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Schematic illustration of the main reactants and polymer chains with dynamic complementary crosslinks

B 1

Figure 1
of hydrogel. (a) The monomers and crosslinker used to prepare the copolymer hydrogel. (b) The schematic diagram of
polymer chain segments with dynamic complementary crosslinks. In water, covalent (red dots) and electrostatic

(blue shadow) crosslinking play a major role. When equilibrated in a salt solution, the electrostatic crosslinking
between polyzwitterions segments will be greatly impaired; meanwhile, under the influence of Hofmeister anions,
the hydrophobic association (yellow shadow) is gradually enhanced. (¢) The dynamic balance of complementary

crosslinks in water and salt solution can further lead to a constant swelling capacity and wettability of the hydrogel.

(Reprinted with permission from Ref. [10]; Copyright 2021 WILEY-VCH Verlag GmbH &. Co. KGaA)
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Figure 2 Conductive performance of CCH at (a) 10.0 °C and (b) —40.0 °C with a voltage of 5 V.
Response of the CCH strain sensor in monitoring finger bending and releasing at —24. 0 “C with
(¢) finger motions repeated at the same amplitude and (d) finger motions at the increasing amplitude.

(Reprinted with permission from Ref. [16]; Copyright 2019 American Chemical Society)
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Figure 3 The remold ability and self-healing capability of the anti-freezing conductive organohydrogels.
(a) The anti-freezing conductive organohydrogels fragments were fused at 80 “C and remolded.
(b) Photographs showing the remold ability of the organohydrogels. (c¢) Circuit comprising self-healing
anti-freezing conductive organohydrogels in series with an LED indicator.

(Reprinted with permission from Ref. [19]; Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA)

— T A MUK B I HL A 5 B HL, O/ & 2 BEAR D 23 1A o ) 2y s 7 AR T K BE IR AT i 2R )
PRS- SRS Y0P s A WL BB L e S L B R A AR LR (0. 5 X 2. 2 em® ) 4 A AY 21
[ 4 00 L 25 245 2R B0 R 1 AR 2 PR BB (FE — 40 "C IR FF 70. 6 26 19 HIL 25 FIIR IR N Hh 9 ST L /s
& PRIE PR AR SE P (—20 °C 5000 WFEHL /AL RE I 11, 700 LA ) o [a) I, o 20 v 25 o A 1 FE S 22 25 i
FAF P RIS WREAT . Su SR T — A B RIVE IR R LR B IR 2 R RUKE T S
HABMR R BRI T — 90 CHIARES . EAMUHA B UR HUEs i A0 -F 19 3 A5 . R A S R
FTRLAR (80026 LA LD FI—60~60 °C il BE VL A9 S PERE . LAh ZBEIC T LATE 1 min N A R A, IFAT
SR R A 22 R EAA L LA B L R AR RS HE98 E K T 18 kP,

Gao %5 3 2 K 5 F i SR T3l 51 A BIK BRI T R R T — FhBU VR 1 3 A LK BRI . B I AT
TE—20 “CHYMRIE T IREF 24 b oA VRES s G455 32 MR FAT 7 A 1 L B8 I RE /K 32 3 8000 U6 I I 35 A ik
RE R AP @A RCR B ATI5 96 00 fIE 5w B9 FURS ¥ RE 6 HE BE % 5% %% M 5 76 7F 2 MR b 9 40 BBk L 1 9
O o BRI AT LAAE A T LU AR e A L T 82 220 VR LR T S BB IR 5 B T N TS gl A i RN AE S
ki, Lo SR, SR H K O e v ) i 7 /K TR A R IR AR A e D R DR &2 1 e
WA ) Bl 0 K A T 07 iy DL ) 3 PR R TR RO BB . H KO R DL B BT R TR R (R I A &
BELAT = TR RS . MRS T i T 1% S Gl AR O BT SN R AR e IR T/ K R I A
MESE N L il T 2 I REK BRI . FHXT T 15 G2 (¥ /K BB L e ATF 52 ) 2 0 I/ KR 45 BE IR » HE I S K RE RS TE
JBE iR ) SV T B L K B I IO 4% 8 K 20 T AR IR 85 0K v TR 4 & L T AE SE TR Y Il (— 20~ 60 °C)H ER
RAGEAT T ORFFRE AL BT A PERE . X Bl K BE IR — R AR AT A B RHRE Al FH T FORS 229 1 22 A6 0 9 v
B ARIRBE A AR 5T R — Bl RORE TN T AR W R DR P BK SR 2 5 R R BB A S R4
He %5530 o H 807 -3 90 K A (TA-CN'T) 48 A B4 &5 /K- HH il 43 O B PV A S, o il i 5 K
BEIE(TCGP) . i ToKBEIE  H il 5 7Kk 70 1 Z 8] 1 Ui BHL AR T B I URES . TCGP K BE I % 2R AL S 19 i
VRANGRIEPERE 76 0 "C LAR (—30 °C) AT PR-FFH it S AR F0 T = MERE AR AE A7 10 KT UIREAR 5 700 RO BI 4R

