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Aqueous Zn-ion batteries (AZIBs) are considered to be a promising alternative to Li-ion batteries (LIBs) owing to the low cost,
superior safety, and high theoretical capacity of the Zn anode (820mAh g−1 and 5855mAh cm−3). However, Zn metal anodes
encounter challenges, mainly including the formation of unfavorable byproducts and the growth of Zn dendrites. Furthermore,
Zn metal corrosion and the hydrogen evolution reaction (HER) are issues related to AZIBs. To overcome these issues, we
engineered a Zn metal surface using acid treatment and eutectic GaIn–liquid metal (EGaIn–LM) coating. Coating EGaIn–LM
on the Zn metal anode results in an liquid–liquid interface between the electrolyte and electrode, increasing wettability and
accelerating charge transfer kinetics, with respect to a bare Zn metal anode. Furthermore, the EGaIn–LM coating improved
corrosion resistance and reduced the HER owing to the high overpotentials of the reaction with Ga and In. Based on these
advantages, EGaIn–LM@acidified Zn (EGaIn–LM@AZn) anodes showed stable symmetric cycling over 420 h and exhibited high
stability against the formation of byproducts and Zn dendrites. Finally, we prepared V2O5 cathode–based full cells with different
anodes. The V2O5//EGaIn–LM@AZn full cell demonstrated excellent rate capability, long-term charge/discharge cycling (capacity
retention of 71.8% after 1500 cycles at a current density of 5 A g−1), and high specific capacities under various current densities
owing to improved charge transfer kinetics and the protective nature of EGaIn–LM. The proposed simple EGaIn–LM coating
method may offer a promising strategy to prepare a stable Zn anode.

Keywords: aqueous Zn-ion batteries; dendrite-free; eutectic GaIn; interface engineering; liquid metal; Zn metal anode

1. Introduction

Rechargeable batteries are increasingly important in applica-
tions ranging from portable electronics to electric vehicles and
grid storage systems [1–3]. Currently, the Li-ion battery (LIB)
dominates the battery market share due to their high energy
density and durability [4]. However, LIBs encounter significant
challenges, including safety concerns, high costs, and limited
resource availability [5]. Aqueous Zn-ion batteries (AZIBs)

have emerged as promising alternatives, offering advantages
such as environmental friendliness, safety through aqueous
electrolytes, cost-effectiveness, and greater stability [6, 7]. Fur-
thermore, they also provide a favorable redox potential
(−0.76V vs. standard hydrogen electrode (SHE)) and poten-
tial for high theoretical capacity related to the Zn anode (820
and 5855mAh cm−3). Despite these benefits, AZIBs suffer
from certain challenges such as dendrite growth during plat-
ing and stripping, byproduct formation, Zn metal corrosion,
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hydrogen evolution reaction (HER), and formation of passiv-
ation layers, all of which degrade electrochemical perfor-
mance, leading to delaying commercialization of AZIBs [8, 9].

These challenges have been addressed through various
strategies, including a protective coating layer [10–12], a struc-
tural design on Zn anode [13, 14], a use of electrolyte additives
or hydrogel electrolyte [15, 16], a separator design [17, 18], et
cetera [19, 20]. Among them, the protective coating layer on Zn
anode is a relatively simple and effective strategy to suppress
dendrite growth and protect the Zn anode from corrosion and
HER [21–23]. Previous studies have introduced protective
layers composed of polymers [24, 25], metal–organic frame-
works [26, 27], and conductive materials [28, 29]. However,
they have encountered challenges, including low ionic conduc-
tivity, complex synthesis process, and toxicity concerns. There-
fore, it is essential to develop new coating materials that
effectively regulate unfavorable dendrite and byproduct forma-
tion and ensure environmental friendliness and scalability for
practical applications [30].

