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A B S T R A C T

Aqueous Zn-ion batteries (ZIBs) have great potential in the field of large-scale energy storage. However, the
dendrite formation on Zn anodes hinders the practical applications of ZIBs. Herein, a zincic perfluorinated sul-
fonic acid membrane (ZPSAM) is prepared as a quasi-solid single-ion conductor. In this membrane, Zn-ions move
along with the negatively charged branched chains which possess a limited degree of freedom, forming fast Zn-ion
transport channels. Consequently, ZPSAM exhibits high conductivity (~1.17 � 10�3 S cm�1), enabling stable Zn
plating and stripping processes at a current density of 2 mA cm�2 over 2000 cycles. In addition, due to the
confined anion matrix in the membrane, dendrite formation and side reaction are both effectively suppressed.
Finally, by applying the electrolyte in both aqueous super-capacitor and Zn-ion batteries, significantly improved
cycling performance can be achieved. This work demonstrates a promising solution for the practical use of Zn
metal anode in neutral aqueous media, and thus benefits the development of low-cost, high-performance aqueous
energy storage devices.
1. Introduction

Recently years, lithium-ion batteries as energy storage devices are
developed and gradually applied in various areas of the human life [1–5].
Due to the limited lithium resource and potential safety issues, various
energy storage systems are investigated to replace the lithium-ion bat-
teries, i.e. aqueous Zn-ion batteries (ZIBs) [6–9]. In ZIBs, metal Zn is used
as anode due to its unique feature of safety, nontoxicity, stable redox
potential in aqueous solution (�0.763 V versus standard hydrogen
electrode), and a relative high capacity density of 5855 mAh cm�3 (820
mAh g�1) [10]. However, the formation of zinc dendrite and by-products
(such as Zn4(OH)6SO4⋅nH2O, ZnO, etc.) during cycling in ZnSO4 elec-
trolyte leads to low coulombic efficiency (CE) and poor cycle life of ZIBs
[11]. To resolve these issues, many strategies have been proposed. For
example, applying CaCO3 and SiO2 coating layer to modify electrolyte
flux on surface of Zn anode [12], introducing porous active carbon layer
and rGO layer [13,14], and all these works show relieving effects on Zn
dendrite formation. Other works show the benefiting effects of both
relieving the Zn dendrite formation and suppressing the side reaction
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and/or byproduct formation, i.e. coating a zincophilic protective layer
[15], adding additives [16,17], using metal-organic framework (MOF)
host [18], replacing ZnSO4 with Zn(CF3SO3)2 [19], using a highly
concentrated zincic salt [20]. Among the reported work, a MOF with
fixed anions as quasi solid electrolyte can obviously affect the Zn plating
morphology and reduce the side reactions, showing a promising
perspective [21]. However, the fragile feature of MOF electrolyte as well
as the low conductivity (2.1 � 10�4 S cm�1) make it impractical for
large-scale application.

Herein, a flexible zincic perfluorinated sulfonic acid membrane
(ZPSAM) with semi-fixed anion framework is developed as a quasi-solid
single Zn-ion electrolyte in ZIBs. The negatively charged branches in the
polymer possesses a limited degree of freedom, which allows fast ion
transfer within the membrane (forming fast Zn-ion transport channels)
[22]. As a result, excellent ionic conductivity (~1.17� 10�3 S cm�1) can
be achieved, leading to a reduced Zn plating/stripping polarization. Zn
plating/stripping processes with ultra-low polarization voltage of ~55
mV is achieved under a high current of 2 mA cm�2. Due to the confined
anion matrix, the concentration gradient on the electrode surface is
).
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minimized, which suppresses the formation of Zn dendrite. Moreover,
because the absence of SO4

2� inhibits the formation of Zn4(OH)6-
SO4⋅nH2O, the accumulation of OH� after the initial hydrogen evolution
reaction (HER) process will increase pH value and in turn restrains the
subsequent HER process, leading to suppressed side reaction and
enhanced coulombic efficiency. In addition, when the ZPSAM is used as
electrolyte in an aqueous ultrahigh capacitance porous carbon activated
carbon (UCAC/Zn) and VS2/Zn Zn-ion cells respectively, a good cycling
performance can be achieved, verifying the benefiting effect of ZPSAM in
aqueous Zn-ion cell.

