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Superfast Zincophilic Ion Conductor Enables Rapid
Interfacial Desolvation Kinetics for Low-Temperature Zinc
Metal Batteries

Xiaomin Cheng, Yinze Zuo, Yongzheng Zhang,* Xinyu Zhao, Lujie Jia, Jing Zhang,
Xiang Li, Ziling Wu, Jian Wang,* and Hongzhen Lin*

Low-temperature rechargeable aqueous zinc metal batteries (AZMBs) as
highly promising candidates for energy storage are largely hindered by huge
desolvation energy barriers and depressive Zn2+ migration kinetics. In this
work, a superfast zincophilic ion conductor of layered zinc silicate nanosheet
(LZS) is constructed on a metallic Zn surface, as an artificial layer and ion
diffusion accelerator. The experimental and simulation results reveal the
zincophilic ability and layer structure of LZS not only promote the desolvation
kinetics of [Zn(H2O)6]2+ but also accelerate the Zn2+ transport kinetics across
the anode/electrolyte interface, guiding uniform Zn deposition. Benefiting
from these features, the LZS-modified Zn anodes showcase long-time stability
(over 3300 h) and high Coulombic efficiency with ≈99.8% at 2 mA cm−2,
respectively. Even reducing the environment temperature down to 0 °C,
ultralong cycling stability up to 3600 h and a distinguished rate performance
are realized. Consequently, the assembled Zn@LZS//V2O5-x full cells deliver
superior cyclic stability (344.5 mAh g−1 after 200 cycles at 1 A g−1) and rate
capability (285.3 mAh g−1 at 10 A g−1) together with a low self-discharge rate,
highlighting the bright future of low-temperature AZMBs.
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1. Introduction

Rechargeable aqueous zinc metal batter-
ies (AZMBs), as a high-safe and low-cost
electrochemical energy storage technology,
have recently gained appealing attention
owing to the specific capacity (820 mAh
g−1) and moderate redox potential (−0.76 V
vs. SHE) of zinc anode.[1] However, the hy-
drogen evolution reaction (HER) and Zn
corrosion as well as rampant zinc den-
drite growth lead to unsatisfactory cyclic re-
versibility and Coulombic efficiency (CE).[2]

The performance of Zn anode is further
degenerated especially under high current
density or low-temperature surroundings,
ultimately bringing about internal short
and battery failure.[3] In essence, the above
problems result from the imperfect Zn ion
behaviors at the electrode/electrolyte in-
terface, which suffers from the large de-
solvation energy barrier of [Zn(H2O)6]2+

cluster and the depressive Zn2+ migration
kinetics.[4] Therefore, to realize the eventual practical application
of AZMBs, the electrode/electrolyte interface must be rationally
designed to strengthen the desolvation capability and ion diffu-
sion kinetics.
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Figure 1. A) Schematic illustration of anode/electrolyte interface in accelerating desolvation and promoting Zn2+ diffusion kinetics. B) TEM image of
the synthesized LZS and C) corresponding EDS elemental mappings. D) Cross-sectional SEM image of Zn@LZS anode.

To date, versatile endeavors have been taken to stabilize the
electrode/electrolyte interface by modulating the solvation sheath
of [Zn(H2O)6]2+ cluster. Electrolyte optimization is a popular
strategy for protecting the Zn anode, which effectively attenu-
ates the interaction between electrons of Zn metal and active
water.[5] Although electrolyte engineering can change the solva-
tion shell and regulate the coordination environment of Zn2+

via a crowed strategy, it sacrifices the deposition overpotential
of zinc and impairs the ion conductivity accompanied by high
costs.[6] Another feasible strategy is to construct versatile artifi-
cial layers on Zn anode, such as covalent organic framework[7]

and molecular sieve,[8] which not only functionalize as physical
barriers to physically separate H2O from Zn anode via sieving
the Zn2+-solvents complex by suitable pore size, but also average
the plating/stripping behavior of Zn2+. However, the sieving ef-
fect to dissociate H2O from [Zn(H2O)6]2+ only depends on the
relative size of pores and [Zn(H2O)6]2+ cluster, which does not
fundamentally reduce the desolvation energy barrier.[8b,9] There-
fore, more zincophilic adsorption sites with rapid ion exchange
capability need to be designed to accelerate the desolvation kinet-
ics at the electrode/electrolyte interface.

