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Abstract: Aqueous zinc-ion batteries (ZIBs) have received much attention because of their high safety,
low pollution, and satisfactory energy density (840 mAh g−1), which is important for the research
of new energy storage devices. However, problems such as short cell cycle life and low coulombic
efficiency (CE) of zinc (Zn) anodes due to disorderly growth of Zn dendrites and side reactions of
hydrogen corrosion have delayed the practical application of ZIBs. In this work, a new “self-growth”
method is proposed to build a robust and homogeneous three-dimensional (3D) nanoporous structure
of tin (Sn)-coated Zn anodes (ZSN) in just 10 min by a simple and fast reaction, which can largely
raise the surface area of the electrode plate. The ZSN not only provides abundant Zn nucleation sites,
but also reduces the corrosion current, thus alleviating the self-corrosion of the electrolyte, reducing
the occurrence of hydrogen precipitation side reactions, and effectively inhibiting the growth of
Zn dendrites during cycling. Thus, a symmetric cell with a ZSN anode can be stabilized with very
low voltage hysteresis (30 mV) for 480 h of stable plating/stripping cycles and can operate well
for 200 h even at high current densities of 10 mA cm−2. Supercapacitors and button cells were
assembled, respectively, to verify the performance of ZSN electrodes in different energy storage tools.
The ZSN||AC supercapacitor exhibited superior capacity (75 mAh g−1) and high reversibility (98%
coulombic efficiency) at a current density of 2 A g−1. With a MnVO (MVO) electrode as the cathode,
the ZSN||MVO full cell presents excellent cycling stability with a capacity retention of 95.4% after
500 cycles at 2 A g−1, which far exceeds that of the bare Zn cell.

Keywords: nanoporous anode; aqueous Zn-based battery; dendrite-free; 3D metal versatile
protective layer

1. Introduction

Widespread reliance on fossil fuels and growing energy demand are driving the de-
velopment of new and sustainable energy technologies. Rechargeable metal batteries are
expected to store renewable energies such as wind, solar, and tidal energies on a large
scale [1–4]. Among these, lithium-ion batteries (LIBs) have been widely used due to their
excellent electrical properties [5,6]. However, LIBs are still suffering from high battery costs
and poor safety and are not suitable for high-current charging and discharging of existing
power tools [7–9]. Recently, aqueous zinc-ion batteries (ZIBs) have emerged as one of the
most attractive candidates for rechargeable metal-ion batteries [10,11]. Firstly, Zn metal is
abundant and environmentally friendly, which is conducive to low-cost and large-scale
applications. Secondly, the high volumetric capacity (5855 mAh cm−3), the theoretical
specific capacity (820 mAh g−1), and the low redox potential contribute to the realization
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of high-energy cells [12–14]. Thirdly, aqueous electrolytes, especially ZnSO4 electrolytes,
which have been extensively studied in recent years, are inherently safe and compatible
with Zn metal anodes to ensure the safety of ZIBs [15–18]. Research on ZIBs has focused on
the development of cathode materials and energy storage mechanisms, whereas attention
to the anodes is insufficient [19–21]. For the moment, Zn metal anodes are still suffering
from uneven electrochemical coatings and unavoidable corrosion side reactions [22]. Ad-
ditionally, the formation of Zn dendrites with an ultra-high Young’s modulus (108 GPa)
can puncture the celgard separator and cause short circuits that result in battery failure,
which consequently prevents the eventual commercial application of rechargeable aqueous
Zn batteries [23]. Therefore, constructing stable and rechargeable Zn anodes is of consid-
erable importance for high-performance ZIBs [24]. So far, various strategies have been
proposed to solve these problems [25], including interfacial modification, structural design,
novel electrolyte additives, and diaphragm modification [26–30]. Electrolyte additives
can harmonize the electrolyte environment, homogenize the interfacial electric field, and
induce Zn deposition [31]. For example, Liu et al. introduced a polyamino acid (PAA)
as a multifunctional electrolyte additive to inhibit the growth of Zn dendrites on the Zn
metal anode [32]. However, electrolyte additives are easily hydrolyzed and corrosive and
present poor stability at high temperatures. Solid electrolytes can effectively avoid side
reactions. Based on zirconium phosphate (ZrP), Yan et al. constructed a multifunctional
artificial solid electrolyte interface on the Zn anode (Zn@ZrP) by a spraying method to
achieve a high-stable dendrite-free Zn anode [33]. Nevertheless, unsatisfactory transport
speeds and high fabrication costs for solid electrolytes need to be urgently solved. Although
these strategies have improved the uniformity and reversibility of Zn deposition to some
extent, the commercialization of rechargeable Zn metal batteries remains a challenge due
to ongoing side reactions.

