direction tenability, and high ionic conductiv-
ity.'”"" In addition, the liquid state of the metal allows it to flow
and fill gaps or cracks, thereby imparting self-healing properties
to the LM.>* The lack of structural stability is addressed by
coating EGaln on a solid Zn anode, thereby utilizing the
excellent performance of liquid metal batteries (LMBs) without
compromising structural stability.

The reduced performance of conven-
tional Zn-ion batteries due to dendrite
formation and corrosion can be greatly
improved by using the eutectic gallium
indium-coated Zn anode.

The reduced performance of conventional ZIBs due to
dendrite formation and corrosion can be greatly improved by
using the EGaln-coated Zn anode. The primary cause of
dendrite formation is the uneven charge density at the nucleated
Zn sites on the surface of the solid Zn anode.”* The strong Zn
affinity and low Zn-ion migration energy barrier of EGaln results
in a homogeneous interfacial Zn*t flux, alleviating Zn-ion
depletion and inhibiting dendrite formation during charging."
More importantly, the alloying of Ga and In induces a change in
the preferential growth direction of Zn from (100) to (002)."”
The deposition on a bare Zn anode is schematically shown in
Figure 2. Figure 2a illustrates that Zn growth on the anode
includes both reduction and deposition, and typically, these two
steps occur simultaneously in both time and space. This results
in slow redox kinetics with random growth along the (100) and
(101) directions. In contrast, Zn grows preferentially along the
(002) plane on the EGaln-coated Zn anode, as shown in Figure
2b. Due to the low Zn solubility (approximately 3.0 wt% at room
temperature), the reduction and deposition steps are separated
in time. The reduced Zn initially dissolves into the LM interlayer
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Figure 2. Schematic illustrations of Zn deposition on (a) a bare Zn
anode and (b) a LM-coated anode. The pink spheres represent a Zn
atom, which is surrounded by water molecules in an aqueous
electrolyte; the pink solid area represents freshly deposited Zn; the
gray surface represents the Zn anodes; and the yellow area in (b)
represents the LM coating. Reprinted with permission from ref 12.
Copyright 2023, Elsevier.

(Zny) and only crystallizes to Zn-anode (Zn() after the layer
becomes saturated. In other words, the formation of crystalline
Zn is delayed. This occurs since the energy required to convert
Zn*" to Zny is lower than the energy needed to transform Zn** to
Znc. As a result, the EGaln-coated Zn anode with a liquid—
liquid interface exhibits faster redox kinetics. More importantly,
the delayed formation of crystalline Zn is limited to the thin LM
layer, which promotes more controlled and planar Zn growth
with exposed (002) crystal planes. In addition, the deform-
ability, self-healing properties, and high ionic conductivity of
EGaln further enhance stability during cycling and enable a high
charge/discharge performance of the ZIB.'***

Another feature of EGaln-coated Zn anodes is that they can
mitigate corrosion and undesirable passivation caused by the
hydrogen evolution reaction (HER). In conventional ZIBs, the
equilibrium potential of Zn**/Zn (—0.76 V vs SHE) is lower
than that of H,O/H, (0 Vvs SHE), which makes the coexistence
of Zn and H,0O thermodynamically unstable. This leads to
spontaneous reactions in the aqueous electrolyte, releasing a H,
gas. This, in turn, depletes the number of protons (H") near the
electrolyte—electrode interface and creates a local alkaline
environment, forming corrosive byproducts and surface
passivation layers. EGaln-coated Zn can increase the HER
overpotential at the anode, as Ga (Ga®*/Ga (—0.53 V vs SHE))

https://doi.org/10.1021/acsenergylett.4c02191
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Figure 3. (a) Candidate metals for use as anode (orange) and cathode (green), along with schematic diagrams showing the discharge and charge
processes. (b) Plot of the deposition potentials of candidate electrode species vs the standard hydrogen electrode (SHE) in aqueous
electrolytes. Reprinted with permission from ref 27. Copyright 2023, Elsevier.
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Figure 4. (a) Schematic of the electrochemical reaction mechanism of a Ga-Sn alloy electrode. Performance characteristics of an LillGa-Sn cell:
(b) rate capability between 0.25 and S C and (c) cycling stability at 1 C. Reprinted with permission from ref 29. Copyright 2021, John Wiley and

Sons.

and In (In**/In (—0.34 V vs SHE)) have higher overpotential
than Zn for this reaction.'”"*

In view of the increasing interest in the use of EGaln for ZIB,
the present Review is aimed at exploring the basic concepts and
potential future directions related to EGaln-coated Zn anodes.
The main focus is on providing a summary and analysis of
promising research avenues, the current limitations of EGaln-
based ZIBs, and proposed potential solutions for future
enhancements to this technology.

