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Broader context

Resolving the true origin of mossy morphology in
aqueous Zn batteries

Jianwen Yu,? Zhongxi Zhao,? Zhuojun Zhang,? Jiangfeng Huang® and
Peng Tan () *P

Aqueous zinc-based batteries hold great potential for next-generation energy storage because of their
high safety, low cost, and promising electrochemical performance. However, uneven Zn deposition
during charging poses a major challenge to their cycling stability. Although dendritic growth has been
extensively studied as a typical form of uneven deposition, the evolution and formation mechanism of
mossy Zn morphology has remained unclear for a long time. In this work, we move beyond the conven-
tional view that nucleation governs Zn morphology and propose a new mechanism that the interlayer
diffusion of adsorbed Zn atoms is the rate-determining step responsible for mossy deposition. This per-
spective explains why such a morphology tends to form under low polarization and high electrolyte con-
centrations. Furthermore, although pulse current effectively suppresses dendrites by mitigating ion
depletion, the resulting electrolyte enrichment contradicts the suppression of mossy growth. Here, a new
explanation for the pulse-induced suppression of mossy zinc morphology is also proposed. Finally, we
demonstrate that adding a small amount of potassium stannate (K,SnOs) to the electrolyte accelerates
interlayer diffusion and eliminates mossy deposition even under low polarization and high capacity,
offering new insights for optimizing Zn anodes in future battery designs.

In aqueous Zn batteries, the mossy morphology of zinc deposits leads to severe side reactions and poor reversibility. However, conventional nucleation theory
cannot explain the formation of this morphology, and the decoupling of nucleation and growth processes indicates that the growth process determines the

emergence of mossy morphology. Here, the zinc growth process is divided into three parts: the reduction of zinc ions, the diffusion of zinc adatoms on the

basal plane, and their diffusion to the

next basal plane. Experimental and theoretical calculations reveal that interlayer diffusion is the rate-determining step,

which is further slowed under low polarization conditions, leading to the accumulation of zinc adatoms on the basal plane. Subsequently, the whiskers

formed on the basal plane repeatedly bend and eventually develop into mossy morphology. As one of the suppression strategies, pulse charging provides
relaxation time for the interlayer diffusion process, while the potassium stannate additive reduces the thickness of the zinc surface oxide layer and accelerates
interlayer diffusion. Both approaches reduce the accumulation of zinc adatoms on the basal plane, resulting in a more uniform and dense layered deposition

morphology.

Introduction

batteries face challenges arising from the poor interfacial
stability between the metal and the electrolyte. Direct Zn

Metallic Zn features abundant reserves, low cost, and a high
theoretical specific capacity (820 mAh g™*), making it a prom-
ising anode material."® In aqueous zinc-based batteries,
metallic Zn can be directly used as the anode without the need
for binders or conductive agents, offering significant advan-
tages in improving the energy density.® However, like other
metal anode batteries such as lithiummetal systems, zincmetal
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plating in aqueous electrolytes often leads to issues such as
interfacial passivation, hydrogen evolution, and uneven
deposition.”™™" Among these, uneven deposition of Zn is one
of the most representative failure modes, as it can cause
detachment of deposits, uneven stripping, and even pene-
tration of the separator. Previous studies have primarily
focused on dendritic morphologies, which are observed in
both neutral and alkaline electrolytes and are also common in
lithiummetal batteries.””* The conditions that lead to den-
drite formation are now well understood: a low electrolyte con-
centration and high polarization (e.g., high current density or
high overpotential) tend to induce dendrites, indicating a
diffusion-limited process.'>'® In contrast, another type of
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uneven morphology, mossy deposition, has long been over-
looked. Before the application of scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), mossy
deposition appears as gray-black powder to the eye and is
easily confused with other forms. Compared with dendritic
deposition, mossy deposition is rarely observed in neutral elec-
trolytes, and some studies have even suggested that mossy
deposition does not occur under such conditions."””'® This
may be attributed to the fact that hydrogen evolution is less
favourable in neutral systems than in alkaline systems, which
allows the use of a relatively high current density that tends to
suppress the formation of mossy deposition.'® The use of SEM
and TEM has revealed clear microstructural differences
between dendrites and mossy deposition: dendrites exhibit
leaf-like structures, whereas mossy deposition is formed by
randomly stacked, curved whiskers approximately 100 nm in
diameter.?® The formation conditions of mossy deposition are
nearly the opposite of those of dendrites, as they tend to form
under high electrolyte concentrations and low polarization.
The mechanisms underlying dendrite formation have been
thoroughly studied,?* many of which are attributed to inhomo-
geneous nucleation. For example, Lu et al. proposed that
instantaneous nucleation leads to sparse, coarse nuclei that
cause local current density spikes and dendrite formation;
they introduced a hydroxyapatite-based interfacial layer that
promotes progressive nucleation and generates dense and
uniform nuclei to suppress dendrites.”” Wang et al also
demonstrated that the introduction of high-valence cations
such as Ce*" and La’* into the electrolyte can convert instan-
taneous nucleation into progressive nucleation, thereby miti-
gating dendrite growth.”® While Chen et al. argued that the
nuclei formed via instantaneous nucleation grow simul-
taneously, which is more favourable for subsequent uniform
deposition. They employed plasma sputtering and mechanical
stretching to treat the Zn anode, thereby inducing instan-
taneous nucleation and effectively suppressing dendrite
growth.>*