10. 14028/j. enki. 1003-3726. 2022. 11. 001



i

2022 411 H

Electroluminescent panel

(6) -
—e—20°C —=—-20°C
80 —a 25°C 80 —e—25°C 801
o —a— 80°C —a— 80°C
/ ~ 604
g® f g g
£ 40 f«'f § %0 & 4o
20 204
0.5MLi,SO,
E o T T - 0-‘ v
6 12 18 24 30 0 20 40 60 80 100 0
Z'(Q) zZ'(Q
(D), (E) 10 (F) 24
LiMn,0, o0
2 Zn anode 2 = @ 80°C @ 25°C @ -20°C
. MnO, = 1204
: " = - 2 g S 1.8
g Zn-LMO battery 2 b
E £ 90500200000 3033330 oeqeenes &
= £ SAIAINI %
= < =
2 = 3 16
] q < 60 [ —-20°C
o . i 05mvs’ g bebs
- 0.5mVs 05mV s? E 304 Discharge capacity 1.4 == 0
& @ v v v v ! .
0.0 0.5 1.0 15 2.0 20 40 0 80 100 W o S S

Potential vs. Zn/Zn’" (V)

Cycle number

Specific capacity (mAh g'l)

-~ o b o .

TE 1 _-20:(: - 60:(.“ ;\? - 25°C goeg 25°C 30"§25 el &

biom-gel ; —25.C| =—)80"C :100 oo 909 999| =

g g + -.2 80 20°C 20°C

e e °oa 2020

2o @

3 i

£+ & »

g S

Cg 0

0.0 0.2 0.4 0.6 0 20 40 60 5 10 15 20
Voltage (V) Time (5) Cycle number

4 PR HEANUKEER N A T HE (A B EA Bl T — R RIPREF R . (B /R EA B BRI R
LB RO TRIAR A L L IR FE SR T L OB TR A LED fitd, (C)—20.,25 Fl 80 °C T A H B F B BM-gel
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Figure 4 Energy storage devices based on biomimetic organohydrogel (BM-gel) electrolyte. (A) Digital photographs
depicting two EA-batteries connected in series which lit up a high-power watch. (B) Demonstration of the EA-battery
tandem units to power an electroluminescent panel and mounted the demonstrator’s wrist, powering a digital watch and
a yellow LED. (C) AC impedance spectra of the BM-gel electrolyte containing different ions in the frequency ranging from
10 kHz to 0. 01 Hz tested at —20, 25, and 80 “C, respectively; (D) CV curves of Zn, LiMn, O, (LMO) electrodes with
organohydrogel electrolyte at 0. 3 A*g™'; (E) Cycling performance and (F) corresponding GCD curves of Zn-LMO
battery working at different temperatures (—20, 25 and 80 °C, respectively); (G) Schematic illustration of the
supercapacitor based on organohydrogel electrolyte; (H) CV curves of the supercapacitor at different temperatures at
100 mVes '; (I GCD curves at different temperatures at 1.0 mA+s '; (J) The continuous reversible
changes of the capacity retention at different temperatures. (Reprinted from Ref. [20]; Copyright 2019 John Wiley &.
Sons Australia. Ltd on behalf of The Hong Kong Polytechnic University. )
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Figure 5 Illustration of the fabrication of tough organohydrogels from tough hydrogels by in situ displacement with CPAs.
(Reprinted with permission from Ref. [317]; Copyright 2018 WILEY-VCH Verlag GmbH &. Co. KGaA)
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Figure 6 The antifreezing actuation properties of the PAAm/PAA bilayer organohydrogel. (a) The organohydrogel
could deform in basic condition at —10 ‘C, while the hydrogel was frozen. (b) Application demonstrations of the bilayer
gel through the imitation off lowers. Flower-shaped organohydrogels could produce reversible deformations under
acidic and basic conditions. (c¢) Programmable complex deformations achieved by patterning the design (—10 °C).
The twist of the gel could be tuned by the angle of the patterned pH-responsive PAA layer. (Reprinted with
permission from Ref. [34]; Copyright 2019 Yukun Jian et al. Exclusive Licensee Science and Technology
Review Publishing House. Distributed under a Creative Commons Attribution License (CCBY4.0).)
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Figure 7 Application of organohydrogel fibers in biomedical field. (a) Schematic of the potential application of
organohydrogel fibers in photogenetics and electrocardiogram (ECG). (b) Human ECG collected using
organohydrogel fiber electrodes. (¢) Photograph of red laser light going through and coming out from
straight and curved organohydrogel fibers. (Reprinted with permission from Ref. [35]; Copyright 2020

