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ABSTRACT
Aqueous zinc metal batteries (AZMBs) provide a safe and cost- effective solution to meet the future demand for large- scale en-
ergy storage applications. Stable cycling of the Zn metal anode (ZMA) within a wide current range from 0.2 to 10 mA cm−2 is 
considered one of the most critical requirements to enable AZMBs. However, current studies show that ZMAs may cycle at either 
high-  or low- current densities, but it is difficult to simultaneously achieve stable cycling at this wide current range. Herein, we 
study the current- dependent coupling interactions among plating, stripping, and corrosion of ZMAs. We reveal that low- current 
plating/stripping of Zn leads to unfavorable morphological and crystallographic evolution, which results in serious surface cor-
rosion and rapid failure. In contrast, high- current plating/stripping of Zn can enrich its highly stable (002) facets and form local-
ized high- concentration electrolyte layers with solvated aggregates, which consequently suppresses hydrogen evolution reaction, 
dendrite formation, and surface corrosion. By understanding these current- dependent coupling behaviors, we develop a high- 
current- engineered Zn anode that enables long- term cycling across a wide current range, including a record- breaking cycling of 
4500 h at 0.2 mA cm−2. This work offers new fundamental insights and a feasible engineering strategy to significantly boost the 
stability of ZMAs.

1   |   Introduction

Battery technology is a crucial enabler of the global energy tran-
sition from conventional fossil fuel to green and sustainable 
energy resources to achieve worldwide decarbonization [1–4]. 
In comparison to the prevalent lithium- ion batteries, aqueous 
zinc metal batteries (AZMBs) demonstrate unparalleled safety 
performance, environmental benignity, cost- effectiveness, and 
earth abundance. Together with its moderate energy density, 

AZMBs attract progressive attention for large- scale stationary 
energy- storage applications [5–7]. High- performance Zn metal 
anode (ZMA) is one of the primary cornerstones that enable 
the practical deployment of AZMBs [8–10]. The intrinsic plat-
ing/stripping behaviors of ZMAs and corrosion- prone aqueous 
electrolyte systems are commonly believed to readily trigger 
severe dendrite nucleation and hydrogen evolution reactions 
(HERs) upon plating at high currents, leading to rapid cell fail-
ure [11–13].
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Current researches on ZMAs largely focus on addressing the 
deposition- induced dendrite and HER issue to promote their 
high- current cycling stability via solvation structure design 
[14–16], artificial interface engineering [17–20], plating texture 
regulation [21–23], and so on. However, unlike prevailing lith-
ium batteries using Li- containing cathodes and requiring ini-
tial lithium plating, the predominant cathodes for AZMBs are 
manganese- based or vanadium- based oxide materials through 
a typical intercalation/extraction mechanism. The first step of 
these Zn- free cathodes upon cycling is to discharge, which corre-
sponds to the stripping reactions on the ZMAs [24–27]. The ini-
tial stripping process through a solid–liquid conversion can lead 
to exposure of fresh highly reactive Zn surface, serious surface 
damage, and unavoidable crystallographic evolution. So far, in-
sufficient attention has been paid to the stripping mechanisms of 
ZMAs, as well as their impact on cycling and calendar stability.

Additionally, from the viewpoint of practical application, 
an energy- storage AZMB should be capable of continuously 
charging or discharging for more than 2 h under normal oper-
ational conditions, equivalent to a C rate of less than 1/2 C [1]. 
In instances where the battery is to regulate power frequency or 
to mitigate the fluctuations of renewable energy, a charging/dis-
charging rate of 2 C is deemed needed. Of parallel importance, 
a battery should ensure a long calendar life exceeding 10 years, 
which is equivalent to more than 3000 cycles at a low rate of 1/24 
C [3]. However, there is a knowledge gap regarding the coupling 
behaviors among Zn plating, stripping, and corrosion across 
such a wide current range from 1/24 C to 2 C. There is also a lack 
of strategies to improve ZMA cyclability over this wide range of 
currents.

In this study, we explore the current- dependent plating, strip-
ping, and corrosion mechanisms of ZMAs and their interre-
lated electrochemical behaviors. We analyze morphological 
changes, crystallographic features, hydrogen evolution kinet-
ics, corrosion mechanisms, and electrolyte solvation structure 
across various currents. Our results show that Zn stripping 

causes more severe corrosion and gas production than plat-
ing, with increased (002) facet exposure at higher stripping 
currents reducing corrosion. Corrosion is even worse during 
resting due to altered ion concentration distribution. As the 
stripping current increases, the solvation structure shifts from 
contact- ion- pair dominance to solvated aggregates. High- 
current cells experience less corrosion due to favorable inte-
relectrode potential distributions. High- current plating also 
enables dendrite- free, HER- resistant deposition of dense Zn 
microblocks, unlike low- current plating, which forms easily 
corroded mossy deposits. Understanding these behaviors fur-
ther leads to the development of a high- current- engineered 
ZMA (HC- Zn) that supports stable cycling from 0.2 to 
10 mA cm−2, with a lifespan exceeding 4500 h at 0.2 mA cm−2. 
Zn- MnO2 full cells with HC- Zn sustain over 500 cycles at low 
current. This work provides fundamental guidance for de-
veloping better ZMAs and offers new insights for advancing 
wide- current cyclable AZMBs.