Some researchers have attempted to explain mossy depo-
sition via similar nucleation-based frameworks. For example,
Li et al. observed mossy morphologies under progressive
nucleation in ZnBr, electrolytes and suggested that controlling
nucleation toward the instantaneous regime is key to forming
well-defined bulk Zn and achieving high reversibility.>®
However, these seemingly contradictory results reflect the con-
fusion surrounding the link between the nucleation mode and
deposition morphology. It is debatable whether such a fast
process, as nucleation typically occurs on the order of seconds,
alone can determine the morphology of much longer-term
growth.”® This has prompted us to explore alternative mecha-
nisms beyond nucleation. In addition, some researchers have
proposed that an unevenly distributed oxide layer exists on the
surface of Zn.>’”*° During deposition, this oxide layer sup-
presses the layered growth of Zn, and the stripped Zn struc-
tures tend to grow out from the pores in the oxide layer. These
stripes attract relatively high local current densities, leading to
preferential growth and eventual bending, resulting in the for-
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mation of mossy Zn deposits. Other studies attributed the for-
mation of mossy morphology to stress-induced mechanisms."”
During deposition, the reduced Zn atoms diffuse toward
surface defects such as grain boundaries, generating compres-
sive stress in the substrate and causing local stress concen-
tration. The growth of mossy Zn is then considered a stress-
relief mechanism in which Zn filaments protrude from grain
boundaries or other defects to release internal stress. However,
while this mechanism is used to explain the formation of
mossy deposition, many researchers also believe that stress
contributes to dendrite formation.>**! This raises an impor-
tant question: does stress lead to mossy deposition, dendrite
growth, or both? Given that the conditions for mossy and den-
dritic growth are fundamentally different, it is possible that
stress relaxation is merely a common result of deposition
rather than the root cause of a specific morphology.
Furthermore, some researchers have suggested that competing
faradaic side reactions during electrodeposition may induce
mossy growth.'® Under low polarization, the rate of side reac-
tions may exceed that of the main Zn deposition reaction, pro-
moting mossy structures. However, this explanation becomes
problematic at high concentrations, where side reactions
should be suppressed because of the abundance of zincate
species; however, mossy deposition becomes even more pro-
nounced. These various hypotheses, while offering valuable
insights, still fail to fully explain the formation mechanism of
mossy Zn and why it tends to appear under specific
conditions.

This work tries to resolve the true origin of mossy mor-
phology in zinc-based batteries. It begins with electrochemical
tests and morphological observations, which show that under
low polarization and high concentration, the system follows a
progressive nucleation mode, whereas under high polarization
and low concentration, it follows an instantaneous nucleation
mode. By separating the conditions for nucleation and growth,
the final deposition morphology is determined to be governed
by the growth process rather than the nucleation behavior. The
growth of mossy deposition is further investigated via SEM,
TEM, and X-ray diffraction (XRD). The results reveal that the
mossy morphology evolves from initial layered growth domi-
nated by the (002) facet into a polycrystalline structure, and
this transition is initiated by whisker-like protrusions emer-
ging from the (002) surface. To elucidate the origin of these
protrusions, cyclic voltammetry (CV) measurements and
density functional theory (DFT) calculations are performed,
which find that interlayer diffusion of reduced Zn adatoms
during the deposition steps is the rate-determining step. A
slow interlayer diffusion rate leads to the accumulation of Zn
atoms on the (002) facet, turning the initial two-dimensional
lateral growth into one-dimensional vertical growth, resulting
in the formation of protrusions. At high zincate concen-
trations, more Zn atoms are reduced and thus they accumulate
more easily. Under a low overpotential, a thicker surface ZnO
layer further slows interlayer diffusion, promoting protrusion
formation. To address the formation of mossy morphology,
two mitigation strategies are proposed: one is the application
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of pulse deposition, a method widely used to suppress den-
drite formation, but the mechanism is totally different; the
other approach involves introducing a small amount of
K,SnO; into the electrolyte to enable co-deposition of Zn and
Sn, from which the high redox potential of Sn suppresses the
formation of surface ZnO, thereby enhancing interlayer
diffusion and producing a denser and more uniform mor-
phology. This work reveals the formation mechanism of mossy
deposition morphology in aqueous zinc-based batteries, pro-
viding insights for the development of strategies to optimize
the performance of Zn anodes.

Results and discussion

The influence of current density and concentration on
morphology and nucleation

To identify the conditions that trigger mossy morphology, Zn
depositions were formed at various zincate ion concen-
trations and current densities while maintaining a constant
deposition capacity. The deposited morphology exhibits a
strong dependence on both electrolyte concentration and

View Article Online
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current density, as shown in Fig. 1a-g. With increasing con-
centrations from 0.1 M to 0.4 M (Fig. 1a-d), the structure
transitions from dendritic to smooth layered stacking, then
to filamentous Zn, and finally to fully developed mossy depo-
sition. Similarly, as the current density decreases from
30 mA cm > to 10 mA cm > (Fig. 1d-g), the morphology
evolves from dendrites through layered stacking to complete
mossy coverage, confirming that mossy morphology prefer-
entially forms under high-concentration and low-polariz-
ation conditions. To investigate whether the mossy depo-
sition is related to the nucleation process, CV tests were con-
ducted at different concentrations (Fig. 1h). The nucleation
overpotential is defined as the voltage difference between the
intersection of the forward and reverse scans and the initial
drop point in the reverse scan.*”>* As shown in the inset,
the nucleation overpotentials for 0.1, 0.2, 0.3, and 0.4 M are
75.5, 65.4, 52.2, and 50.8 mV, respectively, indicating a
decrease in the nucleation overpotential with increasing con-
centration. The effect of polarization on the nucleation over-
potential was evaluated via galvanostatic tests,>*>” as shown
in Fig. 1i. The nucleation overpotentials at 1, 5, and 10 mA
em™> are 12.2, 13.6, and 22.2 mV, respectively, suggesting
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Fig. 1

Influence of different current densities and concentrations on morphology and nucleation. (a—d) Morphologies at concentrations of (a) 0.1,

