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Abstract 

 

Aqueous Zn-ion batteries (ZIBs) and Zn-ion hybrid capacitors (ZICs) have recently 

attracted tremendous research interest due to promising electrochemical performances, 

mild assembly conditions, intrinsic safety, and low-cost potential for grid-level energy 

storage. However, both ZIBs and ZICs are challenged with issues such as dendrite 

growth and side reactions on the anode side and metal dissolution and low capacity on 

the cathode side. While anode issues can jeopardize the cycling stability and cycle life, 

cathode issues lower the cell-level energy density. As such, it is urgently needed to 

address those issues and levitate its competitiveness among other energy storage 

devices. The use of hydrogel electrolytes, e.g., polyacrylamide (PAM), can tackle the 

above problems due to their uniform and controllable 3D polymer network for ion 

homogenizing, proper water absorption for ion transferring, superior adhesiveness for 

electrolyte-electrode interface stability, and high strength for mechanically resisting 

dendrites. 

Chapter 1 is a literature review on hydrogels for functional ZIBs, in which 

backgrounds of ZIBs and hydrogel electrolytes were introduced, followed by a 

summary of different hydrogel electrolytes applied in ZIBs, including working 

principles behind their suppression on dendrite growth and side reactions. Moreover, 

hydrogel electrolytes have shown great potential for wearable and environmental-

adaptive ZIBs given their good flexibility, elasticity, and high mechanical strength. As 
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such, more hydrogel electrolytes were introduced in the literature review based on the 

colorful functions they bring to ZIBs, including self-healing behavior, super 

toughness, tailorability, anti-freezing property, and thermo-protection behavior, etc. 

Also, the mechanisms behind those functions, summary, and perspectives were 

detailly described.  

In Chapter 2, hydrogel electrolytes were demonstrated to endow ZICs with decent 

electrochemical performance and high flexibility. Activated carbon was used as the 

cathode for the assembly of ZICs (Zn//AC supercapacitors). Single-network PAM 

hydrogel electrolyte was firstly prepared and optimized for ZICs. Then, alginate was 

introduced to this hydrogel electrolyte to make Alginate/PAM hydrogel electrolyte 

with double-crosslinked network and further improve the performance of ZICs. FTIR 

spectra structurally confirmed these hydrogels, and their water-absorbing ability and 

stretchability were tested. Zn//AC supercapacitors based on both single PAM and Zn-

Alginate/PAM hydrogel electrolyte showed stable cycling life of over 5000 cycles for 

electrochemical performances. More importantly, hydrogels also endowed ZICs with 

high flexibility while maintaining good performance. The assembled flexible soft-

packaged Zn//AC supercapacitor based on Zn-Alginate/PAM hydrogel electrolyte 

exhibited a high specific capacity of 194 mAh g-1 at 0.1 A g-1 and stable cycling 

performance with 77.0 % capacity retention after 1900 cycles at 1.0 A g-1. Moreover, 

good flexibility is demonstrated as only 5 % capacity loss under different bending 

angles and long resting stability of low self-discharge rate of 9.45 mV h-1. 

In Chapter 3, hydrogel electrolytes were further applied in ZIBs to demonstrate the 
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capability to inhibit metal dissolution and improve cycling performance. Rather than 

using Zn as the anode, molybdenum oxide with hexagonal structure (h-MoO3) was 

synthesized, characterized, and applied as zinc-free anode materials for ZIBs. As a 

result, the involved battery in aqueous 3 M ZnSO4 electrolytes shows high capacities 

of 128 mAh g-1 and 107 mAh g-1 at 0.1 A g-1 in Zn//h-MoO3 half-cell test and h-

MoO3//ZnMn2O4/Carbon (ZMC) full cell test, respectively. However, its cyclability 

was poor, in which after 150 cycles zero capacity is maintained for Zn//h-MoO3 half-

cell and only 43 cycles for h-MoO3//ZMC full cell. By contrast, using Zn-

Alginate/PAM hydrogel electrolyte containing 3 M ZnSO4 primarily enhanced cycling 

performances of both Zn//h-MoO3 half-cell (63.6 % after 220 cycles) and h-

MoO3//ZMC full cell (91.2 % after 200 cycles) were achieved. At the same time, high 

capacities of 129 mAh g-1 and 102 mAh g-1 were maintained in both half-cell and full-

cell, further confirming the advantage of hydrogel electrolytes for elongating cycle 

life in rocking-chair type ZIBs. 

Chapter 4 briefly summarizes recent research progress and experimental results in 

previous chapters, as well as the challenges and future perspectives toward hydrogel 

electrolytes. 
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Chapter 1. Literature review 

Polymer hydrogel electrolytes for flexible and 

multifunctional zinc-ion batteries 

 

1.1 Abstract 

 

Flexibility and multifunctionality are now becoming inevitable worldwide tendencies 

for electronic devices to meet modern life's convenience, efficiency, and quality 

demand. To that end, developing flexible and wearable energy storage devices is a 

must. Among energy storage systems, aqueous zinc-ion batteries (AZIBs) stand out as 

one of the most potent candidates for wearable electronics due to their high capacity, 

intrinsic safety, low cost, and functional controllability. Simultaneously, polymer 

electrolytes' introduction and rational design, especially various hydrogels, have 

endowed conventional ZIBs with colorful functions, which has been regarded as a 

perfect answer for energy suppliers integrated into those advanced wearable electronic 

devices. This review concentrates on the functional hydrogel electrolytes (HEs) and 

their application for multifunctional AZIBs. Previously reported HEs for AZIBs were 

classified and analyzed, from the most basic flexibility to other specific functions, 

such as mechanical endurance, temperature adaptability, electrochemical stability, and 

finally cell-level AZIBs based on multifunctional HEs. Besides introducing the 

diverse and exciting functions of HEs, inside working principles were also analyzed. 

Ultimately, all the details of these examples were summarized, and the related 

challenges, constructive solutions, futural prospects of functional AZIBs were also 

dedicatedly evaluated. 
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1.2 Introduction 

To catch up with the faster pace and higher quality demand in modern life, flexible, 

wearable, and multifunctional electronic devices are gaining increasing attention and 

have become a hot spot in the market of digital devices.[1-6] For example, 

smartwatches,[7, 8] bendable smartphones,[9] flexible and foldable OLED panels,[10, 11] 

smart fibers,[12-16] e-textiles,[17-20] and electronic skin,[21] etc. These electronics rely on 

power sources, such as batteries and supercapacitors.[22-26] Thus, it is inevitable to 

develop next-generation energy storage devices with corresponding flexibility, 

wearability, environmental adaptability, reliable electrochemical performance,  

together with reasonable safety and biocompatibility at the same time.[27-30] Among 

energy storage devices, lithium-ion batteries (LIBs) with lightweight, high energy, and 

power density seem promising for flexible electronics yet are challenged with safety 

issues and high cost . [23, 24, 28, 31-33]  

Alternatively, aqueous zinc-ion batteries (AZIBs) hold great potential as the energy 

suppliers for flexible electronics, thanks to the following advantages: first, high safety 

due to the use of nontoxic and air-moisture-stable Zn metal electrodes as well as 

mildly acidic aqueous electrolytes;[34, 35] second, low cost due to the abundance of Zn 

element on Earth as well as simple cell fabrication conditions in no need of 

gloveboxes;[36, 37] third. high theoretical capacity (820 mAh/g and 5855 mAh/cm3) and 

proper redox potential (-0.763 V vs. SHE)[34, 38-40] compatible with aqueous 

electrolytes. Despite these advantages, the practical applications of AZIBs are still 

faced with challenges, including (1) dendrite growth due to uneven Zn deposition at 

the anode;[41-43] (2) side reactions due to water splitting reactions, including hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER); (3) dissolution of 

electrode materials in salty electrolyte to some extent, shortening cycling life;[44-46] (4) 

extra cost due to the need of separator;[47] (5) possibility of liquid leakage, etc.[48]  

These challenges push forward the development of novel electrolyte systems. Among 

them, hydrogel electrolytes have received tremendous research interest. Hydrogels 

hold three-dimensional networks of water and hydrophilic polymers, which can be 
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derived from natural biomass or synthetic chemicals.[49-51] With many hydrophilic 

groups (such as -OH, -COOH, -NH2, etc.) in the polymer chains, a massive amount of 

water molecules can be absorbed in the hydrogels while showing both liquid and solid 

material properties.[52, 53] With good hygroscopic, adhesion, and water-retaining 

properties, together with certain elasticity, long lifespan, excellent biocompatibility, 

and relatively low preparation cost, hydrogels have been regarded as one of the most 

attractive soft materials for tissue engineering scaffolds,[54, 55] wound dressings,[56-58] 

drug delivery,[59, 60] water purification,[61, 62] and energy storage systems.[63, 64]  

Hydrogel electrolytes (HEs) possess the following advantages compared to aqueous 

electrolytes when applied to energy storage systems: (1). Hydrogels can accommodate 

a large number of aqueous electrolytes and maintain them for a long cycle life with 

the existence of countless hydrophilic groups, three-dimensional network structure 

and large internal pores, guaranteeing its decent ionic conductivity up to 12.6 S cm-

1.[65] (2). Zn2+ deposition can be effectively regulated via interactions between Zn2+ 

and functional groups anchored along with their 3D networks holding evenly 

distributed three-dimensional ion transfer channels inside. Besides, due to their 

excellent adhesion effect from abundant polar groups, interfacial stability between 

electrodes and electrolytes is largely enhanced.[66-68] Moreover, their quasi-solid state 

and mechanical elasticity can achieve close contact with active materials on 

electrodes. Hence, based on these above factors, dendrite growth and side reactions 

represented by HER will be greatly ameliorated, greatly elongating the cyclability and 

service life of the involved battery.[68, 69] (3). Moreover, with less content of water 

solution and mild acid electrolyte stored in hydrogels’ crosslink network, water 

leakage, water splitting side reactions, and cathode material dissolution can be 

prevented. (4). Due to certain controllable thickness, HEs can also act as separators 

with simpler assemble steps and lower costs.[48] (5) Raw materials to prepare HEs can 

be derived from biomass, standing in line with current advocates for environmental 

sustainability.[70] (6). As one of the most popular soft materials applied in biomedical 

fields, most hydrogels possess superior biocompatibility and can be directly attached 

to a human’s skin or implanted into a human’s body.[71] (7). HEs can achieve 
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flexibility, mechanical endurance, and more special functions simultaneously due to 

their soft water-containing quasi-solid state, robust polymer network, and further 

modification of their functional groups, which make HEs powerful candidates for 

flexible energy storage and wearable electronic devices.[49, 72, 73] 

There have been several kinds of hydrogels successfully applied in functional ZIBs, 

such as polyvinyl alcohol (PVA),[74, 75] polyacrylamide (PAM),[76, 77] polyacrylic acid 

(PAA),[66, 78] sodium polyacrylate (PANa),[79] carboxymethyl cellulose sodium 

(CMC),[80, 81] xanthan gum (XG),[82] etc. All of them will be mentioned in the 

following literature review with a detailed analysis of their structures, preparations, 

and functions on both electrolyte and battery levels with the involved mechanisms. 

From Table 1, we summarized the most widely applied HEs for ZIBs, together with 

their molecule structure, crosslinking type, and highlighted features when acting as 

electrolytes for ZIBs.  

Therefore, this review summarizes different hydrogel electrolytes with different 

functions that improve environmental adaptivity to ZIBs, including stabilized 

cyclability, outstanding flexibility, mechanical endurance, and temperature adaptivity. 

It further provides a valuable reference to future development for hydrogel 

electrolytes in ZIBs toward more expansive application fields. At the same time, their 

working mechanisms can inspire more insightful ideas for advanced hydrogel 

electrolytes design. For starters stepping into this field, this work can be a reliable 

knowledge resource for gaining a transparent understanding of hydrogel electrolytes. 

Based on those goals, firstly, we started from the urgent need for HEs to address 

dendrite growth and side effects of conventional aqueous electrolytes, which were 

notorious causes of unsatisfied cyclability and unstable interfacial conditions ZIBs. 

Then, focusing on additional functions that benefited from HEs, those HEs with 

intrinsic flexibility with single polymer networks were introduced first. They acted as 

a vital component for assembling flexible pouch cell and yarn-shape ZIBs, enabling 

those batteries to work normally under various harsh external deformations, including 

bending, folding, twisting, stretching, etc. Afterward, HEs obtained from natural 

biomass (e.g., cellulose, alginate, gelatin, etc.) were introduced with decent 
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performance to indicate their environmental friendliness and sustainability. 

Furthermore, besides improved cyclability and flexibility, HEs were classified into 

two categories by their different functions at the device level, including mechanical 

endurance and temperature adaptability. Finally, multi-functional HEs and those 

involved with batteries possessing two or more functions were discussed. For those 

mentioned above HEs, the related electrochemical data and highlighted functions 

were carefully summarized and listed in Table 2. Ultimately, existing challenges with 

HEs for ZIBs were presented and discussed, along with rational solutions and 

prospects for HEs-based ZIBs. 

 

 

 

Scheme 1. Overview of functional hydrogel electrolytes for zinc-ion batteries. The 
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picture attached to “Long cycling life” was reproduced with permission.[83] Copyright 

2021, American Chemical Society. The picture attached to “Dendrite-free” was 

reproduced with permission.[68] Copyright 2021, Elsevier B.V. The picture attached to 

“Highly adhesive” was reproduced with permission.[84] Copyright 2021, Elsevier Inc. 

The picture attached to “Self-healing” was reproducedwith permission.[65] Copyright 

2019, Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim. The picture attached to 

“Super-tough” was reproduced with permission.[85] Copyright 2019, Elsevier B.V. 

bThe picture attached to “Weavable” was reproduced with permission.[86] Copyright 

2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. The picture attached to 

“Stretchable” was reproduced with permission.[87] Copyright 2021, American 

Chemical Society. The picture attached to “Wearability” was reproduced with 

permission.[11] Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

The picture attached to “Fiber-shape” was reproduced with permission.[88] Copyright 

2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. The picture attached to 

“Thermo-protection” was reproduced with permission.[89] Copyright 2020, Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim. The picture attached to “Anti-freezing” 

was reproduced with permission.[90] Copyright 2019, The Royal Society of Chemistry. 

The picture attached to “Wide-temperature range” was reproduced with permission.[91] 

Copyright 2021, Wiley-VCH GmbH. 

 

 1.3 Hydrogel electrolytes for stable and long-life zinc-ion 

batteries 

Dendrite growth on Zn anode has become one of the most significant barriers to 

developing ZIBs because of uneven electrochemical reaction and interfacial contact 

using acidic aqueous electrolytes.[92] For traditional aqueous electrolytes widely 

applied in AZIBs, some severe shortcomings have been getting in the way of further 

application of AZIBs, including: (1). Dendrite growth due to uneven Zn deposition at 

the anode:[41-43]  
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4𝑍𝑛2+ + 6𝑂𝐻− + 𝑆𝑂4
2− + 5𝐻2𝑂 → 𝑍𝑛4(𝑂𝐻)6𝑆𝑂4 ∙ 5𝐻2𝑂 

 

(2) Side reactions represented by water splitting reactions are easy to happen due to 

the utilization of aqueous electrolytes, including hydrogen evolution reaction (HER) 

and oxygen evolution reaction (OER), which can be expressed as (in the neutral or 

mild acid electrolyte):[48, 93, 94] 

 

2𝐻+ + 2𝑒− → 𝐻2  (0 𝑉 𝑣𝑠 𝑆𝐻𝐸) 

2𝐻2𝑂 → 4𝐻+ + 𝑂2 + 4𝑒−   (1.23 𝑉 𝑣𝑠 𝑆𝐻𝐸) 

 

However, to address the above problems, the rational design of hydrogel electrolytes 

can effectively alleviate this phenomenon due to their dense and uniform 3D porous 

structure and certain function groups along polymer chains.   

As Figure 1a suggests, a zinc 2-acrylamido-2-methyl-1-propane sulfonate 

(PAMPSZn) hydrogel electrolyte was synthesized by ion exchange between 2-

acrylamido-2-methyl-1-propanesulfonic acid (AMPS, monomer) and 

3Zn(OH)2•2ZnCO3, together with N,N’-Methylenebis(acrylamide) (MBAA, cross-

linker) and 𝛼-Ketoglutaric acid (𝛼-KGA, initiator).[68] Detailly, from Figure 1b and 1c, 

comparing with severe dendrites growth in aqueous solution, due to partial interaction 

between SO3
- group fixed along polyanionic chains and Zn2+, side reactions at anode-

electrolyte interface were efficiently suppressed. At the same time, zinc ion transport 

was confined within hydrogel’s porous channels, achieving deposition/stripping of 

Zn2+ on the anode (Figure 1e) evenly and ultra-stable cycling life. With the 

hydrogel’s ionic conductivity enhanced to 2.01×10-2 S cm-1, the resulting Zn/Zn 

symmetric cell operated for over 4500 hours at 1.0 mA cm-2 (Figure 1d). From 

Figure 1f, the assembled Zn-V2O5 cell presented admirable reversibility and ultra-

long cycle life of 80.2 % after 400 cycles at 0.5 A g-1 and negligible coulombic 

efficiency decay after 2000 cycles with PAMPSZn hydrogel electrolyte. 

Compared with multi-ion conducting hydrogel electrolyte (MIHE), single-ion 
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conducting hydrogel electrolyte (SIHE) removes unwanted anions to guarantee the 

expected homogeneous Zn2+ plating/stripping and outstanding interfacial stability. 

Thus, a dual-crosslink SIHE electrolyte composed of iota carrageenan (IC) and PAM, 

denoted as P(ICZn-AAM), was conducted.[69] When the above hydrogel was soaked 

in ZnSO4 solution, Zn2+ replaced the original Ca2+ and generated more robust ionic 

networks with IC due to abundant sulfate groups on IC’s skeleton. Simultaneously, 

CaSO4 precipitate was formed via the above ion exchange process, so the SO4
2- 

anions were immobilized and removed from the ion transfer channel, allowing Zn2+ to 

be the major mobile ion in the electrolyte. Therefore, highly efficient ionic transport 

of Zn2+ with a transference number of 0.93 and ionic conductivity of 2.15 mS cm-1 

were achieved. The assembled Zn-V2O5 battery showed excellent rate capacity and 

81.9 % capacity retention after 500 cycles at 5 C, suggesting the merits of the above 

SIHE. An alginate-based hydrogel electrolyte was constructed for zinc-iodine 

batteries by applying glycerol as a plasticizer.[83] Firstly, crosslinked polyanionic 

alginate chain efficiently depressed uncontrolled I3
- shuttling and facilitated cation 

transportation, thus protecting electrodes from unwanted side reactions (Figure 1g 

and 1h). Secondly, with ample cationic coordinating positions provided by rich 

carboxyl and hydroxyl groups alongside the alginate network, Zn2+ flux was rectified 

to become homogeneous; thus, the dendrite growth on anode was significantly 

avoided. Next, the free water-involved corrosive side reactions and surface 

passivation were effectively mitigated by confining most of the free water away from 

electrolyte/anode interfaces through its dense and robust polymer network and 

excellent water storage capability during the swollen process in Zn2+ solution. 

Combined with its decent ionic conductivity (32.8 mS cm-1), admirable cycling 

endurance was realized within the above hydrogel. Therefore, the assembled Zn/I2 

battery showed decent average Coulombic efficiency of 99.5 % and capacity retention 

after 2000 cycles at 2.0 A g-1.  

 

Both the performance and application potential of conventional aqueous electrolytes 

suffered a lot from its narrow electrochemical stability window due to the activity of 



9 
 

water and its related side reactions. As a solution, electrolyte applying water-in-salt 

electrolyte (WIS) strategy was proposed, in which the amount of salt exceeds the 

solvent in both weight and volume. Thus, water activity was well inhibited, and the 

electrochemical window was much broadened.[95] Inspired by the above, the “water-

in-gel” (WIG) method, which means the weights of salt and polymer surpass the 

weight of water, was adopted, followed by the preparation of a “water-in-gel” 

NaCl/ZnSO4/sodium alginate (SA) with mass ratios of 1:1:0.3:0.8 of NaCl, 

ZnSO4·7H2O, SA and DI water.[96] When applied in an aqueous Na-Zn hybrid battery 

(ASZIB), it exhibited broadened electrochemical window of 2.72 V and a high 

discharge voltage of 2.10 V. Besides, many polar groups along SA chains interacted 

with water molecules via H-bonds, protecting direct contact between water and 

electrodes, improving the electrochemical window, and stabilizing the electrode-

electrolyte interface. From Figure 1i, by coordinating among Na/Zn ions with its 

carboxylate groups, a 3D coil, and a uniform porous network were formed, so 

considerable dendrite growth on the anode was effectively suppressed. Therefore, 

even at 10 A g-1, the fabricated ASZIB exhibited admirable stability with 94 % 

capacity retention and over 95 % Coulombic efficiency after 1000 cycles.  
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Figure 1. a) Schematic synthesis of PAMPSZn hydrogel electrolyte. b) Voltage profile 

of Zn/Zn symmetric cells with different electrolytes. The insets are the voltage profile 

of 100th and 2300th cycle, respectively. c) 3D models of Zn/V2O5 cells with 

PAMPSZn hydrogel electrolyte. (d) CLMS images of Zn anodes in the Zn/Zn 

symmetric cell after several cycles with PAMPSZn hydrogel electrolyte at 1.0 mA 

cm−2 and 1.0 mAh cm−2 after 50 cycles. e)- f) The mechanism of Zn 

deposition/stripping with e) ZnSO4 aqueous electrolyte and f) PAMPSZn hydrogel 

electrolyte. Reproduced with permission.[68] Copyright 2021, Elsevier. g) Schematic 

diagram of Zn2+-cross-linked alginate-based hydrogels and h) working principle of the 

Zn/I2 battery with an alginate-based hydrogel electrolyte. Reproduced with 

permission.[83] Copyright 2021, American Chemical Society. i) Schematic Figure of 

ion transportation in water-in-gel electrolyte. Reproduced with permission.[96] 

Copyright 2021, WILEY-VCH Verlag GmbH. j) Schematic of the ZIS–PVA hydrogel 

electrolytes in dual-ion Zn/PANI batteries. Reproduced with permission.[97] 
Copyright 

2021, The Royal Society of Chemistry. 

