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Abstract
Aqueous zinc ion batteries (AZIBs) are considered a promising alternative to lithium-ion batteries for grid-scale energy 
storage due to superior energy density, high safety, eco-friendliness, and low cost. However, uncontrollable zinc dendrite 
growth and parasitic side reactions seriously compromise the performance of zinc metal anodes, thereby hindering practical 
development of AZIBs. In this work, zinc metal anodes are reinforced via a SnF2-modified glass fiber separator (denoted as 
SnF2@GF). Due to excellent ionic conductivity and zincophilicity of SnF2, the SnF2@GF separator can effectively homog-
enize Zn2+ flux to inhibit the growth of zinc dendrite and the formation of Zn4SO4(OH)6·5H2O byproducts. As a result, the 
Zn||Zn symmetric cell exhibits highly reversible plating/stripping behaviors for 1400 h at 1 mA cm−2, and even at 5 mA 
cm−2, it can operate stably for more than 1000 h. In addition, the assembled Zn||MnO2 full cells demonstrate a high capacity 
retention of 80% after 200 cycles at 1 A g−1. Our results provide a facile and low-cost method of enhancing reversibility of 
zinc metal anodes for high-performance AZIBs.
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Introduction

Rechargeable lithium-ion batteries (LIBs) have been widely 
used in the field of portable and electric vehicles [1]. How-
ever, due to expensive lithium resources as well as inherent 
toxicity and flammability of organic electrolytes, the LIBs 
suffer from severe cost and safety issues, which limit their 
application in grid-scale energy storage. In this context, 
aqueous zinc-ion batteries (AZIBs) with metallic Zn anodes 
have emerged as promising candidates for large-scale energy 
storage systems due to competitive energy density as well 
as high safety, eco-friendliness, and low cost [2–8]. Nev-
ertheless, rough surface of commercial zinc metal anode 
inevitably leads to uneven distribution of electric field and 
ion concentration. In these uneven areas, Zn2+ ions would 
preferentially deposit to induce local nucleation and “spike 
effect,” thereby accelerating the formation and growth of 

zinc dendrites [9]. On the other hand, thermodynamic insta-
bility of zinc metal interface and the influence of complex 
dynamic factors will lead to inevitable and certain degree 
of hydrogen evolution reaction, which will compete with 
zinc deposition reaction and reduce the reversibility of zinc 
electrode. In addition, the continuous hydrogen evolution 
reaction will lead to the increase of local PH value at the 
zinc electrode interface, resulting in the formation of pas-
sivation byproducts such as Zn4SO4(OH)6·xH2O. Therefore, 
the stability of the interface between zinc anode and aqueous 
electrolyte is poor owing to the abovementioned dendrite, 
hydrogen evolution, and passivation reaction, which result in 
low coulombic efficiency (CE) and unsatisfactory cycle life 
of AZIBs [10, 11]. It is of great significance to find a suit-
able strategy to solve the key problems faced by zinc metal 
anode, thereby achieving high-performance AZIBs [12–15].

Up to now, many strategies have been developed to 
improve electrochemical performance of zinc metal anode, 
including artificial interface modification, electrolyte opti-
mization, and separator design [16–26]. Compared to other 
strategies, separator modification has been shown to be 
facile and effective to stabilize zinc metal anodes [27–29]. 
Due to high porosity and wettability, commercial glass 
fiber (GF) separator is one kind of the most widely used 
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separators in the field of AZIBs [30, 31]. However, uneven 
structure of the larger pores within the commercial GF 
separator often leads to slow and uneven ion transport, 
which results in rapid dendrite growth on zinc metal anode 
to puncture fragile separator and ultimately cause short 
circuiting of the cell [32–34]. In response to these prob-
lems, it was proposed to modify GF separators by suitable 
functional materials, thereby regulating ion transport and 
homogenizing zinc deposition to improve the stability of 
Zn metal anodes [35–39]. Owing to excellent mechani-
cal and electricity properties, carbon-derived materials 
including vertical graphene, graphene oxide, and gra-
phitic carbon nitride have been used firstly to homogenize 
zinc deposition and improve the reversibility of Zn metal 
anodes [40]. Subsequently, other functional materials (for 
example, Mxene [41], BaTiO3 nanocrystals [42], Sn coat-
ing [43], and so on) have also been investigated. Sun et al. 
[44] prepared a kind of Ti3C2Tx MXene-decorated Janus 
separator by spraying MXene nanosheets on one side of 
the commercial GF separator. Owing to abundant sur-
face polar groups, good electrolyte wettability, and high 
ionic conductivity, the Ti3C2Tx MXene-decorated Janus 
separator can facilitate the homogenization of local cur-
rent distribution and promote nucleation kinetics of zinc, 
leading to a stable cycling of the assembled symmetric 
cells for 1200 h at 5 mA cm−2. Very recently, Zhou et al. 
[45] constructed another kind of Janus separators by spin-
coating graphene and sulfonic cellulose on one side of the 
commercial GF separator and found that it can enable the 
Zn symmetric cell with a long-term lifespan over 1400 h 
at 10 mA cm−2/10 mAh cm−2 owing to the regulation of 
Zn growth toward Zn (002) crystallographic orientation 
and repelling of SO4