(b) 0.2, (c) 0.3 and (d) 0.4 M. (e—g) Morphologies at current densities of (e) 20 mA cm™2, (f) 25 mA cm™2 and (g) 30 mA cm™2. (h and i) Nucleation
overpotentials at different (h) concentrations and (i) current densities. (j and k) Nucleation modes at different (j) concentrations and (k) current

densities.
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that lower polarization leads to a lower nucleation overpoten-
tial. The specific nucleation modes under different con-
ditions were determined via chronoamperometry (Fig. S1
and $2).***° The current peaks appear within a few seconds
after voltage application, indicating that nucleation occurs
on a very short timescale. After normalization, the experi-
mental curves were compared with theoretical models of
nucleation. As shown in Fig. 1j, the behavior at 0.1 M
matches that of progressive nucleation, whereas 0.2 and 0.3
M exhibit characteristics between progressive and instan-
taneous nucleation, and 0.4 M fits the instantaneous nuclea-
tion model. This suggests that higher concentrations favour
instantaneous nucleation, whereas lower concentrations
tend toward progressive nucleation. The effect of polariz-
ation on the nucleation mode is shown in Fig. 1k. At —=1.50 V,
the nucleation follows the instantaneous model, whereas at
—1.60 V, it follows the progressive model, indicating that low
polarization favours instantaneous nucleation, whereas high
polarization favours progressive nucleation.

The nucleation mechanisms at different current densities and
concentrations

To enhance the reliability of the conclusions, in addition to
electrochemical testing, morphological observations were
also employed to elucidate the nucleation modes under
different conditions. In general, instantaneous nucleation
occurs extremely rapidly within a very short time. After
nucleation is complete, the nuclei grow in size, and the
number of nuclei in the later stage changes little compared
with that in the earlier stage; only their size increases. In
contrast, progressive nucleation involves the continuous for-
mation of new nuclei throughout the nucleation process,
resulting in a significant increase in the number of nuclei
over time.*"** We conducted SEM imaging of the electrodes
at different stages of nucleation. The glassy carbon electrode
was cleaned with hydrochloric acid and deionized water
before each experiment, then dried and polished with
suede, and finally wiped clean with lint-free paper. To guar-
antee the same deposition capacity for each comparison
group, galvanostatic deposition was utilized rather than
potentiostatic deposition. At 0.4 M with a low current
density of 10 mA cm™?, the nucleus count remained nearly
constant, decreasing only slightly from 799 to 679 between 1
s and 2 s (Fig. 2a, b and g), indicative of instantaneous
nucleation. The slight decrease may be attributed to coalesc-
ence during the growth of the nuclei. In contrast, under
high polarization at the same concentration (20 mA cm™?),
the number of nuclei surged from 2084 to 4959 in just 0.5 s
(Fig. 2¢, d and g), demonstrating clear progressive nuclea-
tion behavior. Similarly, at a low concentration of 0.1 M with
10 mA cm™2, the nucleus count also showed a significant
increase from 245 to 1061 over 1 s (Fig. 2e-g), confirming a
progressive nucleation mode under these conditions. These
morphological observations are in full agreement with the
electrochemical measurements. In previous electrochemical

analyses,”® the nucleation overpotential was found to be
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related to the critical nucleus size according to the following
relationship:

where r, y, Vi, F, and 75 represent the critical radius, the
interfacial surface energy between Zn and the electrolyte,
the molar mass of Zn, the Faraday constant, and the nuclea-
tion overpotential, respectively, indicating that the critical
radius is inversely proportional to the nucleation overpoten-
tial. As shown in Fig. 2h, the average nucleus size in the
second stage under three different conditions was also stat-
istically analysed. For 0.4 M with 10 mA cm ™2, 0.4 M with
20 mA cm™® and 0.1 M with 10 mA cm™2, the average
nucleus radii were 0.191 pm, 0.170 pm, and 0.184 pm,
respectively. This indicates that the greater the polarization,
the smaller the nuclei; the lower the concentration, the
smaller the nuclei. These results align with previous find-
ings that higher polarizations and lower concentrations
correspond to higher nucleation overpotentials. Fig. 2i
shows the influence of polarization on the nucleation mode.
Compared with low polarization, higher polarization acti-
vates more nucleation sites. However, since the total
number of Zn atoms available for deposition remains the
same at the same concentration, under low polarization,
each nucleation site receives a more uniform and larger allo-
cation of Zn atoms, whereas under high polarization, the
distribution becomes uneven, and each site receives fewer
atoms. This leads to faster nucleation and larger nuclei
under low polarization, corresponding to instantaneous
nucleation, whereas high polarization leads to progressive
nucleation. When the polarization remains constant and the
number of nucleation sites does not change, low-concen-
tration conditions cause Zn atom allocation per nucleation
site to be uneven and less than under high-concentration
conditions (Fig. 2j). As previously explained, this results in
instantaneous nucleation with larger nuclei at high concen-
trations and progressive nucleation with smaller nuclei at
low concentrations. To summarize, the effects of concen-
tration and polarization on nucleation have been clarified.
Interestingly, high concentration and low polarization lead
to mossy morphology, and both conditions correspond to
instantaneous nucleation with larger nuclei. This raises the
question: is instantaneous nucleation responsible for the
formation of mossy morphology?

The influence of the nucleation and growth processes on the
mossy structure

To investigate whether nucleation affects the morphology, four
sets of experiments were designed with the same total de-
posited capacity. First, deposition performed solely at 10 mA
cm ™2 for 600 s resulted in a mossy morphology (Fig. 3a). When
the same capacity was deposited at a higher current density of
25 mA cm > for 240 s, the morphology changed to a gravel-like
structure (Fig. 3b). Next, the deposition process was separated
into the nucleation and growth stages. As illustrated in Fig. 3c,
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Fig. 2 Morphological observations of nucleation under different conditions. (a and b) Morphologies at 0.4 M under 10 mA cm~2 for (a) 1 s and (b) 2
s. (c and d) Morphologies at 0.4 M under 20 mA cm™2 for (c) 0.5 s and (d) 1 s. (e and f) Morphologies at 0.1 M under 10 mA cm™2 for (e) 1 s and (f) 2
s. (g) Nucleus number statistics. (h) Average nucleus radius statistics in (b), (d), and (f). (i and j) Schematic diagram of nucleation modes under (i)

different polarizations and (j) concentrations.

