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Figure S1. Fabrication and characterizations of the chitosan-Zn membrane. (A)
Schematic diagram of the preparation of the chitosan-Zn membrane. Chitosan solution is
first cast on a PET support (left), then immediately immerse in a Zn?*-saturated NaOH
solution (middle). The resulting porous chitosan-Zn membrane is rinsed with water and
mechanically pressed to obtain the final densified chitosan-Zn membrane (right). (B) A
cross-sectional SEM image revealing the densified structure. (C) EDS elemental mapping
of C, O, N and Zn in the densified chitosan-Zn membrane indicates the elements are

uniformly distributed.



Figure S2. Morphology of the porous and densified chitosan membranes. (A) The surface
and (B) cross-sectional morphology of the porous chitosan membrane. (C) The surface
and (D) cross-sectional morphology of the chitosan membrane after pressing. The porous
chitosan membrane displays a hierarchical porous structure, which is similar to the porous
chitosan-Zn membrane. After densification, the pores are eliminated, resulting in a dense

structure.
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Figure S3. XPS and FTIR analysis of the densified chitosan-Zn and chitosan membranes.
(A) The Zn 2p XPS spectrum of the chitosan-Zn membrane. (B) The XPS N1s spectra of

the chitosan-Zn and chitosan membranes. C) The FTIR spectra of the chitosan-Zn and

chitosan membranes.
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Figure S4. Comparison of BET surface area. The BET surface area of the densified

chitosan, densified chitosan-Zn, and porous chitosan-Zn membranes.
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Figure S5. Mechanical strength comparison. The tensile stress-strain curves of the wet
densified chitosan-Zn (mimicking the battery conditions), wet porous chitosan-Zn,
densified chitosan, and a glass fiber membrane. The densified chitosan-Zn membrane
shows a much higher strength than the glass fiber separator that is commonly used in
Zn-metal batteries. In addition, the higher tensile stress of the chitosan-Zn membrane
(7.36 MPa) compared to the porous chitosan-Zn (0.67 MPa) and chitosan membranes
(0.25 MPa) indicates that both Zn?* coordination and the densification process increases

the material's mechanical strength.



Figure S6. Snapshot photos of 2 M ZnSO4 aqueous solution wetting ability on densified

chitosan-Zn electrolyte: (A) 0 s; (B) 1.4 s; and (C) 3.4 s. The pristine chitosan-Zn
membrane is semitransparent (Figure S6a). After adding a drop of ZnSO4 aqueous
solution on it, aqueous solution spreads to the whole surface of chitosan-Zn membrane
quickly (Figure S6b), indicating a strong hydrophilic property. After 2 s, a transparent color
in chitosan-Zn membrane is observed (Figure S6c¢), suggesting the aqueous solution
penetrates the chitosan-Zn membrane, which also demonstrates that the aqueous

solution has an excellent wetting ability to the chitosan-Zn membrane.
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Figure S7. EIS of the chitosan-Zn electrolytes and pure aqueous electrolyte. EIS curves

of the chitosan-Zn electrolytes with different water contents, including (A) 15% and (B)

43-72%, as well as the (C) 2 M ZnSO4 aqueous electrolyte (76% water content). Zn||Zn

cells are applied to measure the conductivity of the chitosan-Zn/ZnSQOa4 electrolyte. The

intercept at the x-axis (high frequency region) indicates the resistance of the electrolyte,

which was used to calculate the ionic conductivities of the different samples.
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Figure S8. Comparison of Zn?* conductivity. (A) EIS curve of the densified chitosan-Zn
membrane. The chitosan-Zn membrane is fabricated with a similar process with that of
chitosan-Zn electrolyte, except that the 2 M ZnSO4 immersing process is not applied. (B)

Comparison of Zn?* conductivity between densified chitosan-Zn electrolyte and chitosan-

Zn membrane without ZnSOa4.
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Figure S9. Zn plating morphology. (A) The surface morphology of the pristine Zn metal,
used as the electrodes in the Zn||Zn cells. (B—F) The surface morphology of the Zn anode
in Zn||Zn cells after plating at 20 mA cm™2 and 4 mAh cm™ for 50 cycles using chitosan-
Zn electrolytes with different water contents of (B) 43%, (C, D) 57%, (E) 66%, and (F)
72%. When applying chitosan-Zn electrolytes with water contents of 43% and 57%, the
electrochemically deposited Zn displays hexagonal platelets stacked parallel on the Zn
electrode surface, which is beneficial for reducing the interfacial area between the Zn

anode and electrolyte, and thus the interfacial resistance. With increased water content