B THEORETICAL CLASSIFICATION OF LIQUID
METALS AND LIQUID METAL BATTERIES

For use as a battery electrode, a LM must satisfy the following
two criteria: (i) the melting point of the LM should be lower
than 1000 °C under normal pressure. (ii) The electrical
conductivity of the LM electrode must be higher than the
ionic conductivities of typical electrolytes. If the electronic
conductivity of the electrode is lower than these ionic
conductivities, a bottleneck will be created in the deposition
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process, leading to inefliciencies and potential performance

17,26
losses.

Figure 3a highlights materials that meet these, with
the cathode candidates colored green and the anode candidates
orange. Figure 3b illustrates that the highlighted materials can be
categorized based on their deposition potential. Materials with
deposition potentials below —2.0 V (A-type metals) can be used
as the anode, while those with potentials above —1.0 V (B-type
metals) are suitable for the cathode. By contrast, materials with
potentials between —2.0 and —1.0 V, such as Al, do not satisfy
these criteria and are therefore unsuitable for use as battery
electrodes.

LMBs using single liquid phase LM electrodes operate based
on the following principles. During discharge, the negative A-
type metal undergoes electrochemical oxidation (A — A® +
ze™!), thereby decreasing the thickness of the anode. The
released electrons pass through the external circuit, whereas the
cations travel through the electrolyte to reach the cathode (B-
type), at which point they are reduced (A** + ze™' — A) to form

https://doi.org/10.1021/acsenergylett.4c02191
ACS Energy Lett. 2024, 9, 5421-5433
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Figure S. (a) Schematic of the three-layer liquid system in a room-temperature liquid metal battery (LMB). (b) Rate capability and (c) cycling
stability of Ga-InlINa-K LMB at 1 C in an organic Na electrolyte. Reprinted with permission from ref 31. Copyright 2020, John Wiley and Sons.
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Figure 6. (a) Schematic of the growth process of Zn dendrites. (b) Operando study of the Zn dendrites in the initial growth stages. (c—e) 2D
SXCT and reconstructed 3D images of Zn dendrites at the initial growth stage (c), regrowth stage after dissolution (d), and first deposition stage
after perforating the porous separator (e) at a current density of 30 mA cm ™. (f) Cross-sectional SEM image and reconstructed 3D images of the
Zn dendrites formed at 30 mA cm 2, along with the porous separator. Reproduced with permission from ref 32. Copyright 2021, Elsevier.

an A-B alloy, thereby increasing the thickness of the anode. This
process is exactly reversed during charging.

Based on their working temperatures, LMBs can be classified
as high-temperature LMBs (HTLMBs, >400 °C), intermediate-
temperature LMBs (ITLMBs, 40—400 °C), and room-temper-
ature LMBs (RTLMBs, 0—40 °C). Among these, RTLMBs are
the most promising due to their low melting points, low
potential, and high energy storage capacities. Examples of LMs
with melting points below room temperature include elemental

5424

metals such as Hg, Fr, and Cs and alloys such as EGaln, Ga-Sn,
and Na-K. Hg is the least expensive but is challenging to use due
to its toxicity and high vapor pressure, whereas Cs and Fr are
expensive and present radiation hazards. Therefore, the current
LMB research is primarily focused on the use of Ga-based alloys
15,28

as electrodes.

https://doi.org/10.1021/acsenergylett.4c02191
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B RECENT LITERATURE ON Ga-BASED LMBs AND
THEIR LIMITATIONS

