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Table 1 Electrochemical and mechanical properties of electrically conductive hydrogels for flexible supercapacitors.

. Capacity Energy  Tensile
. . Hydrogel network or Specific . )
Active material . . retention density  strength Ref.
synthesis method capacity (F/g)
(cycle number) (Wh/kg) (MPa)
PANI PVA 928 (0.5 A/g) 90% (1000) 13.6 5.3 [72]
PANI Phytic acid 480 (0.2 A/g) 83% (10000) [87]
Conducting PPy Phytic acid 380 (0.1 A/g) 93% (2000) [69]
polymer PANI PAM 315(2A/g) 92% (35000) [88]
488 mF/cm?
PANI H,SO,-PVA 02 A/g) 93% (7000) 42 035  [73]
2 A/g
Graphene Hydrothermal 175 (1 A/g) 23.2 045  [89]
Graphene H,SO,-PVA 186 (1 A/g) 91.6% (10000) 0.61 [77]
Graphene Graphene Hydroquinone 441 (1 A/g) 87% (10000) [76]
GO Ethylene diamine 232 (1 Alg) 96% (100) 103 [90]
N-graphene Hydrothermal 113.8 (185 A/g)  95.2% (4000) 205.0 [78]
Graphene/Ni  Ni(NO;),/CONH,),/NH,F 782 (0.2 A/g) 90% (10000) [77]
Poly(4-styrene sulfonic

PPy/graphene acid sodium) 640.8 (1 A/g) 90% (2000) 355 [83]
Graphene/CNF Sodium ascorbate 150 (1 A/g) 97.8% (2000) [75]
RuO,/rGO Hydrothermal 345 (1 Alg) 100% (2000) [81]
Graphene TiO,/graphene Hydrothermal 206.7 (0.5 A/g)  96.4% (2000) [91]
composites GO/V,05 Hydrothermal 320 (1 A/g) 70% (1000) [82]
MnO,/graphene PDMDAAC 445.7 (0.5A/g)  82.4% (5000) 32 [84]

PEDOT/ Poly(4-styrene-
T 342 (0.5 A/g) 70% (1000) 34.63 [85]

graphene sulfonic acid)

CNT/PANI PVA 315 (0.5 A/g) 92% (1500 [86]
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Fig. 1 SEM images of (a) cross section and (b) surface of the freeze-dried PANI hydrogel film. (c) GCD curves at 0.05 mA/cm?
and (d) CV curves at 50 mV/s for PANI supercapacitors. (¢) GCD curves of PANI supercapacitor at various charging/

discharging current densities from 0.05 mA/cm? to 0.5 mA/cm?. (f) CV curves of PANI supercapacitor at various scan rates

from 10 mV/s to 300 mV/s. (g) EIS curves PANI supercapacitors. (h) Specific capacitances of PANI supercapacitors at

different current densities. (i) Self-healing process of the PANI film (Reprinted with permission from Ref.[93]; Copyright

(2020) American Chemical Society).
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Fig. 2 (a) Schematic of the formation of an integrated supercapacitor based on single PPy/B-PVA/KCI film. (b) GCD curves

of the supercapacitors based on various PPy/B-PVA/KCI films at 0.8 mA/cm?. (c) Areal capacitance of the supercapacitors
based on various PPy/B-PVA/KCI films and the loading amount of single PPy layer in various PPy/B-PVA/KCI films.
(d) Optical image of the mixed solution with various pyrrole concentrations after polymerization. (¢) CV curves and (f) GCD
curves of the single PPy (0.6 mol/L)/B-PVA/KCI film-based supercapacitor. (g) Area capacitance of the single PPy (0.6 mol/L)/
B-PVA/KCI film based supercapacitor at various current densities (Reprinted with permission from Ref.[94]; Copyright

