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t density on Zn reversibility

Licheng Miao, Wenqi Jia and Lifang Jiao *

Aqueous zinc (Zn) batteries (AZBs) exhibit potential as viable candidates for stationary energy storage.

Improvements in the plating/stripping efficiency and lifespan of Zn anodes at high applied current

density (j) render AZBs attractive for rapid charge and discharge scenarios. However, the existing

literature presents inconsistent experimental results and interpretations regarding the impact of j on Zn

reversibility. While some studies indicate that increasing j reduces Zn reversibility, others argue the

opposite. In this perspective, we delve into this conflicting phenomenon with a specific focus on the

fundamentals of Zn electrodeposition, nucleation-growth models and theories related to j, and future

development. Our stance supports the notion that an increase in j leads to a volcano-shaped pattern in

the reversibility of Zn plating and stripping, and such a relationship lies in the dual and contradictory

roles that high j plays in thermodynamics and interfacial kinetics. Our in-depth discussion provides

valuable insights for accurate data interpretation and holds significant promise for advancing high-

power AZBs.
1 Introduction

Aqueous zinc (Zn) batteries (AZBs) have emerged as a promising
battery system for large-scale energy storage owing to their
safety, ease of assembly, cost-effectiveness, non-toxicity, and the
intrinsic advantages of the Zn metal anode with a high theo-
retical capacity (820 mA h g−1 and 5854 mA h cm−3) and high
natural abundance.1–5 However, current AZBs face challenges in
practical application due to the severe reversibility issues of Zn
anodes in aqueous electrolytes, such as random dendrite
growth and dead Zn, resulting in low coulombic efficiency (CE).
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The sharp dendrites with high Young's modulus can potentially
penetrate the separator, causing a short-circuit.6–11 These
obstacles signicantly reduce the efficiency of Zn plating/
stripping, hindering the progress of AZBs.

Various successful approaches, such as optimizing Zn elec-
trode materials, electrolytes, and separator designs, have been
proposed to improve the stability of Zn anodes.12–15 These
intricate strategies aim to control the morphology of Zn depo-
sition and inhibit side reactions, ultimately enhancing Zn
reversibility to some degree. Alternatively, a simple adjustment
of operation conditions through changing the applied or
polarization current density (j) has shown considerable
improvements in Zn reversibility.16–26 Nevertheless, the question
of how Zn reversibility depends on j has no exact answer. Three
viewpoints have arisen regarding the correlation between j and
Zn reversibility in AZBs. Historically, it was widely accepted that
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high j causes a rapid depletion of the Zn2+ ion concentration at
the electrode–electrolyte interface, leading to diffusion-
controlled (mass-transport-limited) deposition of Zn on the
electrode. This process can trigger the formation of morpho-
logically unstable branching or dendrites, ultimately resulting
in a shorter lifetime of Zn anodes.16,17,22 Paradoxically, recent
observations have shown that high j can facilitate the nucle-
ation process, resulting in smaller nuclei size, a higher nuclei
density, and consequently, more uniform and smaller Zn
deposition akes.18–21,25 Notably, Chen et al. has demonstrated
that Zn anodes could cycle steadily even under an unprece-
dented high j of 1 A cm−2.26 More recently, however, Zhang and
Sun's groups successively introduced an alternative perspective,
suggesting that the relationship between j and the cycling life of
Zn anodes follows an analogous volcano-shaped pattern.23,24

They argue that this phenomenon is due to the dual and
contradictory roles that high j plays in crystallographic ther-
modynamics and interfacial kinetics. These viewpoints indicate
the relationship between j and the stability of Zn anodes is not
straightforward. However, a systematic investigation into the
underlying mechanism is still lacking, rendering it elusive.

This perspective aims to enhance the understanding of the
rate-dependent stability of Zn anodes by collating and con-
trasting several prospective nucleation-growth theories and
models relevant to j. It provides a brief introduction to the Zn
electrodeposition process in alkaline and acidic electrolytes
(Section 2), followed by a comprehensive analysis of models and
theories regarding Zn nucleation and growth inuenced by j,
along with recent advancements in Zn anodes (Section 3).
Finally, it discusses the remaining challenges and opportunities
for the practical implementation of high-power AZBs and offers
future perspectives for the advancement of this burgeoning
eld (Section 4).
2 Fundamentals of Zn
electrodeposition

Zn metal has been extensively utilized as an anode material in
AZBs. The deposition of Zn plays a crucial role in the energy
Lifang Jiao
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and storage and release processes of AZBs. Achieving
a compact and uniform Zn deposition is crucial for maxi-
mizing CE and prolonging the lifespan of AZBs. Section 2
provides a succinct introduction to the fundamental back-
ground of Zn electrodeposition, covering the mechanistic
reactions that occur in acidic and alkaline electrolytes, as well
as the crucial Zn nucleation-growth process and its associated
inuencing factors.
2.1 Reaction mechanisms

The Zn anode undergoes different reaction mechanisms in
alkaline and acidic electrolytes.27–31 In an alkaline environment,
zinc oxide (ZnO) initially combines with two hydroxyl ions
(OH−) and one water molecule (H2O) to form a zincate ion
(Zn(OH)4

2−). Zn(OH)4
2− is subsequently reduced to metallic Zn

by gaining electrons on the Zn surface during the charging
process as follows:

Zn(OH)4
2− + 2e− / Zn(s) + 4OH−, E0 = −1.20 V vs. SHE (2.1)

The electrochemical deposition of Zn in alkaline electrolyte
undergoes four sequential stages. Firstly, mass transfer occurs,
where Zn(OH)4

