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Methods

Materials. The hydrophilic polyvinylidene difluoride-type membrane (VVLP, pore size: 0.1 um)
was purchased from Mrckmillipore company. The VVLP and glass fiber (GF/A, Whatman-100)
filters were cut-off into plates with diameter of 16 mm as separators without further treatment.
Zinc (Zn) foil (Nilaco company, 100 um, purity>99.99%) was polished to remove contaminants
and oxide coating in ethanol solutions and was cut-off into plates with diameter of 10 mm or large-
area plates (7 cmx5 cm)for pouch cells. Zn paper (Nilaco company, 50 um, purity>99.99%) was
used to observe the Zn electrodeposition morphology to prove its sensitivity to exchange current
density in fig. S10. ZnSO4.7H20 and MnSO4.H20 were purchased from Tokyo Chemical Industry
for electrolyte preparation.

Electrolyte. Dissolving ZnSO4.7H,0 into deionized water to prepare electrolyte (2 mol L™t ZnSO4
water solution) for symmetric Zn||Zn, Zn||Cu, Zn||carbon paper half cells. Dissolving ZnSO4.7H.0O
and MnS0O4.H,0 into deionized water to prepare electrolyte (2 mol Lt ZnSO4+0.1 mol L™* MnSO4
water solution) for Zn-MnO: cells.

Electrode. The MnO> electrode was synthesized through a one-step hydrothermal method.
Dissolving MnSO4.H.0 and KMnQO4 (Wako Chemical Industry) into deionized water with a mole
ratio of 10:4. The as-prepared water solution was fully stirred and transferred into Teflon for
hydrothermal reaction (12 hours at 140°C). The as-obtained powder was fully washed by ethanol
solutions until the filtrates turns into colorless and then was transferred into vacuum oven (24 hours
at 90°C) to remove the absorbed solvents. The as-obtained a-MnO2 was mixed with carbon black
(ketjen black, KB) and poly(tetrafluoroethylene) (PTFE suspension, 10 wt%) in water/ethanol
solutions at mass ratio of 80:17:3 to prepare a free-standing electrode and press it onto carbon
paper current collector.

Cell assembly and electrochemical characterization. All test CR-2032 coin-cells (Hohsen Corp)
in this study were assembled in the ambient environment without special attention. All the cells
were remained on open circuit for 4 hours before electrochemical characterizations. The symmetric
Zn/Zn cells was assembled by stack of Zn plate, GF or VVLP separator and Zn plate with 40 puL
2 mol L ZnSO, water electrolyte. The galvanostatic charge-discharge tests were carried out in
Neware battery test system (Neware Technology Co.) at 25°C. By applied constant current density
(mA cm?), the cyclic life and over-potential of cells were used to evaluate the Zn metal
plating/stripping performance.

Changing one Zn plate into Cu or carbon paper plates Zn||Cu and Zn||carbon paper half cells
was carried out. In the test protocol, the Coulombic Efficiency (CE) is the ratio of capacity during
stripping process (cut-off potential at 0.5 V, vs. Zn/Zn?*) to the electrodeposited capacity of Zn on
current collectors (controlled by current density and plating time). The initial CE, average CE,
cycle number and overpotential were used to evaluate the cell performance.

The Zn-MnO> coin cells was assembled by stack of Zn plate, GF or VVLP separator and
MnO; electrode with 40 uL 2 mol L™t ZnSO4+0.1 mol L™t MnSO4water solution. All the Zn-MnO;
cells were measured under constant current constant voltage (CCCV) test protocol within 0.8~1.8
V, vs. Zn/Zn?*,

The Zn-MnO. pouch cells were assembled in the air environment with the same electrodes,
electrolyte, and inner cross structure (fig. S29 and S30). The active electrode area is controlled by
7 cm X5 cm, with three layers and an Al-plastic film package in the whole pouch cell. Generally,
zinc plate (thickness, 100 pL) was used to pair with high-loading MnO: cathode (active MnO>
loading: 52.0 mg cm™) in one pouch cell. To reduce the weight, the electrodeposited Zn (ca. 40
wum) on carbon paper current collector was used as the composited anode.