Generally, the plating process of zinc atom (Zn0) contains
multi-steps, including the desolvation of [Zn(H2O)6]2+, the dif-
fusion of Zn2+, the formation of Zn0 after getting electrons, and
the migration of the formed Zn0.[10] Apart from reducing the de-
solvation energy barrier, accelerating the Zn2+ diffusion kinet-
ics with even Zn2+ flux is also a vital requirement to achieve
uniform and consecutive nucleation, giving dendrite-free Zn
electroplating behavior. Therefore, an ideal artificial solid elec-
trolyte interphase (SEI) should satisfy the functionality of rapid
desolvation and fast Zn2+ conduction at the electrolyte/anode
interface.[11] Impressively, layered clays (kaolin and montmoril-
lonite) have raised much concern about Zn anode due to their

effortless regulated ionophilic sites, characteristic layered struc-
ture, and fast ion transfer channels.[12] Meanwhile, the diffu-
sion pathway with sufficient tunnels has a relationship with fast
Zn2+ transport and Zn2+ flux regulation.[13] However, endeav-
ors of layered clay-structure materials only focus on the Zn2+

transfer tunnels, and the effect of promoting desolvation is com-
pletely unknown. Therefore, it is necessary to construct an arti-
ficial SEI layer with the capability in accelerating desolvation of
[Zn(H2O)6]2+ and providing rapid diffusion of naked Zn2+ across
the electrolyte/electrode interface.

Herein, the layered zinc silicate nanosheets (LZS) with abun-
dant zincophilic sites and transport channels to guarantee su-
perfast ion diffusion are developed as the artificial SEI layer
for Zn anode (Figure 1A), regulating the desolvation kinet-
ics and Zn2+ transfer behavior. The zincophilic ability of LZS
significantly changes the solvation structure of [Zn(H2O)6]2+

at the anode/electrolyte interface and reduces the desolvation
energy barrier, as revealed by theoretical simulation and ex-
perimental measurement, which is conducive to release more
free Zn2+. Besides, the fleet and continuous Zn2+ transference
can be realized by abundant nano-scale diffusive paths. Conse-
quently, the designed LZS layer improves the diffusion kinetics
of Zn2+ toward the Zn anode, averaging the Zn2+ flux around
the Zn surface. The assembled LZS-decorated Zn-based sym-
metric cell delivers an excellent cycling performance for over
3300 h with an ultralow overpotential (23.2 mV) at 0.5 mA
cm−2 and an outstanding Zn plating/stripping reversibility of
99.8%. Even under low-temperature environments, long-time
cycling stability (>3600 h) and rate performance with lower
voltage hysteresis (48.2 mV) are also obtained. This superior
electrochemical performance is further verified by assembling
Zn@LZS//V2O5-x full cells, demonstrating its great practical ap-
plication prospects.
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2. Results and Discussion

Layered zinc silicate (LZS) nanosheets were prepared through
the hydrothermal method. As illustrated in Figure 1A, the as-
prepared LZS possesses unique Zn–O bridges connected to Si–O
tetrahedral layers, forming a repeating unit of the sandwich-like
layer structure.[14] Its affluent zincophilic sites provide the im-
petus for the dissociation of [Zn(H2O)6]2+, and then the rapid
and homogeneous migration of free Zn2+ is realized by suffi-
cient nanoscale channels. The transmission electron microscopy
(TEM) image of LZS in Figure 1B unfolds a nanosheet-like mor-
phology, where the Zn, Si, and O elements are evenly distributed
in the zinc silicate nanosheets (Figure 1C). After the spraying
process, it can be seen from the cross-sectional scanning elec-
tron microscope (SEM) image that the thickness of the LZS layer
is ≈700 nm, which is suitable to guarantee the rapid desolva-
tion and the fast ion transport (Figure 1D; Figure S1, Support-
ing Information). These nanosheets have the trend to form a
stacked structure with face-to-face mode, which can provide mul-
tiple and evenly distributed zincophilic sites, enhancing the des-
olvation kinetics and producing more naked Zn2+. N2 adsorption-
desorption isotherm and corresponding pore size distribution
(Figure S2, Supporting Information) reveal the co-existence of
micro- and meso-pores concentrated at ≈1.2 and 3.5 nm, suggest-
ing the relatively concentrated pore structure of LZS. The atomic
ratio of Zn and Si in the nanosheets is determined to be 0.75.
Combined with the X-ray diffraction (XRD) pattern in Figure S2C
(Supporting Information), the crystalline structure is consistent
with Zn3Si4O10(OH)2 •H2O, a clay-type silicate.[14,15] In addition,
a strong peak at 7.16° emerges, corresponding to a layer space of
1.23 nm, which is exactly matched with the TEM and pore struc-
ture results.