2− migrates from the bulk solution to the anode
surface via electromigration, diffusion, and convection.
Secondly, in the pre-transformation stage, Zn(OH)2 with a lower
coordination number is the ion directly involved in the reduc-
tion process, rather than Zn(OH)4

2− with a higher coordination
number. This preference is due to Zn(OH)2, which dissociates
two OH−, being more likely to gain electrons on the electrode
surface. The third stage involves charge transfer, where the
converted Zn(OH)2 species exchange electrons at the anode
interface to form Zn atoms. Finally, in the electrocrystallization
stage, the new Zn atoms diffuse to the appropriate positions
along the electrode surface, integrating into the metal lattice to
either grow individually or aggregate with other atoms to form
nuclei, eventually developing into crystals (Fig. 1a). The Zn
electrodeposition in acidic media is initiated by applying
a negative (reduction) current to the Zn anode, following the
half-reaction equation:

Zn2+ + 2e− / Zn(s), E0 = −0.76 V vs. SHE (2.2)

As shown in Fig. 1b, this reaction also comprises four
successive procedures: Zn2+ ion diffusion (mass transfer), Zn2+

ion desolvation, Zn2+ ion reduction (charge transfer), and Zn
nucleation and crystal growth (electrocrystallization). In
contrast to alkaline electrolytes, only Zn plating occurs in acidic
systems without the formation of insoluble products, such as
Zn(OH)2, during this process. It is evident that Zn electrodes in
alkaline and acidic electrolytes have different reaction mecha-
nisms, which leads to different reaction potentials.31 In alkaline
electrolytes, the standard reduction potential of Zn/Zn(OH)4

2−

is −1.20 V vs. the standard hydrogen electrode (SHE). In
contrast, the standard reduction potential of Zn/Zn2+ is −0.76 V
vs. SHE in acidic electrolytes, which is less negative than that of
the Zn electrode in alkaline electrolytes. This disparity suggests
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Concepts associated with Zn electrodeposition. Four steps of Zn electrodeposition in alkaline (a) and acidic (b) solutions. Schematics for
uniform Zn electrodeposition (c) and Zn dendrite formation (d). (e) Instantaneous and progressive nucleation processes. Adapted from ref. 32
with permission from Wiley-VCH, Copyright 2023. (f) Schematic time–voltage curve during Zn electrodeposition. Adapted from ref. 33 with
permission from Elsevier, Copyright 2023. (g) The influence factors on overpotential (h). Adapted from ref. 33 with permission from Elsevier,
Copyright 2023.
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that alkaline AZBs are more likely to deliver a higher output
voltage.
2.2 Zn nucleation and growth process

The electrocrystallization process of Zn, which involves nucle-
ation and growth, is crucial for the stability of Zn deposition.
Nucleation signicantly inuences the subsequent growth of
Zn.32 A at surface, as shown in Fig. 1c, exhibits a uniform
electric eld that promotes even Zn deposition during charging.
Conversely, an uneven initial surface results in the formation of
non-uniform Zn seeds during charging owing to the uneven
distribution of the electric eld. The growth priority of Zn is
contingent upon the intensity of the electric eld and ion
concentration in electrolytes. This leads to the accumulation of
electrons and ions at the tips of Zn seeds, resulting in the
formation of tiny protrusions known as initial dendrites. The j
surrounding these protrusions is signicantly larger than in
other areas. This large local j induces a low Zn2+ ion
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentration and the localization of j, intensifying the “accu-
mulation effect” and consequently promoting dendrite growth.
The formation of “dead” Zn is facilitated by the shedding of Zn
dendrites from the electrode into the electrolyte, causing a rapid
decline in the CE and reversible capacity of batteries. Moreover,
continuous dendrite growth can pierce the separator, leading to
direct contact between the anode and cathode, resulting in
a short-circuit and eventual battery failure (Fig. 1d). Therefore,
a at surface with a uniform electric eld and ion distribution
can mitigate the uneven nucleation and growth of Zn, thereby
enhancing the stability of Zn deposition. The formation and
growth of Zn dendrites are more severe in alkaline electrolytes
compared to acidic electrolytes, primarily due to the high
electrochemical activity of Zn in alkaline environments, by the
way.

In metal electrodeposition, there are two primary nucleation
modes: instantaneous and progressive (Fig. 1e).33,34 Progressive
nucleation, as the name suggests, involves the gradual
Chem. Sci., 2024, 15, 18227–18238 | 18229
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development of nuclei over time, with additional nuclei forming
on the substrate or on top of previously deposited material,
competing with the growth of existing nuclei. In contrast,
instantaneous nucleation occurs all at once in the beginning
before growth takes place at these nucleation sites. This process
demands a high force to initiate nucleation; subsequently,
adding Zn adatom to existing nuclei becomes favorable, leading
to a signicantly more negative overpotential (h) for nucleation
than for growth. Fig. 1f illustrates the general characteristic
voltage proles for Zn deposition, showing that the polarization
in the growth step of nuclei (hg) is much lower than in the
nucleation process (hn); indicating that new nucleation sites at
this growth step are very few and negligible and Zn electrode-
position follows the instantaneous nucleation process.33

Furthermore, utilizing the Scharier and Hills (SH) model to
distinguish nucleation modes, Zhang et al. found that the
experimental Zn nucleation process closely aligns with the
theoretical response for three-dimensional (3D) instantaneous
nucleation across all measured h, consistent with the hn

results.24 Theoretically, the instantaneous nucleation process
results in the formation of highly crystalline deposits. However,
if specic growth areas are prioritized over others, the deposited
surface may become rough. In fact, the electrodeposited Zn
exhibits indeed high crystallinity but rough surfaces, as evi-
denced by both the literature and our experimental data.