Wang et al.”’ reported cells consisting of Ga-Sn alloy cathodes
and Li-metal anodes (LillGa-Sn). The electrochemical reaction
mechanism in this system, which involves the interaction
between lithium and the Ga-Sn alloy, is shown in Figure 4a. As
lithium is inserted into the Ga-Sn alloy during discharge, it reacts
with both gallium and tin, forming new compounds. During
charge, lithium is extracted, reversing the reactions and restoring
the alloy. The electrochemical performance of the cell
demonstrated outstanding rate capability and high energy
efficiency due to rapid charge transfer kinetics at the electrode—
electrolyte interface. As shown in Figure 4b, the LillGa-Sn
battery exhibited excellent specific capacity retention at charging
rates between 0.25 and S C, along with 98% retention of the
theoretical capacity at 0.25 C and 56% retention at 5 C. In
addition, the LillGa-Sn cell exhibited a reliable cycling
performance for 60 cycles at 1 C (Figure 4c), with a capacity
retention of 87.5%, and Coulombic and energy efficiencies of
100% and 85%, respectively. The high stability of the LillGa-Sn
cell was attributed to the self-healing property of the Ga-based
alloy and the suppression of dendrite formation.

In the study by Ding et al,,”” both electrodes were based on
LMs, forming a three-layer liquid system, where Na-K, EGaln,
and a mixture of dimethoxyethane (DME) and fluoroethylene
carbonate (FEC) are used as the anode, the cathode, and the
electrolyte, respectively (Figure Sa). These three components
naturally self-segregate due to immiscibility and density
differences, preventing them from mixing. Such a unique system
that forms a liquid—liquid contact significantly improves the
interfacial charge transfer kinetics. As shown in Figure 5b, owing
to the 3-liquid layer system, LMBs exhibited excellent capacity
retention at rates up to 10 and Coulombic efficiency close to
100% even after 100 cycles (Figure Sc). These results show that
LMBs have significantly improved rate performance and energy
efficiency, which is necessary for an effective large-scale energy
storage battery.

Although these studies have demonstrated the advantages of
LMBs in terms of long-term cycling stability, high rate capability,
dendrite-free characteristics, and self-healing properties, chal-
lenges due to the structural instability of the liquid electrode still
remain. Liquid-based electrodes are unstable under deforma-
tion. The structural instability of an electrode can increase the
risk of short circuits due to external mechanical stress, thereby
limiting the application of the electrode in configurations
requiring a flexible battery or a battery experiencing harsh
environmental and mechanical damages.

B ISSUES OCCURRING ON THE Zn ANODE IN

CONVENTIONAL ZIBs

Dendrite Growth. The two key issues that occur during the
anode reaction in ZIBs are dendrite growth and corrosion and
passivation via the HER. Dendrite formation is caused by the
nonuniform deposition of Zn due to the uneven (rough) surface
of the Zn anode or ion depletion, and dendrite growth proceeds
in several stages during the charging process. As schematically
shown in Figure 6a, Zn dendrite growth includes a series of steps,
such as Zn nucleation, nucleus growth, and further deposition.
First, due to the tip effect on the rough anode surface, areas with
high curvature generate strong local electric fields and higher
charge densities than other regions. This increases the Zn
concentration in these areas. Subsequent nucleation to deposit
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Zn**-ions at these sites occurs in order to lower the surface
energy. As this process continues, the difference between the
regions is further increased, thus resulting in the formation of
dendrites. This phenomenon was visually observed by
synchrotron X-ray computed tomography (SXCT), where
approximately 30 ym pointed structures were observed at the
initial stages of Zn growth, and as the deposition progressed, the
dendrites grew longer and thicker (Figure 6b). The formation of
such pointed and fragile structures can lead to capacity fading
due to the creation of “dead” (inactive) Zn and decreased
Coulombic efficiency. However, the most critical issue is the
dendrite penetration through the separator, causing a short
circuit in the cell. 2D SXCT and reconstructed 3D images of Zn
dendrites at the initial growth stage clearly showed that the
uneven growth of Zn at the electrode surface (Figure 6c)
become denser due to reattachment from collapsed ones (Figure
6d). Consequently, the growing Zn dendrites are observed to
pierce the separator and expand over the entire electrode surface
(Figure 6e), causing the porous membrane to tear and short-
circuit in the cell (Figure 6f).