The Electrochemical impedance spectra (EIS) of symmetric Zn cells were measured in
Potentiostat/Galvanostat PGSTAT30, Autolab Co. Ltd., Netherlands with the frequency ranging
from 100 kHz to 0.1 Hz. Besides, the ionic conductivity of different samples was calculated by
ohmic resistance. The ionic conductivity ¢ was obtained by Equation S1, where | is the thickness
of the sample, R is the ohmic resistance and A is the surface area of the sample, respectively.

o= —— (Equation S1)
RxA
Characterization of materials

(1) Mechanical test. Uniaxial tensile measurements of GF and VVLP separators were
performed by a tensile-compressive tester (INSTRON 5965, Instron Co.). All the dumbbell shaped
samples were stretched along the length direction at an extension rate of 100 mm min. Uniaxial
compress tests were performed by using a compressive tester (Tensilon RTC-1310A, Orientec Co).
Sample was firstly cut to a disk shape with a diameter of 10 mm before test. The compression rate
was set to 0.1y mm mint, where the y is the thickness of the sample.

(2) In-situ optical cell was designed to observe Zn electrodeposition under the condition of
no separator. The optical window of cell gives a cross-section sight on the electrode surface with
the galvanostatic electrochemical process.

(3) Scanning Electron Microscope (SEM) measurement and energy dispersive spectroscopy
(EDS) measurement were conducted on ZEISS Sigma 500 machine. The electrodes harvested from
cells were rinsed several times in dimethoxyethane (DME) solution to remove the precipitated
residues in the surface. Prior to the final SEM measurements, all electrodes should dry in the glove
box to fully evaporate solvent. The SEM images and EDS distribution would not be damaged
during the preparation period.

(4) In plane X-ray diffraction (XRD) patterns of cycled Zn plates were obtained by using an
X-ray diffractometer (Rigaku RINT2000 Ultima) using Cu Ka radiation. The cycled Zn plates
were plating one time at controlled current and time and underwent the similar wash procedure
with SEM characterization.

(5) Atomic force microscopy (AFM) observation of cycled Zn plates was conducted on an
AFM machine (Hitachi, NanonaviSIl by using the dynamic force mode (DFM). The wash
procedure of Zn plates is same with previous characterization.

(6) The laser scanning confocal microscope (LSCM, Lasertec Co. 1LM21D) and its 3D
morphology reconstruction were conducted for cycled Zn plates. The narrow laser beam of light
can illuminate the visual field and can detect each point. 3D reconstruction of the images gives the
distribution of different depths.

Simulation study
1. Distribution of relaxations times (DRT) simulation was conducted by using the DRT tools,
which is a block of MATLAB.
2. COMSOL Multiphysics was used to simulate the diffusion controlled dendritic crystal growth.
A 2D model based on level-set method was employed as shown in fig. S9. Here, the flux of Zn?*
is controlled by Fick’s law (Equation S2):
ai% =v-(Dvc,.) (Equation S2)
where czn2+ IS the concentration of Zn ion, t is the time and D is the diffusion coefficient of the Zn
ion, respectively.

The deposition of Zn metal is the result of the reaction (Equation S3):
Zn**+2e—zn° (Equation S3)




The level-set-interface is set between the Zn foil and the electrolyte while the growth of Zn
crystal leads to a moving boundary scenario, and thus the formation of dendritic Zn growth can be
tracked. The initial value of the level set variable is 1 in the electrolyte phase, while in the
deposition region is 0. The level set variable is governed by the velocity field of the diffusive Zn?*
flux (Equation S4):

u_'z_DaCZn2+ .(nMZn)

0) .

5 X P (Equation S4)
- C 2+
UyZ'D Zn _(nMZn)

ay pZn

where Mz, is the molar mass of zinc and pz is the density of zinc metal.
The interface thickness is set as ((Equation S5):

& = hngx (Equation S5)

where hmax is the maximum mesh size.
The model is based on the Transport of Diluted Species interface. The used parameters are
summarized as below:
D =3.68 x 109 m2s1(1)
Czn2+ = 2000 mol m™
Mz, = 65.38 g mol*
pzn=7.14 x 103 kg m™®