Interfacial modification techniques are receiving increasing attention due to their
simplicity and structural versatility. The main objective of constructing artificial interfacial
layers is to inhibit Zn dendrites, modulate the Zn2+ deposition behavior, and prevent
direct contact between the Zn anode and the active water in the electrolyte, thus effectively
mitigating the side reactions. It is worth noting that modulating the Zn2+ deposition
behavior is an effective strategy to improve the reversibility and utilization of Zn anodes.
A variety of materials have been used to prepare interfacial layers for high-performance Zn
anodes, including carbon-based materials, metal-based materials, inorganic nonmetallic
materials, polymers, and composites. Lu et al. constructed laminated double oxide (LDO)
artificial interfacial protective coatings, which led to a more uniform plating/exfoliation
process and improved corrosion resistance [34]. However, the oxide-modified coating
still suffers from poor bonding to the electrode and easy deformation. Recently, metal
coatings have been intensively investigated for their structural strength and high electrical
conductivity. Cai et al. prepared a 3D forked-finger metallic Zn/solid electrolyte structure
by an electrical substitution reaction between a metallic Zn foil and InCl3 solution followed
by electrochemical activation [35]. However, electrochemical activation is unable to form
a robust and homogeneous 3D skeleton, which produces uncontrollable by-products.
Immersion is a common method to fabricate 3D negative electrodes. Fan et al. made a
unique 3D Zn alloy foam anode by immersing treated 3D porous Cu foam into a molten Zn-
Sn-Pb alloy [36], which enhanced structural strength but unpleasantly raised the fabrication
cost. In addition, the high temperature conditions required in the experiment increase the
risk of the experiment [37–39].

Herein, we fabricated a unique “self-growing” metallic Sn coated on a Zn anode (ZSN)
by a simple and rapid substitution reaction. The porous Sn coating layer provides fast ion
transport and shows the high hydrogen evolution reaction (HER) overpotential to reduce
the H2O-induced side reactions and electrode volume variation. In addition, Sn, which
possesses excellent zincophilicity, allows the surface electric field to be balanced, reducing
the energy required for the Zn nucleation/deposition processes. Hence, the symmetrical
cells assembled with ZSN electrodes display better performance than the bare Zn-based
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symmetrical cells. Moreover, the ZSN||AC supercapacitors or ZSN||MVO full cells also
show a long cycling life, good retention, or high coulombic efficiency. This simple and
special anode construction method provides a new idea for the preparation of a new-type
Zn metal battery and even other metal-based cells.

2. Experimental Section
2.1. Preparation of ZSN and ZS Electrodes

Zn foil was cut into square electrodes (1 mm × 1 mm) and immersed in dilute hy-
drochloric acid (12 vol%, analytical reagent, Aladdin Biochemical Technology Co., Ltd.,
Shanghai, China) for 5 min at room temperature to remove the surface oxidation passi-
vation layer. The Zn foil was rinsed with ethanol (an analytical reagent, from Aladdin
Biochemical Technology Co., Ltd., Shanghai, China) and set aside in an argon glove box.
The Li foil was pressed onto the Zn foil using a hydraulic press and then sealed. The
resultant composite foil was transferred to a beaker with 0.4 M SnCl4 (an analytical reagent,
Aladdin Biochemical Technology Co., Ltd., Shanghai, China) in ethanol for 10 min until the
Li foil was completely dissolved. The ZSN electrode was washed after standing. Zn foil
was reacted directly with SnCl4 in ethanol following washing and drying to produce the
ZS electrode.

2.2. Symmetric Cell Assembly

Symmetric cells were fabricated by pairing two ZSN electrodes or bare Zn electrodes
in CR2032 coin cells. The thickness of the Zn foil used was 160 µm–170 µm. Glass fiber
filters (GF/A, Whatman, Shanghai, China) were used as separators.

Unless otherwise specified, the battery electrolyte is 2 M ZnSO4 electrolyte (weigh
the corresponding mass of ZnSO4-7H2O particles and dissolve in deionized water). The
volume of electrolyte is 100 µL and ensures wetting of the septum.

2.3. Assembly of the ZSN‖AC Supercapacitor

The cathode slurry was prepared by mixing a commercial AC powder and PVDF in
isopropanol at a weight ratio of 8:2 and then coated on carbon paper (cut as a circle with
a diameter of 12 mm and a thickness of 10 µm, and an average mass of 9.1 mg), put into
a vacuum drying oven, and dried at 60 ◦C for 12 h. The area mass loading of AC on the
cathode electrode was about 1 mg cm−2. The bare Zn, or ZSN, was used as the anode,
and the AC electrode was applied as the cathode for the CR2032 button cell. A two-layer
glass fiber filter (GF/A, Whatman Ltd., Shanghai, China) was used as the separator. The
electrolyte (2 M ZnSO4) was prepared by dissolving ZnSO4 into deionized water. The
electrolyte volume was fixed at 100 µL.

2.4. Synthesis of MnVO

A quantity of 0.74 g of V2O5 (Aladdin, >99.6%, Shanghai, China) was dissolved in
50 mL of distilled water, followed by the addition of 4 mL of H2O2 (Aladdin, 30%, Shanghai,
China) dropwise using a pipette. This was followed by the preparation of another beaker
weighing 0.34 g of MnSO4-H2O (Aladdin, ≥98%, Shanghai, China) dissolved in 60 mL
of distilled water. Subsequently, the two solutions were poured into a 200 mL autoclave,
placed in a vacuum drying oven, heated to 120 ◦C by setting a heating rate of 5 ◦C min−1,
and maintained at 120 ◦C for 10 h.