Recently, eutectic GaIn–liquid metal (EGaIn–LM) has
shown promise as an effective coating material. First, due to
its liquid-to-liquid interface with the electrolyte, it is able to
reduce interfacial charge and mass transfer resistances of Zn
anode [31]. Second, it is potential to suppress dendrite growth
because of strong affinity to Zn and a low energy barrier for Zn-
ion migration [32]. Third, the EGaIn–LM layer prevents anode
corrosion and passivation caused by theHER owing to the high
overpotentials of Ga (Ga3+/Ga (−0.53V vs. SHE)) and In
(In3+/In (−0.34V vs. SHE)) [33, 34]. However, it is difficult
to coat EGaIn–LM on Zn anode due to its high surface tension
(0.624 Nm−1) [35, 36]. Previous studies have primarily
employed mechanical polishing to enhance the wettability of
EGaIn–LM on Zn anode [33, 37]. However, this approach
increases surface roughness, adversely affecting the cycling sta-
bility of AZIBs. Therefore, an alternative method to increase
the wettability while retaining a low surface roughness is
urgently required.

In this study, we suggested a novel approach combining
chemical acid etching and EGaIn–LM coating to enhance wet-
tability of EGaIn–LM and electrochemical stability of Zn
anode. The acid treatment effectively removes undesirable pas-
sivation layer and Zn crystal planes of Zn metal [22, 38]. We
investigated electrochemical performance of symmetric cells
with bare Zn, acidified Zn (AZn), and EGaIn–LM coated
AZn (EGaIn–LM@AZn). Additionally, the electrochemical
performances of V2O5 cathode–based full cells containing three
different anodes have been explored.

2. Materials and Methods

2.1. Materials. All chemicals were used without further purifi-
cation. The precursors of EGaIn–LM, Ga, and In were pur-
chased from Ruichi Metals. Zn (0.25mm thick) and Ti foil
(0.032mm thick) were purchased from Thermo Fisher.
V2O5, the cathode active material, and Zn sulfate heptahydrate
(ZnSO4), an electrolyte salt, were purchased from Duksan.
Super P and PVDF, a conductivematerial and a binder, respec-
tively, were purchased from MTI Korea. Glass fiber, a

separator, was purchased from Hyundai Micro, and N-
methyl-2-pyrrolidone (NMP) was purchased from Samchun.
To acid treat Zn, sulfuric acid (H2SO4) purchased from Dae-
jung was used.

2.2. Preparation of the Electrodes. For preparing the EGaIn-
coated Zn anode, EGaIn–based LM ink (Ga: 74.5wt% and In:
25.5wt%) was prepared by mixing Ga and In at 200°C for 20h.
A Zn anode with a diameter of 12mm was repeatedly washed
with ethanol and dried at 60°C for 15min. Subsequently, the
dried Zn was immersed in a 0.5M aqueous solution of H2SO4,
ultrasonicated for 30min, and subsequently dried at 60°C for
30min. After acidification, EGaIn–based LM was applied to the
surface of Zn by simple brush coating.Wedenoted EGaIn–based
LM-coated AZn as EGaIn@AZn. To verify the effect of the
acification and EGaIn-LM coating on the Zn metal, we also
utilized bare Zn and AZn as the control group. The V2O5 cath-
odes were prepared bymixingmaterials, includingV2O5, carbon
black, and PVDF, that is, the active material, conductive mate-
rial, and binder, respectively, in a 7:2:1 weight ratio and subse-
quently dispersing in NMP to obtain a homogeneous slurry. The
slurry was cast on the Ti foil using the doctor blade method and
subsequently dried at 80°C in vacuum for 24h. The areal mass
loading of the cathode was between 0.8–1.0mg cm−2.