2− ions for alleviating side reactions. 
Despite these fruitful results, the investigation on the mod-
ification of the GF separator is still in the initial stage. It 
is highly desired to modify the GF separators using cheap 
functional materials that can be produced on large scale.

In this work, ball-milled tin fluoride particles were applied 
to modify commercial GF separators (denoted as SnF2@GF) 
via vacuum filtration, thereby enhancing the reversibility of 
Zn metal anode. Benefiting from excellent ionic conductivity 
and high zincophilicity properties of SnF2, the SnF2@GF 
separator can induce a well-distributed Zn2+ flux, leading 
to a uniform deposition of Zn2+ on Zn metal anode. The 
assembled Zn||Zn symmetric cells exhibit stable cycling of 
more than 1400 h under conventional operating conditions of 
1 mA cm−2 and 1 mAh cm−2. Meanwhile, the Zn||Cu asym-
metric cell equipped with the SnF2@GF separator operates 
for more than 300 cycles at 1 mA cm−2 with high CE value 
close to 100%, demonstrating high reversibility of zinc metal 
anode. In addition, the Zn||MnO2 full cell exhibits signifi-
cant cycling stability with 80% capacity retention after 200 
cycles at 1 A g−1. The results indicate that the GF separator 

modified with SnF2 is an effective method to improve the 
reversibility of Zn metal anode for high-performance AZIBs.

Experimental

Fabrication of the SnF2@GF separators

Firstly, commercial SnF2 powder was ball milled for 10 h 
to obtain SnF2 particles with smaller size. Secondly, 12.6 
mg ball-milled SnF2 particles and 1.4 mg poly (vinylidene 
fluoride) (PVDF, 99.9%, Mw 600,000) were respectively 
added into 10 ml N-methyl-2-pyrrolidone (NMP, Aladdin, 
99.0%), to obtain uniformly mixed solution under ultrasonic 
treatment for 2 h. Thirdly, ball-milled SnF2 particles was 
decorated on GF separator through vacuum filtration of the 
above mixed solution. Finally, the SnF2@GF separators were 
obtained after vacuum drying at 80 °C for 24 h to completely 
evaporate the NMP solvent. The loading mass of the ball-
milled SnF2 particles can be adjusted by changing the con-
centration and volume of the SnF2 and PVDF mixed solu-
tion. In detail, the load of 0.5 mg cm−2 could be obtained by 
adding 6.3 mg ball-milled SnF2 particles and 0.7 mg PVDF 
into NMP solution, and the load of 2 mg cm−2 could be 
obtained by adding 25 mg ball-milled SnF2 particles and 2.7 
mg PVDF into NMP solution. In addition, the commercial 
GF separators modified with PVDF (denoted as PVDF@GF) 
were prepared using the same method without SnF2.

Material characterizations

The morphologies and microstructures of the sample were 
observed by scanning electron microscope (SEM, SU5000). 
Hydrophilic angle tester (HAT, SDC-100) was conducted 
to study the wettability of the separator after modification. 
The crystal structure of the sample was confirmed by X-ray 
diffraction (XRD, Rigaku D/MAX 2500).