nucleation at 10 mA cm™> for 50 s followed by growth at 25 mA
em™? for 220 s produced a gravellike structure at Point
B. When this sequence was reversed, with nucleation at 25 mA
em ™2 for 20 s followed by growth at 10 mA cm™> for 550 s, the
resulting deposition was mossy, as shown in Fig. 3d.
Subsequently, another experiment was conducted to examine
the reversibility of the mossy morphology. Deposition was first
carried out at 10 mA cm™2 for 600 s, then at 25 mA cm™2 for
240 s. The deposit remained mossy (Fig. 3e). Finally, the influ-
ence of the substrate was investigated by depositing first at
25 mA cm~> for 240 s, followed by 10 mA ecm™ for 600 s,
which also resulted in a mossy morphology (Fig. 3f). Fig. 3g
summarizes these experiments: nucleation at high polarization
followed by growth at low polarization results in a mossy mor-
phology, whereas nucleation at low polarization followed by
growth at high polarization produces a gravel-like morphology.
This finding indicates that the formation of a mossy mor-
phology is unrelated to the nucleation stage but depends on
the growth stage. Once a mossy morphology forms, applying

242 | EES Batteries, 2026, 2, 238-252

high polarization afterward does not reverse it back to a gravel-
like morphology. Furthermore, even if the initial deposit on
the substrate is gravel-like, a mossy morphology will appear
once the conditions favour its formation, indicating that the
appearance of mossy morphology is independent of the
substrate.

The growth process of the mossy morphology

The growth of mossy Zn was further investigated. The morpho-
logical evolution during deposition at 20 mA cm™> reveals a
distinct progression from small particles to mossy coverage
over time. Fig. 4a and b document the transition after 20 and
80 s of deposition, respectively, showing initial small particles
developing into layered stacked blocks. During the intermedi-
ate stage (80 s), abundant hexagonal basal facets identified as
the (002) planes are clearly exposed (Fig. S3), before the
surface ultimately becomes covered with mossy deposition
after 400 s, as shown in Fig. 4c. Fig. 4d shows the XRD patterns
at these three time points, and the peak intensity ratio analysis

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(a and b) Morphologies after charging at (a) 10 mA cm™2 for 10 min and at (b) 25 mA cm™2 for 4 min. (c) Charged at 10 mA cm~2 for 50 s followed by
25 mA cm™2 for 220 s. (d) Charged at 25 mA cm™2 for 20 s followed by 10 mA cm™2 for 550 s. (e) Charged at 10 mA cm™2 for 10 min followed by
25 mA cm™2 for 4 min. (f) Charged at 25 mA cm™2 for 4 min followed by 10 mA cm™2 for 10 min. (g) Schematic summary.

is given in Fig. 4e. After the initial 20 s, the intensity ratios of
the (002) peak to the (100) and (101) peaks are 4.11 and 11.62,
respectively. After 80 s, the ratios significantly increase to
30.17 and 22.81, indicating that the (002) facet had become
the dominant crystal facet during this stage. This is attributed
to the close-packed (002) facet having low surface energy and
favourable chemical properties.**> When Zn adatoms adsorb
onto the (002) Zn surface, they have a relatively low probability
of aggregating to form a new layer due to the large nucleation
energy barrier involved, which corresponds well with the abun-
dant hexagonal facets observed in Fig. 4b. However, after 400
s, the (002) peak intensity ratios relative to the (100) and (101)
peaks decrease to 1.71 and 0.51, respectively, indicating the
disappearance of (002) dominance and the formation of dis-

© 2026 The Author(s). Published by the Royal Society of Chemistry

ordered polycrystalline mossy deposition. To explain how this
polycrystalline or mossy structure forms, TEM imaging was
performed on freshly grown whiskers and their transition into
a mossy morphology. As shown in Fig. 4f, step-like mor-
phologies appear on the deposited Zn particles, with a whisker
protruding from the top step layer that is approximately
100 nm in diameter, which is consistent with previous
reports.”® Owing to the sample thickness, high-resolution TEM
(HR-TEM) imaging was not feasible; however, the SEM image
in Fig. S4 shows that these initial mossy formations originate
on the hexagonal facets, and previous studies have reported
that whisker nucleation starts on the (002) facet.">*® In Fig. 4g,
the formed whiskers subsequently begin to bend, and after a
series of bends, their morphology appears mossy at the micron

EES Batteries, 2026, 2, 238-252 | 243


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5eb00178a

Open Access Article. Published on 10 November 2025. Downloaded on 6/19/2026 11:25:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

EES Batteries

A (e)

—~ 20 mAcm2400s

3 —
» S | S
o - 20 mMAcm280s =

c —_ o

2 |55 520mAcm?220s e

£ o~ O

S bt
|1 ! Lo
30 45 60 75 20s 80s  400s
20 (°) Time
Epitaxial growth Crystal transformation Polycrystalline
(Q ke

n he initial whisker
e from the (002) facet
»
o
o
<

Fig. 4 Mossy deposition growth process. (a—c) SEM morphologies after deposition at 20 mA cm™2 for (a) 20, (b) 80, and (c) 400 s. (d) XRD patterns
at three different stages. () Comparative analysis of peak intensities at the three stages. (f—h) TEM images of the (f) whisker initiation, (g) growth,
and (h) completion stages. (i-k) HR-TEM images at the (i) left, (j) center and (k) right sides of the black boundary line in (g).

scale, as shown in Fig. 4h. To clarify the crystal facet trans-
formation during this process, HR-TEM was performed in the
bending region, as shown in Fig. 4g. Analysis of the lattice
spacing to the left of the bending region yields 2.47 A (Fig. 4i
and Fig. S5), corresponding to the Zn (002) orientation, and a
clear grain boundary is observed at the bend (Fig. 4j); however,
on the right, the lattice spacing is 2.3 A (Fig. 4k and Fig. S6),
corresponding to the Zn (100) orientation. Additionally, Fig. 4g
reveals distinct dark lines within the whiskers, caused by screw
dislocations twisting the lattice and resulting in additional
electron absorption."” This is also evident in Fig. 4j, where the
crystallographic orientation within the square below the (002)
region differs markedly from the (002) orientation itself. This
indicates that lattice dislocations occur during the elongation
of whisker-like deposits. Owing to the small radius of the whis-
kers, these unavoidable dislocations readily induce crystal
orientation changes and bending, ultimately leading to the for-
mation of a polycrystalline mossy morphology.