In Fig. 1f, the h of Zn‖Zn cells plays a crucial role in evalu-
ating the cycle performance of Zn anodes. However, the rela-
tionship between h and cycle performance is currently a topic of
debate. Some argue that higher h results in rapid Zn deposition,
leading to more serious concentration polarization and uneven
distribution of deposited Zn.29 Conversely, others support the
classical nucleation theory, suggesting that an increase in h

causes Zn nuclei to become smaller and denser, potentially
enhancing electrochemical performance by yielding a smoother
surface.16 h serves as the driving force for the four steps involved
in Zn electrodeposition, whether in alkaline or acidic media.35 It
represents the difference between the actual electrode potential
(E) and the equilibrium electrode potential (E0, 0 V vs. Zn/Zn2+).
As the voltage is applied, E rapidly shis, initiating the forma-
tion of crystal nuclei on the Zn metal surface (initial substrate)
once E reaches its peak value at point A (EA), corresponding to
the nucleation process (instantaneous nucleation), where EA is
denoted as hn. h Decreases since crystal growth necessitates less
driving force compared to crystal nuclei formation. Upon
reaching a plateau at point B (EB), this plateau is identied as hg.
The transition from point A to point B is inuenced by both
nucleation and growth processes, with the driving force
required during this process expressed as Dh. In the absence of
mass transfer effects, the Butler–Volmer equation (BVE) can be
reformulated as follows:

h ¼ 2:3RT

nF
log

j

j0
(2.3)

which states that h is inuenced by j (external cause) and
exchange current density (j0, internal cause, dependent on the
salt type, electrolyte concentration, electrode, etc.) (Fig. 1g).35

Therefore, when j0 is constant, adjusting j can directly modify h,
18230 | Chem. Sci., 2024, 15, 18227–18238
consequently affecting the cycling performance of Zn. However,
due to the unclear effects of h on Zn anode stability, the rela-
tionship between Zn reversibility and j remains uncertain.
3 Models and theories regarding Zn
nucleation and growth influenced by j

Three perspectives have arisen concerning the relationship
between j and Zn reversibility in AZBs. The main cause of this
debate stems from a lack of comprehensive understanding of
the intricacies of Zn nucleation and growth in AZBs. This
section provides an in-depth discussion of Zn nucleation and
growth theories and models that are pertinent to j. By revisiting
previous controversies, thermodynamic properties of Zn
nucleation and kinetic concepts of Zn growth are distinguished
and substantiated with relevant examples.
3.1 Thermodynamic theories and models of Zn nucleation

In the process of Zn electrodeposition, Zn2+ ions in the elec-
trolyte are reduced to Zn atoms, which aggregate into Zn nuclei
on the nanoscale, undergoes continuous growth, and ultimately
crystallizes into Zn metals on the microscale with a hexagonal
shape (Fig. 2a).35 Classical nucleation theory (CNT) provides an
explanation of Zn nucleation by considering the net change in
Gibbs free energy. Most models that describe the nucleation
and growth process of metal electrodeposition are constructed
using the conventional 3D sphere or hemisphere models of
CNT. However, the nucleation process of different metals is
inuenced by crystal faces with different orientations, favoring
the crystal face with the lowest surface energy for nucleus
formation. For instance, in the nucleation of Zn, the nucleation
rate (u, number of nuclei per unit volume per unit time) differs
among different crystal faces. The (002) crystal face, which has
the lowest surface energy, is preferentially exposed, resulting in
the formation of hexagonal Zn akes. Unlike the body-centered
cubic (BCC) crystal structure of Li metal, Zn metal adopts
a hexagonal close-packed (HCP) structure, showing distinct
congurations of the crystal nucleus at the nanoscale and the
metal crystal at the macroscale (Fig. 2a).36 Therefore, 3D models
of CNT do not match well with Zn metal, while a two-
dimensional (2D) hexagonal nucleation model is more appro-
priate for Zn metal. Zn plating consistently shows well-dened
anisotropic hexagonal akes in line with the 2D hexagonal
nucleation model. Therefore, it is imperative to standardize the
structural and crystal model of Zn as the HCP structure before
progressing any relevant experimental modes and theoretical
simulations. As shown in Fig. 2b, there exists an energy barrier
(DGn) that needs to be surpassed for the successful nucleation
of Zn.32 In the case of the 2D hexagonal nucleation model, the
calculation of DGn is as follows:

DGn ¼ 3
ffiffiffi
3

p

2
r2h

nF jhj
Vm

(3.1)

where r denotes the radius of nuclei, s represents the surface
energy at Zn/electrolyte interface, h stands for the height of the
Zn nuclei, n signies the number of electrons transferred, F is
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Thermodynamic theories andmodels concerning Zn nucleation. (a) Schematic illustrating the Zn nucleation and growth process based on
the 2D hexagonal nucleationmodel. Adapted from ref. 35 with permission from Elsevier, Copyright 2023. (b) The energy barrier in the process of
Zn nucleation. Adapted from ref. 32 with permission from Wiley-VCH, Copyright 2020. (c) Curves and formulas representing the relationship
between h with either rc, or DGc. (d) Schematic illustrating the dependence of Zn nucleation and growth on j. Adapted from ref. 25 with
permission from Wiley-VCH, Copyright 2023. (e) Experimental results of nucleation theories advocating for a high density of Zn nuclei at high j,
leading to in-planar Zn growth with an extended lifespan of Zn anodes.
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Faraday's constant, and Vm corresponds to the molar volume of
Zn metal.35 During the early stages of nucleation, metallic Zn
“embryos” are deposited onto the electrode. These embryos lack
stability, causing some to dissolve back into the electrolyte,
while others continue to accumulate Zn atoms and grow until
they reach a stable critical r (rc). The values of rc and the critical
Gibbs free energy (DGc) for a stable nucleus can be obtained by
setting vDGn/vr = 0:

rc ¼ 2
ffiffiffi
3

p
sVm

3nF jhj (3.2)