(e.g., 66% and 72%), the plated Zn is moss-like in morphology, with a large surface area
and the potential to form dead Zn and even short circuits induced by dendritic penetration

through the electrolyte.
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Figure S10. Voltage profiles of the galvanostatic Zn plating/stripping of the chitosan-Zn
electrolytes. (a) The voltage profiles of Zn||Zn cells cycled at 20 mA cm™ and 4 mAh cm™
using chitosan-Zn electrolytes with 34% and 57% water contents. The cell using chitosan-
Zn electrolyte with 34% water content shows a higher plating overpotential than that of

57% water content.
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Figure S11. TEM measurements of the Zn plating morphology. (A) TEM image of Zn
platelets with hexagonal shape formed on the anode of Zn||Zn cells using chitosan-Zn
electrolyte with 57% water content. (B) Magnified TEM image of a Zn platelet. (C) A high-
resolution TEM image of a Zn platelet and schematic diagram of the Zn unit cell in the
inset. The lattice distance (0.23 nm) is consistent with the distance between (-1010)
planes. In addition, the angle between the (-1100) and (-1010) plane is 120°. (D)
Schematic diagram of the Zn platelets composed of small polycrystalline Zn platelets. The
Zn platelets in a—c were obtained after plating at 20 mA cm™2 and 4 mAh cm™2 for 50

cycles.



Figure S12. Zn plating morphology. The Zn anode surface morphology in Zn||Zn cells
using chitosan-Zn electrolyte with 57% water content after plating at 10 mA cm™2 and 2
mAh cm™2 for 20 cycles: (A) Low magnification; (B) High magnification. Small Zn platelets

with a size of ~200 nm begin to appear, demonstrating a hexagonal shape.



Figure S13. Morphology of the aqueous electrolyte with glass fiber and chitosan-Zn
electrolyte after Zn plating/stripping. The electrolyte surface morphology in Zn||Zn cells
after plating at 10 mA cm™2 and 2 mAh cm™2 for 50 cycles using different electrolytes: (A)
the aqueous electrolyte with a glass fiber as a separator; and (B) chitosan-Zn electrolyte
with 57% water content. To observe the morphology of both electrolytes by SEM, both
samples are freeze-dried to remove the water inside the membranes. The fibers, platelets,
and particle aggregation in (a) are ascribed to the glass fibers, randomly orientated Zn
platelets, and ZnSOa4, respectively. The randomly orientated Zn platelets are able to
penetrate the glass fiber separator, reducing the cell lifetime. Meanwhile, the chitosan-Zn

electrolyte maintains a dense, uniform surface.
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Figure S14. Coulombic efficiency of the Zn||Cu cell using the (A and B) chitosan-Zn
electrolyte and (C) porous chitosan-Zn electrolyte (i.e., without densifying). The Zn
plating/striping Coulombic efficiency on a Cu electrode cycled with chitosan-Zn electrolyte
at (A) 5 mA cm™ and 1 mAh cm™; and (B) 5 mA cm™2 and 5 mAh cm™. (C) The Zn
plating/striping Coulombic efficiency on a Cu electrode cycled with the porous chitosan-

Zn electrolyte at 10 mA cm~ and 2 mAh cm™.