Electrochemical measurements

The Zn||Zn symmetric cell, Zn||Cu asymmetric cell, and 
Zn||MnO2 full cell were assembled in the atmosphere using 
CR2025 coin cells. Prior to cell assembly, Zn and Cu foils 
were cut into discs of 12 mm diameter. The electrolyte 
was 2.0 M ZnSO4. Before the cathode fabrication, MnO2 
nanorods were obtained according to previously reported 
preparation process [46]. The MnO2 cathodes were prepared 
by coating a paste mixture of 70 wt% MnO2 nanorods, 20 
wt% conductive black, and 10 wt% PVDF on 0.5 mm carbon 
paper with a mass loading of about 1.0 and 4.0 mg cm−2 
active materials. Galvanostatic charge/discharge (GCD) 
cycling tests were performed on a multi-channel battery test 
system (NEWARE BTS-610). Electrochemical impedance 
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spectroscopy (EIS) and cyclic voltammetry (CV) were 
recorded on an electrochemical workstation (CHI660E).

Results and discussion

First of all, Sn has a high redox potential and excellent 
zincophilicity, so it is a suitable choice for using Sn-based 
materials to induce zinc deposition [47]. SnF2 with good 
ionic conductivity and excellent zincophilicity was consid-
ered to modify the GF separator to allow uniform deposi-
tion of Zn2+ during cycling [48, 49]. The haphazard internal 
structure of commercial GF separators results in inhomo-
geneous electric fields and ion channels. The electric field 
between the diaphragm and the zinc anode can be homog-
enized by introducing a conductor layer of SnF2 on the GF 
separator [50, 51]. Figure 1 a illustrates the fabrication of the 
SnF2@GF separator, in which the ball-milled SnF2 particles 
and PVDF mixture was vacuum-filtrated into surface and 
internal pores of the GF separator. Fig. S1a shows an SEM 
image of commercial SnF2 with a large particle size and 
irregular shape, while ball-milled SnF2 exhibits a smaller 
particle size and regular shape (Fig. 1b). This helps SnF2 
uniformly fill the pores of the GF separator and deposition 
on the surface. Inside the GF separators, there are many dis-
orderly fibers with uneven and large holes (Fig. 1c). Through 
a simple vacuum filtration process, SnF2 was well filled on 
the surface of the GF separator and in the cluttered pores 

inside (Fig. S1b). Compared with the morphology of bare 
GF, the SnF2@GF separator has uniform pores and a flat 
surface with good SnF2 distribution. Such SnF2@GF sepa-
rators have the advantages of optimizing the pore structure 
for uniform ion transport flux and smoothing the surface 
of the GF, resulting in well-proportioned Zn2+ deposition. 
Further experiments found that the direct use of SnF2 caused 
the separator itself to lose some lubrication because of the 
larger particles, which were not conducive to the penetra-
tion of the electrolyte. Therefore, the ball-milled SnF2 was 
pumped onto the separator by vacuum filtration (Fig. 1d), 
and the SEM image showed that the inside of the separator 
was somewhat filled but not clogged, resulting in good wet-
tability. The digital image of pristine SnF2@GF separator 
(wet and white) and GF (pure white) can be observed that 
uniform color distributed over the whole sample (Fig. S1c).

The XRD pattern of SnF2@GF shows characteristic 
peaks of 25.3°, 26.6°, 28.1°, and 28.5°, which correspond 
to SnF2, respectively (Figure S2, Supporting Information), 
suggesting that SnF2 is successfully introduced onto the GF 
surface. In order to investigate the effect of SnF2 decora-
tion on ion transport, the ionic conductivity of the separator 
was determined using electrochemical impedance spectros-
copy (EIS). As shown in Figure S3, the ionic conductivity 
of SnF2@GF was 67.6 mS cm−2, which is much higher than 
that of the blank GF (29.7 mS cm−2), indicating that faster 
ion diffusion can be achieved with the SnF2@GF separator. 
This faster Zn2+ transport capacity brought about by SnF2 

Fig. 1   a Schematic illustration of the preparation of SnF2@GF separator; b SEM image of SnF2 nanoparticles obtained after 10 h of ball milling; 
c SEM images of commercial GF separator; d SEM images of SnF2@GF separator after ball milling
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also correlates with the electrolyte wettability of SnF2@
GF, which is as good as that of GF, but more significantly 
due to the change in surface electrochemical properties. It 
can be seen that the Zn2+ transfer number of the SnF2@GF 
separator increases significantly from 0.16 to 0.48 (Fig. S4). 
Together, the enhanced ionic conductivity and Zn2+ transfer 
number illustrate the improved ion transport kinetics of the 
SnF2@GF separation system.