DGc ¼ 2
ffiffiffi
3

p
s2Vmh

nF jhj (3.3)

Eqn (3.2) and (3.3) reveal that rc and DGc exhibit an inverse
relationship with jhj (Fig. 2c).30,32 u can be represented using the
Arrhenius reaction velocity equation:

u ¼ AJ exp

�
� DGc

KT

�
(3.4)

where AJ is the prefactor which is determined from kinetic
considerations, K represents the Boltzmann constant, and T
denotes the temperature.37–39 By combining eqn (3.3) and (3.4),
it can be established that u is directly proportional to jhj.
Building upon this observation and the known direct
© 2024 The Author(s). Published by the Royal Society of Chemistry
relationship between h and j according to BVE, Liu et al.
concluded that an increase in j could enhance u, decrease rc,
leading to a more uniform and smaller deposition of Zn akes,
consequently prolonging the lifetime of Zn (Fig. 2d).19

Furthermore, they suggest that establishing an initial dense
layer of Zn nuclei can promote a uniform deposition even at low
j, prompting the proposal of a high j seeding protocol. By
examining the morphological changes during Zn electrodepo-
sition on a stainless steel current collector, they observed that
pre-treating with a short pulse of high j signicantly reduced the
average size of Zn akes. This nding underscores a signicant
improvement in the uniformity and compactness of Zn elec-
trodeposition as a result of the seeding procedure. It is impor-
tant to highlight that the ndings discussed above were
obtained through an analysis of the morphology of Zn electro-
deposition on the stainless steel current collector. This current
collector is known to trigger a signicant hydrogen evolution
reaction (HER) and the simultaneous buildup of insulated
layered double hydroxide species (LDH).40 Therefore, it is
probable that the predominant ake morphology observed in
the study corresponds to LDH species. Zhi et al. conducted
a study to examine the impact of substrates on the Zn nucle-
ation process.41 They observed a decrease in rc and an increase
in nuclei density at high j, results that were consistent under
different substrates. This nding is further supported by Zhang
Chem. Sci., 2024, 15, 18227–18238 | 18231
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et al.25 They found that the Zn electrodeposits on substrates
such as copper (Cu), titanium (Ti), and stainless steel foils
manifested a similar texture evolution of Zn as j increases. In
addition, they suggested that the crystallographic texture of
deposited Zn transitions from (101) to (002) as j increases from
20 to 80 mA cm−2. Zn surfaces with a dominant (002) face
demonstrate enhanced resistance to HER, corrosion, and
dendrite growth in comparison to those with a dominant (101)
face. As a result, the (002)-textured Zn anode exhibits a signi-
cant cycling life of over 150 h even under a high j of 80mA cm−2.
In terms of the crystallographic texture transformation mech-
anism of Zn electrodeposition by j, the calculations indicate
that the adsorption energy (Eads) for Zn

2+ ion on the (100) crystal
face is −2.78 eV, slightly smaller than that on the (002) face
(−2.19 eV). This indicates a balanced growth rate between the
(002) and (100) faces during Zn electrodeposition at low j,
resulting in the exposure of the (101) texture. However, an
increase in the electrodepositing j introduces additional energy
and increases h, leading to a signicant widening of the growth
rate difference between the (100) and (002) faces, with the (100)
face expected to grow much faster due to its relatively more
negative Eads. Therefore, the (002)-textured Zn can be achieved
at high j. In contrast to the ndings of Zhang et al.,25 Sun et al.
observed a decrease in the X-ray diffraction (XRD) peak intensity
ratio between (002) and (101) from 7.6 to 0.7 for Zn deposits as j
increased from 1 to 100 mA cm−2.23 This indicates that high j
promotes the formation of (101)-textured Zn, which is prone to
dendrite formation. The discrepancy between this result and
that of Zhang et al. can be attributed to the use of Zn foil as the
substrate by Sun et al.Moreover, this result seems to contradict
the conclusion reached by Zhi et al.,41 which indicates that
substrates have an impact on the texture and morphology of Zn.
The alteration of substrate could obscure the assessment of the
relationship between j and the crystallographic texture of Zn
electrodeposition.

Apart from CNT, two other mechanisms explain the bene-
cial effect of j on the stability of Zn. Huang et al. found that Zn
electrodeposits exhibited plate-hexagonal units of Zn crystal at
all values of j, but the consistency of crystal plane inclination
increased as j intensied.18 At a high j of 16 mA cm−2, the Zn‖Cu
cell delivered a cycle life of up to 1000 cycles and an average CE
of 99.8%. They engage in a discussion about the reorganization
of a condensed region with tight-absorbed Zn2+ ions from the
viewpoint of the electrical double layer (EDL). Molecular
dynamics (MD) simulations reveal that at high j, the EDL
undergoes reconstruction, resulting in a decrease in thickness.
This compressed EDL effectively shortens the diffusion distance
of Zn2+ ions through the EDL, thereby enhancing the reaction
kinetics for Zn deposition and facilitating the dense and
compact Zn electrodeposition. Kundu et al. also found that
a high j signicantly prolongs the cycling lifetime of Zn.21 They
successfully achieved Zn reversibility over 8000 cycles at a high j
of 20 mA cm−2 for 1 mA h cm−2. By investigating the evolution
of Zn morphology, they attributed the enhanced Zn reversibility
to a smoother, step-like surface without sharp features. They
propose that this outcome is due to the short duration of Zn
deposition at 20 mA cm−2 for 1 mA h cm−2 (3 min), whichmight
18232 | Chem. Sci., 2024, 15, 18227–18238
not be enough to initiate the diffusion-controlled deposition
regime.