 

Since polyzwitterionic HE regulates both anion and cation transfer by electrostatic 

interactions among their zwitterion units, which contain both positive and negative 

groups, ionic transport pathways within the hydrogel network are uniformly separated, 

further achieving their high-efficient transfer and homogeneous deposition. Therefore, 

Li and coworkers.[97] prepared a PVA-based hydrogel electrolyte containing 

polyzwitterionic salt (poly-ZIS) (denoted as ZIS-PVA hydrogel). As shown in Figure 

1j, the cation transfer pathway was constructed along the negatively charged groups 

of the ZIS-PVA hydrogel chains, and the anion transfer pathway was built along the 

positively charged groups. Thus, the transport channels of cations and anions were 

successfully regulated and separated, ensuring promoted rate capacity and cycling 

performances. Moreover, SO3
- groups in ZIS-PVA networks rectified Zn2+ diffusion 

and realized uniform dendrite-free Zn plating/stripping, preventing the Zn anode from 

dendrite growth. Hence, the above hydrogel reached a high ionic conductivity of 10.3 

mS cm-1, and the related Zn//PANI battery exhibited 87.5% capacity retention after 
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600 cycles.   

 

1.4 Hydrogel electrolytes for flexible zinc-ion batteries 

Commonly used batteries were rigid in both outer shell and inner components. 

Moreover, the conventional glassy fiber membrane separator is highly fragile and 

could be broken under harsh distortions.[98] As a result, the cylinder, coin cell 

configuration, and flimsy separator are unsuitable for future flexible and wearable 

use.[99]  Worse, those energy storage systems based on flammable Li+ (or Na+) and 

organic electrolytes exhibited apparent safety concerns that can not be ignored when 

applied in wearable and close-fitting scenarios. By contrast, ZIBs based on HEs 

showed much reliable safety with applications of non-flammable Zn2+ and water-

contained quasi-solid electrolytes. Moreover, with the intrinsic flexibility of HEs, they 

can work under repeated external deformations and be designed for highly bendable 

pouch cells or fiber-shaped batteries for future daily uses.[100, 101]  

This section will focus on the flexibility of novel ZIBs with hydrogel electrolytes, 

which is the most fundamental feature for future application in wearable and 

multifunctional devices. For better demonstration, some significant parameters that 

must be considered when designing flexible systems were introduced and analyzed, 

including physical (e.g., water storage capability, porosity, surface morphology, 

interfacial contact, etc.) and mechanical (e.g., fracture strength, tensile modulus, 

hysteresis under external forces, endurance under external force treatments, etc.) 

properties in electrolyte’s level, along with flexibility (mechanical endurance and 

electrochemical performance reservation under various external force treatments) and 

electrochemical performance (ionic conductivity, specific capacity, working voltage 

window, rate performance, cycling stability, etc.) in battery level. Furthermore, the 

mechanisms of how hydrogel electrolytes work for ZIBs, how hydrogel electrolytes 

can result in such desired functions, and the fabrication and modification of those 

batteries are also analyzed. Finally, the electrochemical performances and the related 
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flexibility were presented together, from which the highlights and potential 

applications can be evaluated. 

With its wide applications in daily life, polyvinyl alcohol (PVA) has become one of 

the most popular hydrogels applied as electrolytes toward flexible ZIBs owing to its 

high water retention, nontoxicity, good ionic conductivity, easy preparation, and low 

cost.[102] Mostly, PVA is a typical hydrophilic polymer with abundant hydroxyl groups 

alongside its backbone, resulting in intricate reversible hydrogen bonds and physical-

crosslinked 3D porous structure.[103] Thus, highly flexible, self-healing, super-

adhesive, and other special functions can be obtained through further modification of 

PVA.[87] Besides, to gain better mechanical property, PVA can also be crosslinked to 

generate highly durable networks with crosslinkers.[74, 104]  

A flexible quasi-solid ZIB with ZnSO4/PVA hydrogel was reported.[105] The resulted 

Zn/ZnHCF@MnO2 battery delivered comparable electrochemical performance to 

other ZIBs with Prussian blue analogs (PBA) derivative cathode. It maintained its CV 

curve under different bending angles (Figure 2a), powering an LED bulb under 

bending or folding, or even cutting out of a corner (Figure 2b), suggesting its 

practical potential for flexible and wearable applications. By sandwiching PVA 

hydrogel electrolyte containing 1 M Zn(CF3SO3)2 between PANI/Carbon Felts 

(PANI/CFs) cathode and Zn foil (or Zn wire) anode, a soft-packaged and a cable-type 

Zn/PANI batteries were respectively fabricated (Figure 2c, 2d).[88] From Figure 2e-

2h, there was no obvious capacity decay under their bending states, and the soft-

package ZIB in series can power a wristwatch, while the cable-shaped ZIB can 

enlighten a series of LED lights under their bending states. After absorbing 3M 

Zn(CF3SO3)2, PVA was also applied as hydrogel electrolyte for the Zn//D-MoS2-O 

battery,[106] as shown in Figure 2i. PVA enabled the corresponding battery with decent 

flexibility and good electrochemical performance. The assembled quasi-solid flexible 

battery with PVA-based electrolyte showed high ionic conductivity of 9.76 mS cm-1 

and voltage of 2.2 V, while its specific capacity reached 215.0 mAh g-1 at 0.1 A g-1. 

Also, the flexible battery worked well under 0° to 180° bending with slight capacity 

loss (Figure 2j), which successfully enlightened an LED panel when bent as a 
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wristband (Figure 2k). 

 

 

 

Figure 2. Flexible solid-state Zn-ion battery with a ZnHCF@MnO2 coating on Ni foil 

acting as cathode. a) CV curves (1 mV s-1) at different bending conditions. b) The cell 

continued to power an LED bulb even after being horizontally cut. Reproduced with 

permission.[105] Copyright 2017, The Royal Society of Chemistry.  Schematic 

diagrams of c) flexible soft-packaged and d) cable-type quasi-solid-state batteries. 

Cycling performance of e) soft-packaged and f) cable-type quasi-solid-state batteries 

under different bending states at 0.5 A g-1. The insets show the optical images of soft-

packaged and cable-type batteries under different bending states. Optical images of g) 

a wrist strap and h) an LED array powered by two soft-packaged quasi-solid-state 

batteries in series and two cable-type quasi-solid-state batteries in series, respectively. 

Reproduced with permission.[88] Copyright 2018, WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim. i) Diagram of the flexible quasi-solid-state Zn-ion battery. j) 

typical voltage curves under 0°, 90°, and 180° bending states of the quasi-solid-state 

D-MoS2-O//Zn battery. k) Optical image of a LED array powered by five wearable 

series batteries. Reproduced with permission.[106] Copyright 2021, WILEY-VCH 

Verlag GmbH. 

 

Recently, a yarn-shaped Zn/nickel-cobalt hydroxide (denoted as Zn/NCHO) battery 

was fabricated, as demonstrated in Figure 3a and 3b, in which the prepared parallel 
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electrodes yarns were coated with PVA hydrogel electrolyte containing KOH and 

Zn(Ac)2.[107] A nonplanar deformation cycle was applied to test the flexibility of the 

PVA hydrogel electrolyte for the assembled yarn-shape battery, including initially 

straight, 95° bending, 360° twisting, and finally recovered straight. As expected, high 

capacity retention of 78% of the above yarn battery was achieved. Furthermore, over 

80% and 70% of the initial capacity were respectively kept after 1000 cycles of 

individually 95° bending and 360° twisting. From Figure 3c, it successfully powered 

an electrical watch, LED bulb set, and a pulse sensor in series.  

Likewise, inspired by the unique helix structure of luffa tendrils, as demonstrated in 

Figure 3d, a fiber-based all-solid and ultra elastic graphene/polyaniline-Zn@silver 

fiber-based battery (denoted as eG/P-Zn@SFB) was reported.[87] PVA hydrogel 

electrolyte containing 1M ZnSO4 was coated onto electrodes and encapsulated with 

polyurethane (PU) film. Due to the superior flexibility and elasticity of the PVA 

electrolyte, the eG/P-Zn@SFB maintained 99.0 %, 93.6 %, and 91.5 % capacity after 

knotting, bending, and twisting treatment, respectively. Even after several 900% 

stretching cycles, it preserved 70% of its initial capacity and successfully powered a 

LED bulb. Toward real-life applications, after being woven into a textile (Figure 3e 

and 3f) or integrated with a stretch band (Figure 3g), it was able to power LED 

devices, showing great power for flexible and elastic power supply, wearable 

electronics, and intelligent textiles. 

By applying the flexible PVA-KOH hydrogel, a wind-charged, ultra-endurance, fiber-

shaped quasi-solid Zn-Ag2O battery can be bent from 0° to 180°, retaining its capacity 

of more than 95.6 % after 100 cycles under 180° bending state.[108] For application in 

micro-batteries, utilizing PVA/LiCl-ZnCl2-MnSO4 hydrogel as a solid electrolyte 

guaranteed the Ni@MnO2//Zn micro-battery with 95.4 % capacity retention after 

1000 repeated 90° bending cycles, and it can be further integrated into wearable 

pressure sensor system.[109]  

Polyacrylamide (PAM) is a chemical-crosslinked polymer, which is usually prepared 

by using acrylamide (AM) as the monomer, N, N'-methylenebisacrylamide (MBAA) 

as the crosslinker, and ammonium persulfate (APS) or potassium persulfate (KPS) as 
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the initiator through free radical polymerization.[110, 111] PAM contains ample amide 

groups, imparting itself with the outstanding hydrophilic property. Moreover, PAM 

possesses higher mechanical strength with robust and irreversible chemical cross-

linked covalent bonds, resulting in a much stronger network than PVA.[77] Therefore, 

with only a limited electrochemical output sacrifice, PAM-based flexible ZIBs can 

withstand more severe outer strength. It has become one of the most widely used 

hydrogels in daily life and electrolyte application.[41] 

As shown in Figure 3h, polyacrylamide (PAM) hydrogel electrolyte film containing 1 

M ZnSO4 solution was sandwiched between Zn@CC anode PANI@CNT cathode to 

construct a solid-state ZIB.[112] With ionic conductivity of 5.56 mS cm-1, the 

assembled battery showed a capacity of 144.0 mAh g-1 at 0.2 A g-1 and maintained 

91.0 % capacity after 150 cycles. Due to the intrinsic flexibility of the PAM 

electrolyte, from Figure 3i and 3j, the battery worked normally without prominent 

CV or capacity loss under different bending angles and consecutive bending cycles. 

 

 

 

Figure 3. Demonstration and schematics of conductive yarns. a) Yarns 

electrodeposited with Zn and NCHO. b) Schematics of a free-standing solid-state yarn 
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battery. c) Energy wrist band made of a woven cloth powers a watch (left), a set of 

LEDs (upper right), and a pulse sensor (bottom right). Reproduced with permission. 

[107] Copyright 2017, American Chemical Society. d) Schematic diagram of eG/P-

Zn@SFB. e) Photographs of integrated eG/P-Zn@SFB and wearable applications. f) 

Luminance of “QDU” with various bending angles from 0° to 180° of the elbow. g) 

Luminance of the LED before and after stretching of the elastic belt. Reproduced with 

permission.[87] Copyright 2021, American Chemical Society. h) Illustration of the 

structure and mechanism of a flexible solid-state Zn battery. Flexibility tests of the 

solid-state Zn battery. i) CV curves at a scan rate of 0.2 mV s-1 and j) galvanostatic 

charge–discharge profiles at a current density of 0.5 A g-1 of the solid-state Zn battery 

in different bending states. Reproduced with permission.[112] Copyright 2020, The 

Royal Society of Chemistry. 

 

Besides, polyacrylamide (PAM) hydrogel containing ZnSO4 and CoSO4 was applied 

for a solid-state Zn/Co(III)rich-Co3O4 battery.[113]  With high ionic conductivity of 

0.12 S cm-1, the corresponding battery achieved decent capacity and cyclability in 

Figure 4a. From Figure 4b, its capacity stayed almost the same under different 

distortion angles and 1000 cycles of 90° bending at 1 A g-1. Also, as shown in Figure 

4c, this battery successfully powered an electronic watch and flexible 

electroluminescent panel. Lately, a PAM hydrogel electrolyte and its corresponded 

flexible solid-state Zn hybrid battery were reported. With "water-in-salt" solutions of 

21 M LiTFSI and 2 M Zn(OTf)2 inside, due to water absence, side reactions and 

dendrite growth were well suppressed by the above hydrogel.[11] Simultaneously, such 

a highly concentrated solution hosted within the hydrogel network lasted for much 

longer by absorbing moisture from the surrounding, achieving admirable water-

retaining properties and durability. Thus, the flexible battery shown in Figure 4d 

exhibited no apparent electrochemical performance injury under different bending 

angles (Figure 4e), with more than 92% capacity preserved over 1000 bending cycles. 

It can be attached to and power electroluminescent ribbon and panel and serves as an 

energy belt to power an electronic bracelet watch (Figure 4f and 4g). 
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Compared with pure hydrogel electrolytes, reasonable modifications include 

introducing inorganic salts or fillers, ionic liquids, and high-concentrate electrolyte 

solution into the HEs system to better ionic conductivity have been proposed and 

developed so far.[11, 94, 114, 115] Among all the engineering strategies, utilizing 

crosslinked hydrogel composed of two or more hydrogels to enhance the mechanical 

strength of HEs structures is now becoming an inevitable trend to overcome the 

existing challenges, optimize performance, explore more functionalities of HEs. Thus, 

large-scale fabrication, commercial distribution, and practical applications of HEs can 

be finally achieved.[49, 116] 

For example, methanesulfonic acid (MSA) with two hydrogen bond acceptors and one 

donor can form many multidirectional hydrogen bonds with the PVA chain.[114] Hence, 

it was introduced to PVA hydrogel electrolyte as an additive to facilitate low-energy-

barrier cation migration with its additional hopping sites. The hydrogel's ionic 

conductivity was enhanced by 30.6 mS cm-1. Therefore, the involved yarn battery can 

tolerate a bending curvature radius of 2.5 mm with 92.7% capacity retention after 500 

cycles and can be fabricated into a curved bracelet shape wearing on the wrist and 

power a calculator simultaneously. Herein, a double-network AMP-Mn/PVA hydrogel 

electrolyte was reported.[117] As shown in Figure 4h, adenosine 5′-monophosphate 

(AMP) was applied to form a supramolecular network with Mn2+ by noncovalent 

interactions, while PVA crosslinked by glutaraldehyde (GA) appeared as a chemical 

crosslinked network. H-bonds intertwined the above two networks, forming the AMP-

Mn/PVA hydrogel. With its high ionic conductivity of 34.1 mS cm-1, the assembled 

flexible Zn-MnO2 battery shown in Figure 4i delivered decent and stable capacity 

under different bending angles (Figure 4j).  
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Figure 4. a) schematic illustration of the structure of solid-state Zn/Co(III) rich-Co3O4 

batteries. b) electrochemical performance at different bending degrees. c) a single 

battery to power a digital watch and two batteries connected in series to power an 

electroluminescent panel (size: 12*3 cm) under different bending conditions. 

Reproduced with permission.[113] Copyright 2018, The Royal Society of Chemistry. d) 

Schematics of the configuration of the as assembled flexible hybrid battery. e) GCD 

curves of the hybrid battery at various bending angles. Bending radius R = 8 mm, 

device length L = 45. f) A wearable electronic watch powered by the flexible hybrid 

batteries serving as watch belt. g) GCD curves of single zinc hybrid battery and the 

two zinc hybrid batteries connected in series at the current density of 0.8 A g−1. The 

latter serving as watch belt yielded a stable output voltage of 3.7 V, corresponding to 

the working voltage of traditional LIBs. Reproduced with permission.[11] Copyright 

2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. h) Illustration of the 

hierarchical self-assembly of forming AMP−Mn hydrogel and the structural changes 

of the AMP−Mn hydrogel during the further crystallization process. i) Schematic 

illustration of the flexible battery. j) LED array containing 66 bulbs powered by two 

flexible batteries. k) Cycle performance of the battery under different bending states at 
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a current density of 0.5 A g−1. Reproduced with permission.[117] Copyright 2020, 

American Chemical Society. 

 

With abundant hydrophilic groups existing within the porous structure of poly(vinyl 

alcohol) (PVA)-poly(acrylate acid) (PAA) copolymer hydrogel, the ion diffusion was 

greatly enhanced, so the resulted Zn//Co3O4 battery showed a high capacity of 162 

mAh g-1 and 80% retention after 2000 cycles at 1 A g-1.[78] Besides, the resulting 

hydrogel and battery's mechanical strength were significantly elevated with the stable 

PVA-PAA copolymer network, so it successfully worked under bending, twisting, and 

folding states.  

Due to increased pressure on limited oil resources, synthetic polymers, including PVA, 

PAM, PEO, etc., which have been widely applied as polymer electrolytes, are 

produced from non-sustainable petroleum resources and could worsen the concerns 

about the environment energy resource issues.[70, 118] In sharp contrast to synthetic 

polymers, natural polymers such as cellulose,[91, 119] alginate,[96, 120] Chitosan,[81] 

kappa-carrageenan,[71, 121] chitin,[122] agarose,[123] xanthan gum,[124] protein,[72] , etc., 

were better choices for polymer electrolyte materials from the aspect of sustainability 

and processing cost. Thus, more and more natural-based hydrogels were introduced 

and utilized as electrolytes in the following parts.  

First of all, a ZnSO4/CMC hydrogel electrolyte (Carboxymethyl cellulose sodium, 

mZnSO4 : mCMC =1.9:1) was prepared for a flexible Zn/V2O5 battery.[125] The 

corresponding solid-state ZIB displayed a specific capacity of 481mAh g-1 at 0.1 A g-1, 

and its capacity decreased from 335 mAh g-1 to 243 mAh g-1 when bent from 0° to 

180°, respectively. Moreover, kappa-carrageenan can also facilitate ionic conductivity 

by coordinating with Zn2+ owing to its abundant hydroxyl groups, thus was regarded 

as an ideal HE for ZIBs. Huang et al.[121] reported a bio-polymer electrolyte denoted 

as KCR by dissolving kappa-carrageenan in ZnSO4/MnSO4 solution. KCR showed 

decent ionic conductivity of 33.2 mS cm-1, and the assembled Zn/MnO2 battery 

demonstrated an excellent specific capacity of 291.5 mAh g-1 at 0.15 A g-1 with 95% 

capacity retention after 300 times 180° bending cycles. Furthermore, a Starch/PAM 
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composite hydrogel electrolyte with high ionic conductivity of 2.65 × 10-2 S cm-1 was 

introduced to a flexible and high-performance ZIB.[118] The involved Zn-MoS2 battery 

exhibited a specific capacity of 161.7 mAh g-1 and maintained nearly the same 

capacity as its initial state under several repeated bending cycles of 30°, 60°, 90°, and 

180°.  

Recently, a gelatin and alginate based membrane electrolyte (GAME) was 

reported.[116] From Figure 5a and 5b, the hydrogel electrolyte possessed 3D double-

crosslinked network, in which solid covalent bonding between GE and glutaraldehyde 

resulted in decent mechanical strength. In contrast, reversible ionic bonds between SA 

and Ca2+, together with H-bonds among Ca-alginate and GE, result in excellent 

flexibility. With good compatibility between GE and SA with abundant hydrophilic 

groups, highly amorphous and interconnected porous channels were formed, 

achieving ionic conductivity of 3.7× 10-2 S cm-1. Therefore, as presented in Figure 5c, 

the resulting Zn/V2O5 battery showed 251 mAh g−1 at 2.0 A g−1 and maintained its 

capacity well at different bending diameters and 55 folding cycles under 1470 times 

loading of its weight. The SEM images proved the well-preserved interfacial area 

after bending (Figure 5d), suggesting alleviated electrode volume change due to the 

existence of the above hydrogel electrolyte.. 

Lately, a novel PAM–chitin nanofibers (ChNFs) hydrogel electrolyte was assembled 

into a self-charging Zn//VO2 solid-state ZIB (ssZIB).[122] Specifically, as an eco-

friendly raw material, ChNFs come from the waste lobster shell, showing an 

entangled and coil network. Thus, as presented in Figure 5e, the above PAM–ChNF 

hydrogel was prepared with ChNFs intertwining through PAM pores via physical 

interlacing and H-bonds interaction, generating a highly interconnected porous 

structure and robust double-cross network (as supported in Figure 5f), resulting in 

decent ionic conductivity of 15.2 mS cm−1. When connected in series, the assembled 

battery successfully powered a liquid crystal display (LCD) even under a 90° bending 

angle, benefiting from the excellent flexibility of the hydrogel electrolyte.  