In order to explore the role of such SnF2@GF separators 
in improving electrochemical performance of Zn metal bat-
teries, Fig. S5 compares the plating/stripping behavior of 
Zn||Zn symmetric cells assembled with modified separators 
of different SnF2 contents at 1 mA cm−2 and 1 mAh cm−2 
operating conditions, respectively. Clearly, the cell without 
modification shows larger voltage fluctuations and quickly 
short circuit after cycling within 200 h. Note that the cyclic 
stability and polarization effect of Zn plating/stripping can 
be significantly improved after adopting the SnF2 separator, 
although both lower (0.5 mg cm−2) and higher loading con-
tents (2 mg cm−2) in the separator engineering can improve 
the stability of zinc plating/stripping. Figure S6 compares 
the SEM results of the SnF2@GF separators with different 
loadings, which indicates that either insufficient or excessive 
filling of the separator surface with SnF2 leads to 

inhomogeneous ion transport. At the same time, we com-
pared the mass changes of differently loaded SnF2@GF 
separators after immersing them in 2 M ZnSO4 electrolyte 
for 2 h and calculated their electrolyte uptake (see Fig. S7). 
SnF2@GF separators increase the electrolyte absorption 
with the increase in SnF2 loading, but when the loading 
reaches to 2 mg cm−2, the electrolyte absorption is decreas-
ing instead. The above results indicate that the SnF2@GF 
separators with 1 mg cm−2 loading have the best electrolyte 
retention capability. The comparative analysis of the results 
revealed that the cell assembled with separators loaded with 
1 mg cm−2 had the longest cycle life. Therefore, all the fol-
lowing discussions of the SnF2@GF separator refer to this 
optimized content, but not specifically to it. In the hydro-
philic angle tester (HAT), significant wetting behavior of the 
separator was observed for both modified and unmodified 
SnF2 (Fig. S8). The SnF2@GF separators have good wetta-
bility, which leads to satisfactory electrolyte storage rates 
and ion conductivity. Cycling tests were conducted on 
Zn||Zn symmetric batteries to evaluate protective effect of 
SnF2@GF separators on the reversibility of zinc metal 
anodes by comparing galvanic stability. As shown in Fig. 2 
a, with a capacity of 1 mAh cm−2, the SnF2@GF separator 
has a stable Zn plating/stripping voltage profile of 1400 h 

Fig. 2   The cycling performance of Zn||Zn symmetric cells with 
SnF2@GF and GF separators at the density and areal capacity of 1 
mA cm−2, 1 mAh cm−2; the inset of a compares their polarization 
voltage; b the cycling performance of Zn||Zn symmetric cells with 
SnF2@GF and GF separators at the density and areal capacity of 5 
mA cm−2, 1 mAh cm−2; c the corresponding nucleation overpotential 