0.8

—1st
——2nd ;
0.64 —— 100th ‘
. 200th ‘
> |
N— 04_ |
(0]
g Aqueous electrolyte
S 921 10mAcm?
> -
— e
0% - | 134 mV_
-0.2

00 05 10 15 20

Areal capacity (mAh cm™)
Figure S15. The Zn plating/striping voltage profiles of the Zn||Cu cell using agueous
electrolyte. Zn plating/striping on a Cu electrode cycled with agueous electrolyte at 10 mA

cm™ and 2 mAh cm™.
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Figure S16. Galvanostatic Zn plating/striping. Galvanostatic Zn plating/striping in a Zn||Zn
cell using chitosan-Zn electrolyte and aqueous electrolyte at (A) 5 mA cm™2 and 1 mAh

cm™2, and (B) 5 mA cm™ and 2.5 mAh cm™2,
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Figure S17. Galvanostatic Zn plating/striping. Galvanostatic Zn plating/striping in a Zn||Zn
symmetric cell using the (A) porous chitosan-Zn electrolyte and aqueous electrolyte, (B)
chitosan-Zn electrolyte without densifying, and (C) densified chitosan electrolyte (without

Zn?* coordination) at 10 mA cm™ and 2 mAh cm™.
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Figure S18. EIS spectra of the Zn||Zn symmetric cell: Pristine Zn||Zn cell (Black dots) and

Zn||Zn cell after cycling at 10 mA cm~ and 2 mAh cm~2 for 1000 cycles (Red dots).



Figure S19. Zn anode surface morphology after galvanostatic Zn plating/striping: (A) Low
magnification; (A) High magnification. The Zn anode surface morphology in Zn||Zn cells
after plating at 10 mA cm™ and 2 mAh cm™ for 1000 cycles using the chitosan-Zn

electrolyte. The hexagonal Zn platelets are maintained.
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Figure S20. XRD measurements of the Zn anode. XRD patterns of pristine Zn and the Zn
anode in Zn||Zn cells after plating/stripping at 10 mA cm~2 and 2 mAh cm~2 for 400 cycles
using chitosan-Zn and aqueous electrolytes. There are obvious peaks (indicated by green
squares) in the XRD curve of the Zn anode using the aqueous electrolyte, which are
ascribed to the side product of ZnsSO4(OH)s -xH20 . This product is present but less
detectable in the XRD curve of the Zn anode using the chitosan-Zn electrolyte, suggesting
chitosan-Zn electrolyte can suppress the production of side product efficiently. The peaks

indicated by the purple dots are ascribed to plating Zn and substrate Zn.
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Figure S21. Comparison of swelling in coin cells after Zn plating using the chitosan-Zn
and aqueous electrolytes. Digital photos of Zn||Zn coin cells after plating at 50 mA cm™
and 10 mAh cm~2 for 100 cycles using (A) chitosan-Zn and (B) aqueous electrolytes. The
coin cell using the aqueous electrolyte swells to rupture due to the cumulative Hz gas
evolved from H2 evolution reaction from the excess water in the aqueous electrolyte
during the Zn plating process. Meanwhile, the coin cell using the chitosan-Zn electrolyte
remained intact and no obvious swelling is observed, indicating the ability of the chitosan-
Zn electrolyte to suppress the Hz evolution due to limited free water in chitosan-Zn

electrolyte.



A 20 C .~ 300
20C 10C 5C 2¢ 1| O RTITIIIO, SR, -100 @
_C N
1.5- / - < ’ -80 )
o= 1 é _— ST €6eq0eCeetaes) 5
f> > ¢ 6
i o F—4
@ © o
= 1.0 % %)
o _40 - —
> \ S 1004 4 mA cm?2 (2C) =
T ) o
- . -8 © Aqueous electrolyte | 5 -g
Chitosan-Zn electrolyte (% (@]
T T T T T 0 : T T T T 0
0 50 100 150 200 250 0 10 20 30 40 50 60
Capacity (mAh g™) Cycle number
B 20 D — 3.5 —5—Zn||PBQS, Chitosan-Zn
: —v— Zn||PBQS, ZnSO,
g 3.01 —&— Zn||PBQS, Zn(OT),
= —A—Zn||PTO, ZnSO,
< < 257 ‘ +— Zn||C4Q, Zn(OTf),
< e 0] E& Zn|[MnO,, Zn(OTf),
8‘: 2> |8 VK\“ Zn|IVS,, ZnSO,
S G 15.- * \\v\ —O— Zn||FeVH, Zn(OTf),
35 T - \\ S\ —&—Zn||MVO, Zn(OTf),
> @ 10/ BEN \fernnNa,vzos, Zns0,
o g "Wy —<—Zn|IMCHSSs, ZnSO,
S 05 % I —5—Zn||VS,, PZHE
Aqueous electrolyte < &1 Vo
T T T T T 0-0 T T T T T T T T T
0 50 100 150 200 250 0 10 20 30 40 50 60 70 80 90
Capacity (mAh g™) Current density (mA cm™)