Supplementary figures

Plating on Zn foil Stripping from Zn foil

Fig. S1. In-situ optical observation of Zn electrodeposition/dissolution process in cell without
separator. The distance between two Zn plates is enough for dendrite growth. This Zn
electrodeposition can be regarded as a model without any external stress and the overcrowding Zn
accumulation provides internal stress and in turn flatten the surface. al-a4 pictures belong to
plating process, where diversity-oriented Zn electrodeposition causes dendrite. b1-b4 pictures are
collected during stripping process, where some dendritic Zn cannot be fully dissolved.
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Fig. S3. SEM observation of dendritic Zn electrodeposition process in the cell with glass
separator. It indicates the whole space of fiber structure was occupied by Zn dendrite. Glass fiber
is regard as the most common separator because of its hydrophilic properties but seems too
fragile to shield the growth of Zn dendrite.



—~ 100 — _
g i > shear 8
O go mudulus of Zn 2]
o . .

~ Mg % 6o 2 5
=} - £ 4 13} =% =
= £ S a c o
3 . ° 3 € £ 5 N O
S 40 — c ] El £
£ g S E 3
. 1 - g I ®

‘ ‘ ; ’ ‘ ‘ § 042 8 § § = 2

0 20 40 60 80 100 5 ' E >

Young's Modulus (E, Gpa) 0 —

Fig. S4. (a) Young's Modulus of common metal anodes. (b) Shear modulus of common
materials. According to the theoretical assumption of relying mechanical suppression effect,
there is very few suitable materials to have high shear modulus.
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Fig. S5. Optical and SEM observation of VVLP separator. (a) Optical picture. (b) SEM image.
(c) Reconstructed 3D topography.




VVLP

PE
Celgard 2400

Fig. S6. The contact angle when 2M ZnSO4 aqueous electrolyte dropped on VVLP separator and
PE (Celgard separator) surface and the digital photo.

a
15
b !
b ¥

Glass fiber Electrolyte drip Rapidly absorbed No liquid in the surface]

Fig. S7. Wetting property of GF separator with 2M ZnSO4 aqueous electrolyte. (a) the digital
photo. (b) The contact angles. The contact angle of liquid aqueous electrolyte with GF separator
is extremely small to be observed and the liquid would soon be absorbed into the thick and
porous fiber structures.
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Fig. S8. SEM observation and mechanical properties of VVLP separator under dry and wet state.
SEM picture of VVLP under dry state (a-b) and wet state (c-d). (e) Loading curves of VVLP

separator under uniaxial elongation. (f) Tearing toughness of VVLP separator.
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Fig. S9. The geometric model of COSMAL simulation in Zn batteries with glass fiber or VVLP
separators.
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Fig. S10. VVLP separator with composite layer. (a) SEM images. (b-e) belongs to element
mapping of C, O, Zn and S, respectively.
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Fig. S11. XRD peak with main product of zinc sulfate hydroxide hydrate with tiny Zn particle in
the composite layer adhering on VVLP separator surface.
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Fig. S12. XPS spectra of composite layer (a) O 1s spectra. (b) Zn 2p spectra. Similar to S 2p
spectra, the O and Zn element distribution further verified the existence of ZSH composite layer.
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Fig. S13. AFM nanoindentation analysis of composite layer. (a) Two-dimensional maps of DMT
modulus. (b) Indentation depth. (c) Force-displacement curves.
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Fig. S14. EIS characterizations of Zn||Zn cells. EIS profiles after (a) 1 cycle and DRT profiles after
(b) 1 cycle and (c) 10 cycles.

DRT analysis was conducted for better study the impedance at different frequencies. 11, 12,
13, 4 represents impedance in bulk of electrolyte, charge-transfer process, transfer in the
interphase and Warburg, respectively. In the VVLP group, the forming of Zn composite layer did
not cause considerable increase on each impedance.
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Fig. S15. Textures of Zn electrodeposition with VVVLP separator under different states. (a) Three
types of common Zn growth textures (002, 101, 100 plane). (b) XRD patterns of Zn
electrodeposition with different capacity. (c) Peak intensity ratio of (002 peak)/(100 peak) on the
left, and (002 peak)/(101 peak) on the right.
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Diffusion-limited Transition period Stress-governed