2   |   Results and Discussion

2.1   |   Rapid Zn Anode Failure Upon Low- Current 
Cycling

Large- scale stationary energy storage applications require sta-
ble cycling of ZMAs across a wide current range from at least 
1/24 C to 2 C. Taking into account that the areal capacity of a 
commercial battery's electrode is normally in the range of 3–5 
mAh cm−2, the charge/discharge current density range can 
then be calculated as 0.12–10 mA cm−2 (Figure  1A). In this 
range, our preliminary cycling tests revealed that symmetric 
Zn- Zn cells sustained smooth cycling for over 1000 cycles at 
high- current densities (5 and 10 mA cm−2) (Figures 1B and S1). 
In contrast, significant voltage fluctuations and cell shorts 
were already observed within 40 cycles when low- current 
densities (0.2, 0.5, and 1 mA cm−2) were employed. When the 
capacity increased to 3 mAh cm−2, the cell still maintained 

FIGURE 1    |    Rapid Zn anode failure upon low- current cycling. (A) Acceptable operating current range of the anode based on the cathode capac-
ities and rate requirements for practical grid- scale energy storage applications. (B) Cyclability of Zn anodes using various cell configurations. (C) 
Cyclability of Zn- MnO2 full cells at different cycling currents and N/P ratios.
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a good stability to 400 cycles at 10 mA cm−2, while it could 
hardly operate at 0.2 mA cm−2. Similarly, the Zn- Cu half- cell 
exhibited a high average coulombic efficiency (CE) of over 99% 
within 1800 cycles when cycling at 10 mA cm−2. As the current 
decreased to 0.2 mA cm−2, a pronounced short circuit was ob-
served during the ninth plating, which led to CEs less than 
10% in the following cycles (Figure S2). An analogous current- 
dependent behavior, whereby a higher current contributes to 
enhanced cycling reversibility, was also demonstrated using 
Zn- Ti half cells (Figure S3).

Lower cycling current density also resulted in more severe ca-
pacity decay in Zn- MnO2 full cells. As is known, the intrinsic 
dissolution issue of the MnO2 cathode can adversely affect the 
performance. To amplify the impact of Zn on cyclability, ultra-
thin Zn foil with a thickness of 10 μm was specially adopted 
for full- cell tests (Figure 1C). For the low- loading cell, when 
the current density was decreased from 6.25 to 0.25 mA cm−2, 
the capacity decay per cycle increased by 24- fold, from 0.25 
to 6 mAh g−1 cycle−1 (Figure  S4). For the high- loading cell, 
the capacity decay was increased sixfold as the current den-
sity decreased from 3 to 0.6 mA cm−2. For cells with a similar 
N/P ratio, a high current of 3 mA cm−2 can elongate a 10- fold 
lifespan compared to a low current of 0.25 mA cm−2. Moreover, 
cells with a low N/P ratio (2.66) and high current (3 mA cm−2) 
outperform those with a high N/P ratio (5.21) and low cur-
rent (1.25 mA cm−2). In this sense, it is highly imperative to 
systematically evaluate the current- dependent electrochem-
ical behaviors of ZMAs and concentrate more on advancing 
their wide- current cyclability for the industrial deployment 
of AZMBs.

2.2   |   Current- Dependent Plating Behaviors 
and Corrosion Resistant Properties