2.3. Electrochemical Characterization. All electrochemical
measurements were conducted using 2032 coin-type cells
with 160μL of a 2M ZnSO4 aqueous solution and a GF sepa-
rator. The cathodes and anodes were punched with a diameter
of 12mm. Various electrochemical tests, including the galva-
nostatic cycling of the symmetric cell, cyclic voltammetry (CV),
charge–discharge, and electrochemical impedance spectros-
copy (EIS), were conducted using a battery tester (BCS-805,
BioLogic). The EIS analysis was conducted on the cells at a
frequency range of 10 kHz to 100mHz with an applied voltage
amplitude of 10mV. Coulombic efficiency (CE) and chron-
oamperometry (CA) tests were conducted using a ZIBE SP1,
WonATech, battery tester. The CE measurements were con-
ducted on 2023 coin-type cells assembled with Cu//Zn, Cu//
AZn, andCu//EGaIn–LM@AZn in asymmetric cells at a current
density of 1mAcm−2 with an areal capacity of 1mAhcm−2. The
CA tests were conducted at −150mV to investigate the two-
and three-dimensional diffusion of Zn ions of the Zn anodes.
For linear sweep voltammetry (LSV) and Tafel tests, three
different typed Zn anodes were investigated using a three-
electrode system (SP-150e, BioLogic). For these tests, the Zn
anodes (1× 1 cm2), a Pt electrode, and Ag/AgCl (filled with
saturated KCl) were used as the working electrode, the
counter electrode, and the reference electrode, respectively.
LSV was conducted to investigate the HER of the each Zn
anode in 1M Na2SO4 at a 5mV s−1 rate. For HER investiga-
tions, we used 1M Na2SO4 electrolyte, instead of 2M ZnSO4

electrolyte, due to the elimination of the interference of Zn ion
deposition process during tests [39]. Tafel tests were con-
ducted to measure the corrosion resistances of each Zn anode
in a 2MZnSO4 electrolyte under a 1mV s−1 rate. Full cell tests
(V2O5//bare Zn, V2O5//AZn, and V2O5//EGaIn–LM@AZn)
were conducted under a voltage range of 0.2–1.6 V (vs.
Zn/Zn2+).
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2.4. Characterization. The surface morphologies of the bare
Zn, AZn, and EGaIn–LM@AZn anodes were investigated via
field-emission scanning electron microscopy (FE-SEM;
SIGMA300, Carl Zeiss AG). In addition, each Zn anode was
tested after soaking in electrolyte for 10 days and cycling over
20 cycles at a current density of 1mA cm−2 with an areal
capacity of 1mAhcm−2 to investigate the stability against the
byproduct and the dendrites on the surface. The X-ray diffrac-
tion (XRD) patterns of the pristine, soaked, and cycled anodes
were recorded in the 2θ range of 5°–80° using Cu–Kα radia-
tions to investigate the formation of a byproduct and dendrites
by recording under a scan rate of 5°min−1 (New D8-Advance,
Bruker-AXS). The contact angles of the Zn, AZn, and
EGaIn–LM@AZn anodes were determined using 2M ZnSO4

using a drop shape analyzer (DSA-100, KRUSS).

3. Results and Discussion

The fabrication process of the EGaIn–LM@AZn anode is sche-
matically depicted in Figure 1. Zn was immersed in a 0.5M
aqueous solution of H2SO4 for 30min in a sonication bath to
smoothen the Zn surface. After acid treatment, EGaIn–LMwas
applied to AZn via a simple brushing process. The photographs
in Figure 1 show that EGaIn–LM is uniformly coated on AZn.
However, without acid treatment, the Zn surface was difficult
to coat due to the poor wettability (Figure S1). To study the
effects of acid treatment and the presence of EGaIn–LM on the
electrochemical performances, we prepared conventional Zn,
AZn, and EGaIn–LM@AZn electrodes.