2.5. Assembly of ZSN‖MVO Coin Cells

Pre-synthesized MnVO powder, acetylene black carbon, and PTFE in a total of 50 mg
by weight in a ratio of 6:3:1 were mopped up in a mortar, and then 20 drops of isopropanol
were added to prepare a slurry to be coated on Ti foil. After 12 h of drying, the foil was cut
into circular pieces with a diameter of 12 mm (area mass loading of about 1.5 mg cm−2).
The cathode was assembled in a CR2032 button cell with bare Zn or ZSN as the anode
and an MVO electrode as the cathode. A two-layer glass fiber filter (GF/A, Whatman Ltd.,
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Shanghai, China) was used as a separator. The electrolyte (2 M ZnSO4) was prepared by
dissolving ZnSO4 into deionized water. The volume of the electrolyte was fixed at 100 µL.

3. Results and Discussion

A novel “self-growth” method is proposed to prepare ZSN electrodes. As shown in
Figure 1a, the Li foil is driven thin by a simple physical pressure method and then pressed
onto a Zn foil with a hydraulic press (5 Mpa). The pressure values can affect the mechanical
properties of foils (Figure S1). Due to the external pressure, the smooth and soft metal Li
foil is pressed tightly on the surface of the Zn foil. As a result, Zn and Li molecules at the
contact area move irregularly and diffuse into each other’s molecular gaps, generating
a special Zn-Li foil. The thickness of Zn-Li foil is 0.35 mm (Figure S2). In addition, the
contact between metallic Zn and Li in the Zn-Li foil is very tight, and the surface of the
Zn-Li foil is very flat (Figure S3). Then the Zn-Li foil is immersed in an ethanol solution of
tin tetrachloride (SnCl4), where the solvent ethanol can avoid the strong hydrolysis reaction
of Sn. Li, as a highly reactive alkali metal, can react with ethanol following the equation:
2Li + 2CH3CH2OH = 2CH3CH2OLi + H2↑. As a result, the detachment of Li from the
Zn-Li foil will leave pores or microporous structures on the Zn surface. Meanwhile, a large
amount of heat released by this reaction will favor the formation of 3D pores due to thermal
expansion. When Li dissolves successively from the Zn-Li foil, the pores on the Zn surface
originally occupied by Li change volume, and the accompanying atomic rearrangement
apparently prevents passivation of the Zn foil surface and stops the production of other
by-products. The unsaturated bonds in the remaining Zn are sufficiently reactive due to
the detachment of the Li component to make the surface Zn much more reactive. Therefore,
on the surface of Zn, SnCl4 undergoes substitution reactions with Zn (Zn + SnCl4 = SnCl2 +
ZnCl2, Zn + SnCl2 = Sn + ZnCl2). The zincophilic nature of the metallic Sn nanoparticles
is excellent. Ultimately, a porous Zn foil after detaching Li is uniformly covered with a
three-dimensional porous Sn metal layer on the surface. The “self-growing” preparation
method of ZSN electrodes does not require the pre-preparation of complex matrix skeletons
and subsequent electrochemical activation, providing a research direction for new 3D
composite anodes.

The morphology of ZSN electrodes was explored by SEM (Scanning Electronic Mi-
croscopy) testing. Visible scratches and rough surfaces can be clearly observed on the
bare Zn electrode, (Figure 1b), while the ZS electrode was covered by an uneven milky
white Sn layer with a partially fractured surface (Figure S4). The Sn layer shrank due to
associated strain from the volatilization of ethanol molecules, which led to the cracking
of the soft part of the Sn layer. In contrast to the ZS electrode, the surface of the ZSN
electrode was covered by a 3D porous metal-tin coating with a pore size of about 1 µm
(Figure 1c,d) without any crack on the surface. The hard 3D porous structure was sufficient
to cope with the stress and surface tension derived from ethanol, which demonstrated
the robustness of the metal-Sn coating as a protective layer. The cross-sectional image
of the ZSN electrode shows that the thickness of the metallic Sn layer was about 30 µm
(Figure 1e). The elemental composition of the protective layer is explored by energy disper-
sive X-ray spectroscopy (EDX) analysis. The result indicated that Zn, O, and Sn elements
were uniformly distributed on the electrode surface (Figure 1f). A clear layered Sn structure
is observed in the cross-sectional EDS elemental profile of the ZSN electrode (Figure S5),
and the introduction of the bottom Sn element may be due to the occurrence of a common
substitution reaction similar to that on the surface of the ZSN electrode. The composition
of the ZSN electrode was further examined by X-ray diffraction (XRD). The characteristic
peaks of 31, 32, 45, and 63◦ in Figure 1g could be clearly identified for the presence of Sn
(04-0673), which manifested the main component of the surface coating as Sn. Additionally,
the presence of Sn assisted in retarding the corrosion of the Zn anode and the HER in the
electrochemical reaction. The characteristic peaks of Zn at 36, 39, 43, 54, 70, 70.5, 82, and
86◦ (Figure 1g) were consistent with the spectrum of a bare Zn electrode (Figure S6). In
addition, X-ray photoelectron spectroscopy (XPS) tests were performed to further verify
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the elemental species in ZSN (Figure 1h), and high-resolution XPS spectra of Zn 2p3/2
and Zn 2p1/2 were detected at 1021.9 and 1044.8 eV. Between Zn2p3/2 and Zn2p1/2, the
splitting energy of 23 eV represents a typical binding energy of Zn2+ (Figure 1i), indicating
that Zn is involved in the substitution reaction at the electrode surface. Therefore, the ZSN
electrode was mainly composed of Zn and Sn. As shown in Figure 1j, the peak at 485.0 eV
was a typical monomeric Sn 3d peak, while the peaks at 497.0 and 494.0 eV were probably
ascribed to SnO and SnO2 (the oxidization products in air), respectively. In conclusion,
all the above characterizations confirmed the formation of 3D porous Sn layer-protected
composite electrodes.
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The influence of the Sn4+ concentration (0.2 M, 0.4 M, and 0.6 M) during the reaction
on the electrochemical performance of the ZSN anode was explored at a current density
of 0.5 mA cm−2 for 0.5 mAh cm−2 (Figure S7). The symmetrical cells assembled with the
ZSN anode treated with 0.4 M Sn4+ exhibited the smallest overpotential (20 mV) and the
longest cycle life. Therefore, the ZSN anode treated with 0.4 M Sn4+ was selected for the
following work, unless otherwise noted. To explore the influences of the porosity and Sn on
the performance of the Zn anodes, the controlled cycling experiment was performed with
just porous Zn without Sn (ZL) and ZnSn without porosity (ZS) (Figure S8). The charge-
discharge curves of the ZL or ZS based symmetrical cells fluctuate very badly at 1 mA cm−2