Mechanistic analysis of initial whisker formation and the
effect of concentration

After the growth process of the mossy morphology was clari-
fied, attention was given to the origin of the initial whiskers
observed on the (002) facet. To investigate this, CV tests at
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different scan rates were conducted in 0.1 M and 0.4 M electro-
Iytes, as shown in Fig. 5a. The data were processed by plotting
the peak current against the square root of the scan rate. For
both electrolytes, the fitted curves follow a quadratic function
(Fig. 5b), indicating that the Zn deposition process in both
cases is diffusion controlled with a fast charge transfer step.”
This means that the zincate ions are rapidly reduced to Zn
atoms. As previously mentioned, the initial whiskers grow
from terrace structures on the (002) facet. To further under-
stand this, a stepped-surface model was constructed for the
DFT calculations (Fig. 5c). The core of the model consists of a
6 x 6 x 4 Zn atom slab. On the top and right surfaces of this Zn
slab, a layer composed of 3 x 11 Zn and oxygen atoms was
added to achieve the Zn step covered by a ZnO film. This con-
figuration explains the inevitable corrosion and passivation of
Zn by the alkaline electrolyte under basic conditions (Zn +
20H™ — ZnO + H,0 + 2e¢” and Zn(OH);>~ — ZnO + H,0 +
20H7). Numerous studies, along with subsequent characteriz-
ation, have confirmed the presence of ZnO on the surface of
Zn.”"*” In the constructed model, the upper surface of the
step corresponds to the (002) facet, whereas the side corres-
ponds to the (100) facet. The diffusion energy barriers of
reduced Zn adatoms, which are adsorbed but not yet incorpor-
ated into the lattice, were then calculated for diffusion across

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the (002) facet and downwards along the (100) facet toward the
lower step. The diffusion paths are shown by the blue spheres.
The decision to calculate the diffusion and interlayer energy
barriers on the (002) plane was based on our XRD data, which
indicated its dominant presence. This approach is also sup-
ported by the work of Mitsuhashi et al., who demonstrated
through electrodeposition experiments on (002) single-crystal
zinc that mossy structures originate from the (002) plane, as
illustrated in Fig. S7. The calculated diffusion energy barriers
reveal a significantly higher energy barrier for interlayer
diffusion along the (100) facet (0.908 eV) compared to lateral
diffusion on the (002) basal plane (0.639 eV) (Fig. 5d). This
finding indicates that vertical diffusion to the lower step is

© 2026 The Author(s). Published by the Royal Society of Chemistry

slower than lateral diffusion on the basal facet. Based on the
above experiments and calculations, we can interpret the
mechanism of mossy morphology formation and explain why
it occurs more readily at high concentrations. As shown in
Fig. 5e, the Zn electrodeposition process can be divided into
three steps: the first step is the charge transfer reaction, in
which zincate ions are reduced to Zn atoms that adsorb onto
the substrate surface, and this step is the fastest. The second
step involves the surface diffusion of Zn adatoms across the
basal facet, which is relatively slow. The third step is the down-
ward diffusion of Zn adatoms to the lower layer, which is the
slowest and thus the rate-determining step. At low concen-
trations, fewer Zn adatoms are generated in the first step, and
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the diffusion rates in the second and third steps are sufficient
to allow them to migrate to the lower layers. This leads to
lateral two-dimensional growth on the surface, forming a
gravel-like morphology macroscopically. However, at high con-
centrations, many Zn adatoms are produced in the first step.
Since the third step is too slow to accommodate them, Zn
adatoms accumulate on the basal facet. This accumulation
lowers the nucleation barrier on the surface and promotes
growth directly on the top surface, which becomes increasingly
confined, ultimately leading to vertical one-dimensional
growth in the form of whiskers.

The effect of polarization

The influence of polarization on mossy morphology is primar-
ily explained by differences in the thickness of the oxide layer.
Energy-dispersive X-ray spectroscopy (EDS) mapping of the de-
posited Zn (Fig. 6a) clearly shows the presence of oxygen. TEM
imaging was conducted after deposition under high-polariz-