Zn exhibits a markedly higher density (7.14 g cm−3) com-
pared to alkaline metals Zn exhibits a markedly higher density 
(7.14 g cm−3) compared to alkaline metals (Li: 0.53 g cm−3; Na: 
0.97 g cm−3; and K: 0.86 g cm−3), indicating significantly reduced 
volume and thickness fluctuations upon plating/stripping. At the 
same plating capacity, a thinner thickness change could poten-
tially elongate the morphological tailoring effect of the substrate 
on Zn deposits [27]. The aqueous electrolyte also bestows swift 
mass transport kinetics, preventing the rapid ion depletion and 
space- charge layer formation that trigger dendrite nucleation 
upon high- current plating. As a result, Zn exhibited an intrinsi-
cally high critical current density (CCD) of up to 60 mA cm−2 at a 
capacity of 3 mAh cm−2 (Figure 2A). Continuous plating under 
various currents was also performed (Figure 2B). As the current 
density increased from 1 to 50 mA cm−2, the critical capacity for 
short- circuiting rose sharply from 11.2 to 42.6 mAh cm−2. Even 
at extremely high- current densities of 100 and 200 mA cm−2, 
the critical capacities surpassed that at 1 mA cm−2. Zn deposits 
formed at high- current densities (50, 100, and 200 mA cm−2) and 
their corresponding maximum workable capacities (42, 20, and 
15 mAh cm−2) were highly uniform and dense (Figure 2C–E). In 
contrast, Zn deposits at 1 mA cm−2 and 11 mAh cm−2 were po-
rous clusters composed of thin filaments (Figure 2F). These find-
ings suggested a low propensity for dendrite growth in AZMBs, 
particularly in energy- storage applications.

Subsequently, we examined the nucleation and growth behav-
ior of Zn during plating at different current densities. At a high- 
current density of 10 mA cm−2, the nucleation overpotential was 
168.3 mV (Figure S5), resulting in high nuclei density and small 
nuclei size at 0.2 mAh cm−2 (Figure  2G). As the capacity in-
creased to 1 mAh cm−2, Zn nuclei developed into uniform micro-
blocks with homogeneous distribution. At a capacity of 3 mAh 
cm−2, the Zn deposits became interconnected, forming a smooth 
layer. Corresponding laser microscopy images of Zn deposits at 
10 mA cm−2 revealed a smooth top surface with minimal height 
fluctuations, indicating uniform growth behavior at high- current 
densities. Conversely, at a low- current density of 0.5 mA cm−2, 
the nucleation overpotential significantly decreased to 66.4 mV, 
leading to localized deposition with low nuclei density under a 
capacity of 0.2 mAh cm−2 (Figure 2H). As the current increased 
to 1 mAh cm−2, Zn clusters with thin filaments began to form. 
At a capacity of 3 mAh cm−2, the mossy Zn clusters expanded, 
and substantial amounts of by- product ZnSO4·3Zn(OH)2·5H2O 
(denoted as ZSH, PDF#78- 0246) flakes also formed near the 
clusters. Laser microscopy images of Zn deposits at 0.5 mA cm−2 
showed increasing height fluctuations from 31.7 to 88.5 μm and 
264 μm as the plating capacity increased, demonstrating non- 
uniform growth behavior. Accordingly, the HER overpotential of 
Zn deposits at 0.5 mA cm−2 decreased by ~160 mV compared to 
that at 10 mA cm−2 (Figure 2I). The Tafel plot of the Zn deposits 
at 0.5 mA cm−2 was also 11.2 mV lower than that at 10 mA cm−2 
(Figure  2J). The intensified hydrogen evolution and corrosion 
tendency at low- current densities likely contributed to the in-
creased formation of ZSH during the Zn plating process, as indi-
cated by the X- ray diffraction (XRD) patterns (Figure 2K). These 
results suggested that the stability of ZMA decreased with re-
duced current density during plating.

2.3   |   Current- Dependent Stripping Behaviors 
and Exposed Facet Orientations

We also observed significant differences in surface mor-
phologies and facet orientations of Zn after stripping. At a 
low- current density of 0.5 mA cm−2, localized Zn dissolu-
tion was evident at a capacity of 0.2 mAh cm−2 (Figure  3A). 
Concurrently, nanosheets began to form on the newly exposed 
Zn surface. As the stripping capacity increased to 1 mAh cm−2, 
randomly distributed pits covered by thin flakes emerged. At 
a capacity of 3 mAh cm−2, these flakes became even thicker 
and more prevalent in the vicinity of stripping sites rather than 
in non- stripping areas. Elemental mapping and energy disper-
sive spectrometry (EDS) in Figure 3B revealed that the flakes 
contained high levels of Zn, O, and S with an atomic ratio of 
37.2:59.6:3.2, indicating the presence of in situ generated ZSH 
by- products. This suggested that severe corrosion of freshly 
exposed Zn metal occurs at low- current densities. In contrast, 
after being stripped at a high- current density of 10 mA cm−2, 
the Zn surface exhibited more uniformly distributed dissolu-
tion spots at 0.2 mAh cm−2. Enlarged SEM images of stripped 
Zn revealed textured cracks (Figure  3C). As the capacity in-
creased to 1 mAh cm−2, the dissolution pits grew larger. At a 
capacity of 3 mAh cm−2, the Zn surface maintained a morphol-
ogy characterized by vertical cracks. Corresponding elemental 
mapping and EDS in Figure 3D showed no S signal, indicating 
suppressed corrosion of the exposed surface.
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The textured morphologies observed during high- current strip-
ping suggested potential preferential orientations. Transmission 
electron microscope (TEM) images of the Zn electrode after strip-
ping at 10 mA cm−2 and 5 mAh cm−2 showed large crystalline 

regions with a lattice spacing of 0.23 nm and intersection angles of 
60°, indicating preferential exposure of (002) facets (Figure 3E). 
In contrast, the stripped Zn at 0.5 mA cm−2 and 5 mAh cm−2 ex-
hibited crystalline domains with a lattice spacing of 0.24 nm or 

