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1. Experimental

Materials: Poly(vinyl alcohol) (PVA, n=approx. 1700 degree of saponification 97.0 to
100.0 mol % TCI), KOH (AR Sinopharm Chemical Reagent), carboxymethyl cellulose
sodium (CMC, 800 ~ 1200Pa-s Sinopharm Chemical Reagent), Activated carbon (AC,
XFNANO), polytetrafluoroethylene (PTFE, D210C DAIKIN ). A-Carrageenan (LC,
Aladdin). ethylene glycol (EG, Sinopharm Chemical Reagent).

Preparation of the hydrogel electrolyte: Typically, certain quality of CMC was
dissolving into the mixed solvent EG/H,0 (v/v=2:1) to get CMC solution. Then, 0.75
g PVA and 0.15 g LC were added to the above solution in sequence with continuous
stirring at room temperature for 1 h and heated to 90 °C to get a clear viscous solution.
Pouring the solution into the PTFE mold and freeze it at -20 °C for 24 h to get the
original PVA-CMC-LC organo-hydrogel. By varying the CMC contents, three different
PVA-CMC,-LC, organo-hydrogels were obtained (x refers to the weight of CMC: 0.1,

0.15, 0.2). After thawing it at room temperature for 4 h, the products were soaked into
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6 M KOH solution for 12 h to balance charge and generate ionic conductive organo-
hydrogels. For comparison, the corresponding hydrogels are prepared with the similar
processdure without the addition of EG.

Assemble of symmetric SCs device: The symmetric SCs device was assembled with AC
as the electrode material and the organo-hydrogel and hydrogel as the electrolyte. The
active carbon electrode was prepared by mixing the PTFE aqueous solution (10wt%),
the acetylene black (10wt%) and the activated carbon (80wt%) in the NMP and
ultrasound for 30 min to form a homogeneous suspension. The suspension was dried in
a 120°C vacuum oven for 12 h to remove the solvent. Finally, the dried slurry was
pressed on NF to obtain an AC electrode. Then sandwich the prepared gel electrolyte
between the two AC electrodes to get the symmetric SC device.

Material characterization: The morphology of PVA-CMC-LC organo-hydrogel was
analyzed by Scanning Electronic Microscope (JEOL, JSM-7900F). The tensile and
compressive properties of the gels were tested on a universal tensile testing machine
(Zwick Roell, Z005). Tensile tests are conducted on a rectangular shape at 20 mm min!,
and the compressive tests are carried out on cylindrical shapes with 1 cm in diameter
and 3 cm in height at the compressive rate of 5 mm min'!. The characterization of
functional groups of the gels tested by fourier transform infrared spectroscopy (FT-IR,
Thermo Scientific Nicolet IS10). The thermogravimetric analysis (TGA) curves were
performed using a thermal analyzer (NETZSCH, STA 449 F5).

Characterizations of the organo-hydrogel electrolyte: All the electrochemical tests
including cyclic voltammetry (CV), galvanostatic charging-discharging (GCD),
electrochemical impedance spectroscopy (EIS), and ionic conductivity (c) were carried
out in the two-electrode system on CHI760E (Shanghai, China) and LANDIAN
(Wuhan, China). Then the specific capacitance (C and Cs, F g!), energy density (E, Wh
kg and power density (P, W kg!) were calculated by the following equations:

C=(IxAt)/AV (1)
Cs=4xC 2)
E=(CxAV?2)/7.2 (3)

P=(3600%E)/At 4)



The ionic conductivity (o, S m’') of the organo-hydrogels was calculated by the
following equation, where L, A represent the thickness and the contact area of the gel,
R is the impendence value from EIS. In this work, the thickness is 0.2 cm and the

contact area is 2 cm™.