246 | EES Batteries, 2026, 2, 238-252

ation conditions (current density of 20 mA cm™> and depo-

sition time of 30 s), as shown in Fig. 6b. The HR-TEM image of
the edge of a hexagonal structure (Fig. 6¢) reveals a distinct
dark boundary. Lattice spacing analysis on either side of the
boundary shows 2.6 A on the interior (Fig. S8, corresponding
to metallic Zn) and 3.1 A on the exterior (Fig. S9, corres-
ponding to ZnO). The thickness of the ZnO layer at the outer
edge was found to be approximately 5.4 nm. Subsequently,
deposition was performed at a lower polarization (Fig. 6d,
10 mA cm> for 60 s). The HR-TEM image of the hexagonal
edge under these conditions shows no clear boundaries
(Fig. 6e). Lattice spacing analysis at 11.7 nm from the edge
reveals a spacing of 3.1 A, as shown in Fig. $10, indicating the
presence of ZnO and suggesting that the Zn deposited under
low polarization is covered by a thicker ZnO layer. In addition,
EIS tests were carried out under different applied potentials,
and the corresponding equivalent circuit model used for
fitting is shown in Fig. S11. As shown by the Nyquist plots in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6f, increasing the applied bias voltage leads to a decrease
in the intercept on the X-axis. The inset highlights that at bias
voltages of 10, 30, and 50 mV, the corresponding ohmic resist-
ances are 2.309, 2.223, and 2.203 Q, respectively. Moreover, the
diameters of the semicircles, which represent the charge trans-
fer resistance, also decrease with increasing bias, measuring
15.78, 5.84, and 2.17 Q, respectively. This trend indicates that
at higher bias voltages, the oxide layer is reduced, resulting in
increased conductivity. A thinner oxide layer also facilitates
charge transfer, further confirming that the degree of polariz-
ation influences the thickness of the oxide layer. On this basis,
the ZnO thickness in the DFT model was increased to two
layers, and the energy barrier for downward diffusion through
the (100) facet was recalculated, as shown in Fig. 6g. The
maximum diffusion energy barrier increases to 1.071 eV, com-
pared to 0.908 eV for the monolayer ZnO case. This indicates
that a thicker oxide layer hinders interlayer diffusion. As illus-
trated in Fig. 6h, under high polarization, the oxide layer is
reduced, promoting faster interlayer diffusion and enabling
the formation of gravel-like deposits. In contrast, under low
polarization, a thicker ZnO layer leads to Zn atom accumu-
lation on the basal facet, initiating whisker growth. As pre-
viously discussed, the mossy morphology is rarely observed
under neutral conditions. To explain this phenomenon, Tafel
tests were conducted in five electrolytes: 6 M ZnO + 0.4 M
KOH, 2.8 M KCl + 0.4 M ZnCl,, 2 M ZnSO,, 1 M ZnSO, and 2
M Zn(OTf), (Fig. S12), and their Tafel slopes were fitted to be
7.8, 13.8, 23.2, 25.3 and 34.34, respectively; a larger Tafel slope
corresponds to slower electrochemical kinetics, indicating a
progressive decrease in the reaction kinetics. The deposition
morphologies observed in these electrolytes are shown in
Fig. S13a-e and include mossy, mossy, partially mossy, gravel-
like structures, and radiating block-like morphologies, respect-
ively. We attribute this to the significantly slower reaction kine-
tics in neutral electrolytes, especially in lower-concentration
ZnSO, solutions and Zn(OTf), solution. The sluggish charge
transfer step limits the formation and accumulation of Zn
adatoms on the basal facet, making mossy morphology less
likely to form than in alkaline conditions.

Pulse charging and addition of the K,SnO; additive

From the formation mechanism of the mossy deposition, it is
now possible to regulate it from a mechanistic perspective. To
provide sufficient time for interlayer diffusion, pulsed charging
was applied during the deposition process, as shown in Fig. 7a.
The experimental group was charged with a frequency of 5 Hz
and a duty cycle of 50%, ie., 100 ms charging followed by
100 ms resting. To ensure the same total charge capacity, the
non-pulsed group was charged for 10 min, whereas the pulsed
group was charged for 20 min. As shown in the voltage profiles
in Fig. 7b, the non-pulsed group exhibits a higher voltage, indi-
cating that pulsed charging can also increase the concentration
of zincate ions near the electrode. Morphological observations
reveal mossy deposition under continuous charging (Fig. 7c),
while pulsed charging at 5 Hz results in a gravel-like morphology
(Fig. 7d). Varying the pulse frequency shows that both high (50

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Hz) and low (0.5 Hz) frequencies lead to the reappearance of
mossy deposition, as shown in Fig. 7e and f, suggesting a fre-
quency-dependent effect. Pulse charging, as a charging strategy,
has proved highly effective in suppressing dendrite formation.
This is because the relaxation periods during pulsing allow
higher ion concentrations to replenish the electrode surface via
diffusion, effectively mitigating ion depletion that leads to den-
dritic growth. However, for mossy morphology, elevated ion con-
centrations conversely promote its formation. Therefore, the con-
ventional theory used to explain dendrite suppression is not
applicable in this context. Herein, this work proposes a new
mechanistic explanation. A schematic summary is presented in
Fig. 7g and Fig. S14: at an appropriate frequency, the pulsed
charging introduces relaxation intervals during which the charge
transfer process ceases, allowing sufficient time for the adsorbed
Zn atoms to diffuse downwards. This effectively prevents exces-
sive accumulation of surface atoms and promotes lateral surface
growth instead of two-dimensional columnar growth, thereby
suppressing the initial whisker formation that leads to mossy
morphology. However, at low frequencies, the prolonged relax-
ation allows more zincate ions to diffuse from the bulk solution
to the electrode surface, which are then rapidly reduced during
the next pulse, resulting in Zn atom accumulation and one-
dimensional vertical growth. At high frequencies, the short relax-
ation time is insufficient to support interlayer diffusion, which
also leads to mossy deposition. To validate the universality of
the pulse strategy, relevant verification experiments were also
conducted in ZnCl, electrolyte and commonly used button bat-
teries, as shown in Fig. S15 and S16. In addition, the use of
K,SnO; as an additive has also proved to be effective. As shown
in Fig. 7h, cyclic voltammetry reveals that the reduction peak of
Zn shifts from —1.460 V to —1.447 V upon addition of K,SnO;,
whereas the peak current increases from 3.35 mA to 4.06 mA,
suggesting enhanced Zn reduction. Another peak appearing at
—1.420 V is attributed to the co-deposition of Sn. Elemental
mapping confirms the presence of Sn in the deposits (Fig. 7i).
The HR-TEM image of the deposit edge (Fig. 7j) under con-
ditions of 10 mA cm™> for 60 s reveals that the oxide layer thick-
ness decreases significantly after K,SnO; addition, from more
than 11.7 nm to 2.5 nm. This is because Sn is more inert than
Zn and suppresses surface oxidation. When deposition was per-
formed with this electrolyte, mossy deposition that previously
formed after 10 minutes of deposition at 10 mA cm™> no longer
appears even after 1 hour (Fig. 7k). Furthermore, at very low
polarization (2 mA em™? for 1 h, Fig. 71), no mossy structures are
observed, indicating that Sn addition reduces the oxide layer
thickness and accelerates interlayer diffusion, thereby suppres-
sing mossy growth. The corrosion resistance of the deposited
materials obtained from the two electrolytes was further com-
pared. After deposition at 10 mA cm ™2 for 10 minutes, corrosion
Tafel tests were conducted (Fig. 7m). With the addition of
K,SnO;, the corrosion potential shifts positively from —19.8 mv
to —15.0 mV, and the corrosion current also decreases, indicat-
ing improved corrosion resistance of the deposits after K,SnOs
was introduced. When subjected to prolonged charging at
10 mA cm ™2 in both electrolytes, the voltage of the original elec-
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cycling test with the K,SnO3 additive.

