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Abstract

Aqueous zinc batteries offer significant potential for large-scale energy storage, wearable devices, and medium-to low-speed transportation
due to their safety, affordability, and environmental friendliness. However, the uneven zinc deposition at the anode side caused by localized
reaction activity from the passivation layer presents challenges that significantly impact the battery's stability and lifespan. In this study, we have
proposed an expandable and maneuverable gel sustained-release (GSR) treatment to polish the Zn metal, which in situ converts its native
passivation layer into a composite interphase layer with nanocrystal zinc phosphate and flexible polyvinyl alcohol. Such a thin and uniform
interface contributes to fast and homogeneous Zn ion transport and improved anti-corrosion ability, enabling uniform zinc deposition without
dendrite growth and thereby improving the battery performance with high-rate ability and long cycle life. This GSR treatment method, char-
acterized by its simplicity, low cost, and universality, facilitates the widespread application of aqueous zinc batteries.
© 2025 Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-

cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

With the advantages of being non-flammable, cost-effec-
tive, and environmentally friendly, aqueous zinc batteries are
promising candidates for diverse applications, particularly in
large-grid energy storage [l]. Among the available anode
materials, zinc metal stands out due to its high theoretical
capacity, ease of recycling, and minimal processing steps
compared to the ion-host anodes, like MogSg, TiS,, etc [2—4].
However, the uneven deposition of zinc during cycling, which
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usually leads to serious dendrite growth [5—8], challenges the
practical application of Zn anodes. Especially, the Zn dendrite
growth induced soft short circuits and even direct battery
failure significantly impacts the stability and lifespan of
batteries.

Zinc is reactive and readily oxidizes in the air, producing an
uneven oxidation layer on the Zn metal anodes used in
experimental research. This passivation layer could hinder the
transport of zinc ions, preferentially causing zinc deposition to
occur at the layer-damaged sites. Consequently, the localized
zinc deposition leads to dendritic growth [9,10]. To address
this, researchers have employed mechanical and chemical
methods to polish the Zn metal [11-14]. However, these
conventional methods only temporarily remove the passivation
layer, as the polished Zn anode re-oxidizes once exposed to
the air again. Even if the oxidized layer is entirely removed,
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new types of passivation layers, such as zinc hydroxyl sulfate,
would form in the aqueous solutions [15—19]. These native or
newly formed passivation layers still contribute to uneven zinc
deposition, dendritic growth, and side reactions, leading to
battery failure with a limited lifetime. Therefore, removing the
oxidative passivation layer from zinc metal while preventing
the formation of newly disadvantageous passivation layers is
crucial yet challenging.

Herein, we have proposed a gel sustained-release (GSR)
treatment that could in situ convert the native oxidation layer
into a high ionic conductivity and corrosion-resistant inter-
phase on the Zn surface, effectively preventing the formation
of subsequent passivation layers. The GSR design focuses on
controlling the reaction rate, uniformity, and coating growth
by the sustained release of coating-forming components
through the gel network. The structure, properties, and zinc
deposition behavior of the well-constructed nanocrystal zinc
phosphate-dominated composite interphase layer have been
investigated in detail through experiments and theoretical
calculations. Benefiting from the compositional and structural
advantages, the constructed interphase could effectively
enhance the zinc deposition kinetics, regulate uniform zinc
deposition, and consequently achieve long-cycle stability for
the Zn|[MnO, batteries.

2. Results and discussion

2.1. Gel sustained-release treatment to remove the
passivation layer

Aqueous zinc batteries typically use commercially avail-
able high-purity zinc foils as the anode. However, the zinc
stored in the natural environment is covered with a passivation
layer on the surfaces (Fig. S1), primarily composed of zinc
oxide, and accompanied by basic zinc carbonate in humid
conditions [9,20]. Like other metal foils, zinc foils are pro-
duced by rolling, cutting, and coiling. Surface abrasion would
inevitably occur during the manufacturing and packaging
transportation of zinc foils. These mechanical scratches and
pits are much more obvious at the microscopic level on the
surface of raw zinc (Fig. la and b) [21]. Then, the zinc
deposition behavior was investigated after artificially
damaging the passivation layer using the in situ optical mi-
croscopy. As shown in Fig. S2, specific marks are made on the
zinc foil surface with fine forceps to disrupt the naturally
formed passivation layer, and the zinc deposition is observed
mainly at the marked sites. The zinc deposition and dissolution
reactions occur preferentially at the surface-damaged areas of
raw Zn (denoted as Raw Zn), leading to localized reaction
activity and dendritic growth (Fig. 1c). This indicates that the
native passivation layer renders the zinc electrode surface with
local reactivity.