[Zn(H2O)6]2+ at the electrolyte/electrode interface needs to
be sieved before being reduced and deposited, which is ur-
gently desirable for fast ion transport.[16] In situ, sum fre-
quency generation (SFG) spectroscopy is frequently applied for
probing the molecular vibrations at the electrode/electrolyte in-
terface due to its interface-sensitive.[17] Figures 2A,B and S5
(Supporting Information) depict the evolution process of the
[Zn(H2O)6]2+ at the interface with/without bias voltage. Appar-
ent solvent peaks of the O─H bond are observed at ≈3240, 3325,
and 3400 cm−1 (Figure 2C,D), and O─H band strength at the
Zn@LZS/electrolyte interface is smaller than that at the un-
treated Zn/electrolyte interface, indicating the preliminary dis-
sociation of [Zn(H2O)6]2+. When a 20 mV bias voltage is ap-
plied, the dynamic dissociation process of Zn2+-solvents at the
interface is expedited. Obviously, both the intensity of O─H vi-
brations with/without LZS is reduced, where the intensity at
the Zn@LZS/electrolyte interface declines significantly, show-
ing the superiority of LZS in accelerating the dissociation of
[Zn(H2O)6]2+. In addition, Raman spectroscopy was performed
to evaluate the solvation structure at the anode/electrolyte inter-
face. Generally, two types of ion-pair species (solvent-separated
ion pairs (SSIP, [Zn2+(H2O)6·OSO3

2−]) and contact ion pairs
(CIP, [Zn2+(H2O)5·OSO3

2−]) can be separated according to Eigen-
Tamm (ET) mechanism.[16,18] As depicted in Figure 2E, with an
increasing concentration of ZnSO4, the percentage of CIP pro-
gressively increases, indicating the significant enhancement of
the coupling degree between Zn2+ and SO4

2−. Especially, at the

Zn@LZS/electrolyte interface, the percentage of CIP is 33.8%,
which is higher than that of 25.6% at the untreated Zn/electrolyte
interface, meaning the formation of a closer [Zn2+SO4

2−] ion
association with the LZS layer. The variation trend of O─H
stretch vibration (3000–3800 cm−1) can be divided into two peaks,
namely robust hydrogen bond (O─H1) and weaker hydrogen
bond (O─H2).[16,18,19] Similarly, a suppressed stretch of O─H1 ap-
pears with the concentration of ZnSO4 increases, and the distri-
bution of O─H1 at the Zn@LZS/electrolyte interface is smaller
than the distribution of O─H1 at the untreated Zn/electrolyte
interface, affirming the changed solvation structure of hydrated
Zn2+ at the interface due to the LZS layer. The activation energy
(Ea) was quantified to describe the desolvation kinetics (Figure
S7, Supporting Information), where the Zn@LZS delivered a
smaller Ea (21.0 kJ mol−1) than that of untreated Zn (26.2 kJ
mol−1), propelling the desolvation kinetics for releasing more
free Zn2+.[20]

