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Fig. S1 (a) EDS spectrum of ex-ZrP, (b) TGA curves of α-ZrP and ex-ZrP.

Fig. S2 XRD patterns of ex-ZrP treated by butanol (-OH), butanal (-CHO), butanethiol (-SH) or butyric acid (-

COOH). 
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Fig. S3 In-situ optical microscope imaging of the electrochemical plating of Zn on bare Zn and Zn/ex-ZrP at 6 mA 

cm-2. (a, c) cross-section images and (b, d) top-view images. Scale bars: 20 μm. 

Fig. S4 XRD patterns of bare Zn, Zn/α-ZrP and Zn/ex-ZrP after 100 cycles in the symmetric cells at 6 mA cm-2 for 1 

mAh cm-2.
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Fig. S5 EDS spectrum of the fragile lamella on the surface of bare Zn.

Fig. S6 High-magnification SEM image of Zn/ex-ZrP. 
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Fig. S7 (a) SEM image and (b-d) element maps of Zn/ex-ZrP after a Zn-plating of 5 mAh cm-2. 

In order to prove the deposition of Zn underneath the artificial layer, Zn plating was conducted on Zn/ex-ZrP 

for 5 mAh cm-2. Then, the electrode was cut into half for cross-section SEM images. As shown in Fig. S7, it can be 

easily concluded that ex-ZrP still locates on the top and the deposited Zn stays below ex-ZrP, based on their 

morphology and element maps. This result is consistent with the poor electron conductivities of ex-ZrP and PVdF.

Fig. S8 Contact angle measurements of water on α-ZrP, ex-ZrP and PVdF.

Fig. S9 (a,b) dynamic size analysis and (c,d) optical microscope images of α-ZrP and ex-ZrP powders dispersed in 

NMP containing 2 wt% of PVdF. 

The help of this intercalation on the dispersion of ex-ZrP in PVdF is supported by dynamic size analysis, optical 

images and SEM images. Compared to that of α-ZrP, the smaller dynamic size of ex-ZrP in NMP indicates the less 

aggregation (Fig. S9a, S9b), benefiting the formation of a uniform mixture with PVdF. This conclusion is directly 

validated by optical images (Fig. S9c, S9d). After the evaporation of NMP, ex-ZrP and PVdF leads to a dense and 

compact layer on Zn foils (Fig. 3i), while α-ZrP and PVdF results in a porous layer (Fig. 3e).
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Fig. S10 EIS spectra of bare Zn, Zn/α-ZrP and Zn/ex-ZrP at different temperatures.

Fig. S11 Nyquist plots of α-ZrP and ex-ZrP interface (inset: enlarged area from 0 to 20 ohm). 

Fig. S12 EDS spectra of Zn/α-ZrP and Zn/ex-ZrP after soaking in the electrolyte.
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Fig. S13 FT-IR spectra of ex-ZrP after soaking in the electrolyte. (Before testing, samples were dried in vacuum at 

60 °C for 12 h.）

Fig. S14 Cycling performance of Zn/ex-ZrP after n-butylamine was replaced by Zn2+ in symmetric cells.

Fig. S15 XRD patterns of Zn/ex-ZrP after different cycles.
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Fig. S16 HRTEM images of ex-ZrP (a) before and (b) after 10 cycles. 

Fig. S17 Linear polarization curves and the impedance spectra before and after the measurement. (a) Bare Zn, (b) 

Zn/α-ZrP, (c) Zn/ex-ZrP.

Fig. S18 (a) Initial Zn/ex-ZrP foil, (b) rolled Zn/ex-ZrP foil, (c) Zn/ex-ZrP foil after rolling, (d) folded Zn/ex-ZrP foil, 

and (e) Zn/ex-ZrP foil after folding.



9

Fig. S19 (a) Zn/ex-ZrP foil before tape sticking, (b) tape-adhered Zn/ex-ZrP foil, (c) Zn/ex-ZrP foil after the peeling 

off tape.

Fig. S20 (a) Elastic modulus and (b) hardness of Zn/α-ZrP and Zn/ex-ZrP.

Fig. S21 (a) TGA curve of ex-ZrP after soaking in the electrolyte, (b) in-situ mass change during the soaking of ex-

ZrP in the electrolyte.

To gain insights about the content of water molecules in the channels of ex-ZrP, TGA analysis were measured 

for ex-ZrP powders. ex-ZrP was immersed in the electrolyte overnight, and then the remnant electrolyte on the 

surface was removed by tissue paper carefully. Finally, the electrode was dried at room temperature for hours. 