2. Experimental

2.1. Materials

The perfluorinated sulfonic acid membranes (PSAM) (Nafion,
DuPont, HP Membrane, 20 μm, tensile strength 38–41 MPa) and per-
fluorinated sulfonic acid solution (5 wt% Nafion D520 solution) were
purchased from Shanghai Hesen Electric co., LTD. The zinc acetate,
sulfuric acid (98%), ammonium vanadate, ammonia, thioacetamide,
hydrogen peroxide (30%) and ultrahigh capacitance porous carbon
activated carbon (UCAC) were purchased from Aladdin reagents website.
N-methyl-2-pyrrolidone (NMP) and carbon black were purchased from
Taiyuan Yingze LZY battery sales department. All the reagents were used
as received.

2.2. Zincic perfluorinated sulfonic acid membrane preparation

The PSAMwere cut into disks with 20 mm diameter before activation
as described in previous references. [23,24] Typically, the activation
process was proceeded as follows. The disks were orderly stewed 1 h at
80 in 3%H2O2 solution, deionized water, 1 mol L�1 H2SO4 and deionized
water respectively. Subsequently, the activated disks were immersed into
500 mL 1 mol L�1 zinc acetate solution to replace the protons in –SO3H
with Zn2þ. To remove the generated acetate acid, metallic zinc was added
into the zinc acetate solution. The reaction lasted 24 h. Finally, the disks
were washed with deionized water three times and immersed in deion-
ized water for further used.

2.3. VS2 preparation

The VS2 was synthesized by hydrothermal method as reference [25].
Typically, 0.351 g NH4VO3, 3 mL ammonia and 45 mL H2O were mixed
into solution, and then 1.7 g thioacetamide was added. After stirred for 1
h at room temperature, the mixture solution was transferred into a 100
mL autoclave and hydrothermal 12 h at 180 �C. Then the black product
was collected and washed by water and ethanol. Finally, the product is
dried at 60 �C in vacuum for further used.

2.4. Cell assembles

The Nafion D520 solution was evaporated into solid product, and
further dissolved in N-Methylpyrrolidone (NMP) to form 10 wt % solu-
tion at 80 �C. The UCAC, Nafion and carbon black were mixed in a ratio
of 5:4:1 to form a slurry. Then the slurry was coated on titanium foil.
Subsequently the foil was transferred into hot oven and dry 24 h at 80 �C.
The UCAC on foil was about 1 mg cm�2. Then the foil was rolled by a
roller press. Further the foil was coated a Nafion layer. Subsequently, the
foil was cut into disks with diameter 10 mm, and activated at 80 �C
orderly stewed 1 h in 3% H2O2 solution, deionized water, 1 mol L�1

H2SO4 and deionized water. After that, the electrodes were immersed in
1 mol L�1 zinc acetate for ion exchange. Finally, the electrodes were
washed with deionized water three times and immersed in deionized
water for further used.

The VS2, acetylene black and polyvinylidene fluoride (PVDF) were
mixed uniformly into slurry using NMP in a ratio of 7:2:1. Then the slurry
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was coated on Ti foil and dried in 80 �C hot oven for 24 h. Subsequently,
the foil was rolled by a roller press and cut into disks with diameter 10
mm. The active material loading was about 2 mg cm�2. Before used, the
disks were immerged 2 mol L�1 ZnSO4 12 h.

The Zn/Zn symmetric cells were assembled using Zn plates with
diameter of 10 mm and thickness of 0.5 mm. The water saturated ZPSAM
membranes processed in above section were used as electrolyte and
separator directly. And in the contrast cells, the dust-free paper (55%
cellulose þ 45% polyester) and 2 mol L�1 ZnSO4 were used as separator
and electrolyte respectively. The assembling of UCAC/Zn or VS2/Zn cells
was similar with the Zn/Zn symmetric cells, except replacing one Zn
anode with UCAC or VS2 cathode respectively. The Ti/Zn asymmetry
cells were also similar with the Zn/Zn symmetric cells, except replacing
one Zn anode with Ti foil. The cells used for linear sweep voltammetry
(LSV) measurement also were similar with the Zn/Zn symmetric cells,
except replacing one Zn anode with stainless steel.