The desolvation process of [Zn(H2O)6]2+ at the an-
ode/electrolyte interface determines subsequent ion diffusion
kinetics.[17d,21] Density functional theory (DFT) calculations
were performed to explain the enhanced desolvation and Zn2+

diffusion kinetics by the LZS layer. As shown in Figure 2F, a
higher Zn atom adsorption preference (−0.32 eV) on the LZS
layer is discovered compared with untreated Zn (−0.07 eV),
the stronger adsorption between the Zn atom and the LZS
layer can effectively boost the desolvation of [Zn(H2O)6]2+. The
step-by-step desolvation processes of [Zn(H2O)n]2+ are shown in
Figure 2G. It is obvious that the dissociation of [Zn(H2O)n]2+ at
the Zn@LZS/electrolyte interface requires less energy than that
at the untreated Zn/electrolyte interface in each desolvation. For
example, [Zn(H2O)6]2+ at the untreated Zn/electrolyte interface
requires 7.36 eV to release one water, while only 5.31 eV is
needed at Zn@LZS/electrolyte interface, further proofing the
advantage of the LZS layer in desolvation process. Such a low
energy barrier of desolvation contributes to the accelerated Zn2+

diffusion kinetics.
Figure 3A,B display a possible Zn2+ diffusion pathway and

corresponding energy barriers. The calculated energy barrier on
the LZS is 0.72 eV, higher than that of the untreated Zn sur-
face (0.11 eV). An ultra-low diffusion barrier can cause uncon-
trolled 2D diffusion, generating local atomic clusters and induc-
ing uneven nucleation.[22] Considering the migration barrier of
multivalent-cation is generally high, the energy barrier of 0.72 eV
is a relatively low value compared to other published papers.[12b,23]

These calculated results indicate that the effortless desolvation,
fast, and homogeneous Zn2+ transport occur within the LZS
layer. The desolvation ability and Zn2+ diffusion kinetics are fur-
ther appraised by analyzing ionic conductivity (𝜎) and Zn2+ trans-
ference number (tZn2+ ). The detailed data analysis of 𝜎 and tZn2+

are presented in Figures S9 and S10 (Supporting Information).
The 𝜎 value of the LZS layer is calculated to be 2.16 mS cm−1,
which is comparable to or even better than the reported coatings
(Table S2, Supporting Information), justifying the advantages of
the artificial LZS layer in enhancing the rapid migration of desol-
vated Zn2+.[12c] Meanwhile, the LZS-coated Zn displays a higher
tZn2+ of 0.45, that is, 3.2 times greater than that for untreated Zn
(Figure 3C). On the one hand, the enhanced tZn2+ and the higher 𝜎
are attributed to the fast dissociation of Zn2+-solvation structure
and the release of numerous naked Zn2+, providing sufficient
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Figure 2. A, B) Schematic illustration of Zn2+ dissociation with/without the bias voltage of −20 mV. SFG-intensity changes of O─H region in the C)
untreated Zn/electrolyte and D) Zn@LZS/electrolyte interface. E) Raman spectra of v-SO4

2− band and O─H band. F) Adsorption energies and the
corresponding absorbed models of Zn atom on the untreated Zn and LZS layer. G) Comparison of energy barriers during the step-by-step desolvation
process of [Zn(H2O)n]2+.

ions for subsequent diffusion and nucleation. On the other hand,
the LZS layer with abundant nano-scale diffusive paths can act as
a Zn2+ conductor, accelerating the lateral diffusion of free Zn2+

for smooth plating. Ultimately, the fast Zn2+-transfer kinetics is
successfully realized by the synergy of enhanced desolvation pro-
cess and selective pathway for Zn2+ diffusion.