FIGURE 2    |    Current- dependent plating behaviors and corrosion- resistant properties (A) Critical current density of the Zn anode under a capacity 
of 3 mAh cm−2. (B) Voltage–time profiles upon continuous plating at various current densities, where the abrupt voltage drop indicated the battery 
was short by dendritic or mossy Zn growth. (C–F) Morphologies of Zn deposits under various current densities and corresponding maximum allow-
able capacities. (G, H) Scanning electron microscope (SEM) and laser microscope images of Zn deposits at 10 mA cm−2 (G) and 0.5 mA cm−2 (H) with 
various plating capacities. (I–K) Hydrogen evolution reaction curves (I), Tafel plots (J), and X- ray diffraction patterns (K) of Zn deposits at various 
current densities. Capacity: 3 mAh cm−2.
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FIGURE 3    |    Current- dependent stripping behaviors and exposed facet orientations. (A, B) Morphology of Zn electrode after stripping at 
0.5 mA cm−2 for various capacities (A) and corresponding elemental mapping and energy dispersive spectrometry (B), showing the formation of ZSH 
by- products at the vicinity of fresh stripped Zn surface. (C, D) Morphology of Zn electrode after stripping at 10 mA cm−2 for various capacities (C) 
and corresponding elemental mapping and energy dispersive spectrometry (D), showing a highly textured stripping morphology without by- product 
formation. (E, F) Transmission electron microscope (TEM) images of the Zn electrode after stripping at 10 mA cm−2 (E) and 0.5 mA cm−2 (F) with a 
fixed capacity of 5 mAh cm−2. (G) X- ray diffraction patterns of Zn electrode after stripping at various current densities (Capacity: 3 mAh cm−2). (H) 
X- ray diffraction patterns of Zn electrode stripping at 10 mA cm−2 for various capacities. (I) Peak intensity ratios of (002)/(100) and (002)/(101) facets 
under different stripping conditions.
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0.21 nm, corresponding to the exposure of (100) facets or other 
potential facets (Figure  3F). Figure  3G presented the XRD pat-
terns of Zn electrodes after stripping at 0.5, 1, 10, and 50 mA cm−2 
under a fixed capacity of 3 mAh cm−2. The bare Zn electrode ex-
hibited a (101) and (100) dominated XRD pattern. Notably, the 
peak intensity of (002) facet increased with the current density. 
Furthermore, at a fixed high- current density of 10 mA cm−2, the 
peak intensity of (002) facet also increased as the stripping capac-
ity rose from 1 to 5 mAh cm−2 (Figure 3H). As the current den-
sity increased from 0.5 to 10 mA cm−2, the peak intensity ratios of 
(002)/(100) and (002)/(101) increased threefold and twofold re-
spectively (Figure 3I). At a stripping capacity of 5 mAh cm−2, the 
peak intensity ratios of (002)/(100) and (002)/(101) reached 9.95 
and 1.06, respectively, representing an improvement of 22- fold 
and 7.5- fold compared to the bare Zn. These findings confirmed 
the intensified (002) facet exposure upon high- current stripping, 
particularly at greater depths of dissolution.

To elucidate the underlying mechanism of the preferential strip-
ping of the (002) facet at high- current densities, a tri- electrode sys-
tem with a saturated calomel electrode (SCE) as the reference was 
employed to monitor the voltage profiles of the stripping electrode 
(SE) at various current densities (Figure 4A). The peak stripping 
potential and stripping overpotential at 10 mA cm−2 were higher 
than those at 0.5 mA cm−2, indicating a greater driving force for 
Zn dissolution into the electrolyte (Figure 4B). Zn has a hexago-
nally close- packed (hcp) crystalline structure, where the (002) 
facet is the most closely packed with minimal dangling bonds, 
the strongest Zn- Zn atomic bonding, and optimal thermody-
namic stability [23, 28, 29]. Density functional theory (DFT) cal-
culations (Figure 4C) revealed that the extraction energy of a Zn 
atom from the (002) facets was 1.88 eV, higher than from the (101) 
facet (1.57 eV) and the (100) facet (1.62 eV). Corresponding charge 
density difference maps of the three facets further confirmed the 
stronger electron cloud combination within the (002) crystal planes 
(Figure S6). The increased stripping potential at high- current den-
sities facilitates the dissolution of Zn atoms from the (002) facets, 
thereby exposing more (002) facets. The (002) facet was calculated 
to exhibit the highest energy barrier of 1.32 eV for the HER, com-
pared to the (100) facet (0.85 eV) and (101) facet (0.55 eV), confer-
ring superior anti- corrosion and anti- HER capabilities.