Hydrogen Evolution Reaction. Furthermore, the HER
should be reduced, as it accelerates the corrosion and passivation
of the electrode. Figure 7a presents in situ optical microscopic
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Figure 7. (a) In situ optical microscopy images of the electrolyte—Zn
interface showing bubble formation due to the parasitic HER on a
Zn anode at 0.2 mA cm™> Reproduced with permission from ref 38.
Copyright 2022, John Wiley and Sons. (b) Electrochemical stability
window of water and the ionic liquid, EMIMBF4; CV curves of Zn
plating/stripping using a three-electrode configuration (stainless
steel foil as a working electrode and Zn anode as reference and
counter electrodes). Reproduced with permission from ref 39.
Copyright 2020, John Wiley and Sons. (c, d) Schematic diagrams
illustrating the (c) corrosion reaction and HER at the Zn anode
surface in an aqueous electrolyte and (d) unfavorable effects at the
electrolyte—Zn anode interface. Reproduced with permission from
ref 38. Copyright 2022, John Wiley and Sons.

images showing the time-lapse occurrence of the HER. A Zn
anode was immersed in a 0.5 M Lithium bis(trifluoromethane-
sulfonyl)imide (LiTFSI) + 0.5 M zinc bis-
(triftuoromethanesulfonyl)imide (Zn (TFSI),) electrolyte and
left standing for 5 min without applying an external potential. H,
bubbles rapidly formed at the Zn surface, which will interfere
with Zn deposition.”*> The HER occurs during the electro-
deposition of Zn at the anode (charging), whereby the electrons
transported via an external circuit simultaneously reduce the H"
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and Zn**-ions. When the battery is not operating, species such as
protons or O, within the electrolyte act as electron acceptors and
dissolve Zn, leading to the loss of active material." The reaction
originates from the different redox potentials of the Zn anode
and the aqueous electrolyte, and in a typical electrolyte, the
reaction can be represented as follows:**

2H,0 + 2¢~ < H, + 20H;

+083Vvs SHE (1)

+1.26 Vvs SHE
(2)

The corrosion mechanism of the Zn anode by the HER can be
expressed using eqs 3, 4, and 535,36

ZnO + 2¢” + H,0 < Zn + 20H;

Zn deposition:

Zn’t +2¢” > Zn; —0.76V (3)
HER:
2H" +2e" > H,1; 0V (4)
Side reaction:
3Zn** + 60H™ + ZnSO, + xH,0 —
ZnSO,Zn(OH),;-xH,0 )

The reduction overpotential of the HER on the Zn anode is
higher, i.e., —0.83 V, than the standard reduction potential of
Zn/ZnO. Therefore, thermodynamically, the HER (eq 1) tends
to occur before the reduction of ZnO (eq 2). The HER occurs
when the voltage exceeds the electrochemical stability window,
which depends on the pH of the electrolyte and the electric
potential of the anode material, as shown in Figure 7b.
Therefore, having a wide electrochemical window is important.
The HER leads to the accumulation of OH™ ions near the
electrode, thereby increasing the local pH and accelerating the
corrosion of the electrode. Additionally, the H, gas generated
during the HER increases internal pressure, and the HER
consumes electrons from the Zn anode during charging, thereby
decreasing Coulombic efficiency. These factors lead to the
incomplete charging of the Zn battery, which can increase the
risk of cell damage.”’

In addition, the byproducts of the HER corrosion, such as
ZnSO0,Zn(OH),;-«H,0, lead to Zn-ion consumption in the
electrolyte. The formation of byproducts consumes active Zn-
ions and electrolyte, contributing to capacity fading over time
(Figure 7c). Additionally, nonfaradaic reactions such as
corrosion and passivation further deplete the electrolyte and
reduce Zn utilization, which not only accelerates capacity loss
but also shortens the overall shelf life and limits the number of
charge/discharge cycles (Figure 7d). These byproducts also
create nonideal surfaces on the anode, accelerate dendrite
growth, increase impedance, decrease the transport rates of ions
and electrons, and yield a poor Coulombic efficiency and a low
energy conversion efficiency in the ZIB.>® Such passivation and
corrosion are unavoidable in ZIBs that use aqueous electrolytes.
Therefore, the pH of the electrolyte must be optimized, or the
HER overpotential must be increased to overcome these issues
while minimizing Zn dissolution.
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B STRATEGIES TOWARD LONG-LIFESPAN Zn
ANODES BASED ON EGaln-BASED LMs