First, we obtained the CA profiles of the three anodes.
Comparing the profiles (Figure 2a) obtained at −150mV of
three typed Zn anodes revealed that the current density rapidly
flattened within approximately 10 s with the EGaIn–
LM@AZn anode, indicating that EGaIn–LM effectively con-
strained the diffusion of Zn2+ and restricted the growth of
dendrites [40]. Corrosion resistance was determined via Tafel
tests conducted in 2M ZnSO4. As shown in Figure 2b,
EGaIn–LM@AZn exhibited the highest corrosion potential
(−982.7mV), followed by AZn (−985.5mV) and bare Zn
(−996.5mV). A high corrosion potential and low corrosion
rate indicate that the electrode is stable against corrosion by
the electrolyte, indicating that EGaIn–LM coating and acid
treatment positively affects the Zn anode. Furthermore, we
conducted LSV tests in a 1M Na2SO4 electrolyte to evaluate
the HER. As shown in Figure 2c, EGaIn–LM@AZn exhibits
significantly low onset potential for the HER (−2.2 V at
−20mAcm−2), whereas the onset potentials exhibited by the
bare Zn and AZn anodes were −1.89 and −2.1V at a current
density of −20mAcm−2, respectively. These results can be

attributed to EGaIn–LM acting as the passivation layer to pre-
vent direct contact with the electrolyte and the high overpo-
tentials of Ga (Ga3+/Ga (−0.53V vs. SHE)) and In (In3+/In
(−0.34V vs. SHE)). In addition, owing to EGaIn–LM present
in the liquid state, liquid-to-liquid contact was formed at the
interface of the EGaIn–LM@AZn anode and the electrolyte,
instead of solid-to-liquid contact under general situations.
This unique interface ensured rapid mass transfer kinetics
and delayed the corrosion of Zn. Moreover, the wettability of
the anode to the electrolyte was enhanced, effectively improv-
ing electrochemical performance. Therefore, to investigate the
effect of EGaIn–LM on the wettability of the anode, we con-
ducted contact angle measurements by dropping a 2M ZnSO4

electrolyte on the anodes (Figure S2). The bare Zn anode exhib-
ited a contact angle of 72.5°, whereas AZn exhibited a contact
angle of 60.5° owing to the etching effect of acid treatment on
the Zn surface. Unlike bare Zn and AZn, after the introduction
of EGaIn–LM, the contact angle of the anode decreased signifi-
cantly to 5.5° owing to liquid-to-liquid contact, imparting rapid
charge transfer kinetics. Therefore, we verified the low charge
transfer resistance of EGaIn–LM@AZn via EIS analysis
(Figure 2d). As shown in Figure 2d, the charge transfer resis-
tance of EGaIn–LM@AZn was much lower than those of bare
Zn andAZn, consistent with the contact angle trends. Based on
these results, EGaIn–LM@AZn coating may be considered a
promising strategy to improve the stability of Zn anodes.

Nucleation overpotential is a key index for investigating Zn
plating behavior. During the nucleation process, a reduced
nucleation overpotential indicates a reduced resistance to
nucleation, indicating the benefit of reducing energy consump-
tion [41, 42]. To evaluate the nucleation overpotentials of the
three anodes, we implemented a galvanostatic Zn electroplating
process on each sample at a current density of 1mAcm−2 with
an areal capacity of 1mAh cm−2. As shown in Figure 3a,
EGaIn–LM@AZn exhibits the lowest nucleation overpotential
(20.4mV), whereas AZn and bare Zn exhibits nucleation over-
potentials of 34.7 and 122.3mV, respectively. This indicates
that acid treatment and EGaIn–LM coating reduced the Zn
plating barrier and accelerated Zn2+ transfer kinetics, indicat-
ing homogeneous Zn nucleation and deposition. Moreover, we
tested the galvanostatic long-term cycling stability of the
anodes at a current density of 1mAcm−2 with an areal capacity
of 1mAcm−2 (Figure 3b). Figure 3b displays that bare Zn and
AZn fail within 66 and 115 h, respectively. In contrast,
EGaIn–LM@AZn maintained a stable Zn plating/stripping
performance over 420 h, substantially longer than bare Zn
and AZn, indicating that EGaIn–LM restricted the formation
of unfavorable byproducts and dendrite growth. We summa-
rized the galvanostatic long-term cycling stability of Zn anode

H2SO4 treatment

Acidified Zn (AZn)