WILEY-VCH Verlag GmbH & Co. KGaA)
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Figure 8 Practical applications of the thermistors. (a) Dynamic responses of hydrogel and Gly-organohydrogel to
hot flow with different temperatures generated from the hair dryer. (b) Real-time responses of hydrogel and
Gly-organohydrogel to the filling of cold water (8.2 °C) in the cup and subsequent removal of water.

The thermistors were tagged on the curved wall of cup. (¢) Dynamic responses of Gly-organohydrogel to the
approach and touch with the cup filled with icy water. (d) Real-time responses of hydrogel and Gly-organohydrogel to
the approach of a finger. (e, f) Dynamic and quantitative responses of Gly-organohydrogel to 102 “C for repeated

six cycles. (Reprinted with permission from Ref. [37]; Copyright 2020 American Chemical Society)
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(Reprinted with permission from Ref. [45]; Copyright 2018 American Chemical Society)
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Figure 10

(a-}) Electrochemical properties and performance of flexible ZABs; (k-n) photos of a timer powered by

the one flexible battery upon different deformation conditions at —20 ‘C; (o) photo of a LED panel powered by three

flexible batteries connected in series at —20 ‘C. (Reprinted with permission from Ref. [46]; Copyright 2020
WILEY-VCH Verlag GmbH &. Co. KGaA)

10. 14028/j. enki. 1003-3726. 2022. 11. 001



%11 [ 2 S S i {1 <13 -

12 36 BF 7 0E Y i 5 1) A0 P 2 2 0 1 K B M B R PR RE R OC B T 2R L AT I T — i B R R S
IO Y e e L R P T 2R PR TR (AP AA) ZR BE AR DAy 22 M v A8 5T o ol e ) 8 1) 2R P -8 RO T (ZAB)
(I D R E N 160 mWeem L AN 745 mA«heg ' (REREE N 915 Weheke ') IEIRECR N
64. 6% . £ 600 ZRAGIA A AT B Ao e M DLCTE 30RF HA 0 B ) AR B0 0 L M AR B £ T DA A
WK ZABs, MR TSR] —20 CHy, X W E IR T APERE . ZAB 98 AL IRIFTE 92. 720 DL b R it %
TREFAE 87. 220 LA L, [ I BLA H 6 1 05 M Ak 2 g 1 (7 10D

5 K&

TF 5 1 2 B0 R 7K BE ISR L 0 T K BRI ) B 358 385 FH 0 1L o 0 7k 38 fie oA ke o T & e 7 SO R . 7R3
ZER R AT T DL A A DR K B A R A SR . Ol T AT B K B BT R P RE L B S N BTE  )
KR I R IR 28 A AL B 1 T A B AR 4 ok S B K 43 1 R B A O 2 ok S K B M E AR TR AR
NRIHTIRTE . Horh o] KR A SN 2 w5 A T SR L T A K BEE A R B S L. B
TR B JBEAE S AR SR ARAT T B R S M, AT T — S A 5 B AL AT R I T I AR 22 55 5 HE — 2B F 58 0 e
JIR P TR AL, 51 5 ok 7 7K B S R TR A BT ) AEL ik BBV R A B P AR R A — SE R B AIR T K BEIRE 1Y
AP AR A AT REAT A0 R L RO AT O FR G 3 17 2K B F) B 5 AR L AT K 3 A AR K Y B

5% Lk

[1] LiY. Huang G. Zhang X, Li B, Chen Y, Lu T. Lu T J, Xu F. Adv Funct Mater, 2013, 23: 660~672.

[ 2] Geanin J, Synatschke C V, Weil T. Adv Funct Mater, 2020, 30: 1906253.

[3] Tondera C, Akbar T F, Thomas A K, Lin W, Werner C, Busskamp V, Zhang Y, Minev I R. Small, 2019, 15: 1901406.

[4] Alcantara M T S, Lincopan N, Santos P M, Ramirez P A, Brant J C, Riella H G, Lugao A B. Radiat Phys Chem, 2020,
169: 108777.