Figure S22. Performance of the Zn-metal full cell. Galvanostatic charge-discharge
potential profiles of the Zn||PBQS cell at different rates using (A) chitosan-Zn electrolyte
and (B) aqgueous electrolyte. (C) The cycling performance of the Zn||PBQS cell in 2 M
ZnS0O4 at 2C with a PBQS loading of 10 mg cm™. (D) Performance comparison of Zn-
metal batteries with different electrolytes 212 in terms of the current density and areal

capacity.



Table S1. lonic conductivity comparison of reported Zn?* electrolytes.

No Material Conductivity (mS cm™) Ref.
1 Chitosan-Zn electrolyte 71.8 This work
2 Chitosan-biocellulosics 86.7 13
3 Cellulose-based hydrogel 7409 14
4 PVA/nanocellulose hydrogel 18.1 15
5 Gelatin-based solid-state 16 16
electrolyte

6 Polyacrylamide hydrogel/2 25 1

M ZnSO4+4 M LIiCI/H.0
7 Zn(OTH),/7 Triethyl 6.48 18
phosphate : 3 H,O

8 2 M Zn(BF4)2 / [EMIM]BF4 16.9 19
ionic liquid

9 2 M ZnSO4/H,0+EG (50 7.5 20
vol % EG)

10 Water-in-deep eutectic 1.85 2

solvent

11 2 M ZnS0O4/H0 53 20




Table S2. Performance comparison of galvanostatic Zn plating/striping between different
electrolytes in Zn||Zn cells.

Areal

Current Capacit Polarization
No Anode Material density (rﬁ AR y Cycles voltage Reference
(mA cm™) i (mV)
cm™)
1 znfoil CITIDEET 2 5 1 1800 50
electrolyte
2 znfoil Chitosan-Zn 10 2 1800 50
electrolyte
_ This work
3 znfoil ClMESET) A7) 50 10 1000 374
electrolyte
4 Zn foil 2 M ZnS0Oa4 50 10 350 370
Polyacrylamide
5 Zn foil hydrogel/2 M 1 1 200 80 iy
ZnS04+4 M LiCI/H20
6 3Dzn Chitosan- 25 3.33 3000 <200 13
biocelllulosics
ZrO2-
7 coated 2 M ZnSO4 5 1 5250 32 22
Zn
8 Zn foil ZnCl2 2.33 H20 5 1 2500 25 23
9 Zn foil ZnCl2 2.33 H20 10 1 2400 75 23
. Zn(OTf)2/7 Triethyl 18
10 Zn foil phosphate : 3 H.0 0.5 5 100 50
2 M Zn(BFa4)2 /
11 Zn foil [EMIM]BF4 ionic 2 1 1500 75 19
liquid
. 1 m Zn(TFSI)2+20 m 24
12 Zn foil LITESI/H-0 0.2 0.035 500 150
Zn on
13 carbon 2 M ZnBr2+3 M KCI 40 20 290 ~55 25
felt
. 1 M ZnSOa4/H20+ AN - 14
14 Zn foil (15 vol %) 2 2 300 80
. 2 M ZnSO4/H0+ EG 20
15 Zn foil (50 vol %) 1 1 600 50
16  zn foil Water-in-deep 0.1 0074 1622 100 21
eutectic solvent
17 znfoil  SMZNOTN+ELO 4, 0.2 125 30 2

(2 vol %)




Table S3. The fabrication cost of the chitosan-Zn electrolyte.

' Costa Costa
_ Price Mass Cost (USD/kg
Chemicals (USD/kg (USD/m?
(USD/kg) @ (kg) electrolyte)
electrolyte)® electrolyte)

Chitosan 59 6 0.354

NaOH 0.33 100 0.033 46.55 4.19

ZnS0s4 0.4 80 0.032

a Prices are sourced from Alibaba.

b Chitosan-Zn electrolyte with a dry mass of 90 g and a size of 1 m? was produced from

60 g chitosan, 100 g NaOH, and 80 g ZnSOa.
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