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Abstract

The remarkable advantages of zinc anodes render aqueous zinc-ion batteries (ZIBs) a
highly promising energy storage solution. Nevertheless, the uncontrolled growth of zinc
dendrites and side reactions pose significant obstacles to the practical application of ZIBs.
To address these issues, a straightforward strategy has been proposed, involving the
addition of a minute quantity of AgNOj to the electrolyte to stabilize zinc anodes. This
additive spontaneously forms a hierarchically porous Ag interphase on the zinc anodes,
which is characterized by its zinc-affinitive nature. The interphase offers abundant zinc
nucleation sites and accommodation space, leading to uniform zinc plating/stripping
and enhanced kinetics of zinc deposition/dissolution. Moreover, the chemically inert Ag
interphase effectively curtails side reactions by isolating water molecules. Consequently,
the incorporation of AgNOj3 enables zinc anodes to undergo cycling for extended periods,
such as over 4000 h at a current density of 0.5 mA /cm? with a capacity of 0.5 mAh/cm?,
and for 450 h at 2 mA /cm? with a capacity of 2 mAh/cm?. Full zinc-ion cells equipped with
this additive not only demonstrate increased specific capacities but also exhibit significantly
improved cycle stability. This research presents a cost-effective and practical approach for
the development of reliable zinc anodes for ZIBs.

Keywords: aqueous zinc ion battery; anode; electrolyte additive; zinc dendrite; side reactions

1. Introduction

Aqueous zinc ion batteries (ZIBs) are attractive for energy storage due to affordability,
safety, non-toxicity, high capacity, and low reaction potential of zinc anodes [1,2]. Yet,
their practical use is hindered by the limited cycle life of zinc anodes in aqueous elec-
trolytes, refs. [3-5], caused by uneven zinc nucleation, inhomogeneous ion distribution,
and non-uniform electric fields at the zinc/electrolyte interface, leading to dendrite for-
mation [6,7] and hydrogen evolution, which deposits insoluble byproducts and reduces
efficiency [8,9]. Efforts to improve zinc anode longevity and prevent dendrites include
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structural design [10-12], surface alteration [13-15], separator design [16], and electrolyte
engineering [17,18]. Li et al. fabricated a three-dimensional porous Cu foam@Zn anode by
electrodepositing zinc on copper foam, effectively reducing local current density and sup-
pressing dendrite growth [12]. However, its complex fabrication process, low volumetric
energy density, and large specific surface area-induced side reactions (such as corrosion
and hydrogen evolution) hinder its practical application. Liu et al. constructed an in situ
zinc hexacyanoferrate (HB-ZnHCF) interphase with large ion channels, strong zinc affinity,
and a high Zn?* transference number, which blocks water access, promotes rapid Zn?*
transport, and enables uniform zinc deposition [13]. Nevertheless, the mechanically weak
and thin interphase is prone to cracking during plating/stripping, eventually leading to
dendrite penetration. Cao et al. developed a cellulose nanofiber-ZrO, composite separator
that regulates uniform deposition via a directional electric field induced by the Maxwell—-
Wagner polarization effect, effectively inhibiting dendrite growth [19]. However, the use
of additional functional separators typically increases ion transport resistance, potentially
compromising the rate performance of batteries. Electrolyte engineering, particularly
through additive inclusion or special electrolyte formulation, aims to minimize free water.
Molecular-crowding, deep eutectic, gel, and solid-state electrolytes aim to solve issues but
face challenges like high costs, reduced conductivity, and increased viscosity [20-24].

In contrast, electrolyte additives are low cost and pose no hinder to the electrochemical
performance of ZIBs. Electrolyte additives operate through diverse mechanisms. Some
additives, such as sodium carboxymethyl cellulose and monosodium glutamate, are used
to desolvate Zn?* and thus can suppress water-induced side reactions [25,26]. Organic
additives, such as pyridine, L-cysteine, and thiol, preferentially adsorb and form a uniform
double electric layer on zinc anodes, which serves as a shielding buffer layer and guides
homogeneous zinc ion flux [27,28]. Some reactive additives can deposit on the surface of
the zinc anode to form solid electrolyte interfaces, such as ZnF, /Sn composite, zinc tannin,
and zinc-phytic acid complex, which isolates the direct contact of water molecules from the
zinc anode and alleviates water involved side reactions [29,30]. However, most additives
are unable to simultaneously suppress parasitic reactions and regulate zinc deposition.
Design of dual-functional additives is a more favorable solution for the reliable protection
of zinc anodes.