[5] Fan X, Wang T, Miao W. ] Polym Res, 2018, 25: 215.

[ 6] Banerjee S L, Bhattacharya K, Samanta S, Singha N K. ACS Appl Mater Interfaces, 2018, 10 (32): 27391~27406.

[7] Chen]J, Peng Q. Thundat T, Zeng H. Chem Mater, 2019, 31 (12). 4553~4563.

[ 8] Morelle X P, Illeperuma W R, Tian K, Bai R, Suo Z, Vlassak ] J. Adv Mater, 2018, 30 (35): 1801541,

[ 9] Zhang X F, Ma X, Hou T. Guo K, Yin J, Wang Z. Shu L., He M. Yao J. Angew Chem Int Ed., 2019. 58 (22): 7366~7370.

[10] Gao H, Mao J, Cai Y, Li S, Fu Y, Liu X, Liang H, Zhao T, Liu M, Jiang .. Adv Funct Mater, 2021, 31 (4): 2007664,

[11] Zhang J, Zeng L. Qiao Z, Wang J. Jiang X. Zhang Y S, Yang H. ACS Appl Mater Interfaces, 2020, 12 (27): 30247~30258.

[12] Liu H, Wang X, Cao Y, Yang Y, Yang Y, Gao Y, Ma Z, Wang ], Wang W, Wu D. ACS Appl Mater Interfaces, 2020, 12(22) ;
25334~25344.

[13] Li S, Pan H, Wang Y, SunJ, J] Mater Chem A, 2020, 8 (7): 3667~3675.

[14] Zhu M. Wang X, Tang H. Wang J. Hao Q, Liu L, Li Y. Zhang K, Schmidt O G. Adv Funct Mater, 2020, 30(6). 1907218.

[15] Bao D, Wen Z, ShiJ, Xie L, Jiang H, Jiang J, Yang Y, Liao W, Sun X. ] Mater Chem A, 2020, 8 (27) . 13787~13794.

[16] Wang Y. Zhang L. Lu A. ACS Appl Mater Interfaces, 2019, 11(44);: 41710~41716.

[17] Sui X, Guo H, Chen P, Zhu Y, Wen C, Gao Y, Yang J, Zhang X, Zhang L. Adv Funct Mater, 2019, 30 (7): 1907986.

[18] LiuZ, Wang Y, Ren Y. Jin G, Zhang C, Chen W, Yan F. Mater Horiz, 2020, 7 (3): 919~927.

[19] Rong Q. Lei W, Chen L, Yin Y, Zhou J, Liu M. Angew Chem Int Ed., 2017, 56 (45): 14159~14163.

[20] Mo F, Liang G, Wang D, Tang Z, Li H, Zhi C. EcoMat, 2019, 1 (1): e 12008.

[21] Shang Y, Wei J, Wu C, Wang Q. ACS Appl Mater Interfaces, 2018, 10(49): 42959~42966.

[22] Rong Q, Lei W, Huang J, Liu M. Adv Energy Mater, 2018, 8 (31): 1801967.

[23] Su X, Wang H, Tian Z, Duan X, Chai Z, Feng Y, Wang Y, Fan Y. Huang J. ACS Appl Mater Interfaces, 2020, 12 (26): 29757
~29766.

[24] Yang Y. Guan L, Li X, Gao Z. Ren X, Gao G. ACS Appl Mater Interfaces, 2019, 11 (3). 3428~3437.

[25] Han L, Liu K, Wang M, Wang K, Fang L, Chen H, Zhou J. Lu X. Adv Funct Mater, 2018, 28 (3): 1704195.

[26] HeP, WuJ, Pan X, Chen L, Liu K, Gao H, Wu H, Cao S, Huang L, Ni Y. ] Mater Chem A, 2020, 8 (6): 3109~3118.

10. 14028/j. enki. 1003-3726. 2022. 11. 001



< 14 - = Vi ¥ i i 20224 11 H

[27] Yang T, Wang M, Jia F, Ren X, Gao G. ] Mater Chem C, 2020, 8 (7). 2326~2335.

[28] Lu C, Chen X. Nano Lett, 2020, 20 (3): 1907~1914.

[29] Ye Y, Zhang Y. Chen Y, Han X, Jiang F. Adv Funct Mater, 2020, 30 (35): 2003430.

[30] Zhao X, Chen F, Li Y, Lu H, Zhang N, Ma M. Nat Commun, 2018, 9: 3579.