Fig. S16. SEM images and schematical illustration of Zn electrodeposition with VVVLP separator
under different states. Electrodeposition capacity (al-a3) 0.25 mAh cm?, (b1-b3) 1.0 mAh cm?,
(c1-c3) 3.0 mAh cm?, (d1-d3) 10.0 mAh cm, Current density, C=1.0 mA cm™. (el1-e3) 20.0
mAh cm?, Current density, C=10.0 mA cm. Schematical illustration of Zn electrodeposition.
(f) Almost vertical angle growth by diffusion-limited aggregation. (g) Slight flat angle growth in
transitional period. (h) In-planar growth with stress-governed mechanism.
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Fig. S17. Chronoamperograms of Zn plates working under —0.15 V within 300 s with (a) glass
fiber separator and (b) VVLP separator.
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Fig. S19. LSV of three electrodes cell to determine cathodic current density of HER at 5 mV s!
in (a) 2M ZnSO4 electrolyte and (b) pH-equivalent K2SO4-H2SO4 electrolyte.

Fig. S19a gives the linear sweep voltammetry in 2M ZnSOs electrolyte, where the cathodic
current was attributed to the sum of HER and Zn reduction. In view of the high dependence of
H. evolution kinetics on the activity of H* in electrolyte, we then formulated a pH-equivalent
K2S04-H2S04 electrolyte to eliminate the interference of Zn reduction. This electrolyte was
solely adopted to study the HER behaviors by eliminating the effect of Zn reduction. In such
cases, there is no Zn reduction process, and any cathodic current signal can be ascribed to H>
formation. In a contrast, there is an obvious lower current of HER for VVLP group, which
indicates its effectiveness of suppressing HER.
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Fig. S21. LSCM test of Zn plates cycled in different separators. The selected region for LSCM
characterization of the Zn plate cycled with (a) glass fiber separator and (c) VVLP separator. The
height evolution profiles of Zn plate cycled with (b) glass fiber separator and (d) VVLP

separator.

Fig. S22. AFM characterization of Zn plates. AFM images of Zn plate cycled with (a) glass fiber
separator and (b) VVLP separator.
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Fig. S23. EBSD characterization of Zn plates. Sample a, b and c is pristine Zn, Zn plate after cycle
with glass fiber separator and external stress from hydraulic pressure, Zn plate work with VVLP
separator, respectively. The figures from left to right are selected SEM images, corresponding
EBSD map, orientation map and related Kikuchi pattern.
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Fig. S26. Galvanic corrosion of Zn-Cu half cell with glass fiber or VVLP separators.

19



120

= Average CE (1~500 cycle)=99.12%
S 100
>
8] Average CE (1~600 cycle)=98.84%
S 80+
)
fram iti = 0,
= 60 Initial CE=94.75%
o
=
2 401 Zn//carb(?zn paper ceII_2
o 20 mA cm™, 4 mAh cm
3 20-
@)
0+

0 150 300 450 600 750
Cycle number

Fig. S27. Zn plating/stripping efficiency on carbon paper substrate with glass fiber separator.

760
(CE)* = 80% capacity retention /43
7401
2] |
5 223 i
-g 220 - .
g = 44 L
S 40]
g
(@) 22
20
2 4
O _

90% 95% 99% 99.5% 99.9% 99.97%
Coulombic efficiency (%)

Fig. S28. The Zn battery lifespan calculation (80% capacity retention) based on the
electrodeposition-dissolution CE values (the Zn loss source).

20



a . 400 S b 18
> 100 £ — 20th
£ 10 Rest 48 hour e > £15] Glass fiber  —— 120th
E Rest 100 hour S N 1.2 —— 220th
> Ty =
S 240 = N0.94 —— 320m
154 o 2 .
=2 . o ; 1.8+
=) <
S 160 £ © 151
= 2 g1
g 80 O Glass fiber 1 S S1.2
o} %ﬁ Q o
& MnO, loading: 10 mg cm™?  Rate: 1C © >0.94 VVLP
o+——r—F— ¥ F—+—p——160 ——————————
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