2.5. Characterizations

Powder X-ray diffraction (XRD) patterns of Zinc anodes were recor-
ded by a Bruker D8 Advance diffractometer using Cu Kα (λ ¼ 1.541 Å).
Scanning electron microscopy (SEM) images of these membrane cross
section and Zn plating morphology were obtained from a Zeiss Supra 55
scanning electron microscope. The element mappings were gotten from
an Oxford AZtec energy dispersive spectrometer which was equipped
with scanning electron microscope. Electrochemical impedance spec-
troscopy (EIS), ion transference number, and linear sweep voltammetry
(LSV) measurements were performed on a Solartron Analytical electro-
chemical workstation. Before ion transference number test, the Zn/Zn
symmetry battery was re-tested with 72 h. The cycling performance of
active carbon/Zn cells and Zn plating/stripping with ZPSAM and ZnSO4
electrolyte were tested by Neware battery test system. The conductivity
of ZPSAM electrolyte was measured by EIS method as follows: The water
saturated ZPSAM electrolyte was placed in the middle of two stainless
steel electrode as shown in Fig. S1, and then the EIS dates were collected
on a Solartron Analytical electrochemical workstation. The frequency
and voltage amplitude were 105–1 Hz and 5 mV respectively. Here, the
thickness of ZPSAM is ~0.0023 cm (l), effective area of ZPSAM elec-
trolyte is ~2.0096 cm2 (S), and resistance of the ZPSAM electrolyte is R.
The conductivity (σ) calculated using the equation of σ ¼ l/(R � S).

3. Results and discussions

3.1. Material characterization

The schematic diagram of single Zn2þ electrolyte preparation is
shown in Fig. 1a. The protons of –SO3H groups in PSAM are substituted
by Zn2þ spontaneously to form a structure of two –SO3

- groups combining
with one Zn2þ, and generated CH3COOH (weak acid) will react with Zn
powder to form new Zn(CH3COO)2. Thus, this cyclic reaction process
guarantees the complete substitution between protons and Zn2þ. The
optical photograph of the prepared ZPSAM is shown in Fig. 1b.

To confirm whether the ion exchange in ZPSAM is successful, the
cross-sectional SEM image and corresponding energy dispersive spec-
trometer (EDS) elemental mapping of Zn in ZPSAM were characterized
(Fig. 2a–b), which shows that the Zn element distributes uniformly in the
cross-section of ZPSAM. Since Zn(CH3COO)2 is used for ion exchange in
PSAM, Fourier transform infrared (FTIR) spectrometry was employed to
confirm whether the CH3COO� anion resides in the ZPSAM. No charac-
teristic peaks of the symmetry and asymmetry stretch of –CO2– (Fig. S2)
are observed in Fig. 2c, indicating the absence of CH3COO� in the ZPSAM
after the Zn2þ exchange. Therefore, the ion exchange only exists between
the protons and the added Zn2þ. The linear sweep voltammetry result
(Fig. 2d) shows that the ZPSAM electrolyte remains stable up to ~ 2.2 V
vs Zn/Zn2þ, which is high enough for almost all aqueous Zn battery
systems. As an important aspect for ion-conductors, the ionic



Fig. 1. (a) The schematic diagram of ZPSAM electrolyte preparation; (b) Optical photograph of water saturated ZPSAM electrolyte.

Fig. 2. (a) Cross-sectional SEM image of ZPSAM and the corresponding the Zn mapping (b); (c) FTIR spectra of PSAM and ZPSAM; (d) LSV curve of ZPSAM; (e) EIS
plot of ZPSAM; (f) Voltage profiles of Zn/ZPSAM/Zn cell under various current densities. The scale bar in (a) and (b) is 2 μm.
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conductivity of ZPSAM is characterized by EIS method. The resistance of
the ZPSAM electrolyte is ~0.98 Ohm (R) as shown in Fig. 2e (EIS plot in
full-scale is shown in Fig. S3), corresponding to an ion conductivity (σ) of
1.17� 10�3 S cm�1, which is high enough to enable fast Zn-ion transport.
3

The Zn/Zn symmetric cell with ZPSAM electrolyte delivers high rate
performance shown in Fig. 2f. The polarization voltage is below ~35 mV
at current densities from 0.25 mA cm�2 to 1 mA cm�2, and even at a high
current density of 2 mA cm�2, the polarization voltage is merely ~55mV.



Fig. 3. (a) EIS curves of Zn/Zn symmetry battery with ZPSAM electrolyte before and after potential static 1 h at 20 mV. (b) Current profile of Zn/Zn symmetry battery
with ZPSAM electrolyte potential static 1 h at 20 mV.