EGaIn–LM coating

EGaIn–LM@AZnBare Zn

FIGURE 1: Schematic of the fabrication process of EGaIn–LM@AZn (inset images: photos of bare Zn, AZn, and EGaIn–LM@AZn).
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FIGURE 2: Electrochemical characterizations of the bare Zn, AZn, and EGaIn–LM@AZn anodes. (a) Chronoamperometry measurements, (b)
Tafel tests, (c) LSV measurements, and (d) EIS analysis.
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with various coating materials (Table S1). The strategy of coat-
ing EGaIn–LM on AZn achieved comparable or longer cycling
stability without a complicate process, compared to Zn anode
with different coating materials. Therefore, this strategy was
demonstrated as a promising and efficient method to restrict
the formation of byproducts and dendrite growth.

To clarify the effect of acid treatment and EGaIn–LM coat-
ing on Zn, XRD patterns and SEM images of the three types of
anodes were acquired, and the anodes were characterized after
soaking for 10 days and cycling 20 times at a current density of
1mAcm−2 with an areal capacity of 1mAh cm−2. Generally,
the XRD patterns of Zn revealed that the Zn (002) plane,
instead of the Zn (100) and Zn (101) planes, was parallelly
aligned to the substrate, alleviating unfavorable Zn growth
[43]. As shown in Figure 4a, after acid treatment, the intensity
of the Zn (002) peak is higher than that of the Zn (100) peak,
indicating that the acid treatment etches unfavorable Zn (100),
in contrast with the case of the bare Zn anode. In the case of
EGaIn–LM@AZn, the intensity of the Zn (002) peak was also
observed to be higher than the Zn (100) peak. Furthermore,
after EGaIn–LM coating on the AZn anode, a broad XRD peak
appeared between 30°–40°, confirming that EGaIn–LM suc-
cessfully covered the AZn anode surface (Figure S3) [44].
Figure 4b displays the XRD patterns of three different anodes
after soaking in a 2M ZnSO4 electrolyte for 10 days to investi-
gate the inevitable formation of byproducts, known as Zn
hydroxide sulfate (ZHS). After soaking in the electrolyte, the
surfaces of all three anodes yielded new XRD peaks at approxi-
mately 10°, one of the main peaks of Zn4(OH)6SO4·5H2O [45].
Notably, the intensity of the ZHS peak obtained from the
EGaIn–LM@AZn anode was much lower than that of the
bare Zn and AZn anodes, indicating that EGaIn–LM increased
the resistance to the formation of ZHS byproducts and acted as
an effective protective layer. Moreover, we acquired the XRD
patterns after 20 cycling tests at 1mAcm−2 with an areal capac-
ity of 1mAhcm−2 (Figure 4c). After the cycling tests, the inten-
sity corresponding to Zn (100) of the cycled bare Zn anode