Cycle number (N) Specific capacity (mAh g%)
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Fig. S30. SEM observation of pristine high-loading MnO2 electrode. (a-b) Top-to-down. (b)
Cross-section.
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Fig. S31. Cycle performance of Zn-MnO2 coin cells with glass fiber separator. (a) Cycle
performance of Zn-MnO battery over 2000 cycles with thin MnO; electrode (2.5 mg cm?) and
excessive Zn anode (100 pum). (b) The cell with thick MnO- electrode (52.0 mg cm™). (c)
Corresponding voltage profiles.

fig. S31a showcases the cycle performance with thin MnO. electrode over 2000 cycles, which
represents most of previous reports. When pairing with excessive Zn electrode, the coin-cell
performance cannot truly reveal the failure mechanism and the protection effectiveness of Zn metal
anode. Therefore, the fast capacity decay in cell with thick MnO electrode demonstrates the poor
Zn protection in glass fiber separator group. The Zn anode electrodeposition-dissolution at high
capacity and high current density remains a threat for the development of high-energy Zn batteries
toward future real-world applications.
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with VVLP separator. The evolution of (a) average discharge voltage and (b) Energy density
based on MnO: cathode.
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Fig. S33. Cross-section SEM observation of MnO: electrode after cycling with different
separators. (a-c) Glass fiber. (d-f) VVVLP separator.

Fig. S34. Voltage evolution of pouch cell at pristine (a), 90°C bending (b), 1/4 cut-off (c), fire
ignition (d) and even following soaking into water (e), respectively.
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Fig. S35. Pouch cell assembling. (a) Optical picture of one-layer pouch cell assembling. (b)
Weight of pouch cell. (c) Cycle condition of pouch cell. The detailed parameter is illustrated the

Supplementary Table 3.
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Fig. S36. '(a) Optical picture of three-layer pouch cell wight.

Cycle number

The evolution of (b) average

discharge voltage and (c) Energy density based on pouch cell level. The detailed parameter is

illustrated the Supplementary Table 4.
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Supplementary Tables
Table S1. Mechanical properties of Glass fiber and VVLP separators

Separator Breaking point Shear Modulus Young's Tearing
types & Pressure (MPa) Modulus toughness
(MPa) (MPa) (Jcm?)
Glass fiber 3.85%, 0.18 MPa / / 15.8
Dry VVLP 57.75%, 10.97 MPa 45.8 137.4 84.6
Wet VVLP 65.57%, 10.11 MPa 34.2 102.6 69.4
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Table S2. Literature survey of strategies for Zn metal anode protection

Strategies Performance of Zn||Zn Efficiency of Zn Ref.
cell, lifespan (h) and plating/stripping under current
current density (mA density and capacity
cm?) (mA cm2, mAh cm, %)
VVLP separator 4900 h, 1.0 mA cm?; 2.0, 2.0, 99.93% This
(2 mol ZnSOy) 2400 h, 3.0 mA cm?; 10.0 1.0, 99.75% work

280 h, 10.0 mA cm?;

20.0, 4.0, 99.97%

Metal-organic framework
membrane
(2 mol ZnS0.)

3000 h, 0.2 mA cm’?;
700 h, 2.0 mA cm’?;
350 h, 5.0 mA cm’?;

/

Molecular zeolite sieve
composite electrolyte
(2 mol ZnS0.)

4765 h, 0.8 mA cm?;
430 h, 2.0 mA cm?;
310 h, 2.5 mA cm’?;

MOF-based single-ion Zn?*
solid electrolyte

350 h, 0.1 mA cm-?

/

Graphene oxide-based
separator
(2 mol ZnS0.)

1750 h, 2.0 mA cm’?;
400 h, 20.0 mA cm%;

1.0 1.0, 98.69%

Graphene coating
(2 mol ZnS0.)

/

40.0, 1.6, 99.9%;
40.0, 3.2, 99.7%;

Carbon nanotube matrix 200 h, 2.0 mA cm’?; 2.0, 2.0, ~97%; 6
(2 mol ZnS04) 100 h, 5.0 mA cm*%; 5.0, 2.0, 97.9%;
Zincophilic carbon host 116.7 h, 0.5 mA cm™?; 1.0, 4.0, ~95%; 7

3 mol Zn(CF3S03),

Solid-polymer electrolyte

1500 h, 2.0 mA cm’?;

0.5, 0.5, 99.36%

Metal-organic framework 3000 h, 0.5 mA cm?; / o
coating (2 mol ZnSOs)
Inorganic CaCOj3; Coatings 800 h, 0.25 mA cm? / 10

(3 mol ZnSO4+0.1 mol
MnSO4)

Cerium-based film
(2 mol ZnSO4+0.1 mol
MnSQO,)

1200 h, 4.4 mA cm2

1.13, 0.57, 99.1%;

11

ZnS interphase coating

1000 h, 2.0 mA cm?