Coating EGaln on a Zn anode has shown potential to resolve the
limitations of LMBs and ZIBs. As Ga has high zincophilicity,
EGaln shows good wetting of Zn and provides sufficient
zincophilic sites, thereby decreasing the local charge aggrega-
tion. Among the various Ga-based LMs, EGaln is the most
promising due to the high electrical conductivity of In and is
more mechanically robust than the single-liquid-phase EGaln-
coated Zn anode. Pu et al.”’ performed finite element (FE)
simulations of the electrochemical deposition of Zn** on Zn
fibers with and without EGaln coating. The results obtained are
presented in Figure 8. A significant localization of Zn-ions
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Figure 8. (a, b) FE simulations showing Zn-ion concentration
distribution during Zn deposition on (a) a conventional Zn fiber,
where localized Zn deposition occurs, and (b) an EGaln-coated Zn
fiber, showing more uniform Zn deposition. (c, d) Models of the
electric field distribution after Zn nucleation on (c) a conventional
Zn fiber, where the localized electric field accelerates dendrite
formation, and (d) an EGaln-coated Zn fiber, where the uniform
electric field distribution helps prevent dendrite growth, ensuring
more stable and controlled deposition. Reproduced with permission
from ref 40. Copyright 2023, John Wiley and Sons.

perpendicular to the interface between the two electrodes is
observed during Zn deposition (Figure 8a). As a result, Zn
primarily deposits along the vertical axis, promoting dendrite
growth. On the other hand, the high zincophilicity and low ion
migration energy barrier of EGaln allow Zn-ions to more easily
reach the opposite end of the fiber electrode (Figure 8b). This
prevents localization of Zn-ions and ensures a uniform Zn-ion
concentration. In terms of the electric field (Figure 8c), the
uneven deposition of Zn creates a nonuniform electric field. This
leads to localized regions of high charge near the Zn nuclej,
further promoting the formation of dendrites. In contrast, the
LM fiber, with its uniformly distributed Zn nuclei, results in a
more even electric field (Figure 8d), preventing the tipping
effect seen in conventional Zn fibers and leading to a more
consistent and controlled Zn deposition.

Additionally, the EGaln coating alters the direction of crystal
growth of Zn from the (100) direction (vertical) to the (002)
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direction (horizontal), as shown schematically in Figure 9. The
growth of Zn in the (100) direction forms randomly distributed
columnar dendrites (Figure 9a), whereas growth along the
(002) direction generates planar Zn plates without dendrite
formation (Figure 9b). In the latter case, the reaction of EGaln
with Zn allows Zn to be deposited in the horizontal direction,
which provides hexagonal crystal nuclei and facilitates the
formation of an InGaZn,O, alloy layer matching the (0016)
plane. This indicates that EGaln coating enables uniform and
controlled deposition of Zn, thereby avoiding dendrite growth.
The EGaln coating created a smooth, flat surface across the Zn
anode, as shown in Figure 9c. During the predeposition at a
capacity of 3 mAh cm ™, a Zn layer was grown in-plane, thereby
forming a hexagonal layered structure (Figure 9d). The
hexagonal Zn regions gradually stitch together as the deposition
progresses, and smoother and more compact Zn deposition
occurred across the electrode at higher current density (Figure
9e). In conclusion, as the reaction continues, Zn is
spontaneously deposited on the InGaZnsO, alloy along the
(002) direction to create an epitaxial-like interface, enabling the
creation of a stable, dendrite-free anode.

B RECENT TRENDS IN EGaln-COATED Zn ANODE
BATTERIES

Several different types of EGaln-based LMs have been applied to
Zn anodes to improve the stabilities of the ZIBs. In the study
conducted by Kidanu et al,'® EGaln bulk liquid metal (BLM)
and EGaln/metal nanoparticles (LMNPs) were coated on Zn
anode surfaces to obtain Zn@BLM and Zn@LMNP electrodes.
In each case, Ga and In were mixed in a ratio of 74.5:24.5. The
typical growth of Zn dendrites on the bare Zn substrate during
electrochemical deposition/stripping is shown schematically in
Figure 10a, whereas the nondendritic deposition of Zn on the
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EGaln-coated Zn anode is shown in Figure 10b. The Zn@BLM
electrode showed an even distribution of bulk liquid metal across
the surface (Figure 10c), while the Zn@LMNP electrode
showed relatively poor uniformity due to the clustering of
nanoparticles (Figure 10d). The electrochemical performances
of full cells, composed of a V,O4 cathode, a 2 M ZnSO,
electrolyte, bare Zn, and Zn@BLM or Zn@LMNP anodes, are
demonstrated in Figure 10e—f. As shown in Figure 10e, the LM
coating enhanced the discharge capacity of the full cell. In
addition, the cycling performance improved significantly. The
bare Zn and Zn@LMNP cells short-circuit or exhibit voltage
fluctuations before reaching 200 cycles, whereas Zn@BLM
exhibits stable cycling even after 1000 cycles (Figure 10f).