for 1 mAh cm−2. In contrast, the ZSN symmetrical cell showed good cycling stability over
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a period of up to 450 h. The stability of the ZSN anode was evaluated by studying the
long-term constant current cycling for assembled ZSN‖ZSN and Zn‖Zn symmetric cells at
various current densities and specific capacities (Figure 2a–c). At 1 mA cm−2 (1 mAh cm−2),
the average overpotential of the Zn metal electrode was 140 mV for the first 70 cycles, but
the polarization voltage of the bare Zn symmetric cells suddenly dropped after 70 cycles
(Figure 2a) because the growth of a large number of dendrites penetrated the diaphragm,
which resulted in a short-circuit. In contrast, the ZSN symmetric cells exhibited good
cycling stability over a period of up to 460 h (Figure 2a). Notably, the overpotential value
of the ZSN cell (20 mV) is much lower than that of the bare Zn symmetric cell (140 mV),
which was superior to those for many recently reported anode matrixes (Table S1). The
unique 3D porous Sn structure can guide Zn2+ nucleation at specific locations and prevent
the generation of sharp dendrites at 2 mA cm−2 (1 mAh cm−2). The ZSN electrode still
exhibited stable Zn stripping/plating cycles (Figure 2b). The designed ZSN symmetric cells
had a stable cycle life of over 300 h and an overvoltage of only 40 mV, while bare Zn cells
presented a cycle life of only 50 h and an overvoltage of up to 150 mV under the same test
conditions (Figure 2b). At a high current of 5 mA cm−2 (1 mAh cm−2), the prefabricated
ZSN symmetric cells still exhibited a highly stable voltage distribution (Figure S9). Even at
an ultra-high current density of 10 mA cm−2 (10 mAh cm−2), the ZSN symmetrical cells
still maintained a stable overvoltage cycle of 150 mV for over 200 h (Figure 2c). The bare
Zn battery produced a significant short circuit after only 5 h and an overvoltage of over
600 mV. The unique three-dimensional porous structure of the ZSN electrode provides
a channel for the transport of Zn2+, improving the electrical conductivity and ensuring
the rapid de-embedding of Zn2+. In addition, the ZSN electrode exhibited a better rate
of performance compared to the bare Zn electrode with minimal overpotential at current
densities (0.5, 1, 2, 5, 10, and 0.5 mA cm−2) (Figure S10). Then, the cycling performance
of the symmetric cells assembled with ZSN and ZS electrodes was compared at a current
density of 1 mA cm−2 for 1 mAh cm−2 (Figure S11). For the first 70 cycles, the ZSN and
ZS electrodes exhibited comparable cycling performance, which was attributed to the
significant increase of the Sn monomer on the Zn2+ nucleation site. In the subsequent
cycles, the voltage of the ZS electrode started to fluctuate, which could be attributed to
the lack of structural rigidity, causing the Sn layer on the ZS surface to start fracturing
and detaching. For symmetric cells assembled with bare Zn and ZSN electrodes, in situ
optical microscopy (OM) and electrochemical tests were performed to verify the hydrogen
precipitation performance of different electrodes in 2 M ZnSO4 (Figure 2d,e). On the surface
of the bare Zn electrode, at a current density of 5 mA cm−2, small bubbles appeared in the
first 20 min while huge bubbles gradually formed after 40 min of reaction and remained
attached until 60 min (Figure 2e). The electrode thickness increased significantly, and the
surface of the bare Zn metal electrode became loose and severely corroded. On the contrary,
for the symmetric cells with the ZSN electrode after the 60 min reaction, the surface of
the ZSN electrode remained flat and compact without any bubbles, and the thickness of
the electrode remained basically unchanged (Figure 2d). The in situ OM study confirmed
that the gas evolution of the ZSN electrode was significantly suppressed during cycling.
The ZSN electrode can suppress the side reaction of hydrogen precipitation well due to
the interleaved structure of Zn and Sn, the low dielectric constant of the material, and the
reduced contact between Zn and the electrolyte. To further evaluate the corrosion resistance
of the ZSN samples, Tafel linear polarization tests were performed on ZSN electrodes and
bare Zn electrodes. The corrosion current of the ZSN electrode was reduced to 5 mA cm−2

compared to the bare Zn electrode, which had a corrosion current of up to 8.1 mA cm−2