trolyte group begins to drop rapidly and fluctuates within
4 hours, suggesting a short circuit. In contrast, the voltage in the
additive group remains stable even after 12 hours (Fig. 7n).
Upon disassembling the two cells, the morphologies of the nega-
tive electrodes are shown in Fig. S17a and b. In the additive
group, most of the deposits are dense and silvery white, with
only a small portion extending from the bottom of the electrode.
In the control group, however, the deposits are loose and grayish
black, connecting to the positive electrode starting from the
middle of the current collector. This finding indicates that the
suppression of mossy deposition by K,SnO; is beneficial for

248 | EES Batteries, 2026, 2, 238-252

battery operation. Finally, long-term cycling tests of Zn—-Cu half-
cells were conducted. Both the additive group and the pristine
group were subjected to charge and discharge cycles at a current
density of 5 mA cm™>, with 10 minutes each for charging and
discharging, and a discharge cutoff voltage of —0.4 V. The
voltage curves are shown in Fig. 7o. The pristine group experi-
enced a short circuit as early as the 177th cycle, while the Sn
additive group remained normal even after 304 cycles.
Additionally, the overpotential of the Sn additive group was
initially smaller than that of the pristine group, as shown in
Fig. S18. Later, the overpotential of the pristine group gradually

© 2026 The Author(s). Published by the Royal Society of Chemistry
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decreased due to the occurrence of micro-short circuits. The cou-
lombic efficiencies of the two groups before the short circuit are
shown in Fig. S19. For most of the cycles, the coulombic
efficiency of the additive group was higher than that of the pris-
tine group. The average coulombic efficiencies over 176 cycles
were 98.35% and 96.68% for the two groups, respectively, indi-
cating that the morphology improved by the Sn additive contrib-
utes to performance enhancement.

Conclusions

In aqueous zinc-based batteries, the mossy Zn deposition mor-
phology is a major factor limiting battery performance and
cycling life. This study initially investigated the effects of concen-
tration and polarization degree on nucleation from the tra-
ditional nucleation perspective. By decoupling the conditions for
nucleation and growth, it is demonstrated that nucleation is not
the root cause of mossy morphology. Through morphology obser-
vation, XRD analysis, and TEM characterization, it was found
that the mossy structure originates from whiskers protruding
from the basal facet, which bend repeatedly during growth,
accompanied by transformations in the crystal facets. To explain
how whiskers form from the basal surface, CV tests and DFT cal-
culations were performed, revealing that the charge transfer step
is fast, whereas the interlayer diffusion of Zn adatoms is the rate-
determining step. This leads to the accumulation of Zn atoms on
the surface and promotes one-dimensional whisker growth.
Furthermore, high concentrations lead to the generation of more
Zn adatoms, and low polarization results in thicker oxide layers
on the deposit, both of which hinder interlayer diffusion and
thus favour the formation of mossy deposition. Under neutral
electrolyte conditions, a mossy morphology is less frequently
observed because of slower reaction kinetics and a sluggish
charge transfer process. Finally, based on the proposed mecha-
nism, the rationality of the theory was verified by employing
pulsed charging and K,SnO; additives. Although these two strat-
egies operate through different mechanisms, both target the key
step of interlayer diffusion: pulsed charging addresses kinetic
limitations by providing diffusion time, while the K,SnO; addi-
tive optimizes the diffusion pathway by improving the surface
state. These strategies offer practical guidance for suppressing
mossy morphology and optimizing the performance of aqueous
zinc-based batteries and provide valuable insights for suppres-
sing mossy deposition in other metal battery systems (Fig. S20).

Materials and methods
Battery assembly

In this work, Zn-Cu half cells were used to study the effects of
electrolyte concentration and current density on the deposition
morphology. The positive and negative electrodes were copper
and Zn foils, respectively, each with a thickness of 0.05 mm
and a purity greater than 99.99%. The electrodes were cut into
circular disks with a diameter of 1 cm. The cells were

© 2026 The Author(s). Published by the Royal Society of Chemistry
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assembled via an acrylic clamp with an interelectrode distance
of 5 mm, and a stainless steel mesh served as the current col-
lector. For the concentration-dependent experiments, the elec-
trolyte consisted of 6 M KOH with 0.1-0.4 M ZnO. For the
current density tests, the electrolyte was 6 M KOH with 0.4 M
ZnO. Cyclic voltammetry (CV) was conducted via a three-elec-
trode setup with a glassy carbon working electrode, a Zn
counter electrode, and a Hg/HgO reference electrode. The elec-
trolyte composition was the same as that used in the concen-
tration-morphology tests, and the tests were carried out in a
50 mL electrochemical cell. The batteries used for the current
density-overpotential test, nucleation and growth morphology
test, mossy morphology reversibility test, substrate influence
test, EIS test, and pulse and additive tests were the same as
those used in the current density-morphology influence
experiments. The batteries used for the chronoamperometric
test, nucleation morphology tests under different conditions,
moss growth process test, and those for TEM imaging were the
same as those used in the CV test experiments. In tests invol-
ving K,SnOj3, the electrolyte for the experimental group con-
sisted of 6 M KOH, 0.4 M ZnO, and 0.05 M K,SnO;. The CV
cell setup was the same as that used in the previously
described CV tests, whereas all other measurements followed
the configuration used in the current density-morphology
experiments.