In this study, a trace amount of AgNOj3 additive is introduced to construct dendrite-
free and corrosion-resistant Zn metal anodes. Benefiting from the superior zincophilicity
and high electro-conductivity nature of the interphase, the zinc nucleation energy barrier
is reduced and kinetics for zinc plating/stripping are improved. More importantly, Ag
interphase has a three-dimensional multilevel structure that provides preferential nucle-
ation sites and accommodation space for zinc deposition. Consequently, uniform and
dendrite-free zinc deposition with lower zinc deposition overpotentials is observed.

2. Materials and Methods

Electrolytes preparation: Zinc sulfate (ZS) electrolyte with a concentration of 3 mol/L
was prepared by dissolving the appropriate weight of ZnSO,-7H,0O in deionized water.
Subsequently, an appropriate weight of silver nitrate additive was dissolved in the ZS
electrolyte to obtain an AgNO3/ZnSOy4 (AN/ZS) electrolyte containing the desired AgNOs3
concentration. The default AN/ZS electrolyte in this paper contains 0.005 mol/L AgNOs3
unless specified otherwise. The AN/ZS electrolytes with different concentrations were
colorless and transparent solutions (Figure S1).

MnO,@graphite paper (MnO,@GP) Electrode Preparation: The MnO,@GP electrode
was deposited by constant current method. First, graphite paper (GP) with a thickness of
50 pm was cut into 4 x 3 cm size. Then, a solution containing 0.1 mol/L Mn(CHCOO), and
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0.1 mol/L NaySOy4 was prepared as the electrodeposition solution. The electrodeposition
was carried out in the electrodeposition solution at a current density of 0.5 mA /cm? for
10 min through a three-electrode configuration, in which the GP was used as the working
electrode, Pt was the counter electrode, and saturated calomel electrode was the reference
electrode. After electrodeposition, the GP was removed and rinsed with deionized water
and dried naturally to obtain the MnO,@GP electrode.

Characterization: The morphology of the zinc anode was characterized by field-
emission scanning electron microscopy (SEM). Elemental analysis was obtained using
energy dispersive X-ray spectroscopy (EDS). The chemical composition was characterized
by X-ray diffractometry (XRD; D8 ADVANCE). X-ray photoelectron spectroscopy (XPS)
was performed using a PHI 1600 ESCA (PerkinElmer) instrument. The contact angle of the
electrolyte on the surface of zinc anodes was conducted by the Drop Shape Analyzer-DSA25
(KRUSS GmbH, Hamburg, Germany).

Coin cell assembly and electrochemical measurements: Symmetric and full cells were
assembled using CR2025 battery cases. For the symmetric cells, pure Zn was used as the
electrode, glass fiber as the diaphragm and ZS or AN/ZS as the electrolyte. For the full cell,
MnO,//CC was used as the cathode, pure Zn as the anode, glass fiber as the diaphragm
and ZS + 0.1 mol/L MnSOy (ZS5-M) or AN/ZS + 0.1 mol/L MnSO4 (AN /ZS-M) aqueous
solution as the electrolyte, respectively. Cyclic voltammetry (CV) and constant current
charge/discharge (GCD) curves were collected for assembled symmetric and full cells
using an electrochemical workstation and NEWARE 4000 test system. The electrochemical
impedance spectra (EIS) were tested in the frequency range of 0.01 Hz to 100 kHz with
a potential amplitude of 5 mV. Corrosion tests were performed on the Zn anode in a
three-electrode system consisting of a pure Zn working electrode, a Zn foil as the counter
electrode, and a saturated calomel (SCE) as the reference electrode in the ZS or a AN/ZS
electrolyte, respectively. Zinc anodes were tested for corrosion. To observe the growth of
zinc dendrites, a transparent symmetric cell was designed for in situ monitoring using an
optical microscope and an electrochemical workstation (CHI660E). The transparent cell
was constructed by fixing two zinc foils (1 cm x 5 cm) on a glass sheet with a spacing of
1 mm before the two zinc foils, placing a few drops of electrolyte between the two foils,
and finally covering the zinc foils with another glass sheet.

