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Experimental Section
Synthesis of PAZ-S and SA gel electrolytes

Sodium alginate (SA, Rhawn, >90% purity, 0.25g) was uniformly dispersed in 10
mL of deionized water. Acrylic acid (AA, Sinopharm Group, AR grade) was introduced
at a volumetric ratio of V(H,0):V(AA) =10:3.6. Zinc polyacrylate (PAZ) precursor
solution was obtained by dissolving 2.35 g ZnO powder (Aladdin, 99.8%) into the AA
solution under continuous stirring for 4 h. The resultant suspension was centrifuged,
and the supernatant was collected. Subsequently, 15 mg N-N 'methylene bisacrylamide
(MBAA, Aladdin, 99%) and 110 mg ammonium persulfate (APS, Aladdin, 98%) were
added as crosslinker and initiator, respectively, followed by 1h ultrasonication.

The SA dispersion was cast into a mold and immersed in PAZ precursor for 24 h.
Hydrogel formation was achieved through thermal polymerization at 80 °C for 10 min.
The obtained PAZ-S composite hydrogel was then equilibrated in 2 mol L' ZnSO, and
0.2 mol L' MnSOj, electrolyte solution with electrolyte renewal every 8 h.

SA hydrogel was poured into the mold and soaked in 2 mol L' ZnSO, and 0.2 mol
L' MnSOj electrolyte solution with electrolyte renewal every 8 h.

Synthesis of MnO, cathode

A homogeneous solution containing 405.648 mg MnSO,4-H,0O in 20 mL deionized
water was mixed with 948.18 mg KMnO, dissolved in 40 mL deionized water. The
mixture was hydrothermally treated in a 100 mL Teflon-lined autoclave at 160°C for
12 h. The resultant precipitate was collected via centrifugation, sequentially washed
with DIW and ethanol (3 cycles each), and vacuum-dried at 60°C for 12 h.

Material Characterization.

Crystalline structures were analyzed by X-ray diffraction (XRD, PANalytical
X’Pert PRO, Cu Ka A=0.1541 nm). Morphological features were examined using field-
emission SEM (FESEM, Hitachi SU-8010) and transmission electron microscopy
(TEM, Philips-FEI Tecnai G2 F30 S-Twin) with energy-dispersive X-ray spectroscopy
(EDS). Chemical states were probed via X-ray photoelectron spectroscopy (XPS,
Shimadzu Kratos Axis Ultra-DLD). Functional groups were identified by Fourier-

transform infrared spectroscopy (FT-IR, Nicolet 6700, Thermo Fisher). Surface



topography was mapped using 3D laser scanning microscopy (LSM700, Zeiss).

Thermogravimetry analysis (TGA) was carried out on a HITACHI STA300
analyzer in 30-800°C in a dynamic N, atmosphere with a heating rate of 10°C/min.
Electrochemical Measurements

CR2032 coin cells were assembled in ambient conditions. Cyclic voltammetry
(CV, 0.8-1.85 V vs. Zn/Zn**) and electrochemical impedance spectroscopy (EIS, 100
kHz—-0.01 Hz) were conducted on a CHI760E workstation. Symmetric Zn//Zn and full-
cell cycling tests were performed using a Neware BTS-4000 system.

Cathodes were prepared by homogenizing MnO,, acetylene black (ECP), and
polyvinylidene fluoride (PVDF) binder in N-methyl-2-pyrrolidone (NMP) at an 8:1:1
mass ratio.

Ionic conductivity (o) was determined by AC impedance using stainless steel
blocking electrodes (area = 1.766 cm?), calculated as ¢ = L/(RxS), where L (cm), R
(Q), and S (cm?) represent electrolyte thickness, bulk resistance, and electrode area,
respectively. Zinc-ion transference number (tz,,+) of the PAZ-S was measured by the
potentiostatic polarization method and calculated by the following Bruce-Vincent

equation:
Is (AV -1y Ry)
2t T (AV -1 Ry)
n o (AV-I¢Ry)

where I and Is represent the currents at the initial and steady states, respectively.
Ry and Rs represent the interfacial resistances before and after polarization,
respectively. The results were obtained by performing electrochemical impedance
spectroscopy (EIS) before and after chronoamperometry measurements. The frequency
of EIS ranged from 100000 to 0.1 Hz with a voltage of 10 mV. The current—time profile
was obtained by applying a voltage of 10 mV for 1 h.
Pouch cell assembly

Pouch cells were constructed in a Zn//MnO, sandwich configuration. Zinc foil
(anode) and MnO, cathode (active mass loading ~1.4 mg cm2, geometric area = 3.5 X
3.5 cm?) were laminated onto opposing sides of the PAZ-S hydrogel electrolyte under

controlled pressure.
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Figure S1. The water retention capabilities of SA and PAZ-S hydrogels.
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Figure S2. Comparison of tensile strength of PAZ-S hydrogel with other reports.
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Figure S3. AC impedance of the SA and PAZ-S gel electrolytes.
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Figure S4. XRD patterns comparison of Zn anodes.
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Figure S5. Voltage profiles of the (a) PAZ-S electrolyte and (b) SA electrolyte at 1 mA

cm? with the capacity limited to 1 mA h cm™.