Except for ZIBs, the flexibility of zinc-ion hybrid supercapacitor (ZICs) can also be 

improved by nature-derived HEs. Recently, a high-performance and cost-friendly 
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zinc-ion hybrid supercapacitor based on Zn-Alginate/PAM hydrogel was proposed by 

our group, exhibiting attractive flexibility and low self-discharge rate under various 

bending angles with a negligible sacrifice of electrochemical performance.[126] Cui et 

al.[66] designed a double crosslinked PAM-co-PAA/κ-CG hybrid hydrogel, in which 

the double helix κ-carrageenan (κ-CG) generated an ionic crosslink network with KCl. 

At the same time, the second network was formed by a covalent crosslink of 

poly(acrylamide-acrylic acid) (PAM-co-PAA) copolymer network. PAM-co-PAA and 

κ-CG chains also interacted via inter-molecular hydrogen bonds among their 

functional groups. Hence, excellent flexibility was ensured, and high ionic 

conductivity of 17.6 mS cm-1 was achieved, further guaranteeing the admirable 

performance of the involved ZIC. 

Nevertheless, till this chapter ends, there are still some challenges existing those 

hydrogel electrolytes-based flexible zinc-ion storage systems, which can be 

summarized as follows: 1) the mechanical strength of some HEs is still insufficient to 

be applied in extreme practical conditions. 2) the operating temperature range of those 

systems is still too narrow to meet the demands in various regions and seasons. 3) 

compared to the conventional aqueous electrolyte, the ionic conductivity of HEs still 

have ample space to improve. 4) the research on their working mechanism is still in 

its infancy stage, which means more quantitative investigations need to be developed. 

 

1.5 Hydrogel electrolytes for mechanically endurable zinc-

ion batteries  

1.5.1 Highly adhesive hydrogel electrolytes  

When facing tremendous external deformation and harsh conditions, conventional 

HEs without excellent adhesion properties could be exfoliated from electrodes, 

deconstructing the battery integration and resulting in the battery failure.[67] Moreover, 

on the other hand, dendrites grown on electrodes can be suppressed by the stabilized 
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interface, intimate contact among each battery component with the application of 

highly adhesive HEs.[127] Thus, those HEs with great adhesion functions can bring 

ZIBs with better stability and durability in mechanics and electrochemistry.  

Based on the strong interaction between catechol groups with two electrodes and 

improved ionic conductivity brought by sulfonate groups, sodium lignosulfonate (SL) 

was applied to the PAM network to enhance the adhesion for flexible ZIB.[84] As a 

result, the super-adhesive sodium lignosulfonate–polyacrylamide (SL-PAM) hydrogel 

electrolyte showed an enhanced shear strength from Zn foil to 3.7 J m-2 and ionic 

conductivity to 31.1 mS cm-1. Furthermore, the HE involved flexible MnO2|SL-

PAM|Zn battery exhibited reasonable capacity even at 180° bending angle and 

maintained well under different bending angles, resulting from superior interfacial 

adhesion of SL-PAM hydrogel electrolyte. 

As shown in Figure 5g, a novel diode-like hydrogel electrolyte was proposed. 

Polycation hydrogel (denoted as PE+) acted as n-type hydrogel with mobile Cl- while 

polyanion hydrogel (denoted as PE-) acted as p-type hydrogel with Na+ as the 

movable counterion.[67] Like semiconductor diodes, the above hydrogel exhibited an 

assertive ionic rectification behavior. Owing to strong Coulombic interaction between 

PE+ and PE- at the depletion zone and the double network structure generated from 

neutral agarose hydrogel matrix and opposite charged two hydrogels, the diode-like 

hydrogel can tolerate high loading and peeling forces, which can be demonstrated by 

the peeling force curves, optimal photos and SEM image in Figure 5h-5k). The 

assembled Cu-Zn battery delivered a capacity of 160 mAh g-1 and ran over 2000 

cycles of stretching (50%) and bending (60°). 
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Figure 5. a) Schematic of the overall process to make GAME. b) Cross-linked 

polymers of G-GE (GE cross-link with glutaraldehyde) and Caalginate (SA cross-link 

with CaCl2). c) Schematic diagram of a flexible semisolid Zn/V2O5 battery. d) Cross-

sectional SEM image of the flexible semi-solid Zn/V2O5 battery. Reproduced with 

permission.[116] Copyright 2019, American Chemical Society. e) Preparation 

procedure of PAM–ChNF hydrogel. f) FESEM images of PAM–ChNF hydrogel. 

Reproduced with permission.[122] Copyright 2021, Wiley-VCH GmbH. g) A schematic 

Hook&Loop-like Cu-Zn flexible battery based on hydrogel diodes. h) The peeling 

force curves of two as-contacted hydrogel sheets. The blue curve represented tearing 

force curve (destroying the covalent bonds) of a single neutral hydrogel. i) a battery 

loading 10 g of weight. j) The picture of a hydrogel diode during peeling process. The 

yield region was marked in the dashed box. k) The cross-section SEM image of the 

hydrogel diode interface. Reproduced with permission.[67] Copyright 2018, Elsevier 
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Ltd.. 

 

1.5.2 Super-tough hydrogel electrolytes 

Tough hydrogels have been widely explored with their intrinsic mechanical endurance 

towards harsh external treatments. Their crosslink network strengthened by inside 

strong covalent bonds or synergistic inter (intra) molecular interactions allows the 

tremendous outer force to be effectively dissipated upon their robust hydrogel matrix 

instead of causing severe breakage on a concentrated area.[85, 128]  

Sodium polyacrylate (PANa) is a powerful candidate, endowing ZIBs with admirable 

mechanical durability against external compression and stretch. With outstanding 

ionic conductivity of 0.2 S cm-1, a tough PANa hydrogel containing KOH and 

Zn(CH3COO)2 was applied in a flexible NiCo//Zn battery.[79] The involved battery 

successfully maintained its capacity and even increased 9% under 0-50% compressive 

strain and still delivered 87% and 97% of its initial capacity after 500 stretching 

cycles and 1500 compressing cycles, respectively. 

Polyacrylamide (PAM) hydrogel electrolyte appeared as a perfect candidate for elastic 

and compressive ZIBs due to its superior mechanical strength from strong covalent 

bonds and decent flexibility from reversible H-bonds, together with proper ionic 

conductivity from significant water absorption and hierarchical porous structure. After 

being soaked in 1 M ZnSO4 and 0.1 M MnSO4, the PAM hydrogel electrolyte was 

equipped with a Zn-MnO2 battery.[129] Under high compression, its capacity was 

slightly boosted due to tighter contact between electrode and electrolyte and shorter 

ionic transport distance. The battery successfully enlightened a luminescent panel 

under a 3kg load for its wearable applications. 

A PAM-based HE was prepared by introducing soybean protein isolate nanoparticles 

(SPI) into the PAM network.[127] Due to electrostatic interactions, negative charged 

SPI gathered around positive PAM chains, working as buffer clusters to disperse the 

outer force, thus improving its mechanical strength. Simultaneously, the SPI/PAM 
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hydrogel also achieved a high conductivity of 58 mS cm-1. The related Zn//MnO2 

battery showed decent specific capacity and slightly increased stable capacity under 

96% compression and strain contributed by the solid mechanical property of the HE. 

Moreover, another ultra-strength PAM-based hydrogel was adjusted for flexible 

ZIBs.[130] Here, 3-methacryloxypropyltrimethoxysilane (MPS) modified HNTs (M-

HNTs) was applied as both crosslinker and inorganic framework of the whole 

hydrogel 3D network. With abundant exposed polar groups interacting among 

surrounding acrylamide monomers and water molecules, the obtained hydrogel 

exhibited high mechanical strength of 1200% strain. Based on high ionic conductivity 

of 26 mS cm-1, the fabricated ZIB exhibited negligible performance decay after 

bending, hammering, compressing and tailoring several times without packaging. 

As presented in Figure 6a and 6b, Liu et al.[85] developed a dual-crosslinked Zn-

alginate/PAM hydrogel electrolyte, applying irreversible covalently crosslinked 

polyacrylamide (PAM) as the first network and reversible ionically crosslinked Zn-

alginate chains as the second network. The above hydrogel was regarded as the vital 

component used in a super-tough Zn-MnO2 battery, showing a specific capacity of 

300.4 mAh g-1 at 0.11 A g-1 and 82 % capacity retention after 500 cycles at 0.88 A g-1. 

At the same time, the ionic conductivity of 43.2 mS cm-2 was reached as well. When 

encountering external strengths, Zn-alginate ionic network will break to alleviate local 

strength and dissipate the energy to the extended zone by reversibly unzipping its egg-

box configuration. In contrast, the robust covalent-linked PAM network maintained its 

basic framework from damage. Its original shape can be recovered by rebuilding the 

ionic Zn-alginate crosslink after removing external strength. Therefore, the battery 

maintained its stable electrochemical performance well under severe outer force, 

including cutting (Figure 6c and 6d), folding and pressing (Figure 6e), squeezing 

(Figure 6f), hammering (Figure 6g), even being trodden under feet for two days 

(Figure 6h and 6j) or even been grinding for 20 times random run-over by a car 

(Figure 6i and 6k). 
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Figure 6. a) Schematics of the evolution of hydrogel structure. Grey lines and yellow 

lines represent PAM chains and alginate chains, respectively. Cyan and rosy dots 

represent covalent crosslinks and ionic crosslinks, respectively. b) Energy dissipation 

mechanism of the hydrogel. Upon stress loading, ionic crosslinks break to dissipate 

energy; upon unloading, ionic crosslinks rebuild to recover. c) Discharge curve of the 

battery recorded when being intermittently cut (30 times of cutting as a set, the cutting 

force was around 10–20 N). d) Discharge curve of the battery recorded when being 

continuously cut. Inset in the upper right corner is the optical image showing the 

intact electrode surface after cutting. e) Discharge curve of the battery recorded when 

being dynamically folded & pressed. f) Discharge curve of the battery recorded when 

being dynamically squeezed. g) Discharge curve of the battery recorded when being 

dynamically hammered. Inset in the upper right corner is the optical image showing 

the intact electrode after hammering. All the discharge curves were measured at the 

current density of 0.924 A g-1 (3C rate). Illustrations of the Zn-MnO2 battery h) being 

placed under foot and i) going through car run-over. j) Discharge curve of the battery 

after 2 days' everyday treading. k) Discharge curve of the battery after 20 times of 

random run-over by cars on road. All the discharge curves were recorded at 0.924 A g-

1 (3 C rate). Reproduced with permission.[85] Copyright 2019, Elsevier B.V. 
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1.5.3 Self-Healing hydrogel electrolytes 

Owing to the existence of ample hydroxy side groups in each chain segment and O-

H···O hydrogen bonds inside its network, PVA has an outstanding self-healing 

property. When it is cut into two segments, the two parts can automatically attract 

each other, stick to each other, become integrity again, and finish the self-healing 

process by re-establishing the reversible hydrogen bonds at the fracture surface 

without any external stimulus or other additives.[65, 131] Therefore, PVA has become a 

powerful candidate electrolyte in self-healing batteries.  

Typically, a PVA/zinc trifluoromethanesulfonate (PVA/Zn(CF3SO3)2) hydrogel 

electrolyte with self-healing function was developed, showing an incredibly high 

ionic conductivity up of 12.6 S cm-1 (Figure 7a).[65] Besides good flexibility under 

bending and folding states, Figure 7b demonstrated the self-healing capability 

brought by PVA hydrogel. The electrochemical performance of the related battery was 

re-established spontaneously and recovered to the same level as the initial even after 

several cutting/self-healing cycles (Figure 7c), which can also be demonstrated by the 

brightness recovering of LED bulbs powered by the connected batteries (Figure 7d). 

Furthermore, the self-healing behavior also happens when the battery pieces are 

reconnected in different directions, resulting in good tailorability. Another self-healing 

hydrogel electrolyte was composed of PVA/Zn(CH3COO)2/Mn(CH3COO)2 (denoted 

as PVA–Zn/Mn).[132] Resulting from easy re-formation of hydrogen bonds among 

free-moving PVA chain segments exposed on each fracture surface, the self-healing 

Zn/VS2 battery exhibited 89.9% and 70.9% capacity retention after the first and 

second self-healing process, respectively. After four cutting/healing cycles, it can also 

continuously power a LED bulb. Even been cut into six pieces, the battery still 

preserved high potential retention. 

Similarly, PVA-based self-healing hydrogel electrolyte can also be applied to zinc-ion 

hybrid supercapacitors (ZICs). A PVA/nanofibrillated cellulose hydrogel was 

developed through borax-assisted crosslinking (B-PVA/NFC hydrogel).[74] Due to the 

strongly crosslinked network and reversible H-bonds formed among abundant 
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hydroxyl groups, the B-PVA/NFC hydrogel reached high ionic conductivity of 18.1 

mS cm-1. The related ZIC also worked well under harsh conditions, including 

cutting/self-healing. 

 

1.5.4 Weavable hydrogel electrolytes  

With ample functional groups (such as hydroxy and carbonate bonds) on backbones, 

hydrogen bonds and other reversible interactions exist in some HEs, bringing high 

flexibility and elasticity to hydrogels. Thus, these HEs were facilitated to preserve 

their properties and functionalities well, even been stitched and sewed with electrodes 

to fabricate ultra-tough all-in-one batteries.[86] The integrated sewable and tailorable 

batteries show comparable flexibility and durability as cloth and human skin when 

facing various daily motions. When attached to humans' bodies, they freely work 

perfectly to meet the demand for next-generation wearable energy storage devices.[77] 

From Figure 7e, a novel nanofibrillated cellulose/polyacrylamide (NFC/PAM) 

hydrogel electrolyte was synthesized by grafting PAM chains within the NFC 

framework through free radical polymerization, in which NFC was responsible for 

maintaining a 3D porous network with its robust nature, and PAM can enlarge the 

pore size with its excellent water-storage capability.[86] Thus, the composite hydrogel 

simultaneously exhibited decent mechanical property and ionic conductivity (22.8 mS 

cm-1). To demonstrate its sewability and shearing resistance of assembled solid Zn-

MnO2 battery, as shown in Figure 7f and 7g, the electrodes and electrolyte were 

sewed together, showing 88.5 % capacity retention after 120 stitches and bearing a 

high shear force of more than 43 N without exfoliating, together with 54 % original 

capacity retained as well. For practical applications, the sewed battery was used as a 

skirt for a toy doll while enlightened a LED at the same time. 

Zwitterionic polymers possess both cationic and anionic functional groups, generating 

strong electrostatic interactions among those charged groups and water molecules (or 

other charged groups or ions), resulting in excellent water-absorption capability,  
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favored ion transport, better interfacial adhesion, substantial mechanical property, and 

superior stability.[133, 134] Inspired by this, a novel hydrogel electrolyte based on 

zwitterionic sulfobetaine/cellulose semi-interpenetrating networks (ZSC-gel) was 

prepared, in which the zwitterionic monomer was polymerized in cellulose nanofibrils 

backbone.[135] Based on the above factors, the ZSC-gel reached both high 

stretchability (920 %) and ionic conductivity (24.6 mS cm-1). As shown in Figure 7h, 

the involved and twisted Zn/MnO2 fiber-shape battery ran with 77.5 % capacity 

retention after 300 cycles. Four of them were then woven into a cloth, continuing to 

enlighten LED bulbs under different bending states (Figure 7i). 

 

 

 

Figure 7. a) the self-healing behavior of the hydrogel electrolyte with and without 

rhodamine B for coloration. b) Illustration of the structure of self-healing integrated 

all-in one ZIBs. c) Cycle performance of the self-healing ZIBs at original state and 

after multiple cutting/self-healing times. d) Photographs of the two self-healing ZIBs 

in series powering an LED array containing 23 bulbs before cutting (light on), after 

cutting (light off), and after self-healing with dislocation in the direction parallel to 

the surface of devices (light on again). Reproduced with permission.[65] Copyright 

2019, Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim. e) Schematic of the 

synthesis route of the cellulose/PAM hydrogel through a facile free radical 
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polymerization approach. f) Schematic illustration of the process under shear force for 

sewed battery and unsewed battery. g) open-circuit voltage and capacity retention 

under sewing test; discharge curves of the solid-state rechargeable Zn–MnO2 battery 

under shear force. Reproduced with permission.[86] Copyright 2018, WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim. h) Schematic of the fiber-shaped 

polyzwitterion-battery. i) Fabric integrated with four fiber-shaped batteries in series. 

Reproduced with permission.[135] Copyright 2020, WILEY-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

 

1.6 Hydrogel electrolytes for temperature-adaptive zinc-ion 

batteries 

1.6.1 Anti-freezing HEs  

It has been widely considered that batteries, especially aqueous batteries, cannot 

normally work under minus temperature due to aqueous electrolyte frozen, resulting 

in sluggish ion transfer and performance decay. As a result, applying aqueous batteries 

in cold regions has been seriously restricted.[136] By engineering toward hydrogel 

electrolytes, the assembled quasi-solid battery can work well under sub-zero 

temperatures, and its flexibility can also be well-preserved with the nature of HEs. 

Ethylene glycol (glycol) served as a commonly added anti-freezing agent. Due to 

abundant hydroxyl groups existing in glycerol, stable molecular clusters were formed 

with H2O molecules via hydrogen bonds, which can compete with hydrogen bond 

formation among water molecules, resulting in a decrease in the saturated vapor 

pressure of water.[90] Therefore, ice crystallization is effectively disrupted with a 

much-lowered freezing point, which is the most applied mechanism in anti-freezing 

HEs.[137] 

In Figure 8a, Mo et al.[90] synthesized an ethylene glycol (EG) based waterborne 

anionic polyurethane acrylates (EG-waPUA) hydrogel electrolyte possessing 
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excellent flexibility and anti-freezing property. They applied EG as the anti-freezing 

agent, isophorone diisocyanate (IPDI) as the monomer, dimethylol propionic acid 

(DMPA) as the chain extender, and hydroxyethyl methacrylate (HEMA) as the end-

capping reagent. From Figure 8b, with abundant water molecules being trapped and 

locked as bridges among EG-waPUA and PAM chains, their crystallization and 

binding energy were inhibited and boosted by those hydrophilic groups alongside the 

network. Therefore, after copolymerized with acrylamide monomer, the dual-

crosslinked EG-waPUA/PAM hydrogel electrolyte retained good anti-freezing 

capability with 14.6 mS cm-1 ionic conductivity at -20 ℃. As shown in Figure 8c, the 

prepared Zn-MnO2 battery maintained both its capacity and cyclability well, with the 

temperature falling to -20 ℃ (Figure 8d and 8e). Its excellent flexibility and 

mechanical strength were also maintained when the integrated device was sealed in an 

ice cube (Figure 8f), which was inseparable from the outstanding property of the EG-

waPUA/PAM hydrogel electrolyte. Another anti-freezing PAM-based hydrogel 

electrolyte was proposed with ethylene glycol as an anti-freezing agent.[138] Thus 

outstanding anti-freezing property and ionic conductivity were achieved to 14.9 mS 

cm-1 at -20 ℃. The corresponding Zn-MnO2 battery exhibited extraordinary capacity 

and anti-freeze function of 183.2 mAh g−1 and 61.0% capacity retention after 1000 

cycles at −20 ℃. By combining sodium alginate (SA) and guar gum (GG) and 

introducing ethylene glycol (EG) as an anti-freezing agent, a composite hydrogel 

electrolyte (denoted as GG/SA/EG) was designed.[139] Due to rich hydrophilic 

hydroxyl and carboxylate groups within SA, a decent ionic conductivity of 6.19 mS 

cm-1 was realized at −20 °C, and the related Zn-MnO2 battery exhibited a capacity of 

114.6 mAh g-1 at 0.3 A g-1 with working well with 97.58% capacity retention under 

bending at −20 °C. 

Methanol, a simple polar molecule with a hydroxyl group, was also a compelling anti-

freezing agent. It can interact with water molecules and form strong hydrogen bonds 

among them, significantly suppressing ice growth and lowering the freezing 

temperature. Based on the above, a cellulose nanofiber-polyacrylamide hydrogel 

(CNF-PAM hydrogel) with a 56% methanol molar ratio was reported, in which the 
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CNF network acted as the polymer backbone with high mechanical strength.[119] 

Furthermore, based on the above, the involved ZIB ran well under several repeated 

deformations in -20 ℃ (Figure 8g), together with admirable cycling performance 

(Figure 8h) and capacity (Figure 8i) even at -60 ℃. 

 

 

 

Figure 8. a) Polymerization of EG-waPUA and AM monomers to form the EG-

waPUA/PAM hydrogel. The covalent/hydrogen bond hybrid crosslinked networks 

synergistically contributed to the excellent mechanical performance. b) Schematic 

illustration of the strong hydrogen bonds between EG-waPUA, water and PAM in the 

AF-gel. c) Schematic illustration of the structure of the AF-battery. d) AF-battery at a 

current density of 0.2 A g-1. e) Extended cycling performance at 2.4 A g-1 of the AF-

battery at different temperatures. f) Two AF-batteries were connected in series to 

operate a wristband electrical watch while being sealed in solid ice. Reproduced with 

permission.[90] Copyright 2019, The Royal Society of Chemistry. g) the optical photos 

of the prepared CNF–PAM hydrogel membrane under (i) stretching, (ii) bending and 

(iii) twisting after freezing at -20 ℃ for two days. h) cycling performance at 30 mA g-

1nat -60 ℃.  i) charge–discharge profiles at 10 mA g-1 at -60 ℃. Reproduced with 

permission.[119] Copyright 2021, The Royal Society of Chemistry. 