Computational Details: All calculations were carried out by using the projector aug-
mented wave method in the framework of the density functional theory (DFT) [31], as
implemented in the Vienna ab-initio Simulation Package (VASP). The generalized gradi-
ent approximation (GGA) and Perdew-Burke—-Ernzerhof (PBE) exchange functional was
used [32]. The Brillouin zone was sampled by a Monkhorst—Pack to generate k-point
mesh of 5 x 5 x 1 for the structure relaxations, while a larger k-grid of 7 x 7 x 1 was
generated for the static calculations [33]. The plane-wave energy cutoff was set to 500 eV,
and the Monkhorst-Pack method [33] was employed for the Brillouin zone sampling. The
convergence criterions of energy and force calculations were set to 107> eV /atom and
0.01 eV A=, respectively. To explore the interactions between the Zn atom and substrate
(Ag (111), AgZn (111), Ag,O (111) and Zn (101)) surfaces, the adsorption energies of Zn
atom on the substrate surfaces were calculated. A vacuum region of 15 A is applied to
avoid interactions between the neighboring configurations. Here, the adsorption energies
(Ea) were calculated by the energy difference of the system after and before adsorption [34]:

E,= EZn-substrate - EZn - Esubstrate (1)

where Ez_substrater Ezn, and Egypstrate represent the DFT energies of the Zn adsorbed metal
surface, the energy of an isolated Zn atom and the energy of the clean metal surface.
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3. Results and Discussion

Figure 1 schematically illustrates the protective mechanism of the Zn anode after intro-
ducing AgNOs3 additive into the electrolyte. During cycling, an in situ formed hierarchical
porous Ag interfacial phase with high zinc affinity is constructed on the zinc surface. This
interfacial phase provides abundant zinc nucleation sites and sufficient accommodation
space, promoting uniform Zn deposition/stripping. Moreover, the chemically inert Ag
phase effectively suppresses side reactions by isolating water molecules, inhibits den-
drite growth and by-product formation, and thus enhances the stability of the zinc anode.
AgNOj dissolved in 3 mol/L ZnSOy electrolyte (ZS) forms the AgNO3/ZnSO; electrolyte
(AN/ZS), depicted in Figure S1. Modified electrolytes containing 1, 3, 5, 8, 10 mmol /L
of AgNOj are denoted 0.001 M to 0.01 M AN/ZS. The effect of AgNO;3 additive on the
zinc deposition behaviors was first studied by examining plated/stripped zinc anodes
in the 0.005 M AN/ZS electrolyte. SEM images reveal a flat zinc electrode surface before
charging/discharging (Figure 2a). After 20 stripping cycles in ZS electrolyte at 1 mA /cm?
for 1 mAh/cm?, large platelets form a rough surface by stacking perpendicularly on the
electrode (Figure 2b,c) [35]. These platelets, identified as zinc dendrites, are over 20 pm
thick (Figure 2d), confirmed by pure zinc distribution in energy dispersive spectrometer
(EDS) mapping (Figure 2e,f). In contrast, the zinc electrode after 20 stripping cycles in
AN/ ZS electrolyte lacks perpendicular dendrites, instead showing a uniform layer of par-
ticulate matter (Figure 2g). Magnified SEM images indicate these particles have a porous
nanosheets structure (Figure 2h). EDS mapping (Figure 52) shows even distribution of Zn
and Ag in the particles. XRD analysis post-20th stripping in AN/ZS electrolyte confirms
the presence of Ag (JCPDS NO. 04-0783) and a small amount of AgZn (JCPDS NO. 29-1155)
and Ag,O (JCPDS NO. 43-0997) in the coating (Figure 2i). The rapid blackening of the
zinc electrode surface upon immersion in AN/ZS is attributed to Ag replacement, with
Ag,0O possibly resulting from Ag oxidation by dissolved oxygen [36]. The AgZn alloy
minor phase could be the solid solution product of the replacement reaction [37]. The
cross-sectional SEM images show that the Ag layer is relatively uniform and about 10 pm
thick (Figure 2j). EDS characterization reveals an even distribution of Ag and Zn elements
in the interphase (Figure 2k,1). According to the literature, Ag has good zincophilicity,
and zinc can preferentially nucleate on Ag [38]. The competition effect of Ag suppresses
the zinc nucleation on the zinc metal surface [39,40]. And the porous structure of Ag
metal particles can provide three-dimensional space to host zinc, therefore alleviating zinc
dendrite growth [10-12].
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Figure 1. Scheme of Zn anode evolution in the electrolyte without and with the AgNOj3 additive.
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Figure 2. Morphology and composition characterization of Zn anodes in the ZS and 0.005 M AN/ZS
electrolytes. (a) Surface SEM image of the pristine zinc electrode. (b,c) Surface and (d) cross-section
SEM image, and corresponding EDS mapping of (e) all elements and (f) Zn element of the zinc
electrode after the 20th stripping in the ZS electrolytes at 1 mA/ cm? for 1 mAh/em?. (g/h) Surface
SEM images, (i) XRD pattern, (j) cross-section SEM image, and corresponding EDS mapping of
(k) Ag and (1) zinc element for the zinc electrode after the 20th stripping in the AN/ZS electrolytes.