Figure 4E compares the stripping behaviors under high- current 
and low- current conditions. During low- current plating, the 
bare Zn anode, dominated by (101)/(100) facets, preferred to 
dissolve along these facets due to their low Zn extraction en-
ergy barriers and low stripping driving force. The exposure of 
fresh (101) and (100) facets upon stripping led to severe chemi-
cal corrosion, hydrogen evolution, and by- product formation. In 
contrast, the increased stripping driving force at high- current 
densities favors dissolution along the (002) facets. This tendency 
promotes the perpendicular dissolution of (100) facets to expose 
more (002) facets, resulting in the vertical cracks observed in 
SEM characterizations. The enriched exposure of (002) facets 
after high- current stripping enhances resistance to hydrogen 
evolution, self- dissolution, and (electro)chemical corrosion.

In situ optical imaging with an in- plane microdevice was used 
to visualize the Zn plating/stripping processes. At a low- current 
density (Figure  4F), Zn deposition on the plating electrode 
(PE) resulted in non- uniform nucleation and growth, while Zn 

dissolution on the SE was locally intensified with substantial 
gas bubble formation. During the subsequent re- plating, the gas 
bubbles enlarged, indicating severe chemical corrosion between 
the freshly exposed Zn surface and the electrolyte. In contrast, 
at a tenfold increase in current density (Figure  4G), both Zn 
deposition on PE and dissolution on SE were highly uniform, 
with no gas bubbles observed on either electrode, indicating 
inhibited (electro)chemical corrosion at high- current densities. 
Additionally, when the plating time of the high- current cell de-
vice was extended to 0.2 and 0.5 h, few gas bubbles were observed 
(Figure  4H). However, when the high- current cell device was 
aged in the electrolyte for 0.9 h after plating for 0.1 h, slight bub-
bles from corrosion became visible at the stripped Zn electrode 
(Figure  4I). This suggested that corrosion on the high- current 
stripped Zn was more severe at rest than during high- current 
stripping [30, 31]. Simulations using COMSOL Multiphysics indi-
cated that high- current stripping created a local environment of a 
highly concentrated electrolyte, showing an elevated concentra-
tion (Figure S7). Compared to the bare electrolyte at rest or low- 
current stripping (Figure  4J), the transient high- concentration 
electrolyte layer formed during high- current stripping resulted 
in a solvation structure of aggregates (AGGs), which can lessen 
the decomposition of water molecules, ultimately protecting the 
freshly stripped Zn surface from (electro)chemical corrosion.

These experiments reflected that gas evolution primarily results 
from chemical corrosion between the newly exposed Zn surface 
and the electrolyte during Zn dissolution, rather than from the 
electrochemical reduction of the electrolyte during Zn depo-
sition. The depth of chemical corrosion during Zn dissolution 
was associated with the aging duration, stripping capacity, and 
current- dependent morphology and facet orientations. Thus, in-
creasing the capacity during low- current cycling or introducing 
additional aging can significantly impair the cycling stability of 
Zn anodes (Figure S8).

2.4   |   Current- Dependent Corrosion Behaviors

The potential difference between Zn deposits and the underlying 
substrate at one electrode could lead to galvanic corrosion [32, 33]. 
If the Zn deposits have a higher potential than the substrate, elec-
trolyte decomposition and Zn self- dissolution may occur on the 
deposits and substrate, respectively. Conversely, if the substrate 
has a higher potential, the opposite behavior occurs (Figure 5A). 
Figure  5B illustrates the profiles of galvanic currents generated 
by Zn electrodes after plating or stripping. The galvanic current 
was only 11.72 μA for Zn deposited at a high- current density of 
10 mA cm−2, indicating significantly reduced corrosion com-
pared to the high galvanic current of 34.07 μA of Zn deposited at 
1 mA cm−2. A similar trend was observed after stripping: the gal-
vanic current was 19.72 μA after stripping at 10 mA cm−2, much 
lower than the 41.17 μA observed after stripping at 1 mA cm−2.