Polishing metal surfaces with sandpaper is a common
method in traditional processing industries to remove the
passivation layers [22,23]. Scanning electron microscopy
(SEM) images of zinc polished by sandpaper (Polished Zn)

show that the physical polishing leaves behind surface textures
(Fig. 1d and e). The edges of these grooves are often frag-
mented, with many embedded metal particles. The textures
could provide numerous nucleation sites for zinc deposition,
thus distributing the zinc deposition across the entire electrode
surface at the beginning of cycles [11]. However, the defects
and enlarged surface area caused by the mechanical grinding
would exacerbate the surface corrosion and hydrogen evolu-
tion reaction (HER), limiting the long-term operation of bat-
teries (Fig. 1f). Chemical etching is another viable method to
remove the metal passivation layer [24,25]. Acids typically
dissolve oxides but may also corrode parts of the metals. SEM
images (Fig. 1g and h) show the evolution of the morphology
of zinc etched by the phosphoric acid solution (Etched Zn).
Due to the rapid acid etching reaction rate with the zinc
substrate, numerous bubbles are produced. The adsorption of
bubbles on the zinc surface continues to affect the subsequent
etching process, resulting in uneven etching with rough sur-
faces (Fig. 1g and h). It is noteworthy that the interfacial
properties could influence the acid etching reaction. During
the process, acid etching primarily occurs at damaged sites of
the passivation layer, and the etching reaction activity is also
influenced by the crystal faces, leaving deep holes on the zinc
surface [13,26]. Additionally, acid etching increases the active
surface area of zinc, which could boost the HER side reaction
during the battery cycling process (Fig. 1i).

Considering the disadvantages of the polishing and chem-
ical etching methods, removing the passivation layer gently
and uniformly from zinc surfaces is necessary to avoid intro-
ducing additional surface defects. Additionally, a stable
interphase layer needs to be formed to protect the zinc from
HER-induced corrosion reaction [27-29]. Inspired by drug
release mechanisms, we aimed to implement GSR treatment to
elaborately control the reaction rate and area to transform the
native passivation layer into a stable and uniformly ion-
conductive interphase (Fig. 11), enhancing the long-term
cycling stability of zinc electrodes. To form a solid-phase
interphase layer and effectively conduct zinc ions, phosphoric
acid was chosen as the release component to create zinc
phosphate with high zinc ion conductivity [30,31]. Also,
polyvinyl alcohol (PVA) was selected to act as the gel network
component. On the one hand, the gel network can behave as a
physical sieve for solute diffusion, ensuring uniformity in
interfacial reactions [32—34]. On the other hand, the diffusion
of protons in aqueous solutions is highly dependent on the
Grotthuss mechanism. In hydrogels, the hydrogen-bond
network of water molecules can be disrupted, hindering fast
proton hopping diffusion [35,36]. Additionally, the hydroxyl
functional groups of the gel network can interact with solutes,
reducing their diffusion rate [32]. Thus, a precipitation reac-
tion occurs on the zinc surface to transform the passivation
layer into a zinc phosphate-dominated ion-conductive inter-
phase with the help of the benefits brought by the gel network
(reaction 1 and 2), different from the only acid corrosion
induced by phosphoric acid solution. As expected, the GSR-
treated zinc (GSR-Zn) exhibits a more homogeneous surface
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Fig. 1. Raw zinc and strategies to remove its passive layer. SEM images of Raw Zn (a, b), Polished Zn (d, e), Etched Zn (g, h), and GSR-Zn (j, k). Schemes of Raw

Zn (c), Polished Zn (f), Etched Zn (i), and GSR-Zn (1).

morphology (Fig. 1j-1) than the zinc treated with other
methods, which is beneficial for achieving uniform zinc
deposition and preventing dendrite growth.