In short, researchers have observed that Zn anodes can
endure thousands of rechargeable cycles at high j, yet exhibit
poor rechargeability at low j (Fig. 2e). This behavior is attributed
to the orderly coherent Zn electrodeposits formed under high j.
The thermodynamic theories, spearheaded by CNT, underscore
the necessity of uniform and compact Zn nucleation for
achieving high Zn reversibility. Nevertheless, the examples
provided also show that Zn reversibility is only maintained
within a critical range of j. There is a maximum threshold to the
positive impact of j on Zn stability. Simply encouraging dense
Zn nucleation is inadequate for ensuring Zn stability. In addi-
tion, while j does inuence the growth orientation of Zn crys-
tals, a denitive correlation between the two is currently
lacking. External factors such as substrates oen alter the
crystallography of Zn nucleation and growth, thereby affecting
the assessment of j's impact on the texture of Zn electrodepo-
sition. The relationship between them requires further investi-
gation in future studies.
3.2 Kinetic theories and models of Zn growth

Despite the well-established knowledge of dendrite-free
morphology and high reversibility of Zn at high j, previous
research has shown that low j can actually promote a more
controlled in-plane morphology and increased Zn reversibility
(Fig. 3a). The researchers are condent that the deposition of
dendritic Zn from acidic or alkaline electrolytes can be attributed
to a diffusion-controlled process.16,17 Sand's time (tSand) theory,
proposed in 1901, is well-known for describing the evolution of
Zn growth in diffusion-limited systems.42 When j is applied to the
Zn anode, it induces a concentration gradient in the electrolytic
salt near the Zn surface, following a diffusion equation. If the
applied j is sufficiently large, the salt concentration at the Zn
electrode surface can be reduced to zero, hindering uniform Zn
deposition. The moment at which the surface concentration
reaches zero is termed as tSand. Aer this time, Zn deposition will
preferentially occur on surface protrusions that reach into regions
of higher salt concentration, consequently leading to dendritic
growth (Fig. 3b). In a binary electrolyte, tSand is inversely propor-
tional to the square value of j (j2), as demonstrated in the formula:

tSand ¼ pD
ðzcFÞ2
4ðjtÞ2 (3.5)

where D is the diffusion coefficient of the cation, z represents
the charge number of the cation, c stands for the bulk salt
concentration, F is the Faraday's constant, and t denotes the
transference number of the anion (Fig. 3c).26 Chen et al. intro-
duced the term “Sand's thickness” (hSand) to characterize the
critical thickness for planar Zn deposition by converting tSand
according to eqn (3.6):

hSand ¼ tSandj

C
¼ pD

ðzcFÞ2
4t2jC

(3.6)

where C represents the theoretical volumetric capacity of Zn
deposited.26 As shown in eqn (3.6) and Fig. 3c, hSand exhibits an
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Kinetic theories and models pertaining to the growth of Zn. (a) Observed results of growth theories indicating the adverse impact of j on
the longevity of Zn anodes. (b) Diagram of the electrodeposition process of Zn on substrates like Cu. Adapted from ref. 26 with permission from
Wiley-VCH, Copyright 2023. (c) Plots of the correlation between j with either tSand or hSand. (d) Schematic representation of the electrohealing
process, in which the sharp tips of dendrites are passivated to form smooth edges, resulting in a smooth anode surface. Adapted from ref. 22 with
permission from Wiley-VCH, Copyright 2019.
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inverse correlation with j. tSand Theory indicates that a kineti-
cally controlled regime may result in uniform Zn deposition,
but this is only achievable at very low j. High j values lead to
decreased tSand and hSand, promoting the diffusion-controlled
Zn growth on the electrode, which in turn encourages the
formation of morphologically unstable branching or
dendrites.

Brandon et al. conducted an in situ study of Zn dendrite
growth, dissolution, and regrowth on Zn anodes using
synchrotron X-ray computed tomography (SXCT), further sup-
porting the perspective proposed by tSand theory.30 They
observed that Zn dendrites rst became visible in radiography
aer 180 s and 71 s at a j of 15 mA cm−2 and 80 mA cm−2,
respectively, indicating a longer initiation time at low j
compared to higher ones. Furthermore, their results showed
that under constant j, larger dendrites exhibit a higher growth
rate than smaller dendrites, indicating that a large portion of j
ows through larger dendrites, enabling them to grow and form
more branches at the expense of the growth of smaller
dendrites. This behavior poses a signicant challenge for
battery charging at high j, as a single dendrite under high
localized j can quickly reach the counter electrode and cause
a permanent short circuit within minutes of operation.
Shearing et al. utilized operando optical microscopy (OM) and in
situ lab-based X-ray computed tomography (X-ray CT) to
© 2024 The Author(s). Published by the Royal Society of Chemistry
investigate and quantify the morphologies of Zn
electrodeposition/dissolution in symmetric Zn‖Zn cells under
various j.17 Their study revealed that higher j leads to a shorter
initiation time and the formation of larger Zn dendrites.
Increased j promotes the development of sharp dendrites with
a larger mean curvature at their tips, leading to dendritic tip
splitting and a hyper-branching morphology. Consequently, the
Zn‖Zn cell exhibited stable cycling for 480 h at a low j of 2 mA
cm−2. However, when subjected to a high j of 20 mA cm−2, the
cell experienced short-circuiting aer 25 h. This outcome is
similar to Qie et al., who observed that the Zn‖Zn cell could
cycle for 300 at a j of 0.885 cm−2 and only 25 h at 20 mA cm−2.43