(2019) American Chemical Society).
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Fig. 3 (a) Schematic diagram and (b) photographs of the fabrication process of flexible solid-state supercapacitors based on
graphene hydrogel films. (c) CV and (d) galvanostatic charge/discharge curves of the flexible solid-state device. (¢) Comparison of
specific capacitances and (f) Nyquist plots of a graphene hydrogel film electrode in H,SO,-PVA gel electrolyte and 1 mol/L
H,SO, aqueous electrolyte. The inset in (f) shows the magnified high-frequency regions of the Nyquist curves. Thickness
dependence of (g) areal capacitance and (h) mass-specific capacitance of a graphene hydrogel film comparing a liquid (1 mol/L
H,SO,) and a gel (H,SO,-PVA) electrolyte at a current density of 1 A/g (Reprinted with permission from Ref.[77]; Copyright
(2013) American Chemical Society).
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Fig. 4 (a) Schematic illustration of the fabrication of the MXene/PPy-PVA hydrogel. Photographs showing thecompressive (b)
and tensile (c) properties of MXene-PVA hydrogels. (d) The stress-strain curves of the MXene-PVA hydrogels with different
MXene concentrations and the MXene/PPy-PVA hydrogel. Electrochemical characterization of MXene hydrogel electrodes:
(e) CV, (f) galvanostatic charge/discharge and (g) EIS curves of 1 mg/cm?® MXene-PVA hydrogel. (h) Comparison of CV
curves with MXene-PVA and MXene/PPy-PVA hydrogel at a scan rate of 100 mV/s; (i) Comparison of specific capacitances
versus different current densities. (j) Mechanical and electrochemical property comparison of the MXene/PPy-PVA hydrogel
to previously reported hydrogel-based electrodes (Reprinted with permission from Ref.[19]; Copyright (2020) The Royal
Society of Chemistry).
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Table 2 Electrochemical properties of electrically conductive hydrogels for flexible lithium-ion battery.

Electrochemically Hydrogel network or ~ Specific capacity ~Capacity retention Coulombic

. . Conductive filler ) ) Ref.

active nanoparticle synthesis method (mAh/g) (cycle numbers)  efficiency
PANI Phytic acid 1600 (1 A/g) 90% (5000) 70% [121]
Si PPy/CNT Phytic acid 1600 (3.3 A/g) 86% (1000) 99.5%  [122]
Graphene Hydrothermal 1020 (4 A/g) 80% (140) 53% [127]
Transit TiO, PEDOT:PSS/CNT Ammonium persulfate 227 (0.5 mV/s) 77.3%  [125]

ransition
. CuO Chitosan 672 (0.05 A/g) 90% (500) [128]
metal oxide

CoO Graphene Hydrothermal 1025.8 (0.1 A/g) 63.7% [123]
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Fig. 5 Electrochemical performance of varying samples: (a) rate capability and (b) Nyquist plots of rGO/Si and rGO/gel/Si,
(c) voltage profiles of rGO/gel/Si in terms of capacity at varying current densities, and (d) capacity contribution from varying
components to 1GO/gel/Si. Electrochemical performance of varying samples: (e) cyclic stability of rGO/Si and rGO/gel/Si
prepared at varying conditions and (f) cyclic stability of rGO/gel/Si at varying mass loadings of active materials (Reprinted
with permission from Ref.[129]; Copyright (2022) American Chemical Society).
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Review

Research Progress on the Application of Electrically Conductive Hydrogel
Electrodes in Flexible Energy Storage Systems

Wei Zhang”, Huan Xia, Peng-yu Chen, Xin Cao, Han-ning Zhang, Qian Xie, Cheng-jie Yi, Gang Xu
(School of Materials Science and Engineering, Southeast University, Nanjing 211102)

Abstract Electrically conductive hydrogels (ECHs) represent a novel class of hydrogels that combine conductive
materials with a hydrogel matrix. They exhibit high electrical conductivity, excellent flexibility, and ease of
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structural modulation, thereby offering promising prospects in fields such as flexible supercapacitors and
batteries. Various ECHs electrodes have been developed to date for the fabrication of flexible energy storage
devices with outstanding mechanical and electrochemical performance. This review summarizes recent
advancements in ECHs electrodes for flexible supercapacitors and batteries, discusses key factors for enhancing
their performance in flexible energy storage applications, outlines the synergistic effects between the hydrogel
matrix and electroactive fillers in ECHs electrodes, and systematically introduces flexible supercapacitors based
on conductive polymer hydrogels, graphene hydrogels, and composite hydrogel electrodes. Additionally, it
presents flexible lithium-ion batteries employing silicon-based hydrogels and transition metal oxide hydrogel
electrodes. Finally, challenges and opportunities in the realm of ECHs electrodes in this field are explored.
Keywords Electrically conductive hydrogel, Flexible electrode, Supercapacitor, Lithium-ion battery