(Figure 2f), which indicated that the corrosion behavior was suppressed. Polarization
resistance (Rp) is also calculated based on the following Stern-Geary formula:

Rp =
Ba× Bc

2.3(Ba + Bc)
× 1

icorr
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(a–c) Comparison of the cycling performance of bare Zn and ZSN anodes in symmetric cells at
1 mA cm−2 and 1 mAh cm−2, 2 mA cm−2 and 1 mAh cm−2, and 10 mA cm−2 and 10 mAh cm−2,
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(g) Impedance spectra of symmetric cells using ZSN and bare Zn electrodes, respectively, before and
after 50 cycles.

It has been confirmed that the lower the Rp, the faster the corrosion rate [29,33].
The ZSN anode shows the highest Rp (11.7 Ω), while the Rp of the Zn anode is 0.834 Ω,
suggesting that the ZSN anode can effectively inhibit the corrosion issues. The conductivity
of the 3D Sn coating was investigated by impedance testing of the assembled bare Zn and
ZSN cells before and after cycling. The electrochemical impedance spectra (EIS) of bare
Zn- and ZSN-based ZIBs before and after cycling are shown in Figure 2g and Figure S12.
Before cycling, the charge transfer resistance (Rct) of the ZSN symmetric cell (5.5 Ω) is much
smaller than that of the bare Zn symmetric cell (243.6 Ω). After 50 cycles, the impedance
changes of the ZSN symmetric cell (varying from the initial 5.5 Ω to 16 Ω) are much lower
than those of the bare Zn symmetric cell (varying from 243.6 Ω to 428.7 Ω). These results
indicate that the introduction of a Sn coating leads to better conductivity and smaller
internal resistance, which can greatly reduce the surface hydrogen evolution reaction,
volume change, and stripping depth of the electrode.

To verify the wettability of the electrolyte (2 M ZnSO4) on different electrode sur-
faces, contact angle tests were performed. It showed that the contact angle between the
ZSN electrode and the electrolyte (51.4◦) was much smaller than that for bare Zn (93.2◦,
Figure 3b), which indicated the electrolyte could spread more easily on the ZSN electrode
but was much more hydrophilic to the bare Zn electrode. To investigate the effect of ZSN
coating on the morphology of Zn deposition, SEM was conducted before cycling and after
50 cycles at 1.0 mA cm−2 with a capacity of 1 mA h cm−2 in symmetric cells (Figure 3c–h).
The surface of bare Zn was relatively smooth and flat. After five cycles, tiny Zn deposits
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started to accumulate on the bare Zn surface (Figure 3c), but displayed a large number of
prominent Zn dendrites after twenty cycles (Figure 3d), which continued to grow, resulting
in many randomly accumulated large lumpy Zn deposits after fifty cycles (Figure 3e). The
increased surface area of the bare Zn electrode due to the appearance of Zn dendrites
could subsequently puncture the cellulose spacer, resulting in a short circuit or cell failure.
Additionally, the cross-sectional SEM image indicated a volume expansion after 50 cycles,
with the thickness increasing from the initial 158 µm to 199 µm (Figure S13). On the con-
trary, the ZSN electrode presented a 3D porous structure on the surface before cycling and
almost no change in shape after five cycles (Figure 3f). After 20 plating/peeling cycles,
the overall structure and morphology of ZSN electrodes were well maintained (Figure 3g),
which proved the excellent mechanical durability and electrochemical cycling of the ZSN
electrode in the cell assembly. After 50 cycles, some pores were filled, and the Zn layer
was uniform and dense without Zn dendrites or clusters (Figure 3h). This indicates that
Zn deposits are preferentially generated in the pores of ZSN, thus avoiding disordered Zn
deposition behavior. In addition, the ZSN electrode was thickened by only 9 µm from the
initial 200 µm to 220 µm after 50 cycles (Figure S14), which was much smaller than that of
the bare Zn electrode and could greatly alleviate the cell volume expansion.

Batteries 2023, 9, x FOR PEER REVIEW 9 of 15 
 

 
Figure 3. (a,b) Images of the contact angle for the electrolyte with ZSN (a) and bare Zn (b) anodes. 
(c–h) SEM images of bare Zn and ZSN anodes in symmetric cells after 5, 20, and 50 cycles at 1 ma 
cm−2, respectively. (i,j) Illustration of the stripping and plating behavior of (i) bare Zn and (j) ZSN 
electrodes, respectively. 