of Zn||Zn symmetric cell at 1 mA cm−2, 1 mAh cm−2; d the corre-
sponding nucleation overpotential of Zn||Zn symmetric cell at 5 mA 
cm−2, 1 mAh cm−2; e rate performances of Zn||Zn symmetric cells 
with SnF2@GF and GF separators at current densities of 1 to 10 mA 
cm−2 and the areal charge capacity of 1 mAh cm−2 
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and a current density of 1 mA cm−2, which is longer than 
that of the bare GF (200 h) and PVDF@GF (200 h) separa-
tors, indicating improved reversibility of Zn deposition. The 
magnitude of polarization voltage and the range of rise and 
fall can evaluate the kinetics and reversibility of Zn deposi-
tion. Surprisingly, the cell with SnF2@GF separator showed 
the lowest voltage hysteresis of 25 mV compared to the cell 
with GF (50 mV) and PVDF@GF (50 mV) (Fig. 2a). This 
indicates that the SnF2@GF separator successfully inhibits 
the production of by-products. In this regard, the Zn deposi-
tion process can be divided into two parts: the nucleation 
process of Zn2+ and the growth of nucleus [52, 53]. In the 
initial nucleation stage, Zn2+ is required to overcome the 
nucleation potential barriers corresponding to the nucleation 
over-potential sites [54]. At the same time, Fig. 2 c shows 
that the initial relevant nucleation overpotential of cells in 
the SnF2@GF separator was only 5 mV at 1 mA cm−2, while 
the value of cells in the GF separator reached 47 mV. The 
results show that the SnF2@GF separator induces a uni-
formly distributed Zn2+ flux, leading to homogeneous zinc 
deposition with lower energy barriers for zinc nucleation and 
dissolution in the phase transition between Zn2+ and zinc 
metal, thus suppressing localized accumulation and partial 
overgrowth phenomena. Surprisingly, the symmetrical bat-
tery has a cycle life of more than 1000 h (Fig. 2b), even 
under high current conditions of 5 mA cm−2 and 1 mAh 
cm−2, far more than the cycle life of the GF separator (180 
h). The related voltage hysteresis of cell with GF rises up to 
62.3 mV, but that of SnF2@GF separator only rises up to 6.8 
mV (Fig. 2d). Although high current density limits ion trans-
mission, batteries with SnF2@GF separators still offer 
remarkable cycle performance and minimal voltage polari-
zation. Based on the consideration of the large current effect, 
Fig. 2 e compares the speed performance of 1mAh cm−2 at 
different current densities of 1~10 mA cm−2 and then returns 
to the rate performance at 1 mA cm−2. The results showed 
that the polarization voltage of the symmetrical battery 
assembled with the ordinary GF separator increased signifi-
cantly as the current density increased, in contrast to the fact 
that the polarization voltage in the battery mounted with the 
SnF2@GF separator was more stable and far smaller than in 
ordinary batteries under the same conditions. Therefore, the 
SnF2@GF separator not only reduces the generalized nuclear 
barrier of zinc anodes to form uniform zinc but also pro-
motes the low-polarization effect and improves the zinc sedi-
mentation dynamics. In addition, batteries with SnF2@ GF 
separators are superior in current density and cycle time to 
most other modified separators and zinc anodes (Table S1). 
Coulombic efficiency (CE) is a key factor in evaluating the 
stability of the electrodes during the repeated plating/strip-
ping processes. By assembling the GF separators and the 
SnF2@GF separators Zn||Cu asymmetric cells, the CE cycle 
is carried out at a current density of 1 mA cm−2 and a 

surface capacity of 0.5 mAh cm−2. Compared to batteries 
assembled with ordinary GF separator, the cycle perfor-
mance and cycle life of batteries mounted with SnF2@GF 
separators are significantly improved (Fig. 3a). The GF sepa-
rators showed a higher nucleation over-potential of 44.6 mV, 
while the fabrication of the SnF2@GF separators showed a 
lower nucleation over-potential value (~22.6 mV) thanks to 
the high zincophilicity of SnF2. Moreover, the CE value of 
the SnF2@GF separators assembled cell remained close to 
100% for 300 cycles at a current density of 1 mA cm−2 
(Fig. 3b), while the GF separators assembled cell exhibited 
poor cycle life and lower coulomb efficiency due to the 
prominent galvanized reversibility provided by the SnF2@
GF separators to the cell. The above results show that the 
SnF2@GF separators not only has excellent zincophilicity 
properties but also effectively improves the reversibility of 
plating/stripping and enhances the deposition kinetics, 
resulting in an ultra-stable zinc metal anode. As shown in 
Fig. 3 c–d, a mechanism to improve the reversibility of Zn 
metal anodes using SnF2@GF separators is proposed. The 
SnF2@GF separators with excellent ionic conductivity and 
zinc affinity homogenizes the electric field between the sepa-
rator and the zinc anode, and the excellent zinc affinity facili-
tates the production of a uniform Zn2+ flux under a uniform 
electric field, which leads to the uniform deposition of zinc 
on the anode. Moreover, the F− rich in SnF2 preferentially 
bind to Zn2+ rather than SO4