6=(dx100)/(AxR) (5)
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Figure S1. FT-IR spectra of the PVA, LC, CMC, and PVA-CMC-LC.
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Figure S2. Tensile stress-strain curves of PVA-CMC, ;5-LC, (y changes from 0 to 0.2)

organo-hydrogels.
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Figure S3. Tensile stress-strain curve of PVA-CMC,-LCy ;5 (x changes from 0 to 0.2)

organo-hydrogel before soaking KOH .
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Figure S4. Tensile stress-strain curve of PVA-CMC,-LCy 15 (x changes from 0 to 0.2)

organo-hydrogel after soaking KOH.
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Figure S5. Compressive stress-strain curve of PVA-CMC,-LCy ;5 (x changes from 0 to

0.2) organo-hydrogel after soaking KOH.
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Figure S6. Compressive stress-strain curve of PVA-CMC,-LCy ;5 (x changes from 0 to

0.2) organo-hydrogel before soaking KOH.



Table S1. The comparison in mechanical performance of PVA-CMC-LC organo-

hydrogel and other previous reports.

Electrolytes Stretch Compression Ref

Strain (%) Stress (MPa)  Strain (%)  Stress (MPa)

This
PVA-CMC-LC 562 0.1 80 04
work
PVA/CH;COONa/
200 0.29 1
glycerol
KCIl-Fe*'/PAA 700 04 4
PZHE 500 0.1 75 0.7 17
AF PVA-
423.1 0.51 75 0.2 18
CMC/ZH(CF3SO3)2
PAM-co-PAA/k-
626 0.042 60 0.15 19
CG/ZnS0O,
PAM/SA 2400 0.5 90 0.95 20
poly(HFBAg-co-
305 0.028 21
HEMA))
CG/PAAmM-7LI/K 567.7 0.24 22
PMEL 1050 0.07 23

PVA/PAS-ILs 300 1.9 24




immersing in KOH solution

DFT calculations

Figure S7. SEM images of PVA-CMC-LC organo-hydrogel before and after

Calculations were performed under B3LYP density functional and 6-31G(d) basis set

with empirical correlation (using keyword “em=GD3BJ”) in Gaussian 09. All the

structures were optimized and certified without imaginary frequencies. In demand of

considering basis set superposition error (BSSE, using key word “counterpoise=2"")

towards complex interaction. The corrected complexation energy was detailed in Table

S2 and S3.

Table S2. Calculation of interaction energy of various components with EG molecules.

Model Eiy (kcalmol-  E(A--B)* E(A)+E(B)* BSSE*
D

PVA-EG -7.58 -732.2711 -732.2590  0.0105

CMC-EG -40.31 -1599.1400 -1599.0758 0.0174

LC-EG -28.01 -3397.8428 -3397.7982  0.0093

*Energy values given as Hartree.



Table S3. Calculation of interaction energy of

various components with water

molecules
Model Eint(kcalmol-  E(A--B)* E(A)+E(B)* BSSE*
D)
H,0-H,0 -3.54 -152.8232 -152.8175  0.0029
EG-H,0 -5.02 -306.6527 -306.6447  0.0057
PVA-H,0 -4.27 -578.4350 -578.4282  0.0070
CMC- -25.62 -1445.2952  -1445.2544 0.0118
H,0
LC-H,0 -12.99 -3243.9787 -3243.9580 0.0063
*Energy values given as Hartree.
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Figure S8. The Nyquist plots of PVA-CMC, ;5-LC, (y changes from 0 to 0.2) organo-

hydrogel.
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Figure S9. The Nyquist plots of PVA-CMC,-LCy ;5 (x changes from 0 to 0.2) organo-

hydrogel.

Table S4. The comparison in ionic conductivity of PVA-CMC-LC organo-hydrogel

and other previous reports.