 

Since additional Li+ can cooperate with Zn2+ to enhance the hydration level by 
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forming highly hydrated cations, suppressing the formation of intermolecular 

hydrogen bonding among water molecules, and reducing the hydrogel’s freezing point. 

Therefore, a PAM-based hydrogel electrolyte containing 2 mol L−1 ZnSO4 and 4 mol 

L−1 LiCl (denoted as ZL-PAM) was assembled into a Zn/LiFePO4 hybrid battery, 

showing 98% capacity retention at −20 °C and running over 500 cycles with 

negligible capacity decay.[140] Moreover, Li+ lessened H-bonding among hydrogel 

chains through the doping effect and mitigated chains distortion by pairing with SO4
2-, 

guaranteeing good mechanical property and durability of the hydrogel electrolyte. 

Thus, after being stored at −20 °C for 24 h, the flexible battery can still preserve >80% 

capacity retention after 400 bending cycles. 

Increased salt concentration can effectively confine H-bonds formation by decreasing 

water content and breaking existing H-bonds by ionic interactions.[94] Thus, Wang et 

al.[124] utilized xanthan gum containing 4 M ZnCl2 as a high-concentrated hydrogel 

electrolyte. The optimized concentration of ZnCl2 realized a low freezing point and 

high ionic conductivity of 2.54 mS cm-1 at -20 ℃, so the corresponding Zn/NH4V3O8 

flexible battery showed a good specific capacity of 201 mAh g-1 at 0.2 A g-1 in -20 ℃. 

Even at -40 ℃, the battery still exhibited 115 mAh g-1 at 0.1 A g-1, suggesting its 

superior anti-freezing property.. 

For ZICs, with tannic acid-encapsulated CNCs (TCs) activating the initiator during 

polymerization, the hierarchically porous structure of PZHE was greatly enhanced, 

realizing outstanding ion transfer efficiency at low temperature.[141] Moreover, they 

adopt the “water-in-salt” strategy by filling 7.5 M ZnCl2 in the above hydrogel. 

Therefore, excellent electrochemical performance was ensured even at -60 ℃. 

Meanwhile, another anti-freezing hydrogel electrolyte was reported based on the 

“water-in-salt” strategy.[142] By dissolving cotton cellulose in a high-concentrated 1.75 

g/g ZnCl2/H2O solution, the cellulose-based hydrogel maintained a high ionic 

conductivity of 47.7 mS cm-1 at -20 ℃, and the involved ZIC showed only a limited 

capacity decay and stably worked when sealed in an ice package. 

As a novel ionic liquid, deep eutectic solvent (DES) formed by eutectic mixtures of 

anionic Lewis acid and cationic base substances possess high stability and negligible 
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vapor pressure.[143, 144] In a recent report, DES was applied to the ZIC system and 

combined with HE to prepare flexible and anti-freeze ZIC.[145] Through one-step 

polymerization triggered by ClO4
-, the Zn-PAM-H2O eutectogel was prepared based 

on Zn(ClO4)2-acrylamide-H2O ternary DES. Besides the suppressed activity of free 

water molecules by their interaction with PAM chains, the hydrogen bonds among 

water molecules were weakened due to competitive Zn2+-O interactions and weak 

ClO4
−-H2O hydrogen bonds.[146-148] Thus, the eutectogel achieved excellent anti-

freezing property with a high voltage window of 2.2 V, and the involved flexible ZIC 

worked stably at a low temperature of -20 ℃. 

 

1.6.2 Thermo-responsible hydrogel electrolytes 

It has already been known that high temperature is full of risk for batteries since the 

heat accumulation can cause active material degradation and even fire or explosion.[89] 

Therefore, an intelligent battery with thermal self-protection behavior achieved by 

HEs can be a powerful and attractive candidate for realizing safe and stable operation. 

As demonstrated in Figure 9a, a PAM hydrogel containing ZnCl2 as highly thermal-

responsible and reversible self-lock was introduced.[149] When the inner battery 

temperature reached 50 ℃, water inside the hydrogel’s porous structure gradually 

evaporated, bringing heat away and cooling down the whole battery. Simultaneously, 

the ionic conductivity decreased dramatically with insufficient water. Finally, the 

hydrogel shrank and shut down inside ion migration, which was the so-called 

hydrogel’s self-protection behavior. Reversibly, when the battery was cooled down, 

abundant hydrophilic groups of PAM hydrogel would automatically absorb water 

from the outer environment, with mechanical and electrochemical performance 

recovering. For the corresponding ZIB, when the temperature increased to 50 ℃, its 

ionic conductivity significantly decreased from 43 to 11 mS cm-1 with almost 

disappeared capacity output. After 3h cooling at room temperature, both capacity and 

water content regained to initial state, and the whole change process of capacity was 
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demonstrated in Figure 9b. Furthermore, other hydrogels (e.g., PVA) and metal ions 

can also be developed using the same method to realize thermal self-protection 

behavior, which can be applied to other battery systems. 

Zhu et al.[89] prepared a poly(N-isopropylacrylamide) (PNIPAM) hydrogel with 

acrylamide (AM) added to form more hydrogen bonds, further elevating its volume 

phase transition temperature (VPTT). For the obtained thermal-gated PNIPAM/AM-5 

(mA/N = 5 %) hydrogel, as illustrated in Figure 9c and 9d, when the temperature 

reaches VPTT, intermolecular H-bonds among H2O molecules and PNIPAM/AM-5 

chains dissociated, while intramolecular H-bonds formed within PNIPAM/AM-5 

instead, causing its porous network shrinkage and finally disappearance (supported by 

Figure 9e - 9g), shutting down ion transfer. Simultaneously, hydrophobic isopropyl 

groups were exposed to the PNIPAM chain, promoting polymer crystallization and 

hydrophobic association, leading the polymer to transit from hydrophilic to 

hydrophobic, further suppressing ion migration, achieving the smart thermal-gate 

function. After cooling down, its porous structure and hydrophilic property recovered 

to the original state. With Zn(CF3SO3)2 contained, PNIPAM/AM-5 (mA/N =5 %) 

hydrogel was then coated onto a glassy fiber separator (denoted as PNIPAM/AM-

5@GF) as an integrated separator. The involved Zn-PANI battery showed high 

reversibility for multiple heating/cooling cycles (Figure 9h), which can be visualized 

by the fast turning off and turning on of the connected LED (Figure 9i). 
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Figure 9. a) Working principle of the thermal self-protective zinc-ion batteries based 

on hygroscopic hydrogel electrolyte. b) The thermal-responsive reversibility of the 

zinc-ion batteries based on two types of hydrogel electrolytes: Zn-PAAm hydrogel 

(top panel) and Zn-PVA hydrogel (bottom panel). The capacity is derived from 

galvanostatic discharge measurement with a current density of 12 mA cm−2. 

Reproduced with permission.[149] Copyright 2020, Wiley-VCH GmbH. c) Working 

mechanism of the thermal-gated PNIPAM/AM electrolytes with VPTT. d) Schematic 

illustration of smart ZIBs with thermal-gated PNIPAM/AM electrolytes. The SEM 

images of PNIPAM/AM-5@GF separators at different temperatures: e) 25 ℃, g) 

60 ℃, and g) after cooling to 25 ℃. h) The thermal-responsive reversibility of the 

aqueous ZIBs with thermal-gated separators at different cycles. i) The optical images 

of the three ZIBs in series to power a LED at heating and cooling states. Reproduced 

with permission.[89] Copyright 2020, Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim. 
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1.7 Multi-functional HEs for flexible and environmental-

adaptive ZIBs 

More and more HEs have been prepared with three or even more functions to make 

the corresponding ZIBs adapt to drastic environmental change and severe external 

force with little electrochemical performance compromise, thus bettering their 

potential to serve as ideal next-generation devices in wearable electronics. During this 

part, highlight functions of those mentioned HEs-based environmental-adaptive ZIBs 

were listed in Table 3. 

A Zn-alginate/polyacrylamide (PAM) hydrogel was proposed by applying ethylene 

glycol (EG) as an anti-freezing agent. Functional groups along the alginate chain 

further suppressed the crystallization of water molecules.[150] Inspired by epidermal 

tissue, the hydrogel was coated with a silane elastomer layer with coupling agents and 

surfactant, which acted as a shield to alleviate water evaporation at high temperatures 

and deferred solution exchange during the long-term performance. With good ionic 

conductivity of 14.1 mS cm-1 (-20 ℃) to 18.2 mS cm-1 (80 ℃), the assembled 

Zn/MnO2 environmental-adaptive battery (EA battery) performed well from -20 ℃ to 

80 ℃. It still worked well under several extreme conditions, including mechanical 

deformations, ice packaging, boil water immersion, etc. A flexible, temperature-

adaptive, mechanically durable and ultra-stable organohydrogel electrolyte (OHE) 

based on poly(2-acrylamido-2-methylpropanesulfonic acid)/polyacrylamide 

(PAMPS/PAAm) double-crosslink network was introduced, in which contained 

ZnCl2/NH4Cl in EG/H2O binary solution system.[151] Besides being applied as an anti-

freezing agent, EG intimately contacted with Zn anode, mitigating water-related side 

reactions, favoring dense and uniform Zn2+ deposition onto the electrode surface. 

Moreover, OHE possessed excellent mechanical properties and water content owing 

to ample hydrophilic functional groups, so the ionic conductivity still reached 1.62 

mS cm-1 at -30 ℃. The fabricated Zn/PANI battery showed stable cyclability of 81.5% 

capacity retention after 4000 cycles, outstanding mechanical strength under bending, 
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pressure, hammering, soaking, together with a wide working temperature range from -

30 ℃ to 80 ℃, which was contributed from the OHE. 

Recently, zinc alginate (Alg-Zn) hydrogel electrolyte was synthesized, in which Zn2+ 

transfer was regulated within the hydrogel’s network by interaction among Zn2+ and 

carboxylate groups.[152] Therefore, side reactions and dendrite growth were repressed 

with high ionic conductivity of 18.3 mS cm-1 and admirable endurance. The relevant 

battery showed excellent capacity and stability and retained its performance from 

0 °C – 50  °C with improved environmental adaptability. 

Based on PAM hydrogel electrolyte with high ionic conductivity of 17.3 mS cm-1, a 

tailorable elastic yarn ZIB with decent mechanical property and electrochemical 

output was fabricated.[77] The prepared Zn/MnO2 yarn-shaped battery lost negligible 

capacity after bending, knotting, and twisting. Reliable waterproof ability was 

confirmed with 96.5 % capacity retention after immersing in water for 12 h. Notably, 

this yarn ZIB can be cut to any desired length. After being cut into eight parts, each 

segment can power an electronic watch, and they can be woven together to enlighten 

a LED belt of 100 bulbs. A solid-state zinc hybrid battery with superior waterproof 

ability and washability was designed with highly absorbent and ionic conductive PAM 

hydrogel electrolyte.[153] Noteworthily, the above battery showed a specific air-

triggered self-charging behavior by switching between Zn-air mode and Zn−Co3O4−x 

battery mode. It delivered decent discharge capacity and cyclability and successfully 

powered an electronic watch under different bending conditions after being designed 

into a wristband.  

By grafting acrylamide (AM) onto the xanthan gum (XG) backbone and incorporating 

XG-PAM copolymer with cotton cellulose nanofiber (CNF), the XG-PAM/CNF 

hydrogel electrolyte was synthesized with the homogeneous inter-penetrating dual 

cross-linking network.[82] With ionic conductivity to 28.8 mS cm-1, the above hydrogel 

electrolyte ensured the associated Zn-MnO2 battery with a good capacity of 237 mAh 

g-1 at 1 C and capacity retention of 86.2 % after 1000 cycles at 4 C. Moreover, 

benefiting from its good flexibility, mechanical strength, excellent hygroscopicity, 

interfacial adhesiveness, and suppressed dendrite growth, the above ZIB retained its 
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capacity well underwater without packaging, being bent, harshly poking, freely 

attached to human cloth for submarine situations. From Figure 10a, by adopting 

cellulose as the framework, tetraethyl orthosilicate (TEOS) as the crosslinker, and 

glycerol as the anti-freezing agent, a multifunctional hydrogel electrolyte (denoted as 

CT3G30 with optimized property) was highlighted for its outstanding flexibility, self-

healing behavior, suppressed dendrite growth, intimate adhesion, and the combination 

of anti-freezing and heat-resistance property.[91] With a 3D porous network and extra-

low freezing point of -64.6 ℃, it showed admirable ionic conductivity of 32.3 mS cm-

1 (60.1 % maintained at –40 °C). As illustrated in Figure 10b, the fabricated Zn-

MnO2 battery exhibited a high specific capacity (Figure 10c) and ultra-stable 

cyclability after 2000 cycles from 60 to -40 ℃ (Figure 10d). It can freely work under 

massive deformation at –40 °C (Figure 10e), sealed in an ice cube, and immersed in 

boiling water. Moreover, with plenty of reversible H-bonds and Si-O-Si bonds inside, 

the battery showed 96.7% capacity retention after three cutting/self-healing cycles 

(Figure 10f). 

 

 

 

Figure 10. a) Synthesis schematic of the CT3G30 hydrogel electrolyte. b) Graphic 
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illustration of the environmentally adaptive flexible Zn–MnO2 battery with CT3G30. 

c) GCD curves at 0.2 A g−1. d) Cyclic performance of the Zn–MnO2 batteries with 

CT3G30 at 3 A g−1 and different temperatures. e) Capacity evolution of the Zn–MnO2 

batteries with CT3G30 at −40 °C and 0.5 A g−1: in the normal state and under bending. 

f) The capacity evolution of our Zn-MnO2 batteries with CT3G30 in normal state and 

after 1−3 cutting/self-healing rounds (the inset shows photographs of a Zn-MnO2 

battery with CT3G30 during the 1st cutting/self-healing round). Reproduced with 

permission.[91] Copyright 2021, Wiley-VCH GmbH. 

 

A multifunctional crosslinked cellulose nanofiber-polyacrylamide (CNF-PAM) 

hydrogel electrolyte was reported by grafting PAM onto the CNF surface, as shown in 

Figure 11a.[154] From Figure 11b and 11c, because the CNF network formed a 3D 

backbone with PAM affixed on its surface and linkages among their hydroxide and 

carboxyl groups, the obtained hydrogel film possessed ultra-stable honeycomb-like 

porous morphology with high ionic conductivity of 6.8 mS cm-1. The assembled 

Mg0.23V2O5 • 1.0H2O (MVO)/Zn battery showed a high capacity and cycling 

performance after 2000 cycles (Figure 11d). Even at an ultra-high current density of 

20 A g-1, it still exhibited decent capacity retention after 20000 cycles (Figure 11e). 

Moreover, the battery worked well under external strain (Figure 11f and 11g, with 

sealed in a spring-type plastic tube), bending (Figure 11h), cutting (Figure 11i), 

freezing (Figure 11j), and heating (Figure 11k), suggesting its environmental-

adaptive nature from the merits of CNF-PAM hydrogel electrolyte.. 
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Figure 11. a) Schematic illustration of the synthesis route to form the solid-state 

electrolyte by grafting PAM on CNFs via a facile free radical polymerization 

approach. b) and c) SEM images of freeze-dried CNF-PAM films. Long-term cycling 

performance at high current densities of d) 5 and e) 20 A g-1. f) and g) The optical 

photos of a designed spring battery powering a watch. h) An optical photo of nine 

LED lights powered by two MVO/Zn ssBs with a bending degree of 90 °. i) Optical 

photos of cutting on CNF-PAM films. Cycling performance at a current density of 

500 mA g-1 at temperatures of j) -18 °C, k) 40 °C and 50 °C. Reproduced with 

permission.[154] Copyright 2020, The Royal Society of Chemistry. 

 

Lately, a high-performance and flexible quasi-solid-state (QSS) ZIBs with PVA gel 

electrolyte containing LiCl, ZnCl2, MnSO4 (denoted as PVA/LiCl-ZnCl2-MnSO4) was 

reported.[103] It showed high specific capacity and excellent stability with a wide 

temperature range from -20 ℃ (capacity of 0.52 mAh cm-2) to 80 ℃ (capacity of 3.26 

mAh cm-2). With the above hydrogel electrolyte, the battery preserved 103.4 % 

capacity after 1000 bending cycles under a 90° bending angle and worked stably 

under harsh conditions, including puncturing, cutting, cropping, hammering, soaking 

in water, and heating by a lighter. It was also integrated into a self-powered bracelet 

with a health monitoring function. Moreover, a hierarchical hydrogel electrolyte for 
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one ultra-safe and wearable ZIB was obtained through grafting polyacrylamide (PAM) 

onto gelatin chains and then injecting the above mixture into the pores of the 

polyacrylonitrile (PAN) electrospun fiber membrane.[76] With high ionic conductivity 

of 17.6 mS cm-1 and strength of 7.76 MPa, the assembled Zn-MnO2 battery provided 

excellent specific capacity and cyclability. It maintained its performance well under 

bending, loading, hammer striking, exposure to fire, soaking and stirring in water, 

punching, and sewing, showing admirable stability and safety. Likewise, it can be 

tailored to other shapes and power an electronic watch. It can further be integrated 

into a smartwatch, health monitoring pulse sensor, and smart insoles, revealing its 

extraordinary potential in wearable electronics applications.    

Zn batteries can even be designed into textile micro batteries with aesthetic patterns. 

Combined with the resist dyeing method, an in-plane battery was fabricated into 

stylish patterns. Therefore, Liu et al.[102] assembled an in-plane solid-state alkaline Zn 

micro-battery (micro-AZBs) on a textile substrate with a particular aesthetic pattern 

by taking advantage of the decent flexibility and transparency of PVA hydrogel, as 

demonstrated in Figure 12a. After coating PVA on integrated textile electrodes, the 

assembled micro Zn battery delivered excellent capacity and cycle performance 

(Figure 12b and 12c) and only 9.4 % capacity loss after 1600 bending cycles (Figure 

12d). The in-plane battery successfully enlightened a LED bulb under deformation 

and continued powering it after being cut four times (Figure 12e) with slight open-

circuit voltage loss (Figure 12f). Furthermore, the letter-shaped micro-battery can be 

easily sewed onto cloth and power an LED bulb under repeated bending and casual 

motion (Figure 12g, 12h, 12i), keeping outstanding tailorability, sewability, and 

specific ornamental value at the same time. 
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Figure 12. a) Schematic illustration of the fabrication procedures of textile micro-

AZB. b) GCD curves of the device at various current densities. c) Cycling 

performance of the micro-AZB at a current density of 2.5 A g−1. d) Capacity retention 

as a function of bending cycles. The radius of curvature R = 4.1 mm. e) Cutting test of 

the textile AZBs. The LED cells can still be powered through the letter (‘‘textile’’)-

shaped Cu textile circuit after the first, second, third, and fourth cuts of AZBs. f) 

Potential retention of the AZB at different cutting statuses. g) and h) AZBs in the 

shape of four letters, that is, “BINN”. The letter-shaped AZBs sewed on a garment 

power a commercial watch under bending condition. i) GCD curves of the BINN 

AZBs. Scale bar, 1 cm (e) and 5 cm (h). Reproduced with permission.[102] Copyright 

2019, American Chemical Society. 

 

Pluronic polymer hydrogel composed of poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide) (denoted as PEO-PPO-PEO) was applied as a cooling-recovery 

electrolyte for flexible Zn-based batteries.[155] At low temperatures, hydrated PEO 

generated H-bonds among water molecules, turning to a liquid state. The PEO-PPO 

interface was dehydrated with hydrophobic packing when the temperature rises, 

regaining the gel phase. Moreover, when turning to the liquid state, it can re-wet 
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electrodes, refreshing and repairing wounded interface, realizing cooling-recovery 

behavior. The above hydrogel exhibited ionic conductivity of 6.33 mS cm-1. For the 

involved battery, even after the PHE layer was exfoliated from the electrode under 

intense folding, it quickly returned to the liquid phase when the temperature dropped 

to -5 ℃, and the tandem battery unit successfully powered LED bulbs under various 

bending states. Newly, a polyzwitterionic hydrogel electrolyte (PZHE) called poly [2-

(methacryloyloxy) ethyl] dimethyl-(3-sulfopropyl) (PSBMA) was reported.[156] The 

hydrogel containing both physical and chemical crosslinks was synthesized from a 

zwitterionic monomer called [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) 

(SBMA), which contained C–N+ as the cationic group and SO3
- acted as the anionic 

group. From Figure 13a, water molecules were locked inside by the interactions with 

countless polar and hydrophilic groups; functional groups also immobilized unneeded 

anions and steric hindrance of PSBMA. Thus, simultaneously, reversible and 

synergistic electrostatic interactions and hydrogen bonds among charged groups and 

water molecules were formed. Therefore, the mechanical strength, interfacial 

adhesion, and uniform Zn2+ deposition were further ensured, resulting in high ionic 

conductivity of 32.0 mS cm-1, alleviated dendrite growth, self-healing behavior, and 

anti-freezing property. The corresponding VS2/PZHE/Zn quasi-solid ZIB delivered 

reasonable electrochemical properties (Figure 13b, 13c). It also powered an 

electronic device after hammering (Figure 13d), being cutting and self-healing 

(Figure 13e), washing and soaking (Figure 13f) and cutting in water (Figure 13g), 

heating on an alcohol lamp (Figure 13h), and keeping at -20 ℃ (Figure 13i), which 

were inseparable from the benefits of PZHE. 
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Figure 13. a) Schematic illustration of the morphologies of Zn metal anode with 

LE/PZHE during Zn plating. b) Cycling performance of the quasi-solid state ZMBs at 

0.5 A g−1. c) Galvanostatic charge/discharge curves of the two quasi-solid state ZMBs 

connected in series. Optical images of d) hammering test of the quasi-solid state 

rechargeable ZMBs, e) cutting and soaking test of the quasi-solid state ZMBs, f) 

soaking test of the quasi-solid state rechargeable ZMBs in DI water. g) cutting and 

soaking test of the quasi-solid state ZMBs, h) burning test of the quasi-solid state 

rechargeable ZMBs, i) low temperature anti-icing test of quasi-solid state ZMBs at 

−20 °C. Reproduced with permission.[156] Copyright 2020, WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 

 

Besides dual-crosslink network HEs, a triple-network HE named 

polyacrylamide/gelatin/[2-methylacryloxy) ethyl]dimethyl-(3-sulfonic acid propyl) 

ammonium hydroxide (DMAPS) was reported recently.[133] Specifically, PAM was 

applied as the hydrogel matrix, gelatin was used as the enhancer toward mechanical 

strength and self-healing property, and the usage of DMAPS can greatly promote Zn2+ 

kinetics, regulating Zn2+ transfer and thus improving the battery cyclability by its rich 

zwitterionic groups along the polymer chain. Therefore, the high ionic conductivity of 

35.1 mS cm-1 was achieved, and the involved Zn//MnO2 battery showed both high 

capacity and stable work under any bending angels and heavy pressure. 