Pu et al.”” conducted electrochemical tests to evaluate the
effectiveness of EGaln in resisting side reactions such as
corrosion and HER. This is confirmed by the Tafel plots and
linear sweep voltammetry (LSV) profiles as shown in Figure 11.
The EGaln-coated Zn fiber exhibited a higher corrosion
resistance potential compared to that of the bare Zn, indicating
a lower tendency for corrosion (Figure 11a). The LSV results
show that the EGaln-coated Zn anode requires an overpotential
of —2.1V to reach a current density of —150 mA cm ™2, while the
bare Zn fiber requires a slightly higher value of —2.0 V (Figure
11b). This indicates that hydrogen evolution is significantly
suppressed on the EGaln-coated Zn anode surface. These
results show that EGaln effectively enhances the lifetime
stability of ZIBs by suppressing side reactions, which are a
major issue in these systems.

Liu et al.'” explored EGaln-coated Zn anodes (EGaln@Zn)
to improve ZIB performance. The EGaln was coated onto the
Zn anode by using a doctor blade. Freshly deposited Zn atoms
diffuse into the alloy interlayer, preferring to bond with the Ga-
In alloy as illustrated in Figure 12a. When the Zn content
exceeds the alloy’s solubility limit, the excess Zn grows beneath
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the liquid alloy layer rather than on the surface. EGaln coating
showed no significant change in the roughness of the Zn anode,
where similar height profiles of Zn anodes were observed before
and after the EGaln coating (Figure 12b). In symmetric cells, the
resulting time-dependent voltage characteristics at a current
density of 1 mA cm ™ are presented in Figure 12¢. EGaln@Zn
outperforms bare Zn and operates without failure for extended
periods. Full cells were constructed with either a bare Zn or
EGaln@Zn anode, an MnO, cathode, and 3 M ZnSO, as the
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electrolyte.”” In addition, EGaln@ZnlMnO, exhibits fewer
fluctuations and more stable cycling compared to those of the
cell with the bare Zn electrode. The EGaln@ZnllMnO, ZIB also
exhibited a higher capacity (Figure 12d) and smaller interfacial
impedance (R;) and charge-transfer resistance (R,) than the
ZIB containing bare Zn (Figure 12e). This is related to
improved charge transfer at the liquid—liquid interface of the
EGaln@ZnllMnO, ZIB. This suggests that undesired side
reactions, such as corrosion and passivation at the interface
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Table 1. Techno-economic Assessment of Various Battery Systems

Earth
Melting Potential vs Tonic Active abundance
Material  point (°C) SHE (V) radius (A) ion (ppm)
Li 180 —3.04 0.76 Lit 18
Na 98 -2.71 1.02 Na* 23,000
K 63 -2.93 1.38 K* 21,000
Mg 651 -2.36 0.72 Mg* 23,000
Ca 842 —2.84 1.00 Ca* 41,000
Al 660 —1.68 0.53 AP* 82,000
Fe 1538 —0.45 0.78 Fe?* 46,500
Zn 419 -0.76 0.75 Zn** 79
Mn 1244 -1.19 0.67 Mn** 950
Ga 30 0.2 0.62 Ga®* 16.9
In 156 —-0.18 0.8 In®* 0.1

Specific
Cost Densi_t;r gravime.:tric Spec.iﬁc volumetric
($/1b) (g em™) capacity capacity (mAh cm™3)
8—11 0.53 3860 2061
1.1-1.6 0.97 1166 1129
3-9 0.86 687 610
1-1.5 1.74 2206 3834
1.55 1337 2072
0.5—-1.5 2.70 2980 8046
0.9-1 7.87 960 7558
1.0-1.2 7.13 820 5855
7.44 976 7250
129-132 591 769 4545
125—-127 7.29 1010

between Zn and the electrolyte due to the low HER
overpotential of Zn, are limited by the EGaln coating, thereby
enhancing the stability of the ZIB.