increased significantly, indicating that the Zn dendrite grew
vertically. Similarly, the intensity of the Zn (002) peak obtained
from the pristine AZn anode was higher than that of the Zn
(100) peak; however, the intensity of the Zn (002) peak
obtained from the cycled AZn anode was lower than that of
the Zn (100) peak. This indicated that the Zn (100) plane,
instead of the Zn (002) plane, was predominantly formed.
However, the Zn (002), Zn (100), and Zn (101) peaks in the
XRD patterns of cycled EGaIn–LM@AZn showed negligible
differences to those of pristine EGaIn–LM@AZn. To further
confirm the intensity changes of Zn (002) and Zn (100), we
calculated the intensity ratios of Zn (002) and Zn (100) of the
pristine and cycled anodes, widely used to evaluate the growth
plane of the Zn dendrites [46]. Figure 4d reveals that the inten-
sity ratio (I(002)/I(101)) of bare Zn before and after the cycling
test changes from 0.24 to 0.22 and that of AZn changes from
1.78 to 0.77. However, the intensity ratios of EGaIn–LM@AZn
before and after the cycling tests increased from 1.11 to 1.39,
indicating that a more stable Zn (002) plane was predomi-
nantly formed, instead of a stable Zn (100) plane, rendering
EGaIn–LM@AZn more stable than the other two anodes dur-
ing the galvanostatic cycling tests. Next, we acquired the SEM
images of the anodes. Figure S4 displays the SEM image of the
pristine bare Zn, AZn, and EGaIn–LM@AZn anodes. Figure
S4a–c reveals that the surface of AZn is smoother than that of
bare Zn because acid treatment etched the Zn surface. More-
over, after EGaIn–LM coating on AZn, the surface became
clean, indicating that EGaIn–LM effectively covered the AZn
surface. However, the SEM images obtained after soaking bare
Zn in the electrolyte revealed that the surface contained large
vertically grown ZHS byproducts, consistent with the XRD
results obtained from soaked bare Zn (Figure S5a). Although
ZHS byproducts were present on soaked AZn, their sizes were
much smaller than those of soaked bare Zn (Figure S5b), indi-
cating that acid treatment enhanced the resistance to the for-
mation of ZHS byproducts. However, the surface of soaked
EGaIn–LM@AZn contained reduced amounts of ZHS
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FIGURE 3: (a) Nucleation overpotential profiles and (b) galvanostatic long-term cycling stabilities of the bare Zn, AZn, and EGaIn–LM@AZn
anodes at a current density of 1mA cm−2 with an areal capacity of 1mAh cm−2.
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byproducts, indicating that EGaIn–LM can inhibit the forma-
tion of these byproducts (Figure S5c). Next, we acquired the
SEM images of the samples after 20 cycling tests under the
same conditions as those used for XRD analysis (Figure S6).
After the cycling tests, the Zn dendrites were randomly grown
on the surface of the cycled bare Zn (Figure S6a). The cycled
AZn also shows the growth of Zn dendrites; however, the Zn
dendrites on the surface of AZn grew less randomly than those
on the surface of the cycled bare Zn (Figure S6b). Unlike the
cycled bare Zn and AZn, the surface of EGaIn–LM@AZn was
clear and a negligible formation of Zn dendrites was observed
(Figure S6c). These results indicate that the EGaIn–LM protec-
tive layer made Zn deposition uniform during the Zn plating
and striping processes.

CE has been widely investigated to evaluate the Zn plating/
stripping reversibility of Zn metal anode. Thus, we conducted

CE tests for Cu//Zn half cells with different Zn anodes (Cu//
bareZn, Cu//AZn and Cu//EGaIn–LM@AZn) with a current
density of 1mAcm−2 with an areal capacity of 1mAh cm−2

(Figure 5). CE value of Cu//bare Zn and Cu//AZn half cells
stated to fluctuate dramatically after 85 and 96 cycles, respec-
tively, which indicated poor Zn plating/stripping reversibility
caused by the formation of unfavored byproducts and den-
drites. In contrast, CE value of Cu//EGaIn–LM@AZn half
cell showed more outstanding CE stability without the fluctua-
tion, compared to those of Cu//bare Zn and Cu//AZn, even
after 200 cycles. Based on CE measurements, EGaIn–LM coat-
ing on AZnmetal was beneficial to maintain stable Zn plating/
stripping process against unfavored challenges in AZIBs such
as byproducts, dendrites, HER, and corrosion.

To comprehensively evaluate the electrochemical perfor-
mances of the anodes, we assembled AZIBs with V2O5 as a
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FIGURE 4: (a) XRD patterns of pristine bare Zn, AZn, and EGaIn–LM@AZn, (b) XRD patterns of soaked bare Zn, AZn, and EGaIn–LM@AZn
in 2M ZnSO4 for 10 days, and (c) cycled bare Zn, AZn, and EGaIn–LM@AZn for 20 cycles at a current density of 1 mA cm−2 with areal
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cathode and the three different Zn anodes. The low interfacial
charge transfer resistance owing to the liquid-to-liquid contact
caused theV2O5//EGaIn–LM@AZn full cell to exhibit intensive
peak currents and a large curve area at the same scan rate
(0.4mV s−1), with respect to the V2O5//bare Zn and V2O5//
AZn full cells (Figure S7). Additionally, these electrochemi-
cal behaviors continued at different scan rates between
0.2–1mV s−1 (Figure 6a–c). At a scan rate of 0.2mV s−1