In the field of Zn-ion hybrid capacitors (ZICs), a multi-functional and ionic-
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crosslinked copolymer hydrogel based on anionic P(AMPSZn-AAZn)/ZnCl2 polymer 

chain was presented, in which FeCl3 formed ionic bond crosslink with carboxylate 

groups, and SO3
- anchored on the chain regulated Zn2+ transport.[157] Hence, the ionic 

conductivity of 0.66 mS cm-1 was achieved, and the involved ZIC showed decent 

electrochemical performance and flexibility. Moreover, owing to non-covalent 

reversible interactions between Fe3+ and -COO-, it exhibited self-healing properties 

after being cut and re-put together, and the ZIC still worked well under low 

temperatures to -18 ℃. With water molecules trapped inside concentrated salt and 

function groups along PAM chains, side reactions were disallowed, and the anode’s 

stability was enhanced.[158] Thus, the PAM hydrogel electrolyte containing 7.5 M 

ZnCl2 further enlarged its voltage window from 0-1.8 V and exhibited high ionic 

conductivity of 71.4 mS cm-1. Furthermore, the assembled ZIC showed an excellent 

capacitance retention rate of 95.1 % after 100 000 cycles at 5 A g-1. Since its freezing 

point got lower with higher ZnCl2 concentration, at -20 °C, it maintained its ionic 

conductivity of 17.9 mS cm-1 and 92.9% capacitance retention over 40000 cycles at 5 

A g-1. Also, the flexible ZIC worked well under bending and twisting at -25 °C. 

Recently, a PVA-CMC hydrogel electrolyte was developed for a highly 

environmental-adaptive ZIC.[159] Specifically, the PVA matrix guaranteed its excellent 

hygroscopic and adhesion property. Furthermore, the application of EG improved its 

frost resistance and promoted its mechanical reinforcement by facilitating PVA 

crystalline domain formation via hydrogen-bonds interactions. Also, CMC further 

enhanced its mechanical strength through hydrogen bonds. Meanwhile, −COO- 

groups on CMC chains regulated Zn2+ diffusion and homogenized Zn2+ stripping and 

deposition and prevented dendrite growth. Based on those combined benefits, the 

hydrogel exhibited impressive mechanical robustness and an admirable ionic capacity 

of 1.73/0.75 S m-1 at 20/-20 °C. The assembled ZIC also showed reliable cycling 

stability at 20 and -20 °C. 
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1.8 Summary of challenges and perspectives 

In summary, HEs, with their enchanting potential, have been regarded as alluring 

candidates for next-generation batteries for the following reasons: 1. Their robust 

polymer backbones and admirable flexibility are qualified to maintain their chemical 

and physical stability under harsh external treatments. 2. Their controllable and 

homogeneous 3D porous structure generates fast and uniform ion diffusion channels 

to achieve decent ionic conductivity and evenly ion deposition on the electrode. 3. 

Their mechanical property and adhesive nature produce a stable and intimate 

interfacial contact, guaranteeing the involved batteries cycling stability with 

efficiently suppressed dendrite growth, side reactions, and exfoliation among each 

battery component, further bettering batteries’ steadiness and safety. 4. With plenty of 

functional groups, complicated intermolecular and intramolecular interactions were 

created, exhibiting more valuable functions both at electrolyte level and battery level, 

shining as highlights for aqueous ZIBs to catch the tendency in the application of 

flexible, wearable, and multifunctional devices. 

Nevertheless, while deepening the research and exploration of various HEs, existing 

challenges below were inevitably found and further got in the way of their large-scale 

application and commercialization. 

Firstly, the ionic conductivity of HEs still possesses much space to improve. 

Compared to the aqueous electrolyte, considering intertwined 3D porous structure 

with larger thickness, discontinuous quasi-solid-solid electrolyte-electrode interface, 

and unavoidable water evaporation during operation, the resistance of HEs is 

inevitably heightened, resulting in lower ionic conductivity, sluggish ion transfer, and 

poor electrochemical performance. Therefore, some novel fabrication methods of HEs 

should be considered to lower the thickness, such as adopting electrospun technology 

to make it as thin as a film. For the interfacial barrier, super adhesive hydrogels were 

proposed and utilized to increase the interface stability with the existence of those 

numerous polar groups. Furthermore, more hydrophilic groups and intermolecular 

interactions should be introduced into the hydrogel network to alleviate water 
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evaporation. For example, by co-polymerizing with or grafting to other hydrogel 

networks, the number of hydrophilic groups alongside the polymer backbone can be 

doubled or even more, thus realizing a much-improved water storage capability. 

Besides, applying the “water-in-salt” strategy or ionic liquids (ILs) are also wise to 

decrease or even avoid the usage of problematic aqueous electrolyte from the start. 

However, the much higher cost of using ILs still needed to be noted. 

Second, the mechanical strength of HEs still cannot be comparable to those of all-

solid-state electrolytes, such as thermoset polymers. Especially those HEs do not have 

chemically covalent bonds-based crosslinks, like PVA, alginate, etc. Those reversible 

and weak interactions serve as the vital force to construct the hydrogel network. The 

corresponding HEs exhibit better compliance and self-healing property but sanctify 

their mechanical robustness. In order to realize HEs with both flexibility and 

mechanical stability, preparing dual-crosslink HE should be a rational method by 

introducing a second polymer crosslink via blocking, grafting, crosslinking, in which 

the first network acts as a strong covalently crosslink backbone, and the second with 

reversible crosslink serve to realize better flexibility or other functions. The above 

strategy has been widely used, especially by grafting PAM onto gelatin, alginate, 

xanthan gum, CMC, chitin, PVA, etc., to achieve significantly improved mechanical 

without ionic conductivity sacrifice. Therefore, it is reasonable to utilize HEs with 

dual or trial crosslinks in the future. Furthermore, hydrogels from natural resources 

should also become hot candidates as hydrogel substrates or components to meet the 

demands of environmental sustainability.  

Thirdly, to be competitive among environmental adaptive batteries based on other 

electrolytes, the anti-freezing property and thermal-protection behavior of HEs still 

need to be emphasized, and the working temperature window also needs to be 

widened. The popular methods include modifying the polymer chain or introducing 

other functional agents to the original system. For example, glycerol can be used as an 

anti-freezing agent to decrease the freezing point of water inside HEs through 

competition with the hydrogen bonds between water molecules to prevent the 

crystallization of water molecules. Similarly, other polymers with plenty of  O or N 
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containing groups can also form abundant hydrogen bonds with water molecules. 

Therefore, they can be introduced by grafting or co-polymerization into the initial 

HEs network and lower the freezing point in the same way. Moreover, for most 

hydrogel electrolytes, the voltage window of the battery is still relatively narrow, and 

the cycling stability is still not as good as expected. Therefore, hydrogel electrolytes' 

selection, preparation, and modification strategies still have ample space to improve. 

The research toward HEs and ZIBs is still in the infancy stage. Exploring their 

mechanisms is urgently needed since it is the prerequisite to further optimizing and 

commercializing both HPEs and next-generation ZIBs. Therefore, mechanism-related 

research, such as operando characterizations, DFT calculation, model construction, 

computer simulation, etc., will become critical in future research. Based on deeper 

mechanism understanding and further performance optimization, we believe HEs, as 

essential components for ZIBs with unique and irreplaceable advantages, can make 

ZIBs and other battery technologies serve as a more reliable power supply in every 

aspect of human life in the future. 
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Table 1 Structures and features of widely used hydrogel substrates 

Name Molecule structure Crosslinking 
Highlight 

features 
Ref. 

PVA 
 

Physical 

Chemical 

Flexible 

Self-healing 

Ultra-stable 

[65, 

97] 

PAM 
 

Chemical 

Flexible 

Super-tough 

Anti-freeze 

Thermo-

protection 

[129, 

138, 

149] 

Cellulose 

 

Physical 

Chemical 

Flexible 

Mechanical 

property 

Anti-freeze 

Self-healing 

Natural 

Resource 

[86, 

91, 

125, 

154] 

kappa-carrageenan 

 

Physical 

Flexible 

Natural 

Resource 

[66, 

121] 

Gelatin 

 

Physical 

Flexible 

Natural 

Resource 

[76, 

116] 

SA 

 

Physical 

Flexible 

Mechanical 

property 

Ultra-stable 

Natural 

Resource 

[85, 

96, 

116, 

150, 

152] 

Chitin 

 

Physical 

Flexible 

Mechanical 

property 

Natural 

Resource 

[122] 

Poly(N-

isopropylacrylamide) 

(PNiPAM)  

Chemical 

Flexible 

Mechanical 

property 

Thermo-

protection 

[70, 

89] 

PAA 

 

Physical 

Chemical 
Flexible 

[66, 

78] 
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PANa 
 

Physical 

Chemical 

Flexible 

Mechanical 

property 

[79] 

Xanthan Gum 

 

Physical 

Flexible 

Anti-freeze 

Ultra-stable 

Natural 

Resource 

[82, 

124] 

Poly 2-Acrylamido-

2-methyl-1-

propanesulfonic acid 

(PAMPS) 
 

Chemical 

Flexible 

Mechanical 

property 

Ultra-stable 

[67, 

68, 

151] 
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Table 2 Summary of electrochemical performance of HEs and the related ZIBs 

Hydrogel matrix 
Electrolyte 

solution 

Ionic 

conductivit

y 

Battery performance 
Highlight 

function 
Ref. 

Capacity 
Cycling 

performance 

PVA 
0.35 M 

ZnSO4 
- 

89 mAh 

g-1 

(0.1 A g-

1) 

71 % / 500 

cycles 

(0.4 A g-1) 

Flexibility [105] 

PVA 
1 M 

Zn(CF3SO3)2 
- 

109 mAh 

g-1 

(0.5 A g-

1) 

91.7 % / 200 

cycles 

(0.5 A g-1) 

Flexibility [88] 

PVA 
3 M 

Zn(CF3SO3)2 

9.76 mS 

cm-1 

215 mAh 

g-1 

(0.1 A g-

1) 

- Flexibility [106] 

PVA 

1.5 M KOH 

0.05 M 

Zn(Ac)2 

- 

18.7 

mAh cm-

3 

(1.45 C) 

＞80 % / 

1000 cycles 

(under 95° 

bending) 

Flexibility [107] 

PVA 1 M ZnSO4 - 

32.56 

mAh cm-

3 

(10 mA 

cm-3) 

76.5 % / 

1000 cycles 

(50 mA cm-3) 

Flexibility [87] 

PVA 10 M KOH - 

1.03 

mAh cm-

2 

(0.5 mA 

cm-2) 

79.5 % / 200 

cycles 

(0.5 mA cm-

2) 

Flexibility [108] 

PVA 

3 M LiCl 

2 M ZnCl2 

0.4 M MnSO4 

- 

0.718 

mAh cm-

2 

(0.1 mA 

cm-2) 

82.5 % / 500 

cycles 

(0.1 mA cm-

2) 

Flexibility [109] 

PAM 1 M ZnSO4 
5.56 mS 

cm-1 

144 mAh 

g-1 

(0.2 A g-

1) 

91.1 % / 150 

cycles 

(0.5 A g-1) 

Flexibility [112] 

PAM 
2 M ZnSO4 

0.2 M CoSO4 

0.12 mS 

cm-1 

180.6 

mAh g-1 

(0.5 A g-

1) 

94.6 % / 

2000 cycles 

(2 A g-1) 

Flexibility [113] 
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PAM 
21 M LiTFSI 

2M Zn(OTF)2 
6 mS cm-1 

141.2 

mAh g-1 

(0.2 A g-

1) 

~ 100 % / 

300 cycles 

(1 A g-1) 

Flexibility [11] 

CMC 

ZnSO4 

(m ZnSO4 : 

mCMC 

=1.9:1) 

- 

481 mAh 

g-1 

(0.1 A g-

1) 

28.5 % / 100 

cycles 

(0.1 A g-1) 

Flexibility [125] 

kappa-carrageenan 
2 M ZnSO4 

0.1 M MnSO4 

33.2 mS 

cm-1 

291.5 

mAh g-1 

(0.15 A g-

1) 

80 % / 450 

cycles 

(6 A g-1) 

Flexibility [121] 

PVA-MSA 
0.5 M ZnCl2 

1 M NH4Cl 

30.6 mS 

cm-1 

100.3 

mAh g-1 

(5 A g-1) 

88 % / 2000 

cycles 

(2 A g-1) 

Flexibility [114] 

AMP-Mn/PVA 1 M ZnSO4 
34.1 mS 

cm-1 

230 mAh 

g-1 

(0.2 A g-

1) 

99.97 % / 

600 cycles 

(2 A g-1) 

Flexibility [117] 

PVA/PAA 

1 M KOH 

0.001 M 

Zn(Ac)2 

- 

162 mAh 

g-1 

(1 A g-1) 

80 % / 2000 

cycles 

(1 A g-1) 

Flexibility [78] 

Gelatin- 

Sodium Alginate 
2 M ZnSO4 37 mS cm-1 

251 mAh 

g-1 

(2 A g-1) 

75 % / 200 

cycles 

(2 A g-1) 

Flexibility [116] 

Starch-PAM 2 M ZnSO4 
26.5 mS 

cm-1 

161.7 

mAh g-1 

(1 A g-1) 

97.7 % / 500 

cycles 

(1 A g-1) 

Flexibility [118] 

SPI/PAM 
1 M ZnSO4 

0.1 M MnSO4 
58 mS cm-1 

299.3 

mAh g-1 

(0.4 C) 

78 % / 500 

cycles 

(0.4 C) 

Flexibility [127] 

PAM-ChNF 
10 mM 

Zn(CF3SO3)2 

15.2 mS 

cm-1 

343.9 

mAh g-1 

(0.2 A g-

1) 

90.7 % / 

1000 cycles 

(10 A g-1) 

Flexibility [122] 

PAM/Gelatin/DMAPS 2 M ZnSO4 
35.1 mS 

cm-1 

175 mAh 

g-1 

(0.5 A g-

1) 

~ 100 % / 

100 cycles 

(0.5 A g-1) 

Flexibility [133] 

PAM-co-PAA/κ-CG 2 M ZnSO4 
17.6 mS 

cm-1 

72.5 

mAh g-1 

(0.1 A g-

1) 

96.4 % / 

10000 cycles 

(3 A g-1) 

Flexibility [66] 

SL-PAM 2 M ZnSO4 31.1 mS 109 mAh ~ 350 % / Highly adhesive [84] 
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0.1 M MnSO4 cm-1 g-1 

(0.5 A g-

1) 

600 cycles 

(0.1 A g-1) 

PAPTQ/PAM/PAMPS 
1 M ZnSO4 

1 M CuSO4 
- 

160 mAh 

g-1 

(2 mA 

cm-2) 

- Highly adhesive [67] 

PANa 

6 M KOH 

0.2 M 

Zn(Ac)2 

200 mS 

cm-1 

96 mAh 

g-1 

(2.3 A g-

1) 

86 % / 340 

cycles 

(56.5 C) 

Super-tough [79] 

PAM 
1 M ZnSO4 

0.1 M MnSO4 
- 

136.2 

mAh g-1 

(4 C) 

69.02 % / 

1000 cycles 

(4 C) 

Super-tough [129] 

M-HNTs/PAM 
2 M ZnSO4 

0.1 M MnSO4 
26 mS cm-1 

209.8 

mAh g-1 

(1 C) 

92.7 % / 

1000 cycles 

(10 C) 

Super-tough [130] 

Zn-Alginate/PAM 
2 M ZnSO4 

0.1 M MnSO4 

43.2 mS 

cm-1 

300.4 

mAh g-1 

(0.11 A g-

1) 

82 % / 500 

cycles 

(0.88 A g-1) 

Super-tough [85] 

PVA 
2 M 

Zn(CF3SO3)2 
12.6 S cm-1 

123 mAh 

g-1 

(0.1 A g-

1) 

97.1 % / 

1000 cycles 

(1 A g-1) 

Self-healing [65] 

PVA 

1.1 M 

Zn(Ac)2 

0.1 M 

Mn(Ac)2 

- 

123 mAh 

g-1 

(0.2 A g-

1) 

- Self-healing [132] 

B-PVA/NFC 2 M ZnSO4 
18.1 mS 

cm-1 

56.1 

mAh g-1 

(0.5 mA 

cm-2) 

95.3 % / 

5000 cycles 

(2 mA cm-2) 

Self-healing [74] 

NFC/PAM 
2 M ZnSO4 

0.2 M MnSO4 

22.8 mS 

cm-1 

210 mAh 

g-1 

(4 C) 

88.3 % / 

1000 cycles 

(4 C) 

Sewable 

& Tailorable 
[86] 

ZSC-gel 

(Containing 

cellulose) 

2 M ZnSO4 

0.2 M MnSO4 

24.6 mS 

cm-1 

158 mAh 

g-1 

(6.5 C) 

94.9 % / 500 

cycles 

(6.5 C) 

Sewable 

& Tailorable 
[135] 

EG-waPUA/PAM 
2 M ZnSO4 

0.1 M MnSO4 

14.6 mS 

cm-1 

(-20 ℃) 

226 mAh 

g-1 

(0.2 A g-

1, 

-20 ℃) 

72.54 % / 

600 cycles 

(2.4 A g-1, -

20 ℃) 

Anti-freezing [90] 
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PAM/GO/EG 
2 M ZnSO4 

0.2 M MnSO4 

14.9 mS 

cm-1 

(-20 ℃) 

183.2 

mAh g-1 

(0.2 A g-

1, 

-20 ℃) 

61 % / 1000 

cycles 

(1 A g-1, -

20 ℃) 

Anti-freezing [138] 

GG/SA/EG 
2 M ZnSO4 

0.1 M MnSO4 

6.19 mS 

cm-1 

(-20 ℃) 

114.61 

mAh g-1 

(0.3 A g-

1, 

-20 ℃) 

80.39 % / 

100 cycles 

(0.3 A g-1, -

20 ℃) 

Anti-freezing [139] 

CNF/PAM Zn(CF3SO3)2 - 

140 mAh 

g-1 

(1 A g-1, 

-60 ℃) 

79.3 % / 60 

cycles 

(30 mA g-1, -

60 ℃) 

Anti-freezing [119] 

PAM 
2 M ZnSO4 

4 M LiCl 
- 

104 mAh 

g-1 

(0.1 A g-

1, 

-20 ℃) 

~ 100 % / 

500 cycles 

(0.5 A g-1, -

20 ℃) 

Anti-freezing [140] 

Xanthan gum 4 M ZnCl2 

2.54 mS 

cm-1 

(-20 ℃) 

201 mAh 

g-1 

(0.2 A g-

1, 

-20 ℃) 

77 % / 1500 

cycles 

(1 A g-1, -

20 ℃) 

Anti-freezing [124] 

PZHE 7.5 M ZnCl2 

15.6 mS 

cm-1 

(-60 ℃) 

81.5 

mAh g-1 

(0.5 A g-

1, 

-40 ℃) 

84.6 % / 

100000 

cycles 

(5 A g-1, -

40 ℃) 

Anti-freezing [141] 

PAM 5.5 M ZnCl2 43 mS cm-1 

370 mAh 

g-1 

(2 mA 

cm-2) 

~ 100 % / 

500 cycles 

(10 mA cm-2) 

Thermo-protection [149] 

PNIPAM/AM-5 
0.25 M 

Zn(CF3SO3)2 
78 mS cm-1 

168.7 

mAh g-1 

(0.1 A g-

1) 

80 % / 1000 

cycles 

(1 A g-1) 

Thermo-protection [89] 

PAMPSZn - 
20.1 mS 

cm-1 

438.9 

mAh g-1 

(0.1 A g-

1) 

80.2 % / 400 

cycles 

(0.5 A g-1) 

Electrochemical 

Stability 
[68] 

P(ICZn-AAM) 2 M ZnSO4 
2.15 mS 

cm-1 

322.3 

mAh g-1 

(0.5 C) 

81.9 % / 500 

cycles 

(5 C) 