To further investigate the working mechanism of the ZSN electrode, the transport of 
Zn2+ across the bare Zn and ZSN electrodes during the charging and discharging of the 
battery was simulated. During charging and discharging of bare Zn cells, Zn2+ is deposited 
with favorable energy at charge transfer positions on the anode, with an initial tiny bump 
formed, on which subsequent Zn2+ will be deposited to reduce the surface energy [19]. 
With a rapid deposition of Zn2+, the nucleation aggregates and the Zn2+ concentration in-
creases [19]. The Zn2+ in the electrolyte is repeatedly deposited on the anode surface. The 
inhomogeneous distribution of the electric field and the unrestricted two-dimensional 
(2D) diffusion of the absorbed Zn2+ on the anode surface will lead to the formation of Zn 
dendrites (Figure 3i). Firstly, when Zn2+ is transported in ZSN, the rich interface between 
the 3D porous Sn and metallic Zn and the high Zn2+ conductivity of ZSN ensure rapid 
diffusion of Zn2+ throughout the ZSN composite, which increases the rate capability of the 
ZSN electrode. In this case, Sn acts as a pro-Zn metal monomer to lower the Zn nucleation 
potential on ZSN. The introduction of the Sn element increases the hydrogen precipitation 
energy barrier, inhibits the side reaction of hydrogen precipitation, and provides a uni-
form surface electric field, inducing uniform Zn deposition behavior and the absence of 
dendrite diffusion. Secondly, the 3D structure and enhanced mechanical stability of the 
composite electrode enable the electrode to maintain its structure under high current den-
sities and high fixed surface capacity cycles (Figure 3j). Therefore, the ZSN electrode plays 

Figure 3. (a,b) Images of the contact angle for the electrolyte with ZSN (a) and bare Zn (b) anodes.
(c–h) SEM images of bare Zn and ZSN anodes in symmetric cells after 5, 20, and 50 cycles at 1 ma
cm−2, respectively. (i,j) Illustration of the stripping and plating behavior of (i) bare Zn and (j) ZSN
electrodes, respectively.



Batteries 2023, 9, 262 9 of 15

To further investigate the working mechanism of the ZSN electrode, the transport
of Zn2+ across the bare Zn and ZSN electrodes during the charging and discharging
of the battery was simulated. During charging and discharging of bare Zn cells, Zn2+

is deposited with favorable energy at charge transfer positions on the anode, with
an initial tiny bump formed, on which subsequent Zn2+ will be deposited to reduce
the surface energy [19]. With a rapid deposition of Zn2+, the nucleation aggregates
and the Zn2+ concentration increases [19]. The Zn2+ in the electrolyte is repeatedly
deposited on the anode surface. The inhomogeneous distribution of the electric field
and the unrestricted two-dimensional (2D) diffusion of the absorbed Zn2+ on the anode
surface will lead to the formation of Zn dendrites (Figure 3i). Firstly, when Zn2+ is
transported in ZSN, the rich interface between the 3D porous Sn and metallic Zn and
the high Zn2+ conductivity of ZSN ensure rapid diffusion of Zn2+ throughout the ZSN
composite, which increases the rate capability of the ZSN electrode. In this case, Sn
acts as a pro-Zn metal monomer to lower the Zn nucleation potential on ZSN. The
introduction of the Sn element increases the hydrogen precipitation energy barrier,
inhibits the side reaction of hydrogen precipitation, and provides a uniform surface
electric field, inducing uniform Zn deposition behavior and the absence of dendrite
diffusion. Secondly, the 3D structure and enhanced mechanical stability of the composite
electrode enable the electrode to maintain its structure under high current densities and
high fixed surface capacity cycles (Figure 3j). Therefore, the ZSN electrode plays an
important role in improving the wettability of the electrode sheet in the electrolyte and
regulating the Zn stripping/plating behavior.

As a new type of energy storage device, a hybrid supercapacitor can fully integrate
the advantages of batteries and supercapacitors by matching battery-type electrodes and
capacitor-type electrodes [40,41]. Zn foil, as the most commonly used anode material for Zn
ion supercapacitors in the Zn/Cap configuration, has become a potential safety hazard for
electronic devices due to Zn dendrites and corrosion [42]. The ZSN electrode is expected to
be an excellent candidate for the Zn foil in the Zn/Cap configuration due to its excellent
electrochemical performance exhibited in symmetric cells. To demonstrate the performance
advantages of the ZSN electrode in supercapacitors, ZSN hybrid supercapacitors (ZSN‖AC)
were further assembled with AC as the counter electrode and aqueous ZnSO4 solution (2 M)
as the electrolyte; the schematic diagram is shown in Figure 4a. The stable constant-current
charge/discharge curves of ZSN‖AC were collected at different current densities from
0.2 to 4 A g−1 (Figure 4b). The symmetrical and quasi-triangular-shaped curves indicated a
capacitive pseudo-charge storage mechanism. The GCD (galvanostatic charge/discharge)
curves maintained symmetry even at a high current density of 4 A g−1 and the capacity of
the ZSN-based supercapacitor based on the current electrode mass could be maintained
at 75 mAh g−1 (Figure 4b). The Zn-based supercapacitor was limited by the ion transport
capacity of the bare Zn electrode, which hindered charging, and the GCD curves had poor
symmetry, which was most evident at low current densities that required long charging
and discharging times (Figure 4c).