The concentration of the additive was optimized. The symmetric cell cycled at
2 mA/cm? with a capacity of 2 mAh/cm? lasted only about 26 h in the pristine ZS elec-
trolyte (Figure 3a), whereas the cell with 0.005 M AN/ZS electrolyte maintained stable
cycling for 400 h, which is the longest among all tested additive concentrations and more
than 10 times longer than that with the ZS electrolyte. This optimal concentration ensures
balanced interfacial behavior during the electrochemical reduction process. At low con-
centrations below 0.005 M, the amount of Ag™ is insufficient to form a continuous and
compact Ag interfacial phase, resulting in poor nucleation sites and limited suppression of
dendrite growth. At high concentrations above 0.005 M, excessive Ag* causes an intense
displacement reaction with the Zn substrate, leading to uneven Ag deposition, increased in-
terfacial resistance, hindered Zn?* transport, and non-uniform Zn plating. When cycling at
0.5 mA/cm? for 0.5 mAh/cm? in the 0.005 M AN/ZS electrolyte, the polarization voltage is
approximately 39 mV, which is significantly lower than that in the ZS electrolyte (~48 mV).
This reduction indicates that the AgNOj; additive effectively lowers the energy barrier for
Zn nucleation, promotes more uniform zinc deposition, and suppresses dendrite forma-
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tion. Furthermore, a sudden drop in polarization voltage was observed after about 76 h
of cycling in the ZS electrolyte, likely due to dendrite-induced short-circuiting caused by
uncontrolled Zn dendrite growth. In contrast, the symmetric cell with 0.005 M AN/ZS elec-
trolyte exhibited outstanding cycling stability, operating steadily for over 4500 h (187 days,
Figure 3b). These results clearly demonstrate that the AgNO3 additive effectively inhibits
dendrite growth and enhances long-term electrochemical performance. At 5 mA /cm?
for 1 mAh/cm?, the cell cycles for 300 h in the 0.005 M AN/ZS electrolyte, substantially
more than the 90 h achieved with the ZS electrolyte (Figure 3c). Additional tests confirm
the enhanced stability provided by the 0.005 M AN/ZS electrolyte at other current densities
and capacities (Figure S3). Furthermore, the presence of AgNO; additive in the electrolyte
reduces the overpotential during charge and discharge cycles across various current den-
sities (Figure 3c,d). Tests on Zn//Cu asymmetric cells at 1 mA /cm? for 0.5 mAh/cm?
confirm that lower overpotential and a higher Coulombic efficiency (CE) from 86% to
99.4% for zinc deposition and dissolution are obtained in the 0.005 M AN/ZS electrolyte
compared to the ZS electrolyte (Figures S4 and 3e,f). This suggests that zinc dendrite
growth and side reactions are minimized and zinc dendrite growth can be attributed to
numerous nucleation sites of the hierarchical Ag interphase [41-43]. The maximum cycle
life achieved with this method is 4500 h, outperforming recent reports involving other
additives or modified zinc anodes (Figure 3g and Table S1) [23,44-52].
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Figure 3. (a) Cycling performance of Zn//Zn symmetrical cell with various electrolytes at 2 mA /cm?
for 2 mAh/cm? and at (b) 1 mA/cm? for 0.5 mAh/cm?. (c) Rate performance of symmetric cells
at0.1,0.2,0.3,0.5, 1, and 2 mA /cm?. (d) Cycling performance of symmetric cells at 5 mA/ cm? for
1 mAh/cm?. (e) Voltage profiles at various cycles and (f) CE Zn//Cu cell cycling at 1 mA/ cm? for
0.5 mAh/cm?. (g) Performance of Zn symmetric cells with AgNO3 additive compared with other
recently reported additives.