Electrochemical 

Stability 
[69] 
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SA 
NaCl 

ZnSO4 
- 

260 mAh 

g-1 

(1 A g-1) 

94  % / 1000 

cycles 

(10 A g-1) 

Electrochemical 

Stability 
[96] 

ZIS-PVA 
1 M 

Zn(CF3SO3)2 

10.3 mS 

cm-1 

151.2 

mAh g-1 

(0.1 A g-

1) 

87.5 % / 600 

cycles 

(5 A g-1) 

Electrochemical 

Stability 
[97] 

Alginate 1 M Zn(Ac)2 
32.8 mS 

cm-1 

188 mAh 

g-1 

(0.2 A g-

1) 

66.8 % / 

2000 cycles 

(2 A g-1) 

Electrochemical 

Stability 
[83] 

Zn-Alginate/PAM 
2 M ZnSO4 

0.1 M MnSO4 

16.3  

mS cm-1 

272 mAh 

g-1 

(0.1 A g-1) 

81 % / 500 

cycles 

(1.6 A g-1) 

Multi-functional [150] 

PAMPS/PAM 
2 M ZnCl2 

3 M NH4Cl 

1.62  

mS cm-1 

(-30 ℃) 

122.1 

mAh g-1 

(5 A g-1) 

85 % / 4000 

cycles 

(5 A g-1) 

Multi-functional [151] 

Alginate-Zn 
2 M ZnSO4 

0.2 M MnSO4 

18.3  

mS cm-1 

300 mAh 

g-1 

(0.2 A g-1) 

~ 56.5 % / 

200 cycles 

(0.5 A g-1) 

Multi-functional [152] 

PAM 
2 M ZnSO4 

0.1 M MnSO4 

17.3 

 mS cm-1 

302.1 

mAh g-1 

(60 mA g-

1) 

98.5 % / 500 

cycles 

(2 A g-1) 

Multi-functional [77] 

PAM 

6 M KOH 

0.2 M 

Zn(Ac)2 

- 

148 mAh 

g-1 

(1 A g-1) 

90.1 % / 

1200 cycles 

(2 A g-1) 

Multi-functional [153] 

XG-PAM/CNF 
2 M ZnSO4 

0.1 M MnSO4 

28.8 mS 

cm-1 

237 mAh 

g-1 

(1 C) 

86.2 % / 

1000 cycles 

(4 C) 

Multi-functional [82] 

CT3G30 

(Cellulose 

framework) 

0.45 M ZnSO4 

0.045 M 

MnSO4 

32.3  

mS cm-1 

277.3 

mAh g-1 

(0.2 A g-1) 

99.2 % / 

2000 cycles 

(3 A g-1) 

Multi-functional [91] 

CNF/PAM 
1 M 

Zn(CF3SO3)2 

6.8 mS 

cm-1 

216 mAh 

g-1 

(5 A g-1) 

98.6 % / 

2000 cycles 

(5 A g-1) 

Multi-functional [154] 

PVA/LiCl-ZnCl2-

MnSO4 

3 M LiCl 

2 M ZnCl2 

0.4 M MnSO4 

- 

3.57 mAh 

cm-2 

(3.93 mA 

cm-2) 

108.48 % / 

3000 cycles 

(47.16 mA 

cm-2) 

Multi-functional [103] 

Gelatin-g-PAM/PAN 
2 M ZnSO4 

0.1 M MnSO4 

17.6 

 mS cm-1 

306 mAh 

g-1 

(61.6 mA 

g-1) 

97 % / 1000 

cycles 

(2772 mA g-

1) 

Multi-functional [76] 
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PVA 

1 M KOH 

0.02 M 

Zn(Ac)2 

0.005 M 

LiOH 

0.005 M 

Ca(OH)2 

- 

147.2 

mAh g-1 

(0.25 A g-

1) 

87.2 % / 

1000 cycles 

(2.5 A g-1) 

Multi-functional [102] 

PEO53-PPO34-

PEO53 

0.25 M ZnSO4 

0.25 M 

Li2SO4 

6.33 

 mS cm-1 

70 mAh 

g-1 

(20 mA g-

1) 

83 % / 300 

cycles 

(0.5 C) 

Multi-functional [155] 

PSBMA 2 M ZnSO4 
32 mS cm-

1 

125 mAh 

g-1 

(0.5 A g-1) 

~ 70 % / 100 

cycles 

(0.5 A g-1) 

Multi-functional [156] 

P(AMPSZn-

AAZn)/ZnCl2 

0.025 M 

ZnCl2 

0.016 M 

FeCl3 

0.66  

mS cm-1 

458.7 F g-

1 

(1 A g-1) 

81.2 % / 

1000 cycles 

(10 A g-1) 

Multi-functional [157] 

PAM 7.5 M ZnCl2 
71.4 

 mS cm-1 

319.4 F g-

1 

(0.5 A g-1) 

95.1 % / 

100000 

cycles 

(5 A g-1) 

Multi-functional [158] 
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Table 3 Summary of ZIBs based on multifunctional HEs 

Hydrogel 

matrix 

Mechanical 

Endurance 

Electrochemical 

Stability 

Temperature 

Adaptability 

Ref. 
Self 

healing 

Super 

tough 

Sewable 

& 

Tailorable 

Highly 

adhesive 

Dendrite 

free 

Anti 

freezing 

Wide 

Temperature 

range 

Zn-

Alginate/PAM 
- ○ - - - ○ ○ [150] 

PAMPS/PAM - ○ - - ○ ○ ○ [151] 

Alginate-Zn - - - - ○ - ○ [152] 

PAM - ○ ○ - - - - [77] 

PAM - ○ - - - - - [153] 

XG-

PAM/CNF 
- ○ - ○ ○ - - [82] 

CT3G30 

(Cellulose 

framework) 

○ - - ○ ○ ○ ○ [91] 

CNF/PAM - ○ - - - ○ ○ [154] 

PVA/LiCl-

ZnCl2-MnSO4 
- ○ - - - ○ ○ [103] 

Gelatin-g-

PAM/PAN 
- ○ ○ - - - - [76] 

PVA - - ○ - ○ - - [102] 

PEO53-

PPO34-

PEO53 

○ ○ - - - - - [155] 

PSBMA ○ ○ - - ○ ○ - [156] 

P(AMPSZn-

AAZn)/ZnCl2 
○ - - - ○ ○ - [157] 

PAM - - - - ○ ○ - [158] 

DMAPS ○ ○ - - ○ - - [133] 

 

The space colored with light yellow represents the highlight functions that those hydrogel electrolytes 

bring to the involved ZIBs. 
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Chapter 2. PAM-based Hydrogel Electrolytes 

for Zinc-ion Supercapacitors 

2.1 Introduction  

Combining advantages of battery anode and capacitor cathode, aqueous zinc ion 

hybrid capacitors (ZICs) are regarded as one powerful energy storage device for 

electric vehicles and smart grids. The charge-storage mechanism of ZICs is based on 

the electric double-layer capacitor (EDLC) and surface pseudo capacitance on the 

cathode together with Zn plating and stripping on the anode.[160, 161] Generally, as a 

hybrid energy storage device with electrochemical performance combining traditional 

supercapacitor and rechargeable batteries, ZIC composed of porous carbon-based 

cathode and zinc metal anode exhibits decent voltages and power densities, ultralong 

cycle life as well as advantages of low-cost, high safety, and large-scale application 

potential.[161-163] Although the carbon-based cathodes have long life, the Zn metal 

anodes suffer from dendritic growth and side reactions like corrosion and hydrogen 

evolution in aqueous electrolyte, which can considerably shorten the lifespan of ZICs.  

As such, hydrogel electrolytes were developed to effectively address the cycling 

issues of aqueous electrolytes via suppressing dendrite growth and side reactions on 

zinc anode. Apart from that, hydrogel electrolytes endow the devices with flexibility 

and wearability, features necessary for next-generation energy storage devices. Thus, 

the making of flexible and durable ZICs based on hydrogel electrolytes holds great 

potential for applications. Among all hydrogel candidates and compared with 

hydrogels with physical crosslinking, such as PVA-based hydrogels, gelatin, alginate, 

kappa-carrageenan, xanthan gum, etc., PAM stands out due to its higher mechanical 

property from its chemical covalent-crosslinking network.[57, 58] After polymerization,  

PAM can form a free-standing hydrogel film with aqueous electrolytes contained 

within its network due to the existence of abundant hydrophilic groups and its high 

water capacity can further guarantee its reliable ionic conductivity and 
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electrochemical performance.[59] Moreover, its thickness and porosity were 

controllable by modifying the amount and ratio of monomer, crosslinker and initiator.  

Bearing above points in mind, here my first research project involves the preparation 

of PAM-based hydrogel for activated carbon-based flexible ZICs. Initially, two 

different PAM samples were prepared through different preparation methods. They 

were structurally characterized and corresponding ZICs were electrochemically tested, 

and the optimal ZICs was obtained, and relevant hydrogel preparation approach was 

selected for next chapters. Then, a double-crosslinked Zn-Alginate/PAM hydrogel 

electrolyte with better electrochemical performance was introduced, together with its 

synthesis process, structural characterizations, water absorption and mechanical 

strength tests and electrochemical performances. Specifically, a soft-packaged ZIC 

pouch cell was assembled for the first time with the aforementioned hydrogel 

electrolytes, and the bending test was carried out to signify its flexibility brought by 

the Zn-Alginate/PAM hydrogel electrolyte. 

 

2.2 Single-network PAM hydrogel  

2.2.1 Introduction  

Based on previously reported literature, there have been two methods for preparing 

PAM hydrogel electrolytes: one is the synthesis of pure PAM first followed by 

soaking in the zinc electrolyte solutions; the other is the direct polymerization of PAM 

in zinc electrolyte solutions. In this section, based on above two methods, two PAM 

samples were synthesized to figure out the better method for making PAM hydrogel 

electrolyte and future ZICs construction. SEM images of two PAM and their 

corresponding electrochemical performance of ZICs were obtained and compared 

with each other. It is found that the first method enables better performance due 

probably to the higher water content. Moreover, due to the existence of 3D 

crosslinked PAM chains and regulated ion transfer, the cycle life of both samples were 
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significantly improved over 10 times in comparison to ZICs based on aqueous 2M 

ZnSO4. Despite the improved cycle life, the capacity of ZIC based on hydrogel 

electrolytes is lower than the counterpart based on aqueous electrolyte, mainly 

resulting from the large thickness and low ionic conductivity of hydrogel electrolytes. 

Therefore, further modification of pure PAM hydrogel electrolyte is still urgently 

needed. 

2.2.2 Experimental Section 

2.2.2.1 Materials and reagents   

Reagent’s name Manufacturer Purity 

Acrylamide Sigma-Aldrich analytical grade 

N, N’-methylenebisacrylamide (MBAA) Sigma-Aldrich analytical grade 

Potassium persulfate (KPS) Sigma-Aldrich analytical grade 

Commercial activated carbon (AC, TF-B520) MTI corporation analytical grade 

Sodium alginate (SA) Sigma-Aldrich analytical grade 

Zinc sulfate heptahydrate (ZnSO4·7H2O) Sigma-Aldrich analytical grade 

All chemicals were used without further purification. 

 

Technical parameters of commercial activated carbon (AC, TF-B520)  

Technical parameters Values 

Density (g/cc) 0.32-0.40 (g/cc) 

Particle size (μm) 5 (±) (μm) 

Ash (%) ＜0.07 % 

PH 6.0-7.0 

Surface area (m2/g) 2000 (±100) (m2/g) 

Pore volume (cm3/g) 1.0-1.2 (cm3/g) 

Pore size (mm) 2.0-2.2 (mm) 

Iodine absorption (mg/g) 2000 (±100) (mg/g) 

Carbon content (%) ＞95 % 

Metal ions (ppm) ＜1000 (ppm) 
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Organic capacitance (per unit weight) 

(F/g) 
＞130 (F/g) 

Organic capacitance (per unit volume) 

(F/cc) 
＞60 (F/cc) 

Inorganic capacitance (per unit weight) 

(F/g) 
＞240 (F/g) 

Inorganic capacitance (per unit volume) 

(F/cc) 
＞120 (F/cc) 

 

2.2.2.2 Preparation of pure PAM hydrogel electrolyte 

Firstly, 2.5 g of acrylamide monomer was dissolved in 10 mL of water under vigorous 

stirring. After the solution became transparent, 0.5 mg of MBAA crosslinker and 12.5 

mg of KPS initiator were added to the mixture under stirring under stirring in ice bath 

with the protection of Argon for 15 min, in order to prevent unevenly polymerization 

under room temperature and remove air bubbles. Next, the above liquid was injected 

into a glass Petri dish and then was put in vacuum oven at 70 ℃ for 30 minutes for 

polymerization to obtain the pure PAM hydrogel electrolyte. Then, the attained PAM 

film was soaked in 2 M ZnSO4 solution for 1 hour at room temperature.  

For the preparation of PAM hydrogel without soaking, the synthesis process was the 

same with above, except changing 10 mL DI water to 10 mL 2 M ZnSO4 solution and 

directly used as hydrogel electrolyte after completing polymerization in vacuum oven. 

2.2.2.3 Preparation of activated carbon (AC) slurry 

Firstly, the aqueous binder was obtained by dissolving sodium alginate (SA) into DI 

water with a concentration of 10 mg/mL, following by stirring for 24 hours. Then the 

AC slurry was prepared by mixing activated carbon, super P and SA binder with a 

mass ratio of 8:1:1 and stirred for 24 hours before use. 
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2.2.2.4 Preparation of activated carbon (AC) electrode 

Stainless steel mesh (SSM, #304 with a mesh size of 500) was used as current 

collector of the electrode with average size of 1.13 cm2 and weight of 28.7 mg. The 

abovementioned slurry was coated onto SSM as AC electrode by controlling its 

loading between 1.3~1.8 mg cm-2 and drying under infrared light radiation till 

completely solidified. 

2.2.2.5 Assembly of Zn//AC supercapacitor based on aqueous electrolyte 

CR2032-type coin cell Zn//AC supercapacitor was assembled by using AC electrode 

as working electrode, Zn plate as reference/counter electrode and glassy fiber 

membrane (Whatman Grade A) as separator and 2 M ZnSO4 as aqueous electrolyte.  

2.2.2.6 Assembly of Zn//AC supercapacitor based on PAM hydrogel electrolytes 

The assembly of CR2032-type coin cell Zn//AC supercapacitor based on series of 

PAM hydrogels was directly putting PAM hydrogel electrolyte sample between AC 

electrode (working electrode) and Zn plate (reference/counter electrode) without 

adding separator nor aqueous electrolyte. 

2.2.2.7 Electrochemical test 

Electrochemical test including galvanostatic charging/discharging (GCD), rate 

capacity and cycling performance were tested using Neware battery cycler system. 

For all the above tests, the applied voltages were 0.15 V-1.8 V. 

2.2.2.8 Materials characterization 

The surface morphology of PAM samples via two different synthesis methods and 

different ratio of monomer and crosslinker were examined on the field-emission 

scanning electron microscope (Zeiss Sigma FESEM). To confirm the successful 

synthesis of PAM, Fourier transform infrared spectra (FTIR) were tested on ATR 
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mode with the range of wavenumber from 400-4000 cm-1. All hydrogel samples were 

freeze-dried before the above tests. 

 

2.2.2.9 Statistical methods 

To address the statistical reliability, average values (denoted as A) and standard 

deviation values (denoted as S) of particular parameters were provided by the 

following equations among 3 or more repeated samples: 

 

𝐴 =
1

𝑛
∑ 𝑥𝑖 =

1

𝑛
(𝑥1 + ⋯ + 𝑥𝑛)

𝑛

𝑖=1

 

 

𝑆 = √
1

𝑛
∑(𝑥𝑖 − 𝐴)2

𝑛

𝑖−1

 

 

where {𝑥1, 𝑥2, ⋯ , 𝑥𝑛} are the observed values of the sample items, and A is the 

average value of these observations, while the denominator n stands for the size of the 

sample. 

For the reported format of capacities, take 118 ± 2 mAh g-1 as an example, where 118 

refers to the average value A, and error 2 refers to the 2 standard deviation S, which 

have been rounded without decimal digits. 



65 
 

2.2.3 Results and discussion 

 

 

Scheme 2. Formation of chemically crosslinked PAM hydrogel. Reproduced with 

permission.[77] Copyright 2018, American Chemical Society. 

 

Scheme 2 shows the making of PAM hydrogel. Chemically crosslinked network of 

PAM was constructed via free radical polymerization between acrylamide monomers 

and MBAA crosslinker in the presence of an initiator. The polymerization process was 

carried out at 70 ℃ and degassed in the vacuum oven. Of note, the default PAM 

indicates the PAM synthesized directly in 2 M ZnSO4, while PAM-soaking denotes 

the making of PAM first followed by soaking in 2 M ZnSO4. 

Possessing abundant -NH2 group with polar and hydrophilic features in the polymer 

chain, PAM samples exhibited high water absorbency, guaranteeing its ionic 

conductivity. Additionally, abundant hydrogen bonds were formed among amino 

groups, further strengthening the mechanical durability of PAM samples.  After 

soaking in 2 M ZnSO4 solution, the PAM-soaking hydrogels became soft and can be 

intimately attached with electrodes, acting as reliable quasi-solid electrolyte without 

the need of separator, while the PAM sample without the soaking process was much 

harder and stronger but with less water contained. 

 



66 
 

 

 

Figure 14. SEM images of a) PAM-soaking hydrogel and b) pure PAM polymerized 

in 2 M ZnSO4 solution. Electrochemical performance of Zn//AC supercapacitor based 

on different electrolytes. c) Charge-discharge curve of supercapacitors based on PAM 

and PAM-soaking hydrogel electrolyte as well as aqueous 2 M ZnSO4 electrolyte at a 

current density of 0.2 A g-1. d) Cycling performance of supercapacitor based on PAM 

and PAM-soaking hydrogel electrolytes at 5.0 A g-1. 

 

Microstructure morphology investigation of PAM and PAM-soaking were carried out 

by FESEM and both samples were freeze-dried before test. The SEM image of PAM-

soaking hydrogel (Figure 14a) showed its surface morphology is evenly distributed 

with wrinkled patterns, which is favorable for uniform transfer and deposition of Zn 

ions. The formation of wrinkled patterns should be the result of rapid water loss and 

network shrinkage during the freeze-drying process, further suggesting the water 

retentivity of PAM-soaking sample was good. For comparison, the SEM image of 

PAM (Figure 14b) was highly dense and smooth without wrinkles, reflecting its poor 

water-holding capacity.  

Next, to evaluate the electrochemical performance of hydrogels, coin-cell ZICs based 
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on two PAM hydrogels were fabricated. As shown in Figure 14c, at a current density 

of 0.2 A g-1, the specific capacity of PAM-based ZIC was 118 ± 2 mAh g-1, which is 

lower than the value of 127 ± 2 mAh g-1 in PAM-soaking electrolyte-based ZIC. 

Cycling tests (Figure 14d) show that both PAM samples ran stably for over 5000 

cycles, with capacity retention of 98.3 % (PAM) and 100.4 % (PAM-soaking) at 5.0 A 

g-1, respectively. As such, the advantage of PAM hydrogel as electrolyte to protect Zn 

metal anodes from side reactions and dendrites from inhomogeneous ion transfer and 

excessive water solution was confirmed, which can be ascribed to its uniform 

structure, intimate electrode-electrolyte contact due to the intrinsic mechanical 

elasticity and adhesion property of PAM hydrogels. Moreover, PAM-soaking 

electrolyte showed higher capacity than PAM electrolyte due to its better adhesion 

and interfacial stability caused by higher water content after soaking. However, 

compared with traditional 2 M ZnSO4 aqueous electrolyte with a higher capacity 

value of 160 ± 1 mAh g-1, both PAM hydrogel electrolytes await further improvement.  

2.2.4 Conclusion 

Based on above experimental results and analysis, firstly, from SEM images, the 

highly wrinkled surface of PAM-samples synthesized with soaking method was 

confirmed, while the PAM directly polymerized in ZnSO4 solution only showed dense 

and smooth structure unfavorable for ion transfer. In the following electrochemical 

tests, both PAM samples showed decent cycling stability, confirming the utilization of 

PAM hydrogel electrolyte can guarantee a long cycle life. Moreover, PAM with 

soaking method stands out for its better electrochemical performance, suggesting the 

crucial role of water contained in hydrogel network. However, the capacity of ZICs 

based on both single-network PAM hydrogels was still lower than that based on 

aqueous electrolyte, due probably to its large resistance from thick hydrogel film and 

low ionic conductivity. Thus, further modification on its intrinsic structure is still 

urgently needed. 
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2.3 Double-network PAM hydrogel 

2.3.1 Introduction 

Compared to single-network hydrogels, double-network (DN) hydrogels combine 

benefits of both its parent hydrogel, thus can achieve ionic conductivity and 

mechanical strength at the same time. Therefore, herein, to further enhance the 

electrochemical performance of hydrogel-based ZICs, a DN Zn-Alginate/PAM was 

introduced, and the corresponding soft-packaged ZIC pouch cell was assembled.   

 

 

 

Scheme 3. a) Schematic showing the evolution of hydrogel structure. Grey lines and 

yellow lines represent PAM chains and alginate chains, respectively. Cyan and rosy 

dots represent covalent crosslinks and ionic crosslinks, respectively. b) Illustration of 
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the synthetic process of the double-crosslinked hydrogel electrolyte. Reproduced with 

permission.[85] Copyright 2019, Elsevier. 