[31] Chen F, Zhou D, Wang J, Li T, Zhou X, Gan T, Handschuh-Wang S, Zhou X. Angew Chem Int Ed, 2018, 57 (22). 6568
~6571.

[32] Qin Z, Dong D, Yao M, Yu Q. Sun X, Guo Q. Zhang H, Yao F, Li J. ACS Appl Mater Interfaces, 2019, 11 (23). 21184
~21193.

[33] Gao H, Zhao Z, Cai Y, Zhou J, Hua W, Chen L, Wang L. Zhang J, Han D, Liu M, Jiang L. Nat Commun, 2017, 8: 15911.

[34] Jian Y, Wu B, Le X, Liang Y, Zhang Y, Zhang D, Zhang L., Lu W, Zhang J, Chen T. Research, 2019, 12 2384347,

[35] SongJ, ChenS, Sun L, Guo Y, Zhang L, Wang S, Xuan H, Guan Q, You Z. Adv Mater, 2020, 32 (8): 1906994.

[36] YuQ. QinZ, Ji F Chen S, Luo S, Yao M, Wu X, Liu W, Sun X, Zhang H, Zhao Y, Yao F, Li J. Chem Eng J, 2021,
404 : 126559.

[37] Wu]J, WuZ, Wei Y, Ding H, Huang W, Gui X, Shi W, Shen Y, Tao K, Xie Y. ACS Appl Mater Interfaces, 2020, 12 (16):
19069~19079.

[38] Liao H, Guo X, Wan P, Yu G. Adv Funct Mater, 2019, 29 (39): 1904507.

[39] Qin Z, Sun X, Zhang H. Yu Q, Wang X, He S, Yao F, LiJ. J Mater Chem A, 2020, 8(8): 4447~4456.

[40] Lou D, Wang C, He Z, Sun X, Luo J, Li J. Chem Commun, 2019, 55 (58);: 8422~8425.

[41] Ju M, Wu B, Sun S, Wu P. Adv Funct Mater, 2020, 30 (14): 1910387.

[42] Mo F, Liang G, Meng Q, Liu Z, Li H, Fan J, Zhi C. Energy Environ Sci, 2019, 12 (2): 706~715.

[43] Xu], Jing R, Ren X, Gao G. ] Mater Chem A, 2020, 8 (18): 9373~9381.

[44] Guan L, Yan S, Liu X, Li X, Gao G. ] Mater Chem B, 2019, 7 (34): 5230~5236.

[45] Guo Q, He Z, Jin Y, Zhang S, Wu S, Bai G, Xue H, Liu Z, Jin S, Zhao L. Langmuir, 2018,34: 11986~11991.

[46] PeiZ, Yuan Z, Wang C, Zhao S. Fei J, Wei L., Chen J, Wang C, Qi R, Liu Z, Chen Y. Angew Chem Int Ed., 2020, 59 (12).
4793~4799.

Research Progress of Anti-freezing Hydrogels

MAO Jia-le' , KONG De-giang”s ZHANG Yu-feng®, GAO Hai-nan'" , LI Shu-hong'"
(1. Department of Chemistry , Beijing Technology and Business University, Beijing 100048,China ;
2. Zibo Linzi Qiquan Industry Trade Co. Ltd s Zibo 255400,China)

Abstract: Hydrogels possess great application potential in the fields of flexible electrodes and batteries, flexible sensors
and soft robots. Usually, hydrogels freeze and become rigid. brittle, and non-conductive when the temperature decreases
below the freezing point of water, severely limiting their use in this temperature range. To solve the weakening and failure
of hydrogel at low temperature, the researchers designed and prepared a series of anti-freezing hydrogel materials through
various methods. Ionic compounds and organic anti-freezing solvents play important roles in anti-freezing hydrogels
system, ionic compounds could lower the freezing point of hydrogels and also provide the conductive capacity of hydrogels.
A high concentration of solutes (e. g. . ethylene glycol, glycerol) is introduced into hydrogels to depress the water freezing
pointsand the combination of ionic compounds and organic anti-freezing solvents is applied to produce anti-freezing hydrogel
materials. The mechanical flexibility, conductivity of the prepared hydrogels at subzero temperature were studied and
measured. The response function at subzero temperature of the resulting hydrogel-based flexible electronics, such as a
capacitive sensor, a resistive sensor and an actuator, were explored and developed. Recent progress made in preparation,
properties and applications of anti-freezing hydrogels is reviewed, the prepared method which includes various anti-freezing
solvent media systems was discussed, and the challenges in anti-freezing hydrogels such as biocompatibility, toxicity of
anti-freezing solvents will be expected to be met and resolved.
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