Zhi et al. also highlighted the instability of Zn at high j.22

They observed that the Zn‖Zn cells showed a stable Zn plating/
stripping process with a lifespan lasting 120 h at 1 mA cm−2.
However, the lifespan decreased to 2.1 and 1.2 h at higher j of
7.5 and 10 mA cm−2, respectively. The h also increased signi-
cantly by 284% (from 134 mV at 1 mA cm−2 to 380 mV at 10 mA
cm−2). This rise in h was due to the slower diffusion kinetics of
Zn2+ from the bulk electrolyte to the Helmholtz layer and the
solid–liquid interface, compared to electron transfer in the Zn
anode. Increasing j led to a higher local j, intensifying h and
causing uneven Zn plating. They subsequently proposed an
electrohealing protocol to remove already formed dendrites by
applying a low j. By subjecting a short-circuited Zn‖Zn cell at 10
Chem. Sci., 2024, 15, 18227–18238 | 18233
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mA cm−2 to dendritic electrohealing at 1 mA cm−2, they
successfully eliminated dendrites. Further cycling at a high j of
10 mA cm−2 resulted in stable electrochemical performance for
an additional 6.2 h before an internal short circuit. Through
scanning electron microscopy (SEM) analysis of the evolution of
Zn morphology, they concluded that low j favored Zn stripping
at the sharp tips of Zn dendrites, producing smooth edges that
hindered tip-growth behavior. Repeated Zn plating/stripping
procedures at low j resulted in a smooth, large-area electrode
surface that could reduce localized j (Fig. 3d). Aer this, Yang
et al. used SEM to study the evolution morphology of Zn elec-
trodeposition across a range of j from 0.025 to 10 mA cm−2.16 At
lower j of 0.025–0.1 mA cm−2, large hexagonal Zn nuclei were
observed on the Znmatrix. With an increase in j to 0.3 mA cm−2,
the size of the nuclei decreased signicantly. Subsequently, as j
further rose from 0.3 to 2 mA cm−2, there was a gradual
reduction in the nuclei size, with hexagonal-shaped Zn nuclei
irregularly dispersed on the Zn matrix surface. However, at
higher j of 5 and 7 mA cm−2, smaller Zn nuclei began to
aggregate, forming tiny protrusions. This trend persisted at 10
mA cm−2, where the Zn nuclei displayed tiny protrusions that
were not yet fully developed, resulting from the accumulation of
ultra-thin Zn nuclei. The authors suggested the uneven distri-
bution of Zn nuclei on the Zn substrate at different j. Higher j
results in smaller nucleus sizes, and these small Zn nuclei easily
accumulate to form tiny protrusions.
Fig. 4 Beneficial thermodynamic and adverse kinetic characteristics of j o
anodes as j increases, which is governed by different mechanisms. (b) Sch
through regulating j.

18234 | Chem. Sci., 2024, 15, 18227–18238
To sum up, tSand theory provides a mechanism to explain the
negative effect of j on the stability of Zn from the perspective of
Zn deposition diffusion kinetics and quanties the critical j
required for Zn dendrite formation. On the other hand, Zhi and
Yang et al. appeared to use thermodynamic-based CNT and BVE
to rationalize the proliferation of Zn dendrites under high j,
a viewpoint that seems contradictory to the discussion in
Section 3.1.16,22 This discrepancy may arise from an incomplete
understanding of the nuances of nucleation and growth in Zn. It
is recommended that researchers rst establish tSand values at
different j and calculate h when tSand is reached using BVE, akin
to the approach employed by Chen et al.,26 before making
conclusions. This approach will denitively determine whether
the diffusion-controlled process has commenced, enabling
a clear differentiation between the specic impact of j on Zn
nucleation and growth during Zn electrodeposition, ultimately
leading to the identication of themechanism by which j affects
Zn stability.
3.3 Combining thermodynamics and kinetics

The preceding observations suggest that the effect of j on the
stability of Zn anodes is not straightforward, with conicting
results and interpretations. In response to this, Zhang et al.
conducted a thorough investigation into the inuence of j on Zn
cyclic stability in 2021.24 Their study revealed that neither low j
n Zn stability. (a) Illustration of the variation in the cycling lifetime of Zn
ematic illustration of the protocol to improve the lifespan of Zn anodes

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(as low as 0.04 mA cm−2) nor high j (up to 30 mA cm−2)
improved the cycle life of Zn anodes. Instead, a moderate j of 5
mA cm−2 yielded the optimal Zn cyclic stability of 1600 h. The
authors suggested that j has dual effects on Zn stability. On one
hand, high j can lead to Zn instability by reducing tSand due to
the adverse kinetic impact of j. Conversely, increasing j can
enhance h and boost nucleation densities from a thermody-
namic standpoint, contributing to the improved stability. An
initial high j discharge strategy, which is similar to the work by
Liu et al.,19 was thus developed to produce abundant nuclei for
uniform metal growth at standard j in the subsequent process.
This protocol increases the Zn deposition/stripping lifetime
from 303 to 2500 h under a cycling capacity of 1 mA h cm−2

without resorting to electrode/electrolyte modication. In 2022,
Sun et al. investigated the process of Zn electrodeposition using
in situ OM to analyze its behavior under varying j.23 Their results
were consistent with those of Zhang et al.,24 demonstrating that
at a low j of 1 mA cm−2, aggregation favored hexagonal plates
with a dominant <0001> facet, leading to randomly stacked
nanosheets. Conversely, at a higher j of 10 mA cm−2, the Zn
electrodeposition behavior was governed by high index facets,
resulting in a uniform and closely packed morphology. Subse-
quently, increasing j to 100 mA cm−2 resulted in the expansion
of the ion-depleted zone, inducing concentration polarization
and initiating a diffusion-controlled regime.