Benefiting from the rapid desolvation and the enhanced Zn2+

transport kinetics, Zn nucleation and growth behaviors are sig-
nificantly optimized. As demonstrated in Figure 3D, Zn@LZS
exhibits a lower overpotential of 26.4 mV compared with un-
treated Zn of 46.8 mV. Additionally, the stronger current in-
tensities of Zn@LZS than those of untreated Zn elucidate
more free Zn2+ coupled with electrons (Figure S11, Supporting
Information).[24] In Figure 3E, untreated Zn exhibits a continu-
ous current rise throughout 200 s, justifying the whole process
is dominated by 2D diffusion due to the irregular nucleation re-
sulting from inhomogeneous Zn2+ flow and locally concentrated

diffusion. Differing from untreated Zn, Zn@LZS symmetric cell
displays a transient 2D diffusion, followed by a constant and sta-
ble 3D diffusion, meaning that a uniformly and rapidly regu-
lated Zn2+ flux is acquired due to the fast desolvation and ef-
ficient ion transport pathways, ultimately resulting in even Zn
deposition.[25]

To further evaluate the modulated Zn growth behavior enabled
by the LZS layer, an in situ optical microscope and SEM were
employed to directly visualize the deposition morphology evolu-
tion of Zn. As shown in Figure 3F, randomly cliff-like Zn aggre-
gates appear along the edge of Zn foil only after 2 min. These
visible protrusions continuously grow up over time and evolve
into an uneven surface.[26] In comparison, a dense and flat sur-
face without Zn dendrite is achieved on Zn@LZS anode dur-
ing the whole process, indicating the impact of rapid desolvation
and fast interfacial Zn2+ transport kinetics on the Zn deposition
behavior, which guides uniform Zn deposition and suppresses
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Figure 3. A) The possible migration pathway on LZS and B) calculated migration energy barriers of Zn2+ along the c-axis. C) Zn2+ transference number
of untreated Zn and Zn@LZS anode. D) Nucleation overpotentials of the untreated Zn and Zn@LZS. E) Chronoamperometry curves of untreated Zn
and Zn@LZS anode at −150 mV overpotential. In situ optical microscopy observation of Zn plating on F) untreated Zn and G) Zn@LZS. Deposition
morphology of H) untreated Zn and I) Zn@LZS anode after 50 cycles with high-power ultrasonication at 1 mA cm−2.

Zn dendrite growth. The same difference is also characterized
by SEM images (Figure 3G,H). After 50 cycles, numerous rough
dendritic microstructure and corrosion byproducts with serious
holes are stacked on untreated Zn surface. While the Zn@LZS
anode presents a compact and smooth surface without dendrites,
further confirming the positive effect of LZS layer.

Coulombic efficiency was performed to evaluate the role of
the LZS layer on the plating/stripping reversibility. As shown

in Figure 4A, the Zn//Cu half cell appears to fluctuate Coulom-
bic efficiency ≈80 cycles and fails to operate after less than
235 cycles, attributing to the continuous growth of Zn den-
drites during cycling. In comparison, the Coulombic efficiency
of the Zn@LZS//Cu half cell quickly surpasses 99.8% and holds
extremely steady over 600 cycles, justifying excellent Zn plat-
ing/stripping reversibility with LZS layer. Moreover, the overpo-
tential of the Zn@LZS//Cu cell is 68.8 mV, smaller than that
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Figure 4. A) Coulombic efficiency and corresponding B) voltage/capacity plots of untreated Zn//Cu and Zn@LZS//Cu at 2 mA cm−2. C) Long-term
galvanostatic charge/discharge curves at 0.5 mA cm−2 for 0.5 mAh cm−2. D) The summary of long-term galvanostatic charge/discharge performance
at different current densities. E) Rate performance and F) long-term galvanostatic charge/discharge curves at 0 °C. G) The comparison of calculated
cumulative plated capacity (CPC) with the other literatures. H) Si− and ZnO− depth profiles of Zn@LZS and cycled Zn@LZS. The top-view surface
mapping and 3D reconstructions of Si− and ZnO− species in I) Zn@LZS and J) cycled Zn@LZS at 1 mA cm−2 via TOF-SIMS.