Fig. 4. (a) Cycling performance of Zn/Zn symmetric cells with ZnSO4 electrolyte and ZPSAM electrolyte under different current density 2 mA cm�2, area capacities of
all Zn/Zn symmetric cells are 0.5 mAh cm�2; SEM images of Zn plating morphologies at 0.5 mA cm�2 1h: (b) ZnSO4, (c) ZPSAM, and the schematic of Zn plating with
(d) ZnSO4 electrolyte and (e) ZPSAM electrolyte. The scale bar is 2 μm.
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The Zn ion transference number of ZPSAM electrolyte can be
measured and calculated by Evans method (Fig. 3) [26,27]:

tZn2þ ¼ I2(ΔV-I1R1)/I1(ΔV-I2R2) (1)

where, tZn2þ is the Zn ion transference number, ΔV is the applied voltage
(V), I1 is the initial current (A), R1 is the initial charge transfer resistance
(Ohm), I2 is the final current (A) at a constant voltage with ΔV, R2 is the
final charge transfer resistance (Ohm). Generally speaking, the value of
Zn ion transference number is expected to verge on 1 due to the fixed
anions in ZPSAM. However, based on the results in Fig. 3, the calculated
tZn2þ is ~0.2, which is an abnormal value of transference number for a
single ion conductor. Therefore, the ion concentrations are further
investigated to rule out the contribution of free anions in total ion
Table 1
Performance comparison of galvanostatic Zn stripping/plating in a Zn/Zn sym-
metrical cell.

Electrolyte Current
density (mA
cm�2)

Area capacity
(mAh cm�2)

Operation
cycles

Reference

3 mol ZnSO4 þ 0.1
mol MnSO4

0.25 0.05 2000 12

8 mol NaClO4 þ
0.4 mol
Zn(CF3SO3)2

2.5 1 300 13

1 mol ZnSO4 1 2 200 14
3 mol ZnSO4 þ 0.1
mol MnSO4

3 0.5 500 15

2 mol ZnSO4 20 10 200 18
3 mol Zn(CF3SO3)2 0.1 0.1 400 19
1 mol Zn(TFSI)2 þ

20 mol LiTFSI
0.2 0.033 510 20

ZnMOF-808 with
H2O

0.1 0.05 350 21

Water saturated
ZPSAM

2 0.5 2000 This
work

Fig. 5. (a) XRD patterns of pristine Zn, Zn anode after 5 cycles using ZnSO4 and ZPSA
Zn plating/stripping at current of 0.5 mA cm�2 using a Zn/Ti foil asymmetry cell w
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transfer, Zn2þ concentration in water of ZPSAM after one cycle is as low
as ~1� 10�5 mol L�1 from ICP-MS results, and the pH value is 8.4. Since
the only possible cations in the symmetry battery are Zn2þ and Hþ, the
anions concentration (OH� and –SO3

- ) also should be ~2� 10�5 mol L�1.
Therefore, there is few free anions in the ZPSAM electrolyte. We consider
that the localized “swing” of semi-fixed anions on long and flexibility
branch in the ZPSAM electrolyte is responsible for the abnormal tZn2þ.
Nevertheless, ZPSAM electrolyte can still be regarded as a single ion
conductor since only Zn2þ processes a long-distance diffusion ability
inside the ZPSAM electrolyte, while the movement of –SO3

- containing
branch is restricted in a limited area.

3.2. Dendrite depression for Zn metal anode

To study the long-term stability of ZPSAM toward Zn anode, galva-
nostatic cycling performance of Zn/Zn cells with both ZnSO4 and ZPSAM
electrolytes were investigated under different current densities as shown
in Fig. 4 and Fig. S4. The cell with ZPSAM electrolyte shows relatively
stable voltage profile over 2000 cycles at a current density 2 mA cm�2,
exhibiting superior performance compared to the cell using ZnSO4
electrolyte (short circuited with 110 cycles, Fig. 4 a). Similar results are
also obtained in current densities of 0.25 and 0.5 mA cm�2 as shown in
Fig. S4. Moreover, the polarization voltages of Zn/Zn symmetric cells
with ZPSAM electrolyte are equivalent with that of cells with ZnSO4