in all three full cells, there is a reduction peak around
1.25 V since V2O5 exists in a metastable phase in aqueous
electrolyte such as ZnSO4 electrolyte, undergoing an activa-
tion process with a gradual capacity increase during the
initial cycles. This process involves the intercalation of
water molecules in to the V2O5 structure, resulting in inter-
layer expansion and phase transformation in to hydrated
V2O5. This phase transformation reduces the Zn2+ diffusion
barrier and enhances the structural stability during Zn2+

(de)intercalation [47, 48]. Prior to the completion of this
phase transformation, the V2O5 cathode remains unstable,
leading to the appearance of a reduction peak around 1.25 V
at the initial scan rate during CV measurements. However,
at followed scan rates, the reduction peak around 1.25V
diminishes, as shown in Figure 6a–c, meaning that V2O5

was stabilized. This phenomenon has been mentioned in
many literatures based on V2O5–based cathode [47, 48].
Furthermore, we measured the interfacial charge transfer
resistances of the full cells with different anodes via EIS
analysis (Figure 6d). As shown in Figure 6d, the Nyquist
plots of V2O5//EGaIn–LM@AZn indicated considerably
lower interfacial charge transfer resistance than those of
the other full cells, implying EGaIn–LM positively affected
Zn-ion diffusion kinetics.

The charge/discharge profiles at various current densities
between 0.2–5A g−1 are displayed in Figure 7a–c. At a low
current density of 0.2A g−1, the V2O5//bare Zn full cell exhib-
ited a specific capacity of 417.7mAhg−1. Similarly, V2O5//AZn
and V2O5//EGaIn–LM@AZn exhibited specific capacities of

427.6 and 422.4mAhg−1, respectively. The specific capacitance
of V2O5//EGaIn–LM@AZn at a current density of 0.5A g−1

was higher (466.8mAhg−1) than that at a current density of
0.2A g−1 owing to the activation process that generally occurs
in AZIBs. However, at a high current density of 5A g−1, the
V2O5//EGaIn–LM@AZn full cell exhibited a specific capacity
of 401.6mAh g−1, whereas V2O5//bare Zn and V2O5//AZn
exhibited lower specific capacities of 301.9 and 310.2mAhg−1,
respectively. At a current density of 5Ag−1, the specific capacity
of V2O5//EGaIn–LM@AZn was 1.33- and 1.29-times higher
than that of V2O5//bare Zn and V2O5//AZn, respectively. Addi-
tionally, the specific capacities of V2O5//EGaIn–LM@AZn were
more outstanding in overall current density conditions, com-
pared to those of V2O5//bare Zn and V2O5//AZn. These results
can be attributed to the improved charge transfer kinetics at the
interface of the electrolyte and EGaIn–LM. The rate capability
performances of the anodes were determined under various
current densities to verify electrochemical stability when testing
at a low current density after testing from a low to a high current
density (Figure 7d). As shown in Figure 7d, even after testing at a
high current density of 5Ag−1, the V2O5//EGaIn–LM@AZn full
cell exhibits a stable rate performance and the specific capacity
on returning to the current density of 0.2Ag−1 is 484.7mAhg−1,
whereas V2O5//bare Zn and V2O5//AZn exhibits specific capaci-
ties of 420.1 and 420.7mAhg−1, respectively.