In addition to chemical corrosion, electrochemical corrosion via 
external circuit leakage during testing was another key factor af-
fecting the cyclability of ZMAs (Figure  5C) [34, 35]. Electrolyte 
decomposition occurs on the electrode with the higher potential, 
while metal dissolution occurs on the electrode with the lower po-
tential. A tri- electrode configuration was used for real- time moni-
toring of the voltage evolutions of two electrodes. At a low- current 
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density of 0.2 mA cm−2, both stripping and plating processes exhib-
ited overpotentials. During subsequent stripping, the plating loca-
tions on the SE varied, resulting in non- uniformity, as indicated 
by the two overpotential spikes in the voltage profile (Figure 5D). 

When the current was increased to 10 mA cm−2, the plating on the 
SE was constant and homogenous, as indicated by the absence of 
additional potential spikes (Figure 5E). Figure 5F summarizes the 
voltage gaps between the PE and SE (Figure  S9). As previously 

FIGURE 4    |     Legend on next page.
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FIGURE 4    |    Zn plating. Mechanistic interpretations of the anti- corrosion capability during high- current stripping. (A) Setup of the tri- electrode 
system to monitor the voltage profiles during stripping. (B) Voltage–time profiles upon stripping at 10 and 0.5 mA cm−2. (C, D) Facet- dependent 
extraction energy of Zn atom (C) and relative free energy of the hydrogen evolution reaction (D) using density functional theory calculations. (E) 
Schematic illustrations of the stripping and corrosion behaviors under both high- current and low- current conditions. (F–I) In situ optical imag-
es of the symmetrical cell device upon plating at 2 mA cm−2 for 1 h (2 mAh cm−2) (F), plating at 20 mA cm−2 for 0.1 h (2 mAh cm−2) (G), plating at 
20 mA cm−2 for 0.2 h (4 mAh cm−2) and 0.5 h (10 mAh cm−2) (H), plating at 20 mA cm−2 for 0.1 h (2 mAh cm−2) followed by resting for additional 0.9 h 
(I). (J, K) solvation structures at the Zn–electrolyte interface at rest/low- current stripping (J) or high- current stripping (K).

FIGURE 5    |    Current- dependent corrosion behaviors. (A) Schematic illustration of the galvanic corrosion on individual electrodes. (B) Galvanic 
corrosion curves of the Zn foils after plating and stripping at currents of 10 or 1 mA cm−2. (C) Schematic illustration of the electrochemical corrosion 
between two electrodes through external electrical connection and electron flow. (D, E) Voltage profiles of the stripping electrode (SE) and plating 
electrode (PE) at 0.2 mA cm−2 (D) and 10 mA cm−2 (E) using tri- electrode setup. (F) Voltage gaps between two electrodes during plating/stripping at 
various current densities. (G, H) Time- dependent impedances of symmetric Zn- Zn cells after plating at 1 mA cm−2 (G) and 10 mA cm−2 (H). Capacity: 
3 mAh cm−2. (I) Plating/stripping profiles of Zn- Ti half cells after 48 h resting with Zn deposits obtained at 1 or 10 mA cm−2.
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discussed, the SE was more susceptible to reacting with the elec-
trolyte and corrosion. Compared to the low- current condition, the 
high- current PE exhibited a lower potential, thereby protecting 
the SE against severe corrosion.

The time- dependent impedance evolutions of symmetric Zn- Zn 
cells upon rest were measured to reflect the depth of corrosion 
(Figure S10). The cells were rested with or without connection to 
the external battery testing systems to ascertain the impact of elec-
trochemical corrosion and the flow of leakage current between 
the two electrodes. For cells (capacity 3 mAh cm−2) after plating 
at 1 mA cm−2, the initial charge- transfer impedance (Rct) was ap-
proximately 30 Ω, which increased to 193.4 Ω (24 h) and 395 Ω 
(48 h), respectively (Figure 5G). The external electrical connection 
contributed to an additional impedance increase by 695.8 Ω due 
to coupled electrochemical corrosion between the two electrodes. 
The Rct reached an unparalleled value of over 10 000 Ω after 
48 h aging, indicating complete charge- transfer failure. For cells 
plating at 10 mA cm−2, reduced impedance rises were observed 
with Rct values of approximately 18 Ω (fresh), 175.9 Ω (24 h) and 
212.3 Ω (48 h) (Figure 5H). In contrast to the 1 mA cm−2 condition, 
the additional connection and electron flow between the high- 
current (10 mA cm−2) plated and stripped Zn electrodes resulted 
in a notable impedance decrease by 93.1 Ω (24 h) and 86.3 Ω (48 h). 
Comparable results were obtained when Zn- Ti half cells were 
employed (Figure S11). Plating at 10 mA cm−2 also led to an im-
proved reversible capacity of 2.25 mAh cm−2 (1.85 mAh cm−2 at 
1 mA cm−2) and a lower stripping voltage hysteresis of 62.9 mV 
(101.3 mV at 1 mA cm−2) after 48 h resting, indicating suppressed 
corrosion within high- current cells (Figure 5I).