ZnO+H" + PO, — Zn;PO, + H,0 (1)

Zn+H"+PO;” — Zn;PO, +H, 1 (2)

2.2. Characterization of the zinc phosphate-dominated
interphase layer

The optimized composition and structure of the well-
designed zinc phosphate-dominated interphase layer were then
detailly investigated. The surface morphology is confirmed to
be a uniform layer of nanoscale particles through the SEM and
atomic force microscopy (AFM) images (Fig. 2a and b). The
image of the cross-section cut by a focused ion beam (FIB)
shows that the thickness of the interphase layer is 60—80 nm
(Fig. 2¢). Energy dispersive spectroscopy (EDS) mapping of the
cross-section (Fig. 2d) indicates that the granular interphase
layer comprises Zn, P, and O elements, and the space between
zinc phosphate particles is filled with O element, indicating the
zinc phosphate particles homogeneously dispersed in the PVA
gel matrix. Further confirmation of the phosphorus signal on the

GSR-Zn was achieved through X-ray photoelectron spectros-
copy (XPS) P 2p spectra (Fig. 2e). This proves that the GSR
treatment is not simply acid etching but facilitates the formation
of a solid zinc phosphate-rich interphase [37,38]. Raman spectra
(Fig. 2f) reveal asymmetric vibration peaks from carbonate ions
on the untreated zinc surfaces [39,40]. After GSR treatment,
vibration peaks from phosphate ions [13,38] and C—H bonds
appear on the zinc surface [41]. This demonstrates that the GSR
treatment can effectively remove the surface passivation layer
and in situ generate a composite interphase composed of nano-
sized inorganic zinc phosphate and organic PVA gel. High-
resolution transmission electron microscopy (HR-TEM)
observation shows that the zinc phosphate particles are refined
grains with a diameter of around 3 nm (Fig. 2g), approaching an
amorphous state, with no diffraction peaks in the X-ray powder
diffraction (XRD) pattern (Fig. S3). Such a nano-crystalline
structure with abundant grain boundaries could effectively
enhance the zinc ion diffusion capability [42-44]. In aqueous
solutions, due to the fast reaction rate, crystalline zinc phosphate
usually forms just within seconds [45]. For our GSR treatment,
even after 1 h, only nano-crystalline zinc phosphate without
diffraction peaks can be produced, demonstrating its ability to
slow down the reaction rate, highlighting the advantage of the
GSR treatment in promoting the construction of a uniform
interphase layer.
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Fig. 2. Characterization of the GSR-Zn. (a) SEM image of the surface morphology. (b) AFM 3D image. (c) Cross-section image. The inset is the TEM image. (d)
EDS mapping. (e) XPS spectra. (f) Raman spectra. (g) HR-TEM image. The inset is the fast Fourier transform (FFT) image.

To further demonstrate the superiority of GSR treatment,
zinc micro-flakes were selected, and the GSR-treated ones
exhibited identical surface morphology to that of zinc metal
foils (Fig. S4). Due to the significantly larger specific surface
area of the zinc micro-flakes, the test signal during interphase
layer characterization was enhanced. The original zinc micro-
flakes display obvious diffraction peaks of zinc oxide and
basic zinc carbonate (Fig. S5), which disappear after the GSR
treatment and are replaced by diffraction peaks of zinc phos-
phate. XPS analysis also reveals the disappearance of the
oxide layer signal and the appearance of P and C signals from
zinc phosphate and PVA in the GSR-treated zinc micro-flakes
(Fig. S6). This confirms that the GSR treatment can facilitate
the formation of uniform zinc phosphate-rich interphase while
removing the original surface passivation layer, and it works
well for zinc with different morphologies.