of untreated Zn//Cu (74 mV), further confirming the enhanced
Zn2+ transfer kinetics derived from the reduced desolvation bar-
rier and depressed diffusion barrier (Figure 4B). The enhanced
desolvation kinetics of [Zn(H2O)6]2+ and the promoted Zn2+ dif-
fusion are also well reflected in symmetirc cells (Figure 4C,D).
Cycled at 0.5 mA cm−2 for 0.5 mAh cm−2, the untreated Zn sym-

metric cell shows a high voltage hysteresis (30.0 mV) and fluc-
tuation with a sudden voltage drop after 860 h due to the short-
circuit caused by dendrite growth. By contrast, a long cycling life
of 3300 h and ultralow voltage hysteresis of 23.2 mV with negli-
gible voltage oscillation are enabled by Zn@LZS symmetric cells
under identical conditions.
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As the current density extended to 1 mA cm−2 (1 mAh cm−2),
the Zn@LZS symmetric cell operates steadily over 2100 h with
a smaller voltage fluctuation (Figure 4D; Figure S13, Support-
ing Information). Even enhanced to 5.0 and 10.0 mA cm−2 (1
mAh cm−2), a similar comparative trend is still detected (Figure
S13B,C, Supporting Information). The symmetrical cells with
Zn@LZS anodes show a prolonged lifespan of 370 and 240 h
even under the super high areal capacity of severe depth of dis-
charge (DOD) condition of 34.0% and 51.2%, respectively, con-
firming the synergistic effect of rapid desolvation and fast Zn2+

diffusion by LZS layer (Figure S14, Supporting Information). The
excellent symmetric cell performance of Zn@LZS is superior
to most of the modified Zn anodes reported so far (Figure 4E-
4G). The effectiveness of the LZS layers also enables Zn anode to
exhibit outstanding low-temperature performance. Under harsh
conditions (0 °C, Figure 4E), the Zn@LZS symmetric cell shows
excellent rate performance. Specifically, with increasing the cur-
rent density from 0.5 to 10.0 mA cm−2, the voltage hysteresis of
38.7, 45.1, 55.5, 64.3, 83.5, and 124.1 mV are detected, much
lower than that of symmetric cell with untreated Zn. The im-
pressive low-temperature cycling stability of Zn@LZS symmet-
ric cell is also exhibited in Figure 4F, which shows the long-time
cycling stability (>3600 h) and lower voltage hysteresis (48.2 vs.
69.3 mV). The prolonged lifespan and lower voltage hysteresis
can be attributed to the decreased desolvation barrier and accel-
erated Zn2+ diffusion kinetics induced by LZS layer.

In addition, the time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS) was conducted to detect the stability of the
LZS coating during the plating/stripping processes. As shown in
Figure 4H, the signal of Si− increases first and then decreases
with the extension of sputtering time, indicating the presence
of LZS layer on the surface of Zn foil. After being cycled, a
strong Si− signal is still obvious, meaning the stability of the
LZS coating. The top-view surface mapping and 3D render over-
lay of Si− in cycled Zn@LZS (Figure 4J) also show the uniform
distribution of Si element, further verifying the stability of the
LZS coating during the cycle. The robust structure and the flex-
ibility of LZS nanoscale interlayer can buffer the stress caused
by Zn2+ continuous diffusion to ensure the stability of the LZS
during repeated stripping and plating processes. Moreover, the
uniform distribution of ZnO− on the surface of Zn@LZS also
confirms the uniform deposition of zinc with the help of LZS
layer.

Full cells employed with commercial V2O5-x cathode were as-
sembled to evaluate the suitability of Zn@LZS anodes. As shown
in Figure 5A, Zn@LZS//V2O5-x cell maintains 95.5% of its ini-
tial capacity after 24 h resting compared to 85.3% of untreated
Zn//V2O5-x cell, suggesting the inhibitation of LZS toward side
reaction. In Figure 5B, the Zn@LZS electrode presents a specific
capacity of 419.4 mAh g−1 at 0.2 A g−1, which preserves 332.4
mAh g−1 when the current density soars to 10 A g−1, whereas the
capacity of the untreated Zn//V2O5-x decreases to 261.0 mAh g−1.
The excellent rate capability of Zn@LZS//V2O5-x cell is likely to
be due primarily to the rapid desolvation of [Zn(H2O)6]2+ and fast
Zn2+ transport kinetics enabled by LZS layer. The long-term cy-
cling stability curves are displayed in Figure 5C and Figure S18
(Supporting Information). The cell with Zn@LZS electrode de-
livers a high specific capacity of 432.1 mAh g−1 and maintains at
343.5 mAh g−1 with a high Coulombic efficiency of 99.9% at 0.5 A