As displayed in Fig. S21a, the weight loss in the range of 60-120 oC (7.7 wt%) is likely caused by water molecules 

adsorbed on the surface.1 In view of the nanoscale size of ex-ZrP and the simple drying at room temperature, 

such an amount of water adsorption is reasonable. The weight loss around 400 oC (3.9 wt%) is due to escape of 

water molecules in hydrated zinc ions encapsulated in ex-ZrP.2 Based on this data, the molar ratio of water to 

Zn2+ in hydrated zinc ions can be estimated as 0.59. Therefore, it can be concluded that the majority of water 

molecules in hydrated zinc ions ([Zn(H2O)6]2+) are excluded from ex-ZrP during the ion-exchange process, but 

there are still a few of water molecules around Zn2+. This result is also confirmed by in-situ quartz crystal 

microbalance (QCM). QCM can precisely monitor the tiny mass change during the ion-exchange process and 

clarify the species intercalated into ZrP. As presented in Fig. S21b, the mass gradually increases in the first hour, 

where n-butylamine diffuse out and partially hydrated zinc ions get in. After that, the mass change levels off, 

suggesting the completion of this ion-exchange process. Using the mass change, the molar ratio of water to Zn2+ 

in partially hydrated zinc ions is 0.36, comparable to that obtained from TG analysis.
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Fig. S22 Charge density differences of Zn atoms adsorbed on different layer, where light green and purple areas 

represent positive and negative charge differences.

Fig. S23 Top view of Zn diffusion paths in α-ZrP and ex-ZrP.

Fig. S24 (a) TEM image and (b) XRD pattern of α-MnO2.

Fig. S25 Cycling performances of Zn/α-ZrP||α-MnO2.
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Fig. S26 (a) Optical photos of Zn/ex-ZrP||α-MnO2 pouch cell. (b, c) Photograph of a pouch cell powering a liquid-

crystal display and LED light. (d) Long-term cycling performances of large-capacity bare Zn||MnO2 and Zn/ex-

ZrP||MnO2 full cells. (e, f) Galvanostatic discharge/charge profiles of bare Zn||α-MnO2 and Zn/ex-ZrP||α-MnO2.

Fig S26d shows that the pouch cell of bare Zn||α-MnO2 rapid fades in capacity than Zn/ex-ZrP||α-MnO2. The 

capacity decay is more severe than that in coin cells, which could be correlated to the structure difference 

between pouch cells and coin cells. In pouch cells, the current spreads out along the electrode through “tabs”, 

which results in the in-plane resistance for electron transport and considerable ohmic loss3. This ohmic loss 

increases with the size of pouch cells and results in a significant voltage gradient on current collectors. Therefore, 

the uneven distribution of voltage and current in large-sized pouch cells promotes the formation of Zn dendrites, 

eventually leading to inferior electrochemical performances. This result is also supported by the voltage profiles, 

as shown in Fig. S26e. The short circuit induced by Zn dendrites is clearly observed for bare Zn||α-MnO2. As for 

Zn/ex-ZrP||α-MnO2, the voltage profiles are kept almost the same as before (Fig. S26f).

Fig. S27 The formation of ex-V2O5 obtained by treating V2O5 with polyaniline (PANI).
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Fig. S28 (a) XRD patterns and (c) FTIR spectra of V2O5 and ex-V2O5.

Fig. S29 The formation of ex-MMT obtained by treating MMT with n-butylamine.

Fig. S30 (a) XRD patterns and (c) FTIR spectra of MMT and ex-MMT.
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Table S1 EDS results of Zn/α-ZrP and Zn/ex-ZrP after soaking in electrolytes.

Element Zn/α-ZrP (wt%) Zn/ex-ZrP (wt%)

C 9.78 8.99

F 3.02 2.91

O 36.04 33.18

P 19.54 13.07

Zr 29.7 20.78

Zn 1.91 21.06

Table S2 Cycling performances of the symmetrical cells using different artificial layers on Zn.

Coating materials Current density
(mA cm-2)

Capacity
(mA h cm-2) Cycle number References

MXene 0.2 0.2 400 4

CaCO3 0.25 0.05 2000 5

MOF 0.5 0.5 1500 6

Poly (vinyl butyral) 0.5 0.5 1100 7

TiO2 0.885 0.885 1000 8

MOF-PVdF 1 0.5 500 9

Al2O3 1 1 250 10

Indium (In) 1 1 250 11

NaTi2(PO4)3 1 1 120 12

ZnS 2 2 500 13

Sc2O3 2 2 120 14

Carbon 2.5 1 300 15

Kaolin 4.4 1.1 1600 16

3D nanoporous ZnO 5 1.25 1000 17

MMT 1 0.25 1000 18

Mont 2 1 700 19

ex-ZrP 6 1 3000 This work

ex-ZrP 6 3 450 This work

ex-MMT 6 3 900 This work
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Table S3 Cycling performances of the full cells using different artificial layers on Zn anodes.
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