In brief, the two examples above emphasize the benecial
thermodynamic and adverse kinetic characteristics of j on Zn
stability, with the highest stability observed at a moderate j
(Fig. 4a). From the literature, it can be deduced that an increase
in j leads to a volcano-shaped pattern in the reversibility of Zn
plating and stripping. It is insufficient to analyze the stability of
Zn deposition/stripping at high j solely from the perspectives of
thermodynamics or kinetics. This volcano relationship arises
from the conicting roles that high j plays in thermodynamics
and interfacial kinetics. Building upon these ndings and
existing literature protocols, we propose a more comprehensive
strategy of regulating j to prolong the lifespan of Zn anodes. As
shown in Fig. 4b, during Zn stripping, if dendrite formation
occurs at a low j, increasing j will activate the benecial ther-
modynamic nucleation characteristics, leading to a decrease in
rc and an increase in u to produce a smooth Zn surface.
Conversely, if dendrites form at high j, reducing jwill inhibit the
adverse effect of Zn growth kinetics, raise tSand, and increase
hSand, thereby impeding the diffusion-controlled process and
promoting the uniform growth of Zn.

4 Conclusions and outlook

The improvement both in Zn reversibility and stability at high j
is crucial for rapid charge and discharge applications of AZBs.
However, there is an ongoing debate regarding the dependency
of Zn reversibility on j. This perspective provides a comprehen-
sive examination of the rate-dependent stability of Zn anodes by
comparing and contrasting various nucleation-growth theories
and models relevant to j. Our standpoint supports the notion
that an increase in j results in a volcano-shaped pattern in the
reversibility of Zn plating and stripping. However, given the
© 2024 The Author(s). Published by the Royal Society of Chemistry
conicting conclusions from previous studies, it is essential to
discuss certain experimental practices and inuencing factors
that may disturb the accurate assessment of the association
between Zn reversibility and j in the following aspects (Fig. 5).

4.1 Hidden “so shorts” (SS) in AZBs and the necessity of
reversibility assessment for Zn stability using asymmetric
cells

The current performance gap—approximately 20-fold—
between Zn‖Zn symmetric cells and Zn‖Cu asymmetric cells.44

State-of-the-art symmetric cells have been reported to stably
operate at 80 mA cm−2, whereas asymmetric cells typically
operate within the range of 1–5 mA cm−2 or even less. This
substantial difference in performance raises concerns regarding
the reliability of the exceptionally long lifespans claimed for
symmetric cells. One likely factor contributing to this disparity
is the phenomenon known as so shorts (SS), which refers to
a small localized electrical connection between two electrodes
that enables direct electron transfer and interfacial reactions
(Fig. 5a). SS commonly occurs in AZBs, particularly under
aggressive performance conditions such as high j. However,
detecting SS is challenging using Zn‖Zn symmetric cell tests,
which could create an illusion of exceptional stability for Zn
anodes. For instance, Zhi et al. conducted tests on Zn‖Zn cells at
50 mA cm−2 and observed a voltage prole with no abrupt drop
and a quasi-rectangular shape with minimal uctuations per
cycle.44 According to commonly accepted evaluation criteria,
this symmetric cell would be considered highly stable with
exceptional Zn stripping/plating reversibility. However, these
conclusions become problematic upon examining the electro-
chemical impedance spectrum (EIS). The Nyquist plot of the
initial cell displayed a large semicircle with a diameter of
approximately 240 U, indicative of the charge transfer resis-
tance (Rct). This Rct then signicantly decreased to 0 U aer 50
cycles, demonstrating a typical signature of SS behavior. Due to
the questionable high Zn reversibility aer SS, they proposed
that the symmetric cell in fact only exhibits a cycling life of less
than 18 h at 50 mA cm−2, rather than the anticipated 100 h.

In contrast to the symmetric cell controlled by time or
plating/stripping capacities, the asymmetric cell is regulated by
cutoff voltages. The SS behavior of the asymmetric cell is easily
identiable through galvanostatic charge and discharge (GCD)
testing. A notable characteristic of SS in asymmetric cells is
their inability to charge the cells to the upper cutoff voltage
(Fig. 5a).45 Therefore, the protocols of asymmetric cells offer
more accurate and timely insights into determining the actual
lifespan of Zn anodes. When investigating the impact of j on the
timescale and likelihood of dendrite formation or failure, the
use of asymmetric cells becomes essential.