2−, thus inhibiting the genera-
tion of by-products [39]. Therefore, the reversibility of Zn 
metal anodes can be significantly improved by using SnF2@
GF separators. For the GF separators, due to the disorderly 
porous structure inside the separator, Zn2+ cannot be uni-
formly deposited. Moreover, the presence of some uneven 
areas on the surface and edges of the zinc anode results in 
uneven electric field distribution, and Zn2+ deposition pref-
erentially deposits these uneven areas, resulting in the pro-
trusion. With the increase in cycle time, these protrusions 
will form zinc crystals, and the growing zinc filament will 
penetrate the membrane, causing short circuit failure of the 
battery. Besides, Zn2+ will have some side reactions with the 
electrolyte, generating some insoluble zinc oxides, such as 
alkaline zinc sulfate. These by-products will not only cor-
rode the zinc anode but will also cause hydrogenation to 
cover the surface of the zinc anode, preventing the transmis-
sion of the discharge products and Zn2+ and also causing 
battery failure. Accordingly, the zinc deposition on the zinc 
anode with bare GF and SnF2@GF separators was investi-
gated using ex situ XRD (Fig. 4a). The XRD patterns for the 
zinc anode with a normal GF separator have distinct diffrac-
tion peaks at 8.18°, 16.22°, and 24.43°, which correspond to 
the characteristic peaks of the byproduct alkaline zinc sulfate 
(Zn4SO4(OH)6·5H2O, PDF No. 39-0688), while the zinc 
anode based on SnF2@GF separator has only weak peaks 
present, proving that the SnF2@GF separator has a good 
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inhibitory effect on the generation of by-products and den-
drites during the cell cycling process. The morphology of 
the Zn metal anode surface after symmetric cell cycling was 
characterized by SEM to show the effect of SnF2@GF sepa-
rator on the uniform deposition of Zn. Fig. S9 describes the 
original zinc anode with a smooth surface with polished 
scratches. As shown in Fig. 4 b, the battery assembled with 
a commercial GF separator shows obvious dendrites and 
passivation behavior on the zinc anode after 60 h of cycling, 
and some areas are covered by a large number of by-prod-
ucts. The uneven galvanized layer intensifies the unevenness 
of its electric field distribution and ion concentration and 
also gradually accelerates the consumption of electrolyte, 
the growth of dendrites, and the formation of by-products. 
In contrast, a flat and dense zinc deposition layer was 
detected on the surface of the zinc anode of the cell assem-
bled with SnF2@GF separator at the same time of cycling 
(shown in Fig. 4c). Figure S10a shows a cross-sectional 

SEM image of a zinc-metal anode using the GF separator, 
showing inhomogeneous and loose features. In contrast, the 
cross-sectional SEM image of the zinc metal anode using 
the SnF2@GF separator exhibits a uniform and compact zinc 
coating (Figure S10b). EIS can reveal the evolution of inter-
facial transport kinetics during zinc deposition, where 
enhanced charge transfer kinetics can promote Zn2+ trans-
port. As shown in Fig. 4 d–e, the results indicate that the 
impedance of the cell with the application of a SnF2@GF 
separator is significantly smaller than that of the cell with a 
normal separator (Table S2, supporting information), which 
is caused by the reduction of by-products during the cell 
cycling process on the one hand; on the other hand, it is 
caused by the good ionic conductivity and excellent zinco-
philicity of SnF2 itself. Therefore, the SnF2@GF separator 
can promote the transport of Zn2+, achieving a synergistic 
effect of improved ion transport and uniform Zn 
deposition.

Fig. 3   a The cycling performance of Zn||Cu asymmetric cells assem-
bled with SnF2@GF and GF at the current density of 1 mA cm−2 (0.5 
mAh cm−2); b the corresponding CE of Zn plating/stripping behav-
ior; the inset represents nucleation over−potential at 1 mA cm−2; c, 