Testing

The morphology tests at different concentrations and current
densities, measurements of the nucleation overpotential at
various current densities, morphology evolution influenced by
nucleation and growth, reversibility of mossy deposition,
short-circuiting behavior under pulse or K,SnO; addition, and
coulombic efficiency measurements were conducted using a
NEWAR battery tester (CT4008Tn). All other electrochemical
measurements were performed using an Admiral Squidstat™
Prime workstation. For morphology tests at different concen-
trations, a current density of 10 mA cm™> was applied with a
deposition time of 10 minutes. For the morphology tests at
different current densities, the applied current densities were
10, 20, 25, and 30 mA cm™?, with the same deposition capacity
as above. For the CV tests at different concentrations, the
voltage scan range was from —1.3 V to —1.55 V, with a scan rate
of 5 mV s™". For the nucleation overpotential measurements at
different current densities, 1, 5, and 10 mA cm™> were used
with a charge time of 3000 s. In the chronoamperometric tests
at different concentrations, the applied voltage was —1.5 V,
and for the tests at different voltages, the applied voltages were
-1.50, —1.55, —1.57, and —1.60 V with a duration of 12 s. In
the nucleation tests at varying concentrations, the applied
current density was 10 mA cm™~> with durations of 1 s and 2 s.
In the nucleation tests at different current densities, another
set was conducted at 20 mA cm™> for 0.5 s and 1 s. For the
morphology studies investigating the influence of nucleation
and growth, four deposition protocols were used: 10 mA cm >
for 10 min; 25 mA cm™? for 4 min; 10 mA ¢cm™> for 50 s fol-
lowed by 25 mA ecm™2 for 220 s; and 25 mA cm > for 20 s fol-
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lowed by 10 mA em™ for 550 s. In the test assessing whether
mossy deposition is reversible, 10 mA cm™> was first applied
for 10 minutes, followed by 25 mA cm™> for 4 minutes. To test
the substrate effect on the mossy growth, the reverse sequence
was used: 25 mA cm™? for 4 minutes followed by 10 mA cm ™2
for 10 minutes. In the time-dependent mossy growth study, a
current density of 20 mA cm™> was applied for 20, 80, and 400
s. For the CV tests at 0.4 M ZnO at different scan rates, the
scan rates were 20, 40, 60, and 80 mV s~', and the voltage
ranges were —1.3 to —1.5 V, —1.55 V, —1.6 V, and —-1.6 V,
respectively. For the CV tests at 0.1 M ZnO, the scan rates were
the same, with voltage ranges of —1.3 to —1.6 V, —=1.65 V, —1.65
V, and —1.7 V. For oxygen characterization, the current density
was 20 mA cm > for 30 s. For the zinc oxide layer thickness
study at different current densities, 20 mA cm™> and 10 mA
em~? were used for 30 and 60 s, respectively. EIS measure-
ments at different voltages were carried out at 10, 30, and
50 mV, with a bias voltage of 5 mV and a frequency range from
1000 kHz to 100 mHz. For the pulse tests, a current density of
10 mA cm > was applied with a 50% duty cycle and frequen-
cies of 0.5, 5, and 50 Hz for a duration of 20 minutes. In the
CV tests with K,SnO; addition, the voltage scan ranged from
—1.3 V to —1.55 V at a scan rate of 5 mV s™*. For elemental Sn
and oxide layer thickness characterization, a current density of
10 mA cm~> was applied for 60 s. In morphology tests with
K,SnO; addition, current densities of 10 mA cm™2 and 2 mA
em™? were applied for 1 hour each. For corrosion Tafel
measurements of the deposits, deposition was first performed
at 10 mA cm~? for 10 minutes, followed by a voltage sweep
from —0.4 V to 0.4 V at a scan rate of 5 mV s~ '. For short-
circuit tests, the current density was 10 mA cm™? for 12 hours.
For the coulombic efficiency measurements, charging at
10 mA cm™? for 10 minutes was followed by a 12-hour rest,
after which the samples were discharged at the same current
density with a cut-off voltage of —0.4 V.

Characterization

To observe the microscopic surface morphology of the depos-
its, the electrode surface was rinsed with deionized water after
deposition, followed by drying in a vacuum oven for 1 hour.
SEM (Phenom Scientific) was then used for observation, with
an accelerating voltage of 15 kV. To determine the crystallo-
graphic orientation of the deposits, the electrode surface was
similarly rinsed with deionized water after deposition and
dried in a vacuum oven for 1 hour, after which XRD (Rigaku
SmartLab) analysis was performed with a scan range of 20-80°
and a scan rate of 10° min~'. To observe and measure the
lattice spacing of the deposits, after deposition on a glassy
carbon electrode, the surface was rinsed with deionized water,
and the deposits were gently brushed off and dispersed in
anhydrous ethanol. A drop of the suspension was placed on an
ultrathin copper grid and air-dried, followed by observation via
TEM (JEM-2100F) with an accelerating voltage of 200 kV. The
XRD tests were performed at the Physical and Chemical
Science Laboratory Center of the USTC. The TEM tests were
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performed at the Experimental Center for Engineering and
Materials Science of the USTC.

Theoretical calculation

All the DFT calculations were conducted with the Vienna Ab
initio Simulation Package (VASP).***° The exchange-correlation
effects were described by the Perdew-Burke-Ernzerhof (PBE)
functional within the generalized gradient approximation
(GGA) method.”®>" The core-valence interactions were
accounted for using the projected augmented wave (PAW)
method.>® The energy cut-off for facet wave expansion was set
to 480 eV, and 3 x 3 x 1 Monkhorst-Pack grid k-points were
selected to sample the Brillouin zone integration. The vacuum
space was adopted 15 A above the surfaces to avoid periodic
interactions. The structural optimization was completed for
energy and force convergence set at 1.0 x 10™* eV and 0.02 eV
A, respectively. The energy profiles of the Zn ion migration
of the material were calculated via the method of a climbing
image nudged elastic band (CI-NEB).
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