B TECHNO-ECONOMIC ASSESSMENT OF Zn-ION
BATTERIES

For future large-scale energy storage systems, high electro-
chemical performance as well as raw material availability and
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cost-effectiveness are important considerations. Although LIBs
are currently commercialized due to their high energy density of
240 W h kg™' and long cycle life, the relatively low resource
availability of Co and Nij, used in LIB cathodes, increases cost
and complicates the application to large-scale energy storage
systems (Table 1). ZIBs are favored as a promising alternative
due to their competitive price relative to LIBs (Table 1 and
Figure 13a) and the higher volumetric capacity and lower
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reactivity compared to the competing alternative battery systems
using K, Mg, Ca, and Na (Table 1 and Figure 13b).

Eutectic gallium indium, which is used
to address issues occurring at the
anode in Zn-ion batteries, also provides
environmental and safety advantages
compared to conventional anode
coating materials.

EGaln, which is used to address issues occurring at the anode
in ZIBs, also provides environmental and safety advantages
compared to conventional anode coating materials. Commonly
used anode coatings, such as MOFs and nanosheet materials, "
are typically synthesized via hydrothermal methods or
coprecipitation techniques.*> These methods require drying or
sintering at high-temperature, which possess risks of fire or
explosion. In addition, the use of toxic solvents such as N-
methyl-2-pyrrolidone (NMP) or dimethylformamide (DMF)
also raises environmental and health concerns. EGaln has low
reactivity, and the maximum processing temperature is <~180
°C. Synthesis of EGaln uses no toxic solvents, where only the
mixing of In and Ga in a proper ratio is required to make liquid
EGaln. There have also been several reports where Ga, In, and
their mixture, EGaln, are pointed out to not be harmful to life,™
and instruments used for the human body, including melting
needles, have been developed based on these materials.

In addition, although the components of EGaln (i.e., Ga and
In) are relatively expensive (Table 1), small quantities of these
materials are needed for Zn anode coating; therefore, this
approach retains the cost-effectiveness of the ZIBs. On average,
~0.6 vol% of EGaln relative to the total anode effectively
addresses the issues occurring on the Zn anode."®

B SUMMARY AND PERSPECTIVES

In this Review, the EGaln interlayer was discussed as a potential
solution to solve the stability issues arising at the anode in ZIBs.
EGaln induces Zn (002) deposition and exhibits a strong Zn
affinity, thereby reducing local charge aggregation and enabling
uniform Zn deposition. In addition, EGaln has high corrosion
and HER resistance due to its high overpotential. Thus, EGaln-
based ZIBs show excellent long-term cycling stability and
reversibility and low-voltage hysteresis. Furthermore, the
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liquid—liquid interface between the electrode and electrolyte
enables rapid Zn nucleation and fast electron transfer during
repetitive Zn plating/stripping, thereby improving the overall
cell performance.

Table 2 summarizes the recent literature on ZIBs using Zn
anodes with different coating materials. Among them, ZIBs
coated with EGaln coating exhibit the best cyclic stability, i.e.,
290% after 1000 cycles, which is attributed to the effective
suppression of dendrite formation and the HER-led corrosion/
passivation. Despite the successful examples of ZIBs using Zn
anodes with EGaln-based coatings, several issues must still be
addressed in future research.

The currently adopted coating method of EGaln requires
further optimization for mass production. Brush-based coating is
currently the most common method to coat EGaln on a Zn
anode. Such brush coating is effective to handle EGaln with a
high surface energy, but no studies have been done to develop
automatic brush tools for scalable and large-area applications. It
is also challenging to form uniform EGaln coatings with an
automatic brush. In addition, the high surface energy of EGaln
limits the use of conventional coating tools such as doctor blade.
Thus, developing effective additives that can reduce the surface
energy of EGaln is an important research direction for EGaln-
based ZIBs. Developing surface treatment technology of the Zn
anode to promote the interfacial adhesion between EGaln and
the Zn anode is a promising alternative strategy for scalable
production of EGaln-based ZIBs.