Voltage(V)
- o o o
o N B

S
[N}

5.00 mA cm™
1.25 mAh cm™

o
'Y

0 100 200 300 400
Time(h)

Figure S6. Zn stripping/plating performances of Zn/PAZ-S/Zn and Zn/SA/Zn

symmetric batteries under 5 mA cm?/1.25 mA h cm™.
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Figure S7. (a) XRD and (b) SEM images of MnO,.

As shown in Figure S7a, the XRD pattern of the synthesized MnO, matches the
standard diffraction peaks of a-MnO, (PDF#44-0141), confirming the successful
synthesis of a-MnQO,. SEM images in Figure S7b further reveal that the synthesized

MnQO, exhibits a nanorod-like structure.
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Figure S8. CV curves of Zn/PAZ-S/MnO; cell.
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Figure S9. GCD curves at current densities ranging from 0.2 to 2 A g-! of Zn/PAZ-
S/MnO, cell.
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Figure S10. Rate performance of Zn/PAZ-S/MnO, cell and Zn/SA/MnO; cell.
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Figure S11. Cycling stability at a current density of 0.5 A g'! of Zn/PAZ-S/MnO,

cell.

Figure S12. Post-cycling cathode morphology in (a) the PAZ-S system and (b) the SA
system after 50 cycles.
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Figure S13. TEM images and the corresponding EDX mappings of MnO, cathodes
with (a) PAZ-S and (b) SA hydrogel electrolyte after 50 cycles at 0.5 A g-!.
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Figure S14. High-resolution TEM analysis of MnO, cathode with PAZ-S
hydrogel electrolyte after 50 cycles at 0.5 A g!.
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Figure S15. Capacity contribution of Zn//CC cell cycled with PAZ-S and SA hydrogel

electrolytes.
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Figure S16. (a) TEM and (b) HRTEM image of PAZ-S deposited material on carbon
cloth after 10 cycles of Zn/PAZ-S/CC cell.
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Figure S17. XPS results of carbon cloth after 10 cycles of Zn/SA/CC cell.
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Figure S18. XPS results of carbon cloth after 10 cycles of Zn/PAZ-S/CC cell.
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Figure S19. XPS analysis: Mn 2p spectra and high-resolution Mn 2p spectrum after 10
cycles with PAZ-S.
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Figure S20. Cycling stability of the soft pack cell at a current density of 0.2 A g!.
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Figure S21. Safety validation under (a) original and mechanical abuse: (b)

impact, (c) piercing and (d) cutting.

Figure S22. Functional tests showing the LED operation with bending at angles
of (a) 0°, (b) 120° and (c) 180°.
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Figure S23. Cycling performance of the flexible device assembled with PAZ-S
hydrogel electrolyte under different bending angles.

Figure S24. Functional tests showing smartwatch powering capability.



Table S1. Comparison of tensile strength of PAZ-S hydrogel with other reports.

Tensile strength

Reference (kPa) Hydrogel electrolyte
1 115.3 PVA—COOH/Zn(NOs),/MnSO,
2 151 PDMAAmM/Zn(CF;S03),
3 205 PANa-Fe’*
4 270 PVA/DMSO/QD
CThiswerk 30 sA
5 380 DPR-PAA
6 802 PVA-D-SE
7 1420 CMC/SA-Zn**
8 1600 MX/P(AM-AA)
9 1720 PVA/PEG-SiO,

This work 3041 PAZ-S




Table S2 Comparison of ionic conductivity of PAZ-S hydrogel with other reports

listed in Figure 2g.
Reference  Ionic conductivity (mS cm!) Gel electrolyte
7 2.08 CMC/SA-Zn*
10 5.51 CS-PASP-ZnSO,
11 9.52 CA
12 10.7 GG
13 10.98 PAM+45%trehalose
14 11 Gum Arabic
15 11 HCCE
16 12.3 CAG
17 133 CNF/PAM
18 133 PAM-DMSO-CNF
19 14 PVA-SA-acetate
20 14.6 Xanthan Gum
21 15.6 PAMPSZn
22 17.4 C-PVA/PAN
23 17.6 GE-g-PAM
24 18.86 PSX
25 19.834 PAM+5%DMC '8
26 20.7 MMT-PAM "
CThiswork 2075 SA
27 22.02 PAM/MWCNT
This work 24.01 PAZ-S
28 25.37 GG/SA/EG
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