2.0, 1.0,99.2%

12

High-concentrated

170 h, 0.2 mA cm™

1.0 mA cm?,

13

electrolyte Ave. CE=99.9%
(12 mol Zn(TFS1)2+20 mol
LiTFSI/H,0
High-concentrated 600 h, 0.2 mA cm? 0.2 mA cm?, 14
electrolyte Ave. CE=95.4%

30 mol ZnCl,/H,0

Organic electrolyte
0.5 mol Zn(OTf)/TMP

2400 h, 1.0 mA cm™?

0.5, 0.5,99.57%

15

Organic electrolyte
0.5 mol Zn(OTT),/TEP

2000 h, 0.5 mA cm?2

0.5, 0.5, 99.68%

16

Organic electrolyte
0.5 mol Zn(OTf),/DMF

2700 h, 1.0 mA cm?

1.0, 1.0, 99.8%

17

4 m Zn(OTF),+0.5 m
MesEtNOTF/H.0

6000 h, 0.5 mA cm™?

0.5, 0.5, >99.0%

18

Solid poly(1,3-dioxolane)
electrolytes

1800 h, 1.0 mA cm™?

0.5,0.5,99.7%

19

Ethylene Glycol-added
aqueous electrolyte

1200 h, 1.0 mA cm™?

/

20
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Methanol-added aqueous / 1.0, 0.5,99.7%
electrolyte

21

Table S3. Cell parameters for the one-layer pouch cell.

Electrochemical Values Physical parameter Value

parameter
Specific capacity 284.2 mAh g* Zn anode (100 um) 2.501¢
Cell average voltage 1.34V Weight of cathode 6.825 g
Capacity 517.3 mAh Carbon paper weight 0.902 g
Energy 0.693 W h Electrolyte weight 8.623¢
Active area 35.0 cm? Separator weight 0.220
Energy density 47.6 W h kg? Package + Tabs weight 1.38¢
Pouch-cell weight 14.561
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Table S4. Cell parameters for the three-layer pouch cell.

Electrochemical Values Physical parameter Value
parameter
MnQO:; ratio (vs. 80% Composite anode 3.093¢g
cathode) (Zn + carbon paper)
Specific capacity 319.2 mAh gt Weight of cathode 6.825¢
Cell average voltage 1.35V Carbon paper 0.902 ¢
(positive current collector)
Capacity 1.83 Ah Electrolyte weight 8.501g
Energy 247 W h Separator weight 0.658
Energy density 115.1 W h kg! Package + Tabs weight 1480 ¢
Pouch-cell weight 21.459

Table S5. Literature survey of high-capacity Zn-MnO- batteries

Strategies Avreal-capacity Coin-cell performance Pouch-cell performance Ref.
(mAh cm™) (N/P ratio, cycles, (N/P ratio, cycles,
retention) retention, energy density
(W h/kg))
VVLP separator 17.4 (3.74, 350 cycles, 80%0) (1.35, 80, 79%, 115.1) This
(2 mol ZnSO4+0.1 mol work
MnSOs)
Nanocarbon layer / 1.0, 80 cycles, 68.2% / 22
3 mol Zn(CF3S03),+0.1
mol MH(CF3SO3)2
Kl-redox mediator 25 /, 400 cycles, >99% / 23
(K1 added ZnSO4
electrolyte)
Graphene coated Zn 0.8 2, 1000 cycles, 65% / 5
(2 mol ZnS0O4+0.1 mol
MnSO4)
ZnF,-coated Zn 3 (/, 1000 cycle, 93.63%) (/, 160, 93.17%, /) 2

(2 mol ZnS0O4+0.1 mol
MnSO4)
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