2.3. Electrochemical performance of GSR-Zn

After confirming the composition and structure of the zinc
phosphate-dominated interphase layer, its impact on zinc
performance was investigated. In the chronoamperometry test
(Fig. 3a), the GSR-Zn gets into the stable 3D diffusion state in
just seconds, while the Raw Zn counterpart is in the 2D
diffusion all the time. This is because the zinc phosphate-
dominated interphase with a generally distributed active site
could greatly shorten the ion transportation distance. As a

result, the zinc after GSR treatment can enter the steady
diffusion stage in a short time [46,47]. Additionally, like Raw
Zn, the GSR-Zn exhibits a nucleation overpotential of 0.030 V
but with a much lower zinc plating overpotential (0.020 V),
indicating its fast reaction kinetics (Fig. 3b). For the nucle-
ation overpotentials of Polished Zn (0.045 V) and Etched Zn
(0.033 V), they are both higher than that of Raw Zn, which can
be ascribed to the increased areal density of instantaneous
nucleation by the abundant defects created by mechanical
polishing and the porous structure resulting from acid etching
[48-50]. After this, LSV curves and Tafel plots were obtained
to demonstrate the ability of GSR-Zn to resist the corrosion.
As shown in Fig. 3c and Fig. S7, the GSR-Zn exhibits the
lowest HER onset potential and corrosion current, which can
be attributed to the well-constructed zinc phosphate-domi-
nated interphase layer that has relatively smooth morphology,
electronic insulation, ionic conductivity ability, and relatively
moderate hydrophilicity (Fig. S8). In contrast, the Polished Zn
and Etched Zn without any protective layer display exacer-
bated corrosion reactions compared to the Raw Zn.

In the long cycling test (Fig. 3d), the Raw Zn experiences
short circuits within 71 cycles due to the local dendritic
growth piercing the separator. The vigorous hydrogen evolu-
tion-induced corrosion reaction for Polished Zn makes it
exhibit an even shorter lifetime than Raw Zn. Since acid
etching creates numerous pores in the Etched Zn, they could
initially behave as preferential sites for zinc deposition,
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Fig. 3. Performance of zinc electrodes with and without treatment. (a) Chronoamperometry (CA) curves with an applied voltage of 0.15 V. (b) Voltage-time curves

at0.5 mA cm™
and 0.5 mAh cm 2
different current densities.

showing some improvement in cycle life over Raw Zn.
However, the Etched Zn eventually fails because of the uneven
zinc deposition and side reactions. Thanks to the uniform
removal of the surface passivation layer and in situ construc-
tion of an artificial interphase layer for rapid zinc ion con-
duction and inhibition of corrosion reaction, the GSR-Zn
delivers the most extended cycle life of 2600 cycles at
0.5 mA cm 2 and 0.5 mAh cm 2. Furthermore, it also dem-
onstrates excellent cycling stability at increased current den-
sities or capacities. At 2 mA cm~? and 1 mAh cm™2, the
cumulative cycling capacity of the GSR-Zn symmetric battery
can reach 5059 mAh cm 2 (Fig. 3e and Fig. S9). Additionally,
the GSR-Zn also exhibits superior rate capability with
constantly lowest overpotential among the four kinds of zinc
electrodes at the selected current densities (Fig. 3f and g). As a
comparison, ex situ zinc phosphate coating was introduced to
the zinc surface as a control group [51]. The reaction time was
controlled within a few seconds to obtain amorphous zinc
phosphate (Fig. S10). After this, the amorphous zinc phos-
phate was mixed with PVA to form a slurry and spin-coated to
the polished zinc surface with a coating thickness below
10 um (Fig. S11). Compared to GSR-Zn, the zinc with ex situ
phosphate coating manifests higher overpotentials and inferior
cycling stability in symmetrical cells (Fig. S12). The above
results demonstrate the advantages of GSR treatment in
transforming the native passivation layer into a thin and uni-
form composite interphase layer for facilitating fast zinc ion

2. (c) Linear sweep voltammetry (LSV) curves in 0.5 mol L~" Na,SO4. (d) Long-term cycling performance of symmetrical Zn cells at 0.5 mA cm 2
. (e) Cumulative capacity statistics for symmetrical Zn cells. (f) Rate performance of symmetrical Zn cells. (g) Overpotential statistics at

transport and inhibiting H, evolution, consequently signifi-
cantly enhancing the cyclic stability of zinc electrodes.