4.2 Randomness in XRD, SEM, and in situ OM results on
accurate assessment of Zn stability and the importance of
using in situ technologies

SEM and XRD are widely used techniques for evaluating cycle
performance and visualizing Zn deposition morphology.
However, these methods are constrained by signicant spatial
Chem. Sci., 2024, 15, 18227–18238 | 18235
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Fig. 5 Experimental practices and influencing factors that disrupt the accurate assessment of the relationship between Zn reversibility and j. (a)
Schematic illustration of SS and voltage profile of Zn‖Cu cells. (b) XRD, SEM, and in situOM data of plated Zn surface necessitate the collection of
a large amount of points to ensure a reliable outcome. (c) The use of control variable method to eliminate the interference of battery config-
uration variables, including the substrate, electrolyte, and separator, and external environmental factors when evaluating the correlation between
j and Zn stability. (d) Objectives of fast charge and discharge applications for AZBs.
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variability due to the enlargement factor and X-ray spot size. For
example, Sun et al. observed diverse deposition morphologies
on the same Zn surface using SEM, including both dense,
uniform deposits and large dendrites. A similar issue is
observed with XRD, where the intensities of Zn(002) and
Zn(101) peaks, as well as their ratios, differ markedly across
different regions of the Zn surface.35 These inconsistencies
complicate the accurate assessment of Zn deposition
morphologies. The spatial heterogeneity introduces substantial
subjectivity and can lead to unreliable characterization results.

In situ OM is another prevalent technique for microscale
characterization of the plating/stripping behavior of Zn2+,
enabling the visualization of dendrites. However, similar to SEM
and XRD, in situ OM results demonstrate inherent variability,
lack of reproducibility, and are constrained by the viewing angle.
These factors can compromise the credibility, dependability, and
impartiality of research outcomes. Therefore, we advocate for the
collection of extensive data from multiple regions of the plated
Zn metal surface, as illustrated in Fig. 5b, to address the
constraints associated with characterization results.

Apart from in situOM, we advocate for the utilization of a range
of in situ characterization techniques such as in situ Fourier
transform infrared spectroscopy (FTIR), Raman spectroscopy, and
XRD. It is essential to establish a set of in situ characterization
18236 | Chem. Sci., 2024, 15, 18227–18238
technology paradigms to monitor the dynamic variations at the
Zn anode surface. This approach will enhance our comprehen-
sion of the fundamental mechanisms involved in the electrode-
position of Zn2+, thereby offering more valuable insights to
facilitate rapid charge and discharge applications of AZBs.
4.3 The inuence of battery conguration and
environmental factors on evaluating the effect of j on Zn
reversibility

In addition to the misleading impressions created by the
aforementioned experimental practices, battery conguration
can also impact the evaluation of the correlation between j and
the reversibility of Zn. For instance, Zhou et al. attributed the
paradox of smooth Zn deposition coupled with a short lifespan
at high j to the separator permeation effect.46 They posited that
the multiplied local j resulting from the narrow separator
channels would inevitably initiate the diffusion-controlled
region, causing the deposits to accumulate along the sepa-
rator channels, ultimately resulting in a short circuit in the cell.
To mitigate this issue, they proposed using a micro-pore sponge
foam (150 mm) as the separator for high-j Zn anodes. This
separator successfully enabled Zn‖Zn symmetrical cells to
achieve a long lifetime of 238 h under 40 mA cm−2.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Apart from the separator effect, the stability of Zn is signi-
cantly inuenced by both the initially selected substrate and the
orientation of the Zn. For instance, Robertson et al. demonstrated
that utilizing only an appropriate metallic anode—without addi-
tional architecture, electrolyte, or interface modications—can
effectively address the dendrite issue and achieve exceptional cell
performance in AZBs.47 When employing a metallic single-Zn
anode, it becomes possible to achieve excellent planar deposi-
tion of dendrite-free Zn at an unprecedented j of 200 mA cm−2.
Furthermore, this dendrite-free epitaxial surface is well preserved
even aer extended cycling of over 1200 cycles at 50 mA cm−2.
Electrolytes also impact the stability of Zn. The tSand, as described
by eqn (3.5), can be enhanced by employing a higher concentra-
tion electrolyte. Chen et al. demonstrated that planar, dendrite-
free Zn can be rapidly achieved in a 10 m ZnCl2 electrolyte at
an exceptionally high j of 1 A cm−2.26 In summary, Zn stability in
AZBs is profoundly impacted by the battery conguration,
including the substrate, electrolyte, and separator. Apart from
battery conguration, external factors such as pressure and
temperature can signicantly impact Zn growth and nucleation,
complicating the assessment of how j inuences Zn electrode
stability. Robertson et al. demonstrated that altering pressure can
modify hg, reducing the energy required for Zn growth and
promoting a more uniform morphology on Zn surfaces.48 Wei
et al. observed a temperature-dependent nucleation process and
electrochemical performance in Zn metal anodes.49 Higher
temperatures decrease h, leading to larger nuclei size and
reduced nucleation density. Conversely, lower temperatures
promote smaller and denser nucleation, facilitating the forma-
tion of ne-grained Zn deposits. Building on these insights, they
proposed an in situ dendrite self-healing technique based on
cooling treatment to eliminate dendrites formed during cycling at
elevated temperatures. These factors account for discrepancies in
cycling life and j tolerance reported in the literature for half-cells,
and also elucidate why the upper limit of j for maintaining
dendrite-free Zn anodes is continually updated in the literature,
despite assumptions of a xed limit for stable Zn electrodeposi-
tion. To accurately assess the impact of j on the stability and
reversibility of Zn anodes, it is essential to employ the control
variable method. This approach will enhance the reliability of
experimental results by isolating the effects of j from other
inuencing factors (Fig. 5c) and thus facilitate a comprehensive
understanding of the mechanisms underlying the inuence of j
on Zn reversibility, ultimately advancing the development of AZBs
for rapid charge and discharge applications (Fig. 5d).
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