 

As Scheme 3 demonstrated, there are two types of hydrogel network in DN Zn-

Alginate/PAM hydrogel, in which the irreversible covalently crosslinked PAM 

network was firstly generated via free radical polymerization, as mentioned in the 

above section. On the other hand, alginate is a naturally abundant hydrophilic 

polysaccharide containing β-D-mannuronic acid and α-Lguluronic acid, in which the 

later part forms classical “egg-box” structure through ionic interaction with metal ions 

(eg. Ca2+, Zn2+, etc.), and thus the corresponding physically crosslinked metal-ion 

alginate hydrogel network was fabricated.[164, 165] During the formation of DN Zn-

Alginate/PAM hydrogel, the first PAM network loosely interconnected with soft and 

formless bulk appearance. After soaking in 2 M ZnSO4 solution, the alginate segments 

containing carboxylic acid groups cross-linked with zinc ions, forming ionically 

crosslinked network with dense and rigid nature. Consequently, the double-

crosslinked interpenetrating polymer network of Zn-Alginate/PAM hydrogel was 

constructed with much improved mechanical property and ionic conductivity.[165] 

SEM results show the highly uniform morphology of the above hydrogel, while its 

ionic conductivity of 0.22 mS cm-1 was then calculated from the EIS curve. FTIR 

characterizations confirmed the structure of Zn-Alginate/PAM hydrogel. Water 

content of the above hydrogel sample was determined by the weights before and after 

soaking in related zinc salt solutions. To evaluate its intrinsic flexibility and 

mechanical endurance, bending, folding, twisting and stretching test towards the as-

prepared hydrogel sample were also carried out. During electrochemical tests, the 

involved ZIC exhibited comparable cycling stability, but much better electrochemical 

performance compared to single-network PAM electrolytes mentioned in the former 

section. Finally, the soft-package ZIC pouch cell was then assembled and showed 

only negligible capacity loss under different bending angles, suggesting its flexibility 

thanks to the use of the Zn-Alginate/PAM hydrogel electrolyte. For clarification, pure 

PAM sample soaked in 2 M ZnSO4 solution was denoted as PAM-2M ZnSO4, and the 
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prepared Zn-Alginate/PAM sample was denoted as Zn-Alg/PAM-2M ZnSO4. 

2.3.2 Experimental Section 

2.3.2.1 Materials and reagents 

Reagents name Manufacturer Purity 

Commercial activated carbon (AC, TF-B520) MTI corporation analytical grade 

Acrylamide (AM) Sigma-Aldrich analytical grade 

N, N’-methylenebisacrylamide (MBAA) Sigma-Aldrich analytical grade 

Ammonium persulfate (APS) Thermo Fisher 

Scientific 

analytical grade 

Commercial activated carbon (AC, TF-B520) MTI corporation analytical grade 

Sodium alginate (SA) Sigma-Aldrich analytical grade 

Zinc sulfate heptahydrate (ZnSO4·7H2O) Sigma-Aldrich analytical grade 

All chemicals were used without further purification. 

 

The technical parameters commercial activated carbon (AC, TF-B520) have been 

provided in 2.2.2.1. 

2.3.2.2 Preparation of Zn-Alginate/PAM hydrogel electrolyte 

The synthetic procedure is based on a published paper.[85] Typically, 1.45 g AM 

monomer, 0.88 mg MBAA crosslinker and 7.15 mg APS initiator were added to 10 

mL DI water subsequently under stirring. Till the above solution became transparent, 

0.18 g SA power was added under strong stirring for complete dissolution and 

uniform dispersion. Thereafter, the mixed solution was ultrasonicated for 20 min, and 

the resulting light-yellow solution with high fluidity was obtained for storage and 

further polymerization. To gain the Alginate/PAM hydrogel film, the former solution 

was injected into a glass Petri dish and then moved to the vacuum oven at 70 ℃ for 

30 min to allow both degassing and polymerization, thus the first covalent chemical-

network of PAM was formed. To generate Zn-Alginate/PAM containing the second 
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noncovalent ionic network among alginate and zinc ions, the as prepared 

Alginate/PAM hydrogel film was soaked in 3 mL 2 M ZnSO4 solution for 1 hour. 

Therefore, the Zn-Alginate/PAM hydrogel film was successfully synthesized. For 

comparison, pure PAM containing 2 M ZnSO4 based on APS initiator was prepared 

following the same steps without adding SA. 

The preparation of activated carbon (AC) slurry, preparation of activated carbon (AC) 

electrode, assembly of aqueous coin cell Zn//AC supercapacitor and assembly of coin 

cell Zn//AC supercapacitor based on Zn-Alginate/PAM hydrogel was the same as 

previous sections (2.2.2.3, 2.2.2.4, 2.2.2.5, 2.2.2.6), except replacing pure PAM to Zn-

Alginate PAM hydrogel. 

2.3.2.3 Assembly of soft-packaged Zn//AC hybrid supercapacitor pouch cell 

based on Zn-Alginate/PAM hydrogel 

Soft-packaged Zn//AC hybrid supercapacitor pouch cell was fabricated by 

sandwiching the Zn-alginate/PAM hydrogel electrolyte between zinc foil and AC 

electrode and sealed in an Al-plastic package under vacuum treatment. Specifically, 

the ultrathin Zn foil with thickness of 30 μm was applied as reference/counter 

electrode, while AC coated on SSM with mass loading of 1.8-2.0 mg cm-2 acting as 

working electrode. In the meanwhile, the hydrogel electrolyte, Zn foil and AC 

electrodes were all tailored into 24 mm × 36 mm rectangle shape for pouch cell 

fabrication, and the protrude electrode outside of the Al-plastic bag were wrapped 

with Cu foil tape for guaranteed electrical conductivity. 

2.3.2.4 Electrochemical test 

Electrochemical test including galvanostatic charging/discharging (GCD), rate 

capacity and cycling performance were tested using Neware battery cycler system 

with applied voltages from 0.15 V - 1.8 V, while cyclic voltammogram curve and 

electrochemical impedance spectroscopy (EIS) were performed on the 

electrochemical workstation (VMP-3, Biologic) with frequency range of 0.01 - 105 Hz 
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and magnitude of 5.0 mV at open circuit voltage based on coin cell Zn//AC 

supercapacitor with Zn-Alginate/PAM hydrogel electrolyte. For linear sweep 

voltammetry (LSV) test, stainless-steel foil and Zn foil were respectively applied as 

working electrode and counter/reference electrode at scan rate of 1.0 mV s-1 with 

voltage range from -0.3 V to 2.8 V. 

2.3.2.5 Materials characterization 

For characterizations toward both the as-prepared Zn-Alginate/PAM hydrogel and 

activated carbon samples, field-emission scanning electron microscope (Zeiss Sigma 

FESEM) was applied to characterize their surface micro morphologies. To confirm 

the successful synthesis of PAM, Fourier transform infrared spectra (FTIR) were 

tested on ATR mode with the range of wavenumber from 650 - 4000 cm-1. For the 

flexibility test, the assembled Zn-Alginate/PAM hydrogel film was cut into 3 cm◊1 

cm bar followed by stretching, bending, twisting and folding treatment.  

2.3.2.6 Calculation of ionic conductivity 

Derived from electrochemical impedance spectra curve, the ionic conductivity σ (mS 

cm-1) can be calculated with the following equation: 

 

𝜎 = 𝐿/(𝑅𝑏 × 𝑆) × 1000 

 

In which L (cm) is the thickness of the hydrogel electrolyte, Rb (Ω) is the bulk 

resistance (intercept at Z’ axis of EIS curve), and S is the contact area (cm2) between 

hydrogel electrolyte and electrode. 

 

2.3.2.7 Calculation of mass ratio of water absorbency for hydrogel sample. 

For evaluating its water absorbency ability, the empty glass Petri dish (W0), glass Petri 
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dish containing as-prepared Zn-Alginate/PAM hydrogel (W1) and glass Petri dish 

containing as-prepared Zn-Alginate/PAM hydrogel after soaking in 3 mL 2M ZnSO4 

solution for 1 h (Ws) were weighted consecutively. The mass ratio of water 

absorbency (Rab) was calculated based on the following equation: 

 

𝑅𝑎𝑏 =
(𝑊𝑠 − 𝑊𝑔𝑒𝑙) × 100%

𝑊𝑔𝑒𝑙
=

[𝑊𝑠 − (𝑊1 − 𝑊0)] × 100%

(𝑊1 − 𝑊0)
 

 

Where Rab is the water absorbency ratio, Ws is the weight of the hydrogel sample after 

soaking in 3 mL 2 M ZnSO4 solution for 1 h, Wgel is the weight of the as prepared 

hydrogel without soaking in water, which is equal to the weight of Petri dish 

containing the polymerized hydrogel sample (W1) minus the weight of empty glassy 

Petri dish (W0). 

 

2.3.2.8 Statistical methods 

To address the statistical reliability, average values (denoted as A) and standard 

deviation values (denoted as S) of particular parameters were provided by the 

following equations among 3 or more repeated samples: 

 

𝐴 =
1

𝑛
∑ 𝑥𝑖 =

1

𝑛
(𝑥1 + ⋯ + 𝑥𝑛)

𝑛

𝑖=1

 

 

𝑆 = √
1

𝑛
∑(𝑥𝑖 − 𝐴)2

𝑛

𝑖−1

 

 

where {𝑥1, 𝑥2, ⋯ , 𝑥𝑛} are the observed values of the sample items, and A is the 

average value of these observations, while the denominator n stands for the size of the 

sample. 
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For the reported format of capacities, take 118 ± 2 mAh g-1 as an example, where 118 

refers to the average value A, and error 2 refers to the 2 standard deviation S, which 

have been rounded without decimal digits. 

 

2.3.3 Results and discussion 

Herein, the photo of the prepared Zn-Alginate/PAM hydrogel was provided in Figure 

15a. This light-yellow film after soaking in 2 M ZnSO4 was transparent, highly 

flexible and elastic, which was suitable for assembling flexible pouch cells. Notably, 

its thickness was comparable to typical glass-fiber separators, and significantly 

thinner than the former pure PAM hydrogel electrolyte, which may be resulted from 

the denser and strengthened double-crosslink network of covalent-crosslinked PAM 

and ionic-crosslinked Zn-Alginate.  
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Figure 15. a) Digital photo of as-prepared Zn-Alginate/PAM hydrogel film. b)-c) 

SEM images of Zn-Alginate/PAM hydrogel film after freeze-drying. d) Cross-section 

SEM images of Zn-Alginate/PAM hydrogel film after freeze-drying. e)-f) SEM 

images of AC. g) Water content evaluation toward the above hydrogel electrolyte, 

including i) weight of empty glass Petri dish, ii) weight of glass Petri dish containing 

as-prepared Zn-Alginate/PAM hydrogel and iii) glass Petri dish containing as-

prepared Zn-Alginate/PAM hydrogel after soaking in 3 mL 2 M ZnSO4 solution for 

1h (the weight of the empty Petri dish has been peeled). h) FTIR spectra of the 

obtained Zn-Alginate/PAM hydrogel. 

 

As shown in Figure 15b and 15c, SEM images reveal the surface morphology of 

hydrogels, compared to pure PAM hydrogel sample, the prepared Zn-Alginate/PAM 

hydrogel exhibited a dense, intertwined and homogeneous morphology appeared as 

distributed wavelike wrinkles with a size of 20 μm. Such highly uniform structure 

favored its regulated ion transfer and homogeneous zinc stripping/deposition, further 

guaranteeing electrochemical performance and elongated cycle life. Moreover, the 

cross-sectiontional SEM image (Figure 15d) shows that the thickness of the Zn-

Alginate/PAM hydrogel was only 250 μm, which guarantees an improved ionic 

conductivity, and the dense structure can be a proof of its high mechanical endurance. 

SEM images of AC electrode (Figure 15e and 15f) showed its bulky structure with 

size ranging from 1 μm to 20 μm.  

To calculate the water content of the abovementioned hydrogel electrolyte, the 

weights of empty Petri dish and Petri dish loaded with Alginate/PAM hydrogel were 

measured in Figure 15g i)- ii), and the weight of bare hydrogel was calculated to be 

1.14 g. After soaking in 3 mL 2 M ZnSO4 for 1 h (Figure 15g iii), the weight of water 

content in the hydrogel is measured to be 1.13 g. In other words, the water absorbency 

ratio (Rab) of the as-prepared Alginate/PAM hydrogel was 98.9 %. The result 

suggested the decent water content of the prepared hydrogel film from its abundant 

hydrophilic groups, which acted as the prerequisite for effective ion transport and 

reasonable ionic conductivity when applied as electrolyte.  
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The FTIR spectra in Figure 15h confirmed the successful synthesis of pure PAM 

hydrogel and Zn-Alginate/PAM hydrogel. Specifically, in the upper purple spectra of 

pure PAM sample, the peak at 3412 cm-1 was assigned to N-H stretching, while the 

broad bands at 3200-3500 cm-1 was due to O-H stretching. Strong peaks found from 

3000-2840 cm-1 were attributed to C-H stretching. The peaks at 1674 cm-1 and 1620 

cm-1 were bands of amide I (C=O stretching) and amide II (N-H deformation). The 

peak at 1457 cm-1 was assigned to -CH2- in-plane scissoring and the strong peak at 

1375 cm-1 was attributed to C-H deformation. The various bands at around 1250-1020 

cm-1 were related to C-N stretching. After introducing Zn-Alginate network, as 

displayed in the bottom pink spectra, besides peaks belonging to PAM, the broad 

bands around 3213 cm-1 indicated N⋯H stretching within intermolecular HN⋯HO 

bonds generated among lone pair electrons on the -N atom of PAM and the -H atom 

of alginate, effectively suggesting the successful formation of Zn-Alginate/PAM 

double crosslink network. Moreover, the extra strong peak around 1083 cm-1 was 

attributed to SO4
2- triply degenerate vibrations and SO4

2- triply degenerate symmetric 

stretching mode due to the absorbance of ZnSO4 solution. The peak at 981 cm-1 was 

generated form SO4
2- non-degenerate mode, and strong and broad peaks around 750-

650 cm-1 were resulted from O-H out-of-plane deformation of adding alginate.[85, 164, 

166]  
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Figure 16. External force treatment including a) Original and b) stretched state of the 

as-prepared Zn-Alginate/PAM hydrogel film, showing good stretchability of 770 % 

strain. c) bending, d) folding and e) twisting test to confirm its intrinsic flexibility. 

 

Thereafter, several mechanical tests were carried out to confirm its intrinsic flexibility 

and mechanical endurance. From Figure 16a to 16b, the as-prepared Zn-

Alginate/PAM hydrogel bar with original length of 3 cm was stretched to 23 cm 

without fracture, exhibiting excellent elasticity of 770 % strain. From Figure 16c to 

16e, the same hydrogel bar can be freely bent, fold and twist without any injury, and 

can be recovered after those above outer force treatments, showing satisfied 

mechanical endurance for applied as quasi-solid electrolyte. 

 

 

 

Figure 17. a) CV curves of Zn//AC supercapacitor based on 2 M ZnSO4 aqueous 

electrolyte at scan rates from 0.1 mV s-1 to 5.0 mV s-1. Electrochemical tests for coin 

cell Zn//AC supercapacitor based on Zn-Alginate/PAM hydrogel, including b) 

Electrochemical impedance spectra of as-prepared Zn-Alginate/PAM hydrogel 

containing 2 M ZnSO4. c) Comparison of linear sweep voltammetry curve between 
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aqueous 2 M ZnSO4 electrolyte and Zn-Alginate/PAM hydrogel containing 2 M 

ZnSO4 at scan rate of 1.0 mV s-1. d) Specific capacity comparison among ZIC with 2 

M ZnSO4 aqueous electrolyte, pure PAM hydrogel electrolyte and Zn-Alginate/PAM 

hydrogel electrolyte, at current density of 0.2 A g-1. e) cycling performance 

comparison among ZIC Zn-Alginate/PAM hydrogel electrolyte containing 2 M ZnSO4, 

pure PAM-2 M ZnSO4 hydrogel electrolyte, pure PAM-2 M ZnSO4 hydrogel 

electrolyte with soaking method, at current density of 5.0 A g-1. 

 

Firstly, in Figure 17a, CV curve of the involved AC electrode was presented as 

attached in Figure with the scan rate from 0.1 to 5.0 mV s-1 and voltage range from 

0.15 to 1.8 V (vs. Zn2+/Zn), from which the typical O1/R1 and O2/R2 peaks were 

found at 1.1 V/0.8 V and 1.5 V/1.2 V, suggesting Faradic surface reactions happened 

on AC electrode surface, a typical presentation of supercapacitor behavior. 

Electrochemical impedance spectroscopy (EIS) curve was shown Figure 17b. Based 

on the equation provided in experimental section, the ionic conductivity was 

calculated to be 0.22 mS cm-1, which can be attributed to its densely double-

crosslinked structure and limited water taken amount. Such decreased ionic 

conductivity compared to aqueous electrolyte can indicate the sacrificed capacity 

when applied hydrogel electrolyte. To quantify the working voltage window of Zn-

Alginate/PAM-2 M ZnSO4 hydrogel electrolyte, linear sweep voltammetry (LSV) 

curves were performed from -0.3 V to 2.8 V at 1 mV s-1, with comparison of aqueous 

2 M ZnSO4 electrolyte. As shown in Figure 17c, when applied Zn-alginate/PAM-2 M 

ZnSO4 hydrogel electrolyte, Zn plating and oxygen evolution reactions were found at 

-0.034 V and ~ 2.3 V respectively, which exhibited a wider voltage window of ~ 

2.334 V as aqueous 2 M ZnSO4 electrolyte (~ 2.23 V), and it was wide enough to 

assemble with AC electrode for ZIC fabrication. The decreased current and wider 

voltage window may be due to the increased resistance of hydrogel matrix, stabilized 

water molecules and zinc ions by hydrogen bonding with polymer chains and ionic 

interactions with alginate chains, respectively. 

To address the improved capacity of Zn-Alginate/PAM hydrogel electrolyte than pure 
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PAM hydrogel, as Figure 17d demonstrates, at current density of 0.2 A g-1, although 

the capacity of both of them were still lower than supercapacitor with 2 M ZnSO4 

aqueous solution (with specific capacity of 175 mAh g-1), Zn-Alginate/PAM hydrogel 

electrolyte performance better than the pure PAM hydrogel with specific capacity of 

141 ± 4 mAh g-1  compared to 127 ± 2 mAh g-1, due to its lower thickness and 

resulted higher ionic conductivity. Moreover, in Figure 17e, at 5.0 A g-1, the Zn-

Alginate/PAM hydrogel electrolyte based ZIC showed much higher specific capacity 

of 83 mAh g-1 as pure PAM hydrogel electrolyte, and excellent cyclability with 100.3 % 

capacity retention after 5000 cycles was also achieved with almost 100 % Coulombic 

Efficiency, suggesting its improved ionic conductivity with reduced thickness, 

confirming the feasibility for the prepared Zn-Alginate/PAM hydrogel electrolyte 

utilized in ZIC operated in high current density and long cycling life. 

 

 

 

Figure 18. a) Schematic illustration of soft-packaged Zn//AC hybrid supercapacitor 
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pouch cell based on Zn-Alginate/PAM hydrogel. Electrochemical results of Zn//AC 

hybrid supercapacitor pouch cell based on Zn-Alginate/PAM hydrogel: b) 

galvanostatic discharge and charge curves at current density of 0.1, 0.2, 0.5, 1.0, 2.0, 

5.0 A g-1, c) rate performance, and d) cycling performance at 1.0 A g-1. e) Open-circuit 

voltage change with time. f) galvanostatic discharge and charge curves under different 

bending angles from 0° to 135° at 1.0 A g-1. g) Digital photo of one cyan LED 

powered by two series of ZIC pouch cell. 

 

As Figure 18a demonstrated, by sandwiching the prepared Zn-Alginate/PAM 

hydrogel foil between Zn foil and AC coated SSM followed by sealed in aluminum 

plastic bag, the flexible soft-packaged Zn//AC hybrid supercapacitor pouch cell was 

assembled. From Figure 18b and 18c, the pouch cell showed high specific capacity of 

193 ± 2 mAh g-1 at 0.1 A g-1, and 150 mAh g-1, 124 mAh g-1, 108 mAh g-1, 94 mAh g-1, 

73 mAh g-1 at 0.2 A g-1, 0.5 A g-1, 1.0 A g-1, 2.0 A g-1, 5.0 A g-1, respectively. Its 

specific capacity recovered to 106 mAh g-1 when current density changed from 5.0 A 

g-1 to 1.0 A g-1. For the cycling test in Figure 18d, after 1900 cycles, the pouch cell 

retained 77.0 % of its specific capacity at current density of 1.0 A g-1 with almost 100 % 

Coulombic efficiency unchanged. Moreover, after resting for 3556 min, 68.6 % open-

circuit voltage was preserved (Figure 18e), exhibiting a low self-discharge rate of 

9.45 mV h-1 (0.53 % h-1), which indicated reasonable stability of the hydrogel 

contained Zn//AC hybrid supercapacitor. For the flexibility test in Figure 18f, there 

was no obvious capacity decay with the pouch cell being bent at 45° and 90°, while 

only 5.8 % capacity loss was found at bending angle of 135°, suggesting the 

equipment of flexible hydrogel electrolyte can endow the Zn//AC hybrid 

supercapacitor with reliable flexibility and potential wearability. Furthermore, in 

Figure 18g, a LED bulb with cyan light can be enlightened by the prepared Zn//AC 

pouch cell in two series, so the pouch cell possessed great potential in flexible and 

portable energy storage devices.  
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2.3.4 Conclusion 

To summarize, in Chapter 2, a series of simple comparison experiments between two 

synthesis methods toward PAM hydrogel synthesis were carried out to figure out a 

better synthesis way for hydrogel electrolytes preparation and were regarded as 

optimization for further hydrogel electrolyte developments. For the electrochemical 

results, firstly, ZIC equipped with all hydrogel electrolyte samples exhibited excellent 

cycling life at high current densities, confirming those PAM-based hydrogels were 

suitable electrolyte candidates for assembling high-performance ZICs. Moreover, 

compared to the PAM hydrogel directly polymerized in 2 M ZnSO4 solution, the 

PAM-soaking sample prepared with method of preparing the pure PAM first and 

soaking it in 2 M ZnSO4 solution showed both better capacity (128 mAh g-1 at 0.2 A 

g-1) and cyclability (100.4% capacity retention after 5000 cycles at 5.0 A g-1) when 

assembled in ZIC coin cell, showing the superiority of choosing soaking method in 

further hydrogel electrolyte preparation. However, the capacity of ZIC with pure PAM 

hydrogel electrolytes still not reach the expectation, mainly due to their large 

thickness and resulted low ionic conductivity.  