The energy storage mechanism for this ZSN‖AC device is based on Zn plating/stripping
at the anode and physical adsorption/desorption of ions at the AC cathode. As shown in
Figure 4d, the CV curves of the ZSN‖AC device at low rates (such as 1 mV s−1) can exhibit
a rectangular shape, reflecting the typical capacitive behavior of this system. Moreover,
the CV curves of the ZSN‖AC system at higher scan rates (e.g., 20–50 mV s−1) also do not
display the severe deformation, implying that the system possesses rapid kinetics during
electrochemical reactions and the ability of fast energy storage. The Zn-ion hybrid
supercapacitor with ZSN had good cycling stability. During 8000 charge/discharge
cycles at 2 A g−1, the supercapacitor always presented a coulombic efficiency close
to 100% during cycling and a capacity value of 75 mAh g−1. In contrast, the bare Zn
capacitor had a consistently unstable coulombic efficiency during cycling (Figure 4e)
and a storage capacity of only 55 mAh g−1. The ZSN anode basically maintained
its original morphology after 8000 cycles (Figure S15). The performance comparison
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between ZSN‖AC and Zn‖AC is also at the higher current of 4 A g−1. As shown in
Figure S16, the Zn‖AC device starts to fail after the 6500th cycle with large fluctuations in
capacity and coulombic efficiency. In contrast, ZSN‖AC maintains a relatively constant
capacity (60 mAh g−1) over 8000 cycles. Regarding the high cycling stability and excellent
charge/discharge reversibility of the ZSN‖AC, this can be attributed to the low charge
transfer resistance of the ZSN electrodes (Figure 4f and Table S2) [43]. Thus, it could
provide a higher storage capacity (100 mAh g−1) than that of bare Zn (50 mAh g−1)
at a current density of 100 mA g−1 (Figure 4g). In addition, ZSN||AC demonstrated
good multiplication performance with an average capacity of 80.1 mAh g−1 compared
to that of Zn‖AC (51.89 mAh g−1) at different current densities from 0.2 to 4 A g−1

(Figure 4h). In addition, the performance of the ZSN‖AC device is better than that of
recently reported works about an AC-based system (Table S3).
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Figure 4. Characterization of electrochemical and cycle performance of zinc-based supercapacitors.
(a) Simulation schematic of the ZSN‖AC. (b,c) GCD curves of Zn‖AC and ZSN‖AC at 0.1 A g−1–
4 A g−1. (d) CV curves of ZSN‖AC at a scan rate of 1 mV s−1–50 mV s−1. (e) Long-term cycling
capability curves of Zn‖AC and ZSN‖AC. (f) EIS measurements of Zn‖AC and ZSN‖AC before
and after cycling. (g) Discharge/charge behavior of Zn‖AC and ZSN‖AC at 0.2 A g−1. (h) Rate
performance of Zn‖AC and ZSN‖AC at a current density from 0.2 A g−1 to 4 A g−1.
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Manganese-based materials have the merits of low price, environmental friendliness,
high discharge voltages, and high specific capacities, which have therefore been widely
explored in the field of ZIBs. The Mn2+ ions in MnO can be electrochemically oxidized
to high valences (+3 or +4) and enable high operating voltages (≈1.35 V) [44]. Vanadium-
based compounds have an open framework due to their multiple valence oxides and their
stable layer structure. Mn2+ can be used as a stabilizer or binder to increase the voltage
or capacity of pre-intercalated layers of V2O5. Inspired by this, we propose the use of
MnV2O6 (MVO) as the cathode material for high energy density RAZMBs (rechargeable
aqueous Zn metal batteries) to verify the superiority of ZSN anodes. The cycling stability
curves and corresponding coulombic efficiency of ZSN‖MVO and Zn‖MVO cells at a
current density of 2 A g−1 are shown in Figure 5a. For the Zn‖MVO cell, the initial
capacity was 180 mA h g−1, which dropped sharply to 60 mAh g−1 after 500 cycles, and
its coulombic efficiency showed large fluctuations. For the Zn‖MVO cell, less than 5%
capacity decay was calculated from cycle 1 to cycle 470, and the coulombic efficiency
remained close to 98%. The excellent long-term cycling stability of the Zn‖MVO cells
can also be attributed to the excellent electrochemical properties exhibited by the ZSN
electrodes, which are perfectly matched to electrode materials requiring metal ion de-
embedding. The reversibility of the ZSN anode and the CE cycle stability were also
discussed according to its plating/stripping curve (Figure 5b). For the Zn‖MVO cell, the
bare Zn electrode was still limited by slow Zn2+ ion transfer kinetics and the hindered
ion migration path would lead to poor reversibility, resulting in the decay of cell capacity.
Thus, the charge/discharge curves of the cell exhibited large differences for the 100th and
200th cycles. On the contrary, the plating/stripping curves obtained for the 5th, 100th,
and 200th cycles regarding the ZSN‖MVO cell were almost superimposed, which further
demonstrated the high reversibility of the plating and stripping processes. In addition,
the cycling performance at different current densities from 0.5–4 A g−1 was evaluated
(Figure 5c). The ZSN‖MVO cell maintained a much higher capacity than that of the
Zn‖MVO cell at any current density, namely, 0.5 mAh g−1 (370 mAh g−1 vs. 101 mAh g−1),
1 mAh g−1 (310 mAh g−1 vs. 70 mAh g−1), 2 mAh g−1 (200 mAh g−1 vs. 50 mAh g−1),
and 4 mAh g−1 (150 mAh g−1 vs. 35 mAh g−1). Current density returns to 0.5 A g−1 after
40 cycles, the average capacity of the ZSN‖MVO cell (280 mAh g−1) was significantly
higher than that of the Zn‖MVO cell (71.4 mAh g−1), which reflected the improved rate
and cycling performance of the ZSN anode. The ZSN‖MVO device also showed better
performance than some of the reported MVO-based systems (Table S4). The ion/electron
transfer kinetics of the full cell were analyzed by electrochemical impedance spectroscopy
(EIS) analysis (Figure 5d). The charge transfer resistance (Rct) of the ZSN‖MVO cell (11.7 Ω)
was much lower than that of the Zn‖MVO cell (130.4 Ω). Thus, the excellent performance
of the ZSN‖MVO cell can be attributed to the high ionic conductivity and the robust ZSN
anode. The long cycle stability and the high specific capacity of ZSN‖MVO cells make it
possible to use them in real electronics. As shown in Figure S17, one ZSN||MVO cell is
enough to drive a timer for a long time, and two ZSN‖MVO cells in series can keep five
LED bulbs on for a long time (Figure 5e).
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Figure 5. Electrochemical performance testing of Zn-base‖MVO cells using ZSN and bare Zn
anodes and their practical applications. (a) Cycling performance at a current density of 2 A g−1.
(b) Discharge/charge behaviors of Zn‖MVO and ZSN‖MVO for the 50th, 100th, and 200th cycles.
(c) Rate capability of Zn‖MVO and ZSN‖MVO. (d) EIS plots of Zn‖MVO and ZSN‖MVO before and
after cycling. (e) Application of powering LEDs by two cells connected in series.