To further investigate the stability during charge/discharge
cycling tests, we conducted long-term charge/discharge mea-
surements at current densities of 1 and 5Ag−1 over 250 and
1500 cycles, respectively (Figure 8a,b). As shown in Figure 8a,
at a current density of 1A g−1, theV2O5//EGaIn–LM@AZn full
cell maintains 50.1% of its initial specific capacity and yields
161.8mAhg−1 after 250 cycles, whereas the V2O5//bare Zn and
V2O5//AZn full cells exhibit 43.6% and 45.2% of the initial
specific capacities and yield 132.8 and 135.6mAhg−1, respec-
tively. Furthermore, even at a high current density of 5A g−1

over 1500 cycles, the V2O5//EGaIn–LM@AZn full cell showed
the highest cycling stability (71.8%) and the highest specific
capacity (180mAhg−1), unlike the V2O5//bare Zn (53% and
115.7mAhg−1) and V2O5//AZn (55.0% and 120.2mAhg−1)
full cells. Based on these results, as EGaIn–LM acted as a pro-
tective layer on Zn and improved anode stability, better long-
term stabilities at current densities of 1 and 5Ag−1, and rate
capability performances were achieved than those of the full
cells containing bare Zn and AZn anodes. These experiments
involving anode symmetric cell and full cell measurements
demonstrate that EGaIn–LM@AZn exhibited more outstand-
ing electrochemical performance than bare Zn and AZn, indi-
cating that simply brush coating EGaIn–LM on Zn improved
the stability of Zn.

4. Conclusion

Wedesigned a highly stable Zn anode for AZIBs by covering its
surface with EGaIn–LM after acid treatment. Although acid
treatment on Zn enhanced stability, EGaIn–LM@AZn exhib-
ited substantial stability enhancement owing to the unique
EGaIn–LM properties, including a liquid state, good wettability
against the electrolyte, zincophilicity, and resistance to theHER
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Cu//AZn, and Cu//EGaIn–LM@AZn under a current density of
1mA cm−2 with a areal capacity of 1mAh cm−2.
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and corrosion. The EGaIn–LM@AZn anode significantly
inhibited the formation of unfavorable ZHS byproducts and
Zn dendrites, unlike in the case of the bare Zn andAZn anodes.
Therefore, the EGaIn–LM@Zn anode exhibited more stable
galvanostatic long-term cycling stability performance over
420 h. Furthermore, the V2O5//EGaIn–LM@AZn full cell
showed stable rate capability, long-term charge/discharge
cycling (capacity retention of 71.8% after 1500 cycles at a cur-
rent density of 5A g−1), and high specific capacity under vari-
ous current densities because of enhanced charge transfer
kinetics and the protective ability of EGaIn–LM. Engineering
the interface by simply brushing EGaIn–LM on Zn suggests a
universal strategy to address the various obstacles related to Zn
anodes. Therefore, the proposed process is promising for
enhancing the stability of Zn in AZIBs.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Conflicts of Interest

The authors declare no conflicts of interest.

Author Contributions

Hyungsub Yoon: conceptualization, formal analysis, investiga-
tion, visualization, writing–original draft. Chunghyeon Choi:
formal analysis, investigation, visualization, writing–original
draft. Seungwoo Hong: formal analysis. Marita Afiandika: for-
mal analysis, investigation, visualization, writing–original draft.
Aleksandar Matic: supervision, conceptualization, formal anal-
ysis, investigation, writing–original draft, writing–review and
editing. Tae Gwang Yun: supervision, formal analysis, investi-
gation, writing–original draft, writing–review and editing.
Byungil Hwang: conceptualization, formal analysis, investiga-
tion, project administration, supervision, writing–original
draft, writing–review and editing.

Funding

This research was supported by the Global Research Develop-
ment Center (GRDC) Cooperative Hub Program through the
National Research Foundation of Korea (NRF) funded by the
Ministry of Science and ICT (MSIT) (RS-2023-00257595) and
the Knut and Alice Wallenberg Foundation (KAW) through
the Wallenberg Wood Science Center.

Acknowledgments

This research was supported by the Global Research Develop-
ment Center (GRDC) Cooperative Hub Program through the
National Research Foundation of Korea (NRF) funded by the
Ministry of Science and ICT (MSIT) (RS-2023-00257595) and
the Knut and Alice Wallenberg Foundation (KAW) through
the Wallenberg Wood Science Center.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. (Supporting Information)
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