The spontaneously formed Ag interphase acts as a protective layer that can repair
damage to the zinc metal surface, as demonstrated through cross-electrolyte and letter-
engraving tests. A short-circuited Zn | | Zn symmetric battery in ZS electrolyte could restore
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and resume a long lifespan of 470 h upon reassembly with 0.005 M AN/ZS electrolyte
(Figure 4a). Additionally, a zinc electrode, after 80 h of cycling, was etched with the let-
ters “HUT” and then cycled for another 220 h, during which the etching nearly vanished
(Figure 4b). These tests suggest that failed ZIBs might be rehabilitated by replacing or
supplementing the electrolyte. Investigations into zinc nucleation behavior with AgNOs
additive showed that zinc anodes exhibit reduced self-corrosion rates and improved cor-
rosion resistance in 0.005 M AN/ZS electrolyte compared to ZS electrolyte (Figure 4c), as
evidenced by linear polarization curves (Figure 4d). Hydrogen evolution reaction (HER)
overpotential in the 0.005 M AN/ZS electrolyte was found to be significantly higher than in
the ZS electrolyte, indicating that the AgNOj; additive enhances HER overpotential, thereby
suppressing HER and the buildup of by-products on zinc anodes [53]. This explains the
enhanced reversibility observed in zinc anodes within the 0.005 M AN/ZS electrolyte.
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Figure 4. (a) Voltage profiles of Zn | | Zn symmetrical cells cycling in ZnSOy electrolyte for 126 h
and then introducing AN under 1 mAcm 2, 0.25 mAhcm 2. (b) Cycling performance of Zn | | Zn
symmetrical cells in 0.005 M AN/ZS electrolyte before and after lettering recombination under
1 mAcm~2,0.25 mAhecm 2. (c) Linear polarization curves of Zn anodes tested at 10 mV/s, (d) LSV
curves for the Zn anode test at 5 mV /s, (e) chronoamperometry curves of Zn anode ata —150 mV
overpotential in the ZS and 0.005 M AN/ZS electrolyte. (f) The adsorption energies of Zn atom on
Zn (101), Ag (111), and AgpO (111) surfaces. Inset: corresponding computational models. (g) In situ
optical microscope images of the Zn deposition process in ZS and 0.005 M AN/ZS electrolytes at
5mA/cm?. (h) The photos of symmetrical cells with the ZS and 0.005 M AN/ZS electrolytes after
0 cycles, 10 cycles, and 38 cycles at 0.5 mA /cm? for 0.5 mAh/cm?, respectively.
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To assess the impact of the additive on corrosion, zinc electrodes were submerged in
both ZS and 0.005 M AN/ZS electrolytes for several days. After one day in ZS electrolyte,
the zinc electrode lost its metallic sheen and became rough after six days due to the
buildup of white corrosion byproducts (Figure S5). In contrast, zinc in 0.005 M AN/ZS
electrolyte turned black rapidly but showed no significant morphological changes over one
to six days (Figure S5). SEM images confirm the accumulation of corrosion products on
the Zn electrode in ZS electrolyte, whereas the electrode remained unaltered in 0.005 M
AN/ZS electrolyte after six days (Figure S6), demonstrating that the additive mitigates zinc
anode corrosion. Chronoamperometry (CA) tests at —150 mV were conducted to study
the zinc nucleation process. In 0.005 M AN/ZS electrolyte, three-dimensional (3D) zinc
ion diffusion occurred shortly after 30 s, converting from two-dimensional (2D) diffusion
(Figure 4e). It suggests lateral diffusion of zinc ions upon reaching the electrode surface,
which supports homogeneous zinc ion adsorption and plating [54,55]. Conversely, in ZS
electrolyte, 2D diffusion persisted for over 140 s, leading to uneven zinc ion adsorption,
localized nucleation, and zinc dendrite growth [56].