2.4. DFT calculations to reveal the benefits of the zinc
phosphate-dominated interphase

Density functional theory (DFT) calculations were con-
ducted to further elucidate the impact of the designed inter-
phase layer on the zinc deposition process. After careful
consideration, three systems were modeled: Zn, ZnO@Zn, and
PVA@ZPO@Zn, and the adsorption energies of zinc toward
these zinc surfaces were calculated (Fig. 4a and b). For
PVA@ZPO@Zn, considering the minimal steric hindrance of
the PVA network for zinc ion transport, the interface between
PVA and ZPO was chosen as the computational site [52,53].
The adsorption energy of Zn on the bare zinc, ZnO, and ZPO
are —2.32 eV, —2.55 eV, and —3.11 eV (Fig. 4b), respectively,
among which the ZPO has the strongest adsorption energy
towards the Zn atoms, that is, the highest affinity for zinc. ZnO
also exhibits a slightly stronger adsorption energy than bare
zinc, suggesting that affinity is only one of the factors deter-
mining the electrochemical performance of zinc. To this end,
the diffusion ability of ions in the bulk phase of ZnO and ZPO
was calculated. Phosphate compounds have been confirmed to
perform well in the diffusion of zinc ions [30,54,55]. Along
the ¢ axis of ZPO, channels for quick transportation of zinc
ions are provided (Fig. 4c), which can diffuse zinc ions in a
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Modelling of zinc diffusion in the bulk phase of ZnO and ZPO. (d) Diffusion energy barrier of zinc in the bulk phase of ZnO and ZPO. (e) Modelling of zinc
diffusion at the material interfaces. (f) Diffusion energy barrier of zinc at the material interface.

fast manner to avoid the dendrite growth triggered by insuf-
ficient localized zinc ion concentration [31,56]. As a result, the
ZPO has a lower bulk-phase Zn>" diffusion energy barrier
than the ZnO (0.62 vs. 1.16 eV, Fig. 4d). Additionally, since
the lateral diffusion of zinc ions is another critical factor in
configuring uniform zinc deposition [57], the zinc diffusion at
the Zn, ZnO@Zn, and PVA@ZPO@Zn surface or interface
was also calculated. As indicated in Fig. 4e and f, the zinc
diffusion energy barrier at the material surface or interface
follows the order of bare zinc < ZPO < ZnO, suggesting that
the ZPO has an advantage over ZnO in promoting uniform
zinc deposition. The strong zinc adsorption energy and small
zinc diffusion energy barrier in bulk and interface make
PVA@ZPO a powerful interphase with significantly improved
stability.

2.5. Deposition behavior of the zinc with and without GSR
treatment

After getting the calculated results, the deposition behavior
of zinc with and without GSR treatment was investigated. The
SEM images clearly show the strong contrast between the two
kinds of zinc electrodes after 100 cycles at 0.5 mA cm™ > and
0.5 mAh cm 2 (Fig. 5a and c). For a microscopic area, the
Raw Zn tends to have an uncertainty and random distribution

of zinc dendrite growth because of a passivation layer. The
zoom-out image (inset in Fig. 5a) shows a more intuitive and
visual result with excessive zinc only deposited in some areas.
In contrast, after removing the passivation layer, the GSR-Zn
produces a composite interphase layer with high zinc ion
adsorption and diffusion ability that effectively regulates the
zinc with homogeneous reactivity in the whole electrode re-
gion and consequently realizes dendrite-free zinc deposition
(Fig. 5¢). In situ optical microscopy was further carried out to
observe the real-time deposition behavior of Raw Zn and
GSR-Zn (Fig. 5b and d). For Raw Zn, the presence of a
passivation layer leads to localized deposition of zinc, and
accordingly, there is obvious zinc dendrite growth as the
deposition capacity increases (Fig. 5b). Moreover, the zinc
also preferentially deposits on the cross-section of Raw Zn due
to the freshly exposed zinc surface without a passivation layer.
Different from Raw Zn, the zinc phosphate-dominated inter-
phase on the GSR-Zn can effectively regulate the zinc depo-
sition process, resulting in uniform deposition of zinc in the
whole plating process (Fig. 5d).