g−1 after 200 cycles, which is comparable with the previous papers
in some key electrochemical parameters (Table S3, Supporting
Information). In contrast, a specific capacity of only 204.4 mAh
g−1 with a low Coulombic efficiency of 99.2% is left for untreated
Zn//V2O5-x cells. In addition, the performance of cells under the
limited Zn anode (negative/positive capacity (N/P)= 15) and con-
trolled electrolyte (electrolyte/capacity (E/C)= 30 μL mAh−1) were
conducted. The capacity of Zn//V2O5-x cell decays rapidly during
cycles at 0.5 A g−1, while the Zn@LZS//V2O5-x cell can stabilize
for 50 cycles with high specific capacity, illustrating that the LZS
layer has an obvious effect on stabilizing Zn anode. Benefiting
from the effortless desolvation and ultrafast ion transport inside
LZS-induced full cells, the cycled Zn@LZS anode demonstrates
a homogeneous and dense Zn deposition layer without dendrites,
which is totally different from that of untreated Zn (Figure 5D,E).
Impressively, under low-temperature surroundings of 0 °C, the
Zn@LZS//V2O5-x cell delivers a high specific capacity of 344.5
mAh g−1 with a capacity retention of 94.4% at 1 A g−1 after 200
cycles. In contrast, a low specific capacity of 319.7 mAh g−1 is
exhibited with untreated Zn electrodes. More importantly, the
Zn@LZS electrode outputs higher specific capacities than that
of untreated Zn electrodes with the increase of current densi-
ties. Switching back to 0.5 A g−1, the cell with Zn@LZS elec-
trode can be restored to its original specific capacity, meaning
high reversibility and stability. The splendid low-temperature sta-
bility and rate capability coincide with the functions of the LZS
layer in accelerating the desolvation and increasing Zn2+-transfer
kinetics. In addition, the assembled Zn@LZS//MnO2 cells have
better electrochemical performance than that of the Zn//MnO2
cells (Figure S20, Supporting Information). And the assembled
large-sized pouch cell renders a high capacity of 367 mAh g−1 af-
ter 100 cycles at 1 A g−1, which successfully powers the phone,
endowing huge application potential of LZS artificial layer for
AZMBs.

3. Conclusion

In summary, a layered zinc silicate with abundant zincophilic
sites and sufficient diffusion channels is designed, which served
as Zn2+ modulation layer to realize homogeneous and dense Zn
plating behaviors. On the one hand, both theoretical simulation
and in situ SFG reveal the enhanced desolvation of [Zn(H2O)6]2+

at the anode/electrolyte interface due to the zincophilic abil-
ity, which can release more free Zn2+. On the other hand, the
abundant nano-scale diffusive paths are conducive to speeding
up the Zn2+ transport kinetics, enabling the uniform Zn2+ flux
and achieving a dendrite-free cycled surface. Consequently, the
Zn@LZS anode enables a low voltage polarization of 23.2 mV,
a long lifespan of 3300 h, and a high Coulombic efficiency of
99.8%. Moreover, an ultralong cycling stability over 3600 h with
low voltage hysteresis and a distinguished rate performance can
be realized even reducing the environment temperature to 0 °C.
The excellent low-temperature stability (344.5 mAh g−1 after 200
cycles at 1 A g−1) and rate capability are also obtained by assem-
bling Zn@LZS//V2O5-x full cells. This easy-to-implement and
low-cost strategy of adjusting ion transport dynamics to promote
uniform zinc plating offers broad prospects for the development
of high-performance aqueous zinc metal batteries.
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Figure 5. A) Self-discharge behavior of full cells under resting for 24 h. B) The rate and C) cycling performance of full cells at 25 °C. SEM of cycled D)
untreated Zn anode and E) Zn@LZS anode. F) Cycling and g) rate performance of full cells at 0 °C. H) Cycling performance of Zn@LZS//V2O5-x pouch
cell at 1 A g−1. I) Photographs of pouch cells for powering the mobile phone.
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