Theoretical calculations further elucidate zinc ion plating behavior. Zinc adsorption
energies on Zn (101), Ag (111), AgZn (111) and Ag,O (111) surfaces are —0.780, —0.90,
—1.235 and —2.66 eV, respectively (Figure 4f). Higher adsorption energy on Ag indicates
strong zincophilicity, favoring zinc ion deposition on the Ag interphase rather than the
Zn surface [54,57]. In addition, the 3D nanostructured interphase accommodates zinc
deposition, potentially reducing dendrite formation. Electrochemical impedance tests on
Zn//Zn cells reveal that charge transfer impedance (Rct) in 0.005 M AN/ZS electrolyte
is approximately 180 Ohms after two hours, rising to around 280 Ohms after 24 h. In ZS
electrolyte, R values are 440 and 880 Ohms after 2 and 24 h, respectively (Figure S7).
This indicates that the Ag-coated electrode resists water-related side reactions and inhibits
byproduct growth, likely due to the Ag layer blocking direct water contact. The zinc anode
also exhibits improved wettability in 0.005 M AN/ZS electrolyte, as seen by a smaller
contact angle (Figure S8), facilitating faster zinc deposition kinetics [58].

Transparent cells allowed direct observation of zinc deposition in various electrolytes.
After 30 min in ZS electrolyte, protrusions formed on the zinc anode, growing larger by
60 min. However, in 0.005 M AN/ZS electrolyte, the zinc anode stayed unchanged with no
dendrite growth, even after 60 min (Figure 4g). This highlights the effectiveness of the Ag
interface at inhibiting zinc dendrites. The hydrogen evolution reaction (HER) was assessed
by measuring changes in cell thickness (Figure 4h). After 38 cycles, the symmetric cell
with 0.005 M AN/ZS electrolyte showed an 8.8% increase in thickness, remaining sealed.
Conversely, the cell with ZS electrolyte expanded by 25.3%, causing buckling and opening
the coin cell. This suggests that 0.005 M AN/ZS electrolyte effectively curbs HER due to
the addition of AgNO; [59,60]. Post-HER optical images (Figure S9) revealed uneven zinc
deposition after 38 cycles in ZS electrolyte but a stable anode surface in 0.005 M AN/ZS
electrolyte. This indicates that 0.005 M AN/ZS significantly reduces by-products, which is
beneficial for high coulombic efficiency and uniform zinc plating.

The 0.005 M AN/ZS electrolyte proved feasible in full cell electrochemical tests. The
MnO,@GP cathode was made by depositing MnO; on graphite paper (Figure S10). Full
cells included this cathode, a zinc anode, a glass fiber separator, and aqueous electrolyte.
The full cell has a similar CV curve in 0.005 M AN/ZS electrolytes but with higher current
densities (Figure 5a). Tests shows the full cell has larger discharge capacities at 0.5to 5 A/g
in the 0.005 M AN/ZS electrolyte (Figure 5b,c). After 2000 cycles at 2 A/g, the cell with
0.005 M AN/ZS electrolyte retained 83% of their capacity with a stable 100% coulombic
efficiency, while the cell ZS electrolyte retains only 55% of initial capacity (Figure 5d). The
0.005 M AN/ZS electrolyte cells demonstrated better cycling stability and reversibility,
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outperforming other additives in recent studies (Table 52). The lowered the charge transfer
resistance in the modified electrolyte can improve zinc deposition and dissolution kinetics
(Figure 5e). Compared to the ZS electrolyte, 0.005 M AN/ZS electrolyte significantly
reduces the charge transfer resistance (R¢t) from 124.6 () to 54.2 (), demonstrating its
effectiveness in lowering interfacial resistance and enhancing charge transport capability.
To further investigate the kinetic behavior of the Zn//MnO; cell, we have calculated the
Zn%* diffusion coefficient (Dg) from the EIS curves. The calculated diffusion coefficients are
summarized in Table S3. Notably, the 0.005 M AN/ZS electrolyte exhibits a higher Dy than
the ZS electrolyte, indicating that the introduction of AgNOj effectively enhances charge
transfer kinetics and facilitates Zn?* diffusion.
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Figure 5. Electrochemical behavior of Zn//MnO; full cell with the ZS and 0.005 M AN/ZS elec-
trolytes. (a) CV curves at 0.1 mV/s, (b) rate performance, and (c) charge—discharge curves at
different current densities. (d) Long-term cycling stability and efficiency at 2 A/g. (e) Electrochemical
impedance spectroscopy after 2000 cycles.