COMSOL Multiphysics was then conducted to investigate the
distribution of dendrites and ion concentration during zinc
deposition on Raw Zn and GSR-Zn. It is clear that the surface
scratches on the Raw zinc induce the inhomogeneous distribu-
tion of Zn*" and current density (Fig. Se and Figs. S13a and c)
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and consequently result in obvious dendrite growth. In contrast, mentioning that the GSR treatment is simple to operate and
the GSR-Zn possesses uniform surface morphology and has the potential for large-scale production of high-performance
homogeneous ion diffusion ability, leading to homogeneous ion zinc electrodes. For example, we have designed a scale-up device
and current density distribution on the electrode surface to to treat a Zn foil with a length of 50 cm (Fig. S14). Additionally,
suppress the occurrence of dendrite growth [58,59]. It is worth ~  the versatility of the GSR method was demonstrated by using
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different acids as the sustained-release components, like sul-
furic acid (H,SO,), trifluoromethanesulfonic acid (HOTY),
benzenesulfonic acid (BA), trifluoromethanesulfonic acid
(HOTY), and nitric acid (HNOj). It can be seen from
Figs. S15a—d that samples etched with aqueous solutions of
sulfuric acid, benzenesulfonic acid, and trifluoromethanesulfonic
acid exhibit pronounced porous morphologies, while the one
treated by nitric acid solution results in a thick layer of nanosheet-
like hydroxylated zinc nitrate. Since the GSR treatment can
effectively regulate the interfacial reaction between the acid
and zinc, the GSR-treated samples show smooth surfaces
(Figs. S15e—h) and demonstrate significantly longer cycle life in
symmetric cells when compared to the samples treated with
aqueous acid solutions (Fig. 5g and Fig. S16). This provides solid
evidence that the GSR method is a simple and versatile strategy
that can effectively enhance the stability of zinc electrodes and is
easy to scale up.

2.6. Full cell performance

For aqueous zinc batteries, the uniformity of zinc deposition
on the anode and its ability to suppress side reactions directly
determine the electrochemical performance of full batteries,
like lifetime, reversible capacity, rate capability, etc [60]. In this
consideration, batteries using MnO, as the cathode (Rod-shaped
a-MnQO,, Fig. S17) were assembled to check whether the su-
periority of GSR-Zn can be well maintained under the full
battery working environment. In cyclic voltammetry (CV)
curves (Fig. 6a), the two pairs of peaks is recognized to involve
the co-insertion of H' and Zn?" into the a-MnQO, [61-63]. Due
to the decreased plating/stripping overpotential of GSR-Zn, the
GSR-Zn-based full cells exhibit narrower gaps between the
redox peaks and deliver larger reversible capacity (Fig. 6b) than
the cells with Raw Zn anode. Besides, the improved electrode
kinetics of the GSR-Zn also make the full cell realize acceptable
rate capability with decent capacity decrease and polarization
voltage increase as the enlargement of the current density
(Fig. 6¢ and d). Moreover, since the zinc phosphate-dominated
interphase layer can effectively inhibit the dendrite growth and
side reactions of GSR-Zn during long cycle test, the GSR-Zn-
based full cells achieve a lifetime of over 2500 cycles, longer
than the Raw Zn-based cells (2197 cycles, Fig. 6d). Apparently,
the improved stability and reaction kinetics of GSR-Zn can be
well preserved in the full cells to promote cell performance.

3. Conclusions

In summary, we have designed a facile and versatile GSR
method to address the issue of native passivation layer induced
local reactivity of zinc anodes in aqueous zinc batteries. The
GSR treatment can in situ convert the original passivation
layer into a thin and uniform zinc phosphate-dominated
composite interphase layer on the zinc surface. Compared with
the traditional passivation layer removing methods that are
accompanied by the inevitable introduction of new surface
defects, like physical polishing and acid etching, the GSR
treatment generated functional interphase layer can realize full

protection of zinc anodes with improved zinc ion adsorption
and diffusion ability and mitigated corrosion reactions, sup-
pressing the dendrite growth and prolonging the cycling sta-
bility in both symmetrical and full cells. In addition, this
method also offers advantages such as low processing cost,
ease of operation, versatility, and scalability. Our findings
provide a new solution for enhancing the performance of
aqueous zinc batteries and offer insights for research in opti-
mizing the surface treatment of metal anodes.
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