2.5   |   Current- Dependent Coupling 
Electrochemical Behaviors of Zn

The aforementioned comprehensive studies revealed that Zn 
stripping causes more severe corrosion and gas production 
than plating. Such stripping- induced corrosion is even worse 
during resting due to altered ion concentration distribution. 
In addition, different from prevailing lithium metal anodes, 
low- current plating of ZMAs led to the formation of unevenly 
distributed, mossy Zn clusters on the PE. This morpholog-
ical characteristic resulted in poor substrate affinity and 
low electrode coverage, triggering strong galvanic corrosion 
(Figure 6A). Additionally, these mossy clusters have a higher 
tendency toward HER, facilitating the formation of insulat-
ing by- products and gas evolution. This led to a heteroge-
neous distribution of ions and electrons at the electrolyte–Zn 
interface, causing non- uniform deposition and dissolution. 
Concurrently, the formation of localized pits and the exposure 
of highly active fresh Zn surfaces on the SE exacerbated ad-
verse chemical corrosion, particularly during high- capacity 
long- term stripping, resulting in more gas bubbles and by- 
products. The external electrical leakage during cycling on 
the testing device further intensified the electrochemical cor-
rosion of the SE. Consequently, ZMAs exhibited markedly in-
ferior cyclability at low- current densities.

In contrast, the high- current plating of ZMAs actually resulted 
in a more homogenous and dense morphology with suppressed 
HER activity and high substrate coverage, thereby inhibiting the 
gas evolution and galvanic corrosion on the PE (Figure 6A). The 

FIGURE 6    |    Current- dependent Coupling electrochemical behaviors of Zn. (A, B) Zn plating, stripping, and corrosion behaviors at low- current 
density (A) and high- current density (B). High- current plating/stripping of Zn can enrich its highly stable (002) facets and form localized high- 
concentration electrolyte layers with solvated aggregates, which consequently suppresses hydrogen evolution reaction, dendrite formation, and sur-
face corrosion.
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high- current stripping process also contributed to uniform Zn 
dissolution, enhanced exposure of ultra- stable (002) facets, and 
the formation of transient high- concentration electrolyte environ-
ments containing solvated aggregates with reduced water reactiv-
ity, collectively mitigating the HER activity and surface corrosion 
of the SE. Benefiting from the favorable morphological, crystal-
lographic, and solvation structural evolution during high- current 
plating/stripping, the cycling stability of Zn- MnO2 full cells can 
be potentially improved by separately manipulating the Zn plat-
ing or stripping rates. Under circumstances where a low current 
discharging was required, the capacity retention of Zn- MnO2 
full cells can be significantly enhanced by 40% by increasing the 
charging current from 0.12 to 6 mA cm−2 (Figure S12).

2.6   |   High- Current- Engineered Wide- Current 
Cyclable ZMA

Benefited from the exceptional anti- HER and corrosion- resistant 
capability of the high- current deposits, a wide- current cyclable 

ZMA was also developed via high- current pre- depositing a thin 
layer of dense Zn on top of the pristine foils (HC- Zn) (Figure S13). 
The preparation of the HC- Zn only required a pre- deposition of 
Zn on the pristine Zn foil at a high current of 50 mA cm−2 in 
low- cost aqueous zinc sulfate electrolyte, which was facile and 
easy to operate. Future optimizations in cell impedance, exter-
nal circuits, electronic components, and electrochemical inputs 
can further decrease energy consumption via heat generation, 
promoting their commercial scaling up. Coupled with a DMSO- 
containing aqueous electrolyte, symmetric cells using HC- Zn 
anodes can sustain stable cycling and flat voltage evolution for 
over 4500 h at an extremely low- current density of 0.2 mA cm−2 
in comparison to the pristine Zn anode with sudden voltage 
drop and quick short (Figure  7A). Compared with reported 
strategies, the as- developed HC- Zn enabled a record- breaking 
lifespan of 445 cycles and the highest accumulative capacity of 
445 mAh cm−2 at 0.2 mA cm−2 (Figures 7B and S14). Note that 
pure organic systems were not fully compared here considering 
their poor compatibility for high- current cycling. Symmetric 
cells using the HC- Zn anode also demonstrated significantly 