4. Conclusions

In summary, a stable zinc anode was realized by adding a trace amount of AgNOj3
additive to the electrolyte. The optimal concentration of AgNOs3 additive has been disclosed
to be 5 mmol/L. The AgNOj additive reacted in situ on the zinc anode to construct a self-
repairing hierarchically porous and zincophilic Ag interphase, which serves as a zinc
nucleation site and provides abundant space to accommodate plated zinc, thus enhancing
the deposition/dissolution kinetics of zinc and inhibiting the growth of zinc dendrites.
The inert Ag interphase effectively inhibits the HER and formation of by-products, thus
ensuring excellent stability and reversibility. Due to the protection of the interphase,
the cycle life of the symmetric cell with the additive is as high as 450 h, which is much
higher than 30 h without the additive at 2 mA/ cm? for 2 mAh/cm?. At 1 mA/cm? for
0.5 mAh/cm?, the introduction of additives allows symmetric cells to be cycled for more
than 4000 h. In addition, full cells based on MnO,@GP cathode exhibit not only higher
capacities and better rate performance but also show significantly improved cycle stability
in the 0.005 M AN/ZS electrolyte. This work provides a large-scale, cost-effective, and
feasible path for obtaining long life-span and dendrite-free anodes for ZIBs.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/batteries11080284/s1, Figure S1: Photos of the AN/ZS electrolytes
with AgNOj additive at various concentration ranges from 0 to 0.01 mol/L; Figure S2: EDX mapping
of zinc electrode after 20 cycles in the AN/ZS electrolyte. (a,b) SEM image, (c) Zn element mapping,
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and (d) Ag element mapping; Figure S3: Plating/stripping cycling stability of Zn symmetric cells
in the ZS and the AN/ZS electrolytes under (a) 1 mA cm 2 and 0.5 mAh em 2, (b) 5 mA cm 2
and 5 mAh cm~2,; Figure S4: Nucleation overpotentials of Zn deposition on Cu matrixes in the ZS
and the AN/ZS electrolytes at different current densities of (a) 0.5 mA cm ™2, (b) 1 mA cm~2 and
(c) 2 mA cm~2, (d) histogram comparisons of corresponding nucleation overpotentials; Figure S5:
The stability of Zn foil in different electrolytes. (a) Zn foil soaked in the ZS electrolyte. (b—e) Zn metal
before soaking in the ZS electrolyte and after soaking in electrolyte for 1, 2, and 6 days, respectively.
(f-i) Zn metal before soaking in the AN/ZS electrolyte and after soaking in electrolyte for 1, 2, and
6 days, respectively; Figure S6: SEM images of Zn foil. Zn foil soaked in the ZS electrolyte for (a)
1 day. (b) 6 days. Zn foil soaked in the AN/ZS electrolytes for (c)1 day and (d) 6 days; Figure S7:
Nyquist plots of the Zn//Zn symmetric cells in the ZS and the AN/ZS electrolytes after resting at
different times; Figure S8: Contact angle measurements of Zn anode in the ZS and AN/ZS electrolytes;
Figure S9: Digital images of Zinc anode after 10 cycles and 38 cycles, (a,b) in the ZS, (c,d) AN/ZS
electrolytes; Figure S10: Characterization of the MnO,@GP electrode: (a,b) SEM image. XPS spectra
for MnO,, (c) XPS survey of MnO,, and resolution spectra of (d) Mn 3s, (e) Mn2p, and (f) O1s; Table S1:
Comparison of electrochemical performances with recently modified Zn-Zn symmetric cell strategies;
Table S2: Comparison of electrochemical performances of aqueous zinc-ion batteries assembled with
MnO; cathodes based on different additives for suppressing Zn dendrite with previously reported
works; Table S3: Rg, Ret, 0 and Dr Values determined from the EIS spectra.
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