4. Conclusions

In this work, an improved substitution reaction provides a very simple way to design
3D porous ZSN structures. ZSN anodes can suppress the volume change of dendrite
growth on the electrode surface. The obtained ZSN electrodes can significantly reduce the
side reaction of hydrogen precipitation and decrease the volume change of the electrode
compared to bare Zn. Meanwhile, the 3D porous ZSN composite structure improves the
mechanical stability of the whole electrode and the diffusion behavior of Zn2+ ions, resulting
in enhanced performance of the ZSN anode in different energy storage elements, especially
the deep cycling performance of the Zn metal electrode. The ZSN‖ZSN symmetric cell
exhibits a highly stable galvanic/stripping behavior over 450 cycles with an overvoltage of
30 mV at 1 mA cm−2 and 1 mAh cm−2. In addition, much higher galvanic/peel cycling
of the ZSN‖ZSN symmetric cell was achieved at deep cycling for high current density
and high area capacity (up to 10 mAh cm−2 and 10 mAh cm2). ZSN, as an excellent
alternative to bare Zn, exhibits excellent performance in different energy storage devices by
matching batteries and supercapacitors. This work opens a new door to the realization of
the development of advanced aqueous Zn metal electrodes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries9050262/s1, Figure S1: Photos of Zn-Li foil under different
pressures: (a) 2 MPa; (b) 10 MPa; (c,d) 5 MPa; Figure S2: The thickness of the Zn-Li foil; Figure S3:
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SEM/EDS analysis from the (a) cross section and (b) surface of Zn-Li foil; Figure S4: SEM image of
the ZS electrode; Figure S5: The Cross-sectional corresponding EDS element mapping(Sn); Figure S6:
X-ray diffraction pattern of bare Zn anode; Figure S7: Cycling performance of ZSN anodes prepared
with different concentrations of SnCl4 in symmetric cells at 1 mA cm−2 for 0.5 mAh cm−2; Figure S8:
Comparison of the cycling performance of ZL, ZS and ZSN anodes in symmetric cells at 1 mA cm−2

and 1 mAh cm−2; Figure S9: Cycling performance of bare Zn and ZSN anodes at 5 mA cm−2 and
1 mAh cm−2; Figure S10: Rate performance of symmetric cells based on bare Zn and ZSN anodes at
current densities from 0.5 to 10 mA cm−2; Figure S11: Cycling performance of ZS and ZSN anodes
at 1 mA cm−2 for 1 mAh cm−2; Figure S12: Impedance spectra of symmetric cells using ZSN and
bare Zn electrodes before and after 50 cycles; Figure S13: Cross-sectional SEM images of the bare Zn
electrode (a) before cycling and (b) after 50 cycles at 1.0 mA cm−2 with a capacity of 1 mA h cm−2 in
a symmetric cell; Figure S14: (a, b) Cross-sectional SEM images of the ZSN electrode after 100 cycles
at 1 mA cm−2 and 1 mAh cm−2; Figure S15: SEM and EDS images of the cycled anode in the
ZSN‖AC system; Figure S16: (a) Long-term cycling capability curves at 4 A g−1 of Zn‖AC and
ZSN‖AC; Figure S17: Photographic image of a normally working electronic chronograph driven
by the ZSN‖MVO cells; Table S1: Electrochemical performance of Zn stripping/plating of recent
reported Zn/Zn symmetrical cells; Table S2: Comparison of the cycling performance of ZSN‖AC
supercapacitor with some recently reported representative AC capacitors; Table S3: Comparison
for the cycling performance of the ZSN‖AC supercapacitor with the recently reported AC-based
capacitors; Table S4: Cycling performance for the ZSN‖MVO battery compared with recently reported
batteries using MVO cathodes.
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