electrolyte. The results of galvanostatic Zn stripping/plating in a Zn/Zn
symmetrical cell have been comparedwith those of recent publications as
shown in Table 1. The current density, area capacity and operation cycles
of this work show competitive performance in those publications with
liquid electrolyte. More importantly, it should be note that the separators
used in these work are commonly filter paper, glass fiber or fibre paper
whose thicknesses are usually above 150 μm, i.e. the cross section of dust-
free paper is shown in Fig. S5, showing a thickness of over 300 μm. Also
the thickness of the ZnMOF-808 quasi-solid electrolyte is 300 μm [21]. In
this case, the low volumetric energy densities are compromised for Zn ion
batteries application. Furthermore, the methods of coating layers on Zn
M electrolyte at 0.5 mA cm�2 and 0.5 mAh cm�2, and voltage vs time profiles of
ith (b) ZnSO4 electrolyte and (c) ZPSAM electrolyte.
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surface will aggravate this issue, i.e. the optimal carbon coating layer is
about 90 μm [12]. For this work, the thickness of ZPSAM quasi-solid
electrolyte is only about 23 μm which is of great importance for devel-
oping Zn ion batteries with volumetric energy density.

To compare both the ZnSO4 and ZPSAM electrolytes for Zn plating
morphologies, further investigation has been carried out, as shown in
Fig. 4b and c and Fig. S6. Some thin small Zn metal slices are observed for
Zn plating morphology at 0.25 mA cm�2 in ZnSO4 electrolyte (Fig. S6),
these slices become larger and obvious as the current density increased
up to 0.5 mA cm�2 (Fig. 4b). Then the amount of the slices increases, and
some bulgy bulks also arise when the current density further increased to
1 and 2mA cm�2 (Figs. S6b and S6c). As the cycling time increased, these
slices and bulgy bulks continuously grow and finally result in a short
circuit of Zn/Zn symmetric cells. By contrast, the Zn morphology with
ZPSAM electrolyte at current of 0.5 mA cm�2 shows homogeneous small
particle agglomeration, rather than dendrite, as shown in Fig. 4c.
Moreover, the size of these small particles uniformly grows with cycling
time (Fig. S7). Even at very high current density of 2 mA cm�2, no
obvious Zn slices can be seen on the Zn anode with a ZPSAM electrolyte
(Fig. S6f).

To reveal the formation mechanism of the two very distinct plating
morphologies, ZnSO4 solution was added into the ZPSAM electrolyte and
the plating morphologies are shown in Figs. S8a and S8b. Slices-like
morphology of Zn plating is also observed, but with much smaller size
Fig. 6. (a) Cycling performance of UCAC/Zn cells with ZnSO4 electrolyte and ZPSAM
with different electrolyte, (c) Cycling performance of VS2/Zn batteries with ZnSO4 ele
of UCAC/Zn cells with different electrolyte.
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than that in ZnSO4 electrolyte. Therefore, the formation of Zn dendrite
with a ZnSO4 electrolyte is closely related to the free moving anions
(SO4

2�). A schematic illustration of Zn plating in a ZnSO4 electrolyte is
proposed in Fig. 4d. Similar to the Li dendrite growing [28–30], along
with fast electroplating of Zn2þ on Zn cusps, a large amount of free
moving anions (SO4

2�, coordinated with Zn2þ) will accumulate nearby
the Zn cusps and result in a space electric field, which drives the Zn2þ

gathering, accelerates the Zn cusps growth, and finally forms a consid-
erable Zn dendrite. Whereas for a ZPSAM electrolyte, the Zn2þ only
travels within a confined domain with the nano-wetted contact at the
interface between the electrolyte and Zn-metal [31–34] as demonstrated
in Fig. 4e, which avoids tip growth effect. As a result, the dendrite for-
mation on Zn anode is inhibited.

3.3. Enhancing effect on CE of Zn anode

The utilization of ZPSAM in ZIB not only depresses the Zn dendrite
formation, but also mitigates the side reaction on Zn anode. XRD patterns
of different Zn anodes are presented in Fig. 5a. For Zn anode cycled in
ZnSO4 electrolyte, 3 obvious peaks located at 8.2º, 16.3º and 24.5º
(2theta) arise, belonging to the XRD diffraction pattern of Zn4(OH)6-
SO4⋅5H2O (PDF #39–0688). This result indicates a serious side reaction
during Zn plating in a ZnSO4 electrolyte:

4Zn2þ þ 6OH� þ SO4
2� þ 5H2O → Zn4(OH)6SO4⋅5H2O (2)
electrolyte at 200 mA g�1, (b) 13th discharge/charge curves of UCAC/Zn cells
ctrolyte and ZPSAM electrolyte at 200 mA g�1, (d) 44th discharge/charge curves
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which consumes OH� ions (produced by the hydrogen evolution re-
action (HER) process during Zn plating), presses the further increase of
pH value in the located area, and then accelerates the subsequent HER
process [35]. In addition, the side reaction is further investigated by
using Zn/Zn symmetric cells, in which the noncomplete reversible for-
mation of Zn4(OH)6SO4⋅5H2O is evidenced during Zn cycling shown in
Fig. S9. Due to the formation of Zn4(OH)6SO4⋅5H2O, a low CE of Ti/Zn
asymmetry cell is obtained, with only ~ 51% and ~66% in the 1st and
8th cycles, respectively (Fig. 5b and Fig. S10). However, XRD patterns of
Zn anode cycled with a ZPSAM electrolyte shows no formation of
Zn4(OH)6SO4⋅5H2O byproducts, which is mainly due to the absence of
SO4

2�. As a result, OH� formed during the initial HER process increases
the pH value of the Zn/ZPSAM interface and in turn restrains the sub-
sequent HER process (i.e. the pH value of water in ZPSAM significantly
increased from 7.1 to 8.4 after 1 cycle at 0.5 mA cm�2. However for 2 M
ZnSO4 electrolyte, the pH value only increased from 5.0 to 5.3). There-
fore, the side reaction on Zn anode can be effectively suppressed by the
utilization of ZPSAM electrolyte. Consequently, a high CE of Ti/Zn
asymmetry cell is obtained as shown in Fig. 5c and Fig. S10. The CEs of
Ti/Zn asymmetry cell for the 1st and 8th cycles are 75% and 88%,
respectively, both of which are higher than that with ZnSO4 electrolyte.
In addition, the CE gradually increases and reaches 96% after 50th cycles.

3.4. Performance in Zn-based capacitor

For practical application of the ZPSAM electrolyte, UCAC/Zn cells are
assembled and the cycling performance at 200 mA g�1 are shown in
Fig. 6a. For a UCAC/Zn cell with ZPSAM electrolyte, the discharge ca-
pacity is ~138 mAh g�1 in the 1st cycle, and increases to 149 mAh g�1 in
the 2nd cycle due to an activation process. After 50 cycles, the discharge
capacity maintains 142 mAh g�1, indicating an outstanding cycling
performance, which is much better than that of UCAC/Zn cell with ZnSO4
electrolyte. The cell with ZnSO4 electrolyte fails (Short circuit) only after
12 cycles, as shown in Fig. 6a and b, in which the morphologies of Zn
anodes shows severe dendrite formation in Fig. S11a. However, the Zn
anode with ZPSAM electrolyte shows relatively smooth surface after
cycling (Fig. S11b). In addition, VS2 has also been synthesized (the XRD
pattern is shown in Fig. S12) and used as cathode material in Zn metal
batteries, and the electrochemical performances are shown in Fig. 6c and
d. In Fig. 6c, the discharge capacities of VS2 with ZnSO4 electrolyte in-
crease to 173 mAh g�1 after activation process and failed at 44th cycle
due to the dendrite formation (Fig. S11c). By contrast, in the presence of
ZPSAM electrolyte, the discharge capacities also increase to 168 mAh g�1

after several cycles’ activation and maintain 147 mAh g�1 at 100th cy-
cles, corresponding to a relatively smooth Zn anode surface (Fig. S11d).
The rate performance test also shows positive result in Fig. S13. It should
be noted that, the VS2 with ZPSAM delivers higher discharge capacity
(168 mAh g�1) than the cell using MOF-based electrolyte (151 mAh g�1)
due to the higher conductivity of ZPSAM. Due to the imposing restraining
effect on Zn dendrite formation and excellent enhancement effect on CE
of Zn anodes, the ZPSAMmembrane is promising in practical application
of ZIB.

4. Conclusions

In summary, a zincic perfluorinated sulfonic acid membrane with
semi-fixed anions was designed and prepared as a quasi-solid single Zn-
ion conductor. The anions with constrained mobility could form fast Zn-
ion transport channels, which leads to impressive high ion conductivity
of ZPSAM. Due to the relatively immobilized anion structure in ZPSAM,
both dendrite formation on Zn anode and side reactions during cycling
are effectively inhibited. Consequently, stable Zn plating and stripping
can be achieved under a current density of 2 mA cm�2 for over 2000
cycles. In addition, when ZPSAM is operated in an aqueous (UCAC)/Zn
and VS2/Zn cells respectively, excellent cycling performance can be
achieved. This work sheds lights on the practical use of Zn metal anode in
7

aqueous media, and thus benefits a lot to the development of low-cost,
high-performance aqueous energy storage devices.
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