Second, the energy storage capacity and working voltage of
the LM-based ZIB remains smaller than those of its competitors,
including LIBs and Na-ion batteries.'*>*” Aslisted in Table 2, the
number of studies on ZIBs using Zn anodes with EGaln-based
coatings has been limited thus far. This research is in the initial
stages; therefore innovative solutions involving changing the
electrolyte or cathode are needed for improving the electro-
chemical performance parameters. The water used as the
electrolyte in ZIBs theoretically undergoes electrolysis at a
voltage of 1.23 V. Although the presence of salts and an
overpotential allow it to withstand slightly higher voltages, the
maximum voltage typically used in experiments is still around
1.8—1.9 V. This is significantly lower compared to LIBs, which
operates above 3 V, and is highly disadvantageous for energy
density. Therefore, research is needed to develop electrolytes
that do not decompose at higher voltages by exploring additives
and alternative solvent. Additionally, screening the best cathode
materials for ZIBs with Zn anodes with EGaln-based coatings
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Table 2. Comparison of Electrochemical Performances of ZIBs According to Anode Materials

Review

Anode Cathode Electrolyte
Zn@HSTF MnO, 1 M ZnSO, +
0.1 M MnSO,
Zn@GF Prussian blue 0.5 M Na,SO, +
0.5 M ZnSO,
Zn@CNT MnO, 2 M ZnSO, +
0.1 M MnSO,
Zn@TiO, MnO, nanowire 3 M Zn(SO;CF;),
Zn@CaCOy MnO, 3 M ZnSO, +
0.1 M MnSO,
Zn@Graphite V,04:xH,0 2 M ZnSO,
EGaln-coated Zn anode MnO, 2 M ZnSO, +
Ga:In = 75:25 0.1 M MnSO,
EGaln-coated Zn anode V,04 2 M ZnSO,
Ga:In = 74.5:24.5
Ga-In-Zn-coated Zn anode =~ MnO,@Carbon cloth 2 M ZnSO, +
Ga:In:Zn = 80:10:10 0.1 M MnSO,
EGaln-coated Zn anode MnO, 2 M ZnSO, +
Ga:In = 78.4:21.6 0.1 M MnSO,
EGaln-coated Zn fiber V,0;@Carbon fiber 2 M ZnSO,
Ga:In = 75.5:24.5
GalnSn-coated Zn anode (NH,),V0,41.5H,0 2 M ZnSO,

Ga:In:Sn = 68.5:21.5:10

Cag)acity retention
Specific capacity no. of cycles) Voltage range
Current density Current density gV) Refs
1634 mAh g™ 85% (1000) 0.8—1.8 48
1000 mA g™ 1000 mA g™*
81 mAh g™ 85% (150) 0.8—1.6 49
100 mA g~ 100 mA g~*
318.5 mAh g~! 65% (1000) 1.0-1.9 50
03Ag™! 3.0Ag™
235 mAh g! 85% (1000) ~1.8 S1
100 mA g™ 3 mA cm™
206 mAh g™* 86% (1000) 0.8—1.9 52
1Ag™! 1Ag™!
106.5 mAh g™ 84% (1500) 0.4-1.6 53
SAg™! SAg™!
~200—225 mAh g~ 96% (1000) 0.8—1.8 54
S0mA g™’ 1000 mA g™*
417 mAh g™ 90% (20) 0.25-1.6 16
185 mAh g™ 99.7% (10 000) 1.0-1.8 8
1Ag! SAg!
260 mAh g! ~100% (240) 0.8—1.9 41
0.5Ag™" 05Ag™
296.8 mWh cm™ 92.5% (600) 0.3-1.7 11
2Acm™
280 mAh g™* ~100% (1000) ~0-2 12
04Ag™" 2Ag™!

still requires large efforts to achieve high-performance ZIBs
using EGaln coatings.

Given the clear potential of eutectic
gallium indium-based coatings for
improving zinc-ion battery stability,
future research efforts will likely estab-
lish EGaln as a key game-changing
material for the commercialization of
Z|Bs.

Third, a detailed fundamental study of overcoming the
stability challenges using LM coatings is required. To date, the
electrochemical behaviors of ZIBs using Zn anodes with EGaln-
based coatings have been investigated through ex situ analysis
aided by FE simulations. Although this clarifies the working
principles of LMs coated on Zn anodes during the charging/
discharging process, the detailed mechanism related to the
microstructural changes or solid electrolyte interphase and the
reasons for these occurrences remain ambiguous. These can be

achieved by employing various characterization analyses,
including in situ structural or compositional testing supported
by theoretical calculations. A more detailed analysis for the
morphological dynamics, real-time phase changes, and deposi-
tion processes occurring at Zn anodes during charging/
discharging will allow the development of highly efficient and
stable ZIBs. Given the clear potential of eutectic gallium indium-
based coatings for improving ZIB stability, future research
efforts will likely establish EGaln as a key game-changing
material for the commercialization of ZIBs.
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