FIGURE 7    |    High- current- engineered wide- current cyclable Zn (HC- Zn) anodes. (A) Voltage–time profiles of symmetric cells using HC- Zn and 
pristine Zn anodes upon cycling at extremely low current of 0.2 mA cm−2. (B) Comparison of the cycling numbers and accumulative capacities 
between reported strategies and our work. (C, D) Voltage–time profiles of symmetric cells using HC- Zn and pristine Zn anodes upon cycling at 
1 mA cm−2 (C) and 10 mA cm−2 (D). (E) Radar plot of the cycling numbers of the HC- Zn and pristine Zn anodes across a wide range of current densi-
ties. (F) Cycling performances of Zn- MnO2 full cells at a low current of 1 mA cm−2 using the two anodes.
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enhanced cycling stability at 1 mAh cm−2 and 10 mA cm−2 
(Figure 7C,D). The radar plot in Figure 7E further implied the 
feasibility of the HC- Zn anodes to support stable cycling across 
a wide range of current densities. This strategy was also applica-
ble to Li metal systems where an initial pre- deposition at a high 
current can also lead to enhanced reversibility of Li deposits and 
cycling stability [36].

The introduction of this pre- deposited Zn layer at high cur-
rents could lower the activation energy during charge transfer 
(Figure S15A). The plating of Zn on pristine Zn exhibited a signifi-
cant voltage dip followed by a flat voltage plateau, leading to a large 
nucleation overpotential of 129 mV due to the thermodynamic 
mismatch toward the substrate. Comparatively, the nucleation 
overpotential of Zn on HC- Zn was near zero owing to the pre- 
implanted active Zn seeds (Figure  S15B). Chronoamperometry 
(CA) characterization was further conducted to verify the mech-
anism of Zn plating behavior. The current evolutions under a 
constant potential can sensitively reflect the diffusion transitions. 
Therein, two- dimensional (2D) diffusion indicates the lateral dif-
fusion of absorbed ions along the topmost surface to position the 
most energetically favorable sites for charge transfer, while three- 
dimensional (3D) diffusion implies the reduction of absorbed ions 
to Zn atoms for growth. Compared to the rampant 2D diffusion on 
pristine Zn foil, Zn plating on HC- Zn showed a largely restricted 
2D diffusion (~5 s), reflecting a constant 3D diffusion after nucle-
ation (Figure S15C). Zn- MnO2 cells equipped with HC- Zn anodes 
also demonstrated significantly enhanced cyclability especially 
under a low current, showing a capacity retention of 67.3% after 
500 cycles. In contrast, the Zn- MnO2 cells using pristine Zn en-
countered huge fluctuations in CE and overcharging after cycling 
for 80 cycles.

3   |   Conclusions

In summary, the current- dependent coupling behaviors among 
the plating, stripping, and corrosion of ZMA were uncovered 
across a wide current range from 0.2 to 10 mA cm−2. A 50- fold 
decline in cycling lifespan was observed when the current 
density decreased from 10 to 0.2 mA cm−2 due to unfavorable 
evolution in morphological properties, crystallographic charac-
teristics, and electrolyte solvation structures during low- current 
plating/stripping. Moreover, severe corrosion during Zn strip-
ping instead of plating was discovered due to parasitic reactions 
between the newly exposed highly reactive fresh Zn surface 
and the aqueous electrolyte. This stripping- induced corrosion 
was significantly mitigated at 10 mA cm−2 owing to the 22- fold 
enhanced exposure of thermodynamically stable (002) facets. 
During resting, corrosion on the fresh Zn surface was even more 
severe compared to the stripping state. The faster release of Zn 
ions, especially during high- current stripping, reshaped the ion 
concentration and led to the formation of transient localized 
high- concentration electrolyte layers. Corresponding solvation 
structure also shifted from a contact- ion- pair dominant pattern 
to one dominated by solvated aggregates to effectively reduce 
the reactivity of the nearby electrolyte.

Guided by these fundamental insights, we have developed a 
highly stable ZMA, namely, HC- Zn. It possesses stable cycling 

across a wide current range from 0.2 to 10 mA cm−2. In par-
ticular, HC- Zn exhibited a record- breaking lifespan of over 
4500 h at 0.2 mA cm−2. Smooth charging/discharging for over 
500 cycles at a low current of 1 mA cm−2 was also achieved in 
Zn- MnO2 full cells using HC- Zn. This work systematically an-
alyzed the coupling interactions during Zn plating, stripping, 
and corrosion and offered fundamental insights for developing 
better ZMAs. It is anticipated that the implementation of mul-
tidimensional strategies comprising interfacial engineering, 
electrolyte optimization, and anode structure design will facili-
tate the realization of wide- current cyclability of AZMBs. From 
the perspective of the application of the AZMBs in grid- scale 
energy storage, it is also more imperative to improve the low- 
current cyclability than to constantly push the high- current 
limit of the ZMAs.
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