Electrolytes Tonic conductivity (S m™) References

PVA-CMC-LC 8.3 This work
PVA/CH;COONa/glycerol 8.127 1
PVA/Agar-EMIMBF,-Li,SO4 4.36 2
AG/PAAmM/LiCl 1.3+0.8 3
KCI-Fe’*/PAA 0.09 4
HA-GPE 3.11 5
SPI-PAAm 1.634 6
Al-alginate/PAAmM 3 7
PAD/H,SO, 5.7 8

OHEC 2.29 9




304

-Z"(ohm)
S

10+

0 v T v T v T
0 10 20 30

Z(ohm)

Figure S10. The Nyquist plots of the PVA-CMC-LC organo-hydrogel immersing in

KOH solution with EG and H,O mixed solvent.
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Figure S11. The CV and GCD curves of the SCs devices based on PVA-CMC-LC

organo-hydrogel immersing in KOH solution with EG and H,O mixed solvent.



Table S5. Quality change of the PVA-CMC,-LC, ;5 organo-hydrogel with different
CMC contents before and after soaking in 6 M KOH

CMC content Original Weight after Percentage
) weight (g) soaking (g)
0 0.3826 0.293 76.6%
0.10 0.3732 0.3798 101.8%
0.15 0.3029 0.3719 122.8%
0.20 0.3033 0.3607 118.9%
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Figure S12. The Nyquist plots of PVA-CMC-LC organo-hydrogel at a wide

temperature range from -40 to 60 °C.
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Figure S13. The stability of the organo-hydrogel at -25 and 60 °C. (a,b) the Nyquist

plots and (c)the change in ionic conductivities.
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Figure S14. The XRD and SEM of AC (active carbon).
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Figure S15. The CV curves of the SCs devices based on PVA-CMC-LC organo-

hydrogel with different cut-off potential range from 0.8-1.6 V at room temperature.
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Figure S16. The CV, GCD, and capacitance curves of the SCs devices based on PVA-
CMC-LC organo-hydrogel with different cut-off potential range at -40 °C (a,b,e) and



60 °C (c,d,f), respectively.
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Figure S17. The CV curves of the devices based on PVA-CMC,-LC ;s organo-
hydrogel with different CMC contents.

Figure S18. (a) The GCD curves and (b) the rate capability of the SCs device based on
PVA-CMC,-LC, ;5 organo-hydrogel with different CMC contents.
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Figure S19. (a) The rate capability of the SCs device based on PVA-CMC, ;5-LC,

organo-hydrogel with different LC contents.
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Figure S20. The CV curves of the device based on PVA, PVA-LC and PVA-CMC-LC

]
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o

organo-hydrogel.
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Figure S21. The GCD curves of the device based on PVA, PVA-LC and PVA-CMC-

LC organo-hydrogel.
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Figure S22. The rate capability of PVA, PVA-LC, PVA-CMC-LC organo-hydrogel

SCs devices.



—08Ag"'
1.54 J
=104
©
3
S
£ 05-
o
0.0
0 120 240 360
Time (s)

Figure S23. The GCD curves of PVA-CMC-LC organo-hydrogel SCs devices at

various current densities.

Table S6. Comparison in cycle stability of the SCs devices based on PVA-CMC-LC

organo-hydrogel and other previous reports.

Electrolytes Cycle number  Retention rate References
PVA-CMC-LC 10K 75% This work
PVA-KOHeK;[Fe (CN)g] IK 89.3% 10
PEDOT: PSS 6.3 wt% 5K 70% 11
Azo-PAM/a-CDP/LiCl 10K 68% 12
PVA-AA-S 5K 80% 13
PVA-H,SO,~ARS 1K 78% 14
PIL/IL-GPE 5K 70% 15
PPDE-LiCI-EV 2K 66% 16

PAM/SA 5K 78% 17
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Figure S24. The CV curves of PVA-CMC-LC organo-hydrogel SCs devices at

different temperatures from -40 to 60 °C.
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Figure S25. The CV curves of PVA-CMC-LC hydrogel SCs device at a wide

temperature range from -25 to 60 °C.
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Figure S26. GCD curves of PVA-CMC-LC hydrogel at a wide temperature range from
-25 to 60 °C.
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Figure S27. The CV curves of the soft device under different bending angles.
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Figure S28. The CV curves of the soft device under different heavy loads.
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