d schematic illustration showing the modification and growth of the 
dendrite process for the SnF2@GF separator, compared to the GF 
separator
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In order to further evaluate the practical application of 
the separator modification to enhance the reversibility of Zn 
metal anodes, the electrochemical performance of Zn||MnO2 
full cells equipped with SnF2@GF and GF separators was 
tested. The XRD pattern (Fig. S11) shows that the crystal-
lization of the MnO2 active material corresponds to α-MnO2 
(JCPDS: 44-0141). As shown in Fig. 5 a, cells with SnF2@
GF separators show less voltage polarization, faster storage 
dynamics, and greater area capacity when their CV curves 
are compared to those of unchanged cells in the voltage win-
dow of 1.0–1.8 V. To demonstrate that higher electrochemi-
cal performance can be achieved for the whole Zn||MnO2 
cells based on the SnF2@GF separator, the multiplicity 
performance and capacity retention of the cells before and 
after the modification of the separator are described in Fig. 5 
b–c, respectively. In particular, the battery after the separator 
can provide a comparative capacity of 84 mAh g−1 under 3 
A g−1, equivalent to 53.5% of the capacity obtained under 
0.2 A g−1. Unmodified ordinary batteries, however, have 
only 46 mAh g−1 capacity and a capacity retention rate of 
32.3%. More importantly, the relative capacity of the cell 
with the SnF2@GF separator can be restored to 179 mAh 
g−1 and 112.5% retention when the additional current den-
sity is restored to 0.2 A g−1. Please note that a retention of 
more than 100% capacity can be attributed to the gradual 

activation process of the MnO2 cathode or the evolution of 
the storage mechanism. And batteries assembled using GF 
separators have only 132 mAh g−1 capacity and a 91% capac-
ity retention rate when recovering to 0.2 A g−1. In addition, 
ZIBs based on SnF2@GF separators were distributed along 
a discharge curve of 0.2 to 3 A g−1 under different current 
densities, as illustrated in Fig. 5 d. The two platforms on the 
charging curve are consistent with the oxidation restoration 
peak on the CV curve, and even under the large current den-
sity of 3 A g−1, the second discharge platform can still be 
observed. Besides that, the charging and discharging curves 
at different current densities (Fig. S12) confirm the volt-
age polarization reduction and better redox platform of the 
cells using SnF2@GF separators. Additionally, the SnF2@
GF separators make the entire Zn||MnO2 battery charge 
transfer resistance much smaller in EIS measurements than 
the ordinary battery using the GF separator (Fig. 5e). This 
demonstrated that the SnF2@GF separator enhanced the 
transfer kinetics of Zn2+, implying that the interfacial prop-
erties and charge transfer kinetics were improved. The cell 
with SnF2@GF separator delivers a pristine capacity of 160 
mAh g−1 over 200 cycles with 80% capacity retention at 
high current density of 1 A g−1, which is superior to that of 
140 mAh g−1 with only 32.9% retention for the cell with GF 
(Fig. 5f). Even at a high loading of 4 mg cm−2, the full cell 

Fig. 4   a XRD patterns of cycled zinc metal anodes after cycling for 
60 h at the working condition of 1 mA cm−2 and 1 mAh cm−2; b the 
corresponding SEM images of cycled Zn anodes with GF and c with 

SnF2@GF separator; d electrochemical impedance spectroscopy 
measurement of Zn||Zn symmetric cells assembled with GF at differ-
ent cycles and e with SnF2@GF separator
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with SnF2@GF separators still has a high capacity and good 
stability (see Figure S13).

Conclusions

In conclusion, thanks to excellent ionic conductivity and 
high zincophilicity of the ball-milled SnF2 particles, the 
SnF2@GF separator induces homogeneous Zn2+ deposition 
to suppress zinc dendrites and by-products, thereby improv-
ing the reversibility of Zn metal anode. The Zn||Zn symmet-
ric cells with the SnF2@GF separators have an ultra-stable 
cycling performance at 1 mA cm−2 for more than 1400 h of 
operation. Meanwhile, the Zn||Cu asymmetric cell equipped 
with the SnF2@GF separator maintains the CE of nearly 
100% after 300 cycles at 1 mA cm−2, demonstrating high 
reversibility of the Zn metal anode. In addition, Zn||MnO2 
full cells equipped with SnF2@GF separators exhibited 
remarkable cycling stability with 80% capacity retention 
after 200 cycles at 1 A g−1. Our results provide a simple, 
effective, and low-cost strategy of separator modification 
to enhance the reversibility of zinc metal anodes for high-
performance AZIBs.
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