Based on this demand, a double-network Zn-Alginate/PAM hydrogel was developed 

with chemical-crosslinked PAM network and ionic-crosslinked Zn-Alginate network, 

showing a highly dense pattern and homogeneous structure from two tightly 

intertwined networks and thickness of 241.0 μm, which was even thinner than glassy 

fiber membrane separator (260.0 nm). The FTIR spectra further supported the 

successful synthesis of Zn-Alginate/PAM double crosslink network, and reasonable 

intrinsic flexibility of withstanding 770 % stretching stress and freely recovering 

under outer deformations were further achieved. Based on high water storage of 98.9 % 

of its own original weight, the involved ZIC also reached reasonable ionic 

conductivity (0.22 mS cm-1), suitable operation voltage window as electrolyte for 

ZICs, together with improved electrochemical results compared to former pure PAM 

hydrogel electrolytes. Then, a soft-packaged Zn//AC hybrid supercapacitor pouch cell 

based on Zn-Alginate/PAM hydrogel was fabricated with high specific capacity of 
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194 mAh g-1 at 0.1 A g-1, 77.0 % capacity retention after 1900 cycles at 1.0 A g-1, low 

self-discharge rate of 9.45 mV h-1 and excellent flexibility of only 5.8 % capacity 

decay under 135° bending, which were brought by the excellent intrinsic flexibility of 

the double crosslinked Zn-Alginate/PAM hydrogel electrolyte. Together with 

successfully enlightening LED bulbs, the hydrogel based ZIC holds bright potential in 

future application in long-cycling, flexible and wearable energy storage devices, and 

the involved paper has been published in 2022.[126] 
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Chapter 3. Zn-Alginate/PAM Hydrogel 

Electrolyte for Rocking-chair Zinc-ion Batteries 

3.1 Introduction 

Zn metal anodes suffer from dendritic growth and side reactions in aqueous 

electrolyte. Despite the progress on host construction, electrolyte engineering, and 

electrode-electrolyte interface regulation, it remains challenging to achieve dendrite-

free and highly reversible Zn anodes. An alternative strategy is the development of 

Zn-free anode and the construction of rocking-chair type ZIBs following zinc ions 

(de)intercalation into the anode rather than the Zn metal plating/stripping mechanism. 

Among all potential anode materials, molybdenum-based materials have gained much 

attention due to their low discharge potential vs. Zn2+/Zn, rich redox sites, high 

capacities, reliable layered or tunnel structure, which result from various valence of 

Mo and stable octahedral structures generated between Mo and oxygen.[167, 168] Till 

now, MoS2, MoO3 and Mo6S8 with a variety of structures has been reported as 

promising electrodes for ZIBs.  

Among them, hexagonal molybdenum oxide (h-MoO3) was reported to be a 

promising zinc-free anode because its hexagonal tunnel structure can be easily 

lubricated by H2O in aqueous batteries, and this hexagonal structure possessed better 

mechanical stability than the traditional double-layer structure. Moreover, based on 

the existence of mobile ions and H2O molecules, highly effective charge storage 

mechanisms within h-MoO3 can be achieved by main (de)intercalation of Zn2+ and 

H2O, some extent of (de)intercalation of SO4
2-.[168-170] However, the cycling stability 

of h-MoO3 still awaits further improvement..  

As such, in this chapter, we aim to apply h-MoO3 as the zinc-free anode for rocking-

chair type ZIBs and pair it with hydrogel electrolytes to improve its cycling stability. 

The resultant h-MoO3 exhibited low redox peaks at 0.21 V/0.43 V and high specific 

capacity of 128 mAh g-1 at 0.1 A g-1. When this anode was coupled with 
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ZnMn2O4/Carbon (ZMC) composite cathode, it showed a capacity of 107 mAh g-1 at 

0.1 A g-1 in the full cell. As expected, in aqueous electrolyte, this h-MoO3 anode 

exhibited short cycle life of only 150 cycles in the half cell and 43 cycles in the full 

cell, which certainly cannot meet the needs of practical applications. After applying 

the hydrogel electrolyte (Zn-Alginate/PAM containing 3M ZnSO4), greatly improved 

cycling performances of Zn//h-MoO3 half-cell (63.6 % after 220 cycles) and h-

MoO3//ZMC full cell (91.2 % after 200 cycles) were achieved. Simultaneously, 

capacities of 129 mAh g-1 and 102 mAh g-1 were observed in both half-cell and full-

cell, comparable with those capacities based on aqueous electrolytes. The results 

further confirmed the advantage of hydrogel electrolytes for elongating cycle life in 

rocking-chair type ZIBs. 

3.2 Experimental Section 

3.2.1 Materials and methods 

Reagents Manufacturer Purity 

Ammonium molybdate (VI) tetrahydrate 
Fisher Scientific 

Acros 
analytical grade 

Ammonium sulfate 
Fisher Scientific 

Acros 
analytical grade 

Sulfuric acid 
Ricca Chemical 

Company 
analytical grade 

Sodium alginate (SA) Sigma-Aldrich analytical grade 

Acrylamide (AM) Sigma-Aldrich analytical grade 

N, N’-methylenebisacrylamide (MBAA) Sigma-Aldrich analytical grade 

Ammonium persulfate (APS) 
Thermo Fisher 

Scientific 
analytical grade 

Zinc sulfate heptahydrate  Sigma-Aldrich analytical grade 

Manganese (II) nitrate tetrahydrate Sigma-Aldrich analytical grade 

Zinc (II) nitrate hexahydrate 
Thermo Fisher 

Scientific 
analytical grade 
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3.2.2 Preparation of h-MoO3 

The synthesis of h-MoO3 was based on a previously reported paper.[171] Typically, 

1.35 g of (NH4)6Mo7O24·4H2O was firstly dissolved in 50 mL of DI water, followed 

by the addition of 3 M H2SO4 till pH=1. Then, 1 g of (NH4)2SO4 was added to the 

above solution under stirring. Later, the solution was transferred to a 100 mL Teflon-

lined autoclave and the hydrothermal reaction was conducted at 120 ℃ for 24 hours. 

Next, the resulting product was collected by vacuum filtration, washed by DI water 

and ethanol for several times, and dried in the vacuum oven at 70 ℃ for 24 hours. 

3.2.3 Preparation of ZnMn2O4/Carbon (ZMO/C) composite 

The preparation of ZMO/C composite is based on a previous paper.[172] Typically, 10 

mL of 0.2 M Mn(NO3)2·4H2O, 5 mL of 0.2 M Zn(NO3)2·6H2O and 160 mg Super P 

carbon was mixed in a beaker, followed by the drop addition of 9 mL of 25 wt.% 

aqueous ammonia solution under stirring in 1 h. Then this mixture was evaporated at 

100 oC under stirring and the solid was thermally treated in a tubular furnace at 180 ℃ 

for 3 h, leading to the formation of ZMC composite containing 60 wt % spinel and 40 

wt % carbon. 

3.2.4 Preparation of h-MoO3 and ZMO/C slurry 

Firstly, the aqueous sodium alginate (SA) binder was prepared by dissolving sodium 

alginate (SA) in DI water with a concentration of 10 mg/mL, followed by stirring for 

24 hours. Then the h-MoO3 slurry was prepared by mixing h-MoO3 powder, super P 

and SA binder with a mass ratio of 7:2:1 and stirred for 24 hours. For the making of 

ZMO/C slurry, the ZMO/C powder was mixed with Super P and 10mg/mL PVDF-

NMP (polyvinyl difluoride- N-methyl-2-pyrrolidone) binder in a mass ratio of 7:2:1 

and stirred for 24 hours. 
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3.2.5 Preparation of h-MoO3, and ZMO/C electrodes 

Stainless steel mesh (SSM, #304 with a mesh size of 500 with an average area of 1.13 

cm2 was used as the current collector for electrodes fabrication. The abovementioned 

slurry was drop coated onto SSM via digital pipette and dried under infrared light 

radiation in minutes to make h-MoO3 or ZMO/C electrode. The loading mass of 

active materials was controlled in the range of 1.3~1.8 mg cm-2 

3.2.6 Preparation of Zn-Alginate/PAM hydrogel electrolyte 

The preparation procedure was the same as aforementioned section 2.3.2.2. For 

comparison, another Zn-Alginate/PAM hydrogel was prepared by soaking hydrogel in 

3 M ZnSO4 solution for 1 hour. 

 

3.2.7 Calculation of mass ratio of water absorbency for hydrogel 

sample 

The method of water absorbency mass ratio is the same as mentioned in 2.3.2.7, 

excepting replacing 2 M ZnSO4 to 3 M ZnSO4. 

 

3.2.8 Assembly of half cells and full cells using liquid electrolyte 

CR2032-type coin cells were assembled for both half-cell and full-cell tests. For half 

cells, Zn foil was used as the counter/reference electrode and the h-MoO3 or ZMO/C 

electrode was applied as the working electrode with glassy fiber membrane (Whatman 

Grade A) as separator and 100 μL of 3 M ZnSO4 as the aqueous electrolyte. For full 

cells, h-MoO3 was used as the anode, ZMO/C was used as the cathode and the N/P 

ratio of electrode materials was controlled to be 1:1. The electrolyte is 100 μL of 3 M 

ZnSO4 in water.  
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3.2.9 Assembly of cells using hydrogel electrolyte 

The assembly strategy was the same as mentioned in section 3.2.8, except that the 

glassy fiber membrane was replaced by the Zn-Alginate hydrogel electrolyte and no 

liquid electrolyte was added. 

3.2.10 Electrochemical test 

Electrochemical tests including galvanostatic charging/discharging (GCD), rate 

capacity and cycling performance were tested using Neware battery cycler system, 

while cyclic voltammogram curves were performed on the electrochemical 

workstation (VMP-3, Biologic). For all the above tests, the applied voltages of Zn//h-

MoO3 half-cell was 0.2-1.0 V, and Zn//ZnMn2O4 half-cell was 0.8 - 1.9 V. For full cell 

test, the voltage applied to h-MoO3//ZnMn2O4 was set from 0.1 V to 1.8 V. For LSV 

test, stainless-steel foil and Zn foil were applied as working electrode and 

counter/reference electrode at scan rate of 1.0 mV s-1 with voltage range from -0.3 V 

to 2.8 V. 

3.2.11 Materials characterization 

Field-emission scanning electron microscope (Zeiss Sigma FESEM) (Oxford 

AZtecSynergy) were applied to characterize the microstructure morphologies of 

samples. X-ray diffraction (XRD) test was conducted on Rigaku XRD Ultima IV X-

ray diffractometer with Cu target (wavelength: 1.5406 Å) to characterize the crystal 

structure of samples.  

 

3.2.12 Statistical methods 

To address the statistical reliability, average values (denoted as A) and standard 

deviation values (denoted as S) of particular parameters were provided by the 
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following equations among 3 or more repeated samples: 

 

𝐴 =
1

𝑛
∑ 𝑥𝑖 =

1

𝑛
(𝑥1 + ⋯ + 𝑥𝑛)

𝑛

𝑖=1

 

 

𝑆 = √
1

𝑛
∑(𝑥𝑖 − 𝐴)2

𝑛

𝑖−1

 

 

where {𝑥1, 𝑥2, ⋯ , 𝑥𝑛} are the observed values of the sample items, and A is the 

average value of these observations, while the denominator n stands for the size of the 

sample. 

For the reported format of capacities, take 118 ± 2 mAh g-1 as an example, where 118 

refers to the average value A, and error 2 refers to the 2 standard deviation S, which 

have been rounded without decimal digits. 

 

3.3 Results and discussion 
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Figure 19. a) XRD pattern of as-prepared h-MoO3 sample. b) CV curve performed at 

scan rete of 1 mV s-1 from 0.1 to 1.4 V. Electrochemical test of Zn//h-MoO3 half-cell. 

c) Galvanostatic discharge and charge curves and d) rate performance at current 

density of 0.1, 0.2, 0.5, 1.0, 2.0 A g-1 from 0.2 to 1.0 V. 

 

Firstly, h-MoO3 was synthesized by a hydrothermal method. Its successful preparation 

was confirmed by XRD pattern (Figure 19a), with all peaks belonging to standard h-

MoO3 card (JCPDS no. 21-0569) without impurities. Then, its electrochemical 

performance was tested in Zn//h-MoO3 half cells with 100 μL 3 M ZnSO4 aqueous 

solution as the electrolyte. CV in Figure 19b shows redox peaks at 0.21 V and 0.43 V, 

suggesting the reduction and oxidization of Mo during charge and discharge process. 

Moreover, the low redox voltages indicate the potential of h-MoO3 as anode materials 

for ZIBs. Next, Zn//h-MoO3 half cells were tested by the battery cycler with voltage 

range from 0.2 V to 1.0 V. The galvanostatic discharge and charge curves (Figure 19c) 
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showed redox plateau at 0.21 V/0.43 V, matching well with CV results. The rate 

performance was displayed in Figure 19d, exhibiting high specific capacity of 126 ± 

3 mAh g-1 at 0.1 A g-1, and 95, 67, 51, 35 mAh g-1 at current density of 0.2, 0.5, 1.0, 

2.0 A g-1, respectively. It retained 100 mAh g-1 when the current density was 

recovered to 0.1 A g-1. However, its cycling performance was poor, which died after 

only 152 cycles mainly due to side reactions and dendrite growth. Therefore, 

investigating solution for its cyclability improvements has become an urgency. 

 

 

 

Figure 20. a) – b) SEM images of as-prepared ZnMn2O4/Carbon composite sample. 

Electrochemical results of assembled Zn//ZMC coin cell, including c) CV curve 

performed at scan rete of 0.2 mV s-1 from 0.8 to 2.0 V, d) galvanostatic discharge and 

charge curves at current density of 0.05, 0.1, 0.2, 0.5, 1.0, 2.0 A g-1 from 0.8 V to 1.9 

V, e) rate performance and f) cycling performance at 0.1 A g-1.  

 

To pair with abovementioned h-MoO3 anode and make a full cell, ZnMn2O4/Carbon 

(denoted as ZMC) composite was chosen as the cathode material. ZMC was prepared 

based on a reported paper with some modifications and characterized by SEM.[172] 

SEM images (Figure 20a and 20b) showcase the nanoparticle morphology of the 

prepared ZMC with an average size of 50 nm. For electrochemical tests, the Zn//ZMC 
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was assembled with 100 uL 3 M ZnSO4 aqueous electrolyte. The CV curve (Figure 

20c) shows obvious anodic peaks at 1.58/1.65 V and cathodic peaks at 1.23/1.38 V, 

suggesting the (de)intercalation of zinc ion (from)into the structure of ZMC. The 

plateaus in galvanostatic discharge and charge curves corresponds well with the peaks 

from CV curve (Figure 20d). At a current density of 0.05 A g-1, the ZMC shows 

highest specific capacity of 104 ± 2 mAh g-1, and specific capacify of 89, 77, 58, 43, 

34 mAh g-1 were found at current density of 0.1, 0.2, 0.5, 1.0, 2.0 A g-1, respectively. 

When the current density was set back to 0.1 A g-1, the specific capacity of 80 mAh g-

1 can still be retained, indicating the excellent reversibility of ZMC (Figure 20e). 

Figure 20f shows the cycling performance of ZMC with a capacity retention of 51.0 % 

after 460 cycles at 0.1 A g-1. Above results indicated ZMC is good cathode for pairing 

with h-MoO3 to make full cells.  

 

 

 

Figure 21. Electrochemical performance of the h-MoO3//ZMC full cell, including a) 

CV curve performed at scan rete of 0.5 mV s-1 from 0.1 to 1.8 V, b) galvanostatic 

discharge and charge curves at current density of 0.1, 0.2, 0.5, 1.0, 2.0 A g-1 from 0.1 

V to 1.8 V, c) rate performance from 0.1 A g-1 to 2.0 A g-1. 

 

Following above results, the rocking-chair-type full cell was assembled by using the 

h-MoO3 as the zinc-free anode, ZMC as the cathode and 100 μL of 3 M ZnSO4 as the 

aqueous electrolyte. The N/P ratio was controlled as 1:1. CV curve tested at 0.5 mV s-

1 was shown in Figure 21a, from which the anodic peak at 1.28 V and cathodic peak 

at 0.79 V were found and indicated reversible redox reactions among Zn ion and 



92 
 

active materials. The plateaus in galvanostatic discharge and charge curves in Figure 

21b from 0.1 to 1.8 V further confirmed the results in CV curve. From the rate 

performance shown in Figure 21c, at 0.1 A g-1, the highest specific capacity was found 

to be 107 ± 1 mAh g-1, and the specific capacity was 96, 85, 74, 58 mAh g-1 at the 

current density of 0.2, 0.5, 1.0, 2.0 A g-1, respectively. However, the h-MoO3//ZMC 

full cell stopped working after only 43 cycles at 0.1 A g-1, which may result from 

severe electrolyte consumption by side reactions, including cathode materials 

dissolution and formation of insoluble zinc salts with the use of ZnSO4 mild acid 

solution as aqueous electrolyte. Thus, a solution for mitigating side reactions and 

enhancing the cycling performance is urgently needed. 

 

 

 

Figure 22. a) Comparison of linear sweep voltammetry curve at 1.0 mV s-1 between 

aqueous 3 M ZnSO4 electrolyte and Zn-Alginate/PAM hydrogel containing 3 M 

ZnSO4. Electrochemical performance of the Zn//h-MoO3 half-cell equipped with Zn-

Alginate/PAM hydrogel electrolyte containing 3 M ZnSO4 (denoted as Zn-Alg/PAM-
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3M ZnSO4), including b) galvanostatic discharge and charge curves at current density 

of 0.1, 0.2, 0.5, 1.0, 2.0 A g-1 within 0.2 V to 1.0 V, c) comparison of rate performance 

from 0.1 A g-1 to 2.0 A g-1 and d) cycling performance at 0.1 A g-1 between Zn//h-

MoO3 half-cells based on aqueous 3 M ZnSO4 electrolyte and Zn-Alg/PAM-3 M 

ZnSO4 hydrogel electrolyte. 

 

To improve the cycling performance of the h-MoO3 anodes and h-MoO3/ZMC full 

cells, Zn-Alginate/PAM hydrogel was applied as the electrolyte, given the advantages 

of hydrogel electrolytes, including proper water content for limiting side reactions, 

stable electrode-electrolyte interface with its excellent adhesion behavior as well as 

interactions among alginate chains and water molecules through H-bonds, functional 

groups along its polymer chain to regulate ion transfer through ionic interaction, 

homogeneous 3D polymer network for uniform ion transfer and intrinsic decent 

mechanical robustness for physically suppressing dendrite growth, etc.[96] Firstly, LSV 

curves were performed to evaluate the voltage window of the Zn-Alginate/PAM-3 M 

ZnSO4 (denoted as Zn-Alg/PAM-3M ZnSO4) hydrogel electrolyte as well as that of 

aqueous 3 M ZnSO4 electrolyte. From Figure 22a, for Zn-Alginate/PAM-3 M ZnSO4, 

Zn plating and oxygen evolution reactions were observed at -0.023 V and ~ 2.23 V, 

respectively, leading to a voltage window of ~ 2.25 V. By contrast, aqueous 3 M 

ZnSO4 electrolyte displays a narrower voltage window of 2.14 V, suggesting the 

advantage of hydrogel electrolyte.  

The hydrogel electrolyte was firstly applied in Zn//h-MoO3 half-cells. Galvanostatic 

discharge and charge curves and rate performance are shown in Figure 22b and 22c 

with its capacity of 127 ± 2 mAh g-1, 82, 56, 39, and 23 mAh g-1 at the current density 

of 0.2, 0.5, 1.0, 2.0 A g-1, respectively. Although the specific capacity of hydrogel 

electrolyte-based battery is lower than that of aqueous electrolyte-based battery 

(Figure 22c), the cycle life can be dramatically extended using hydrogel electrolytes 

with a capacity retention of 63.6 % and high Coulombic Efficiency of > 95 % after 

220 cycles at 0.1 A g-1, surpassing the short life of only 152 cycles in aqueous 

electrolyte (3 M ZnSO4).  
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Figure 23. Electrochemical performance of the h-MoO3//ZMC full cell based on Zn-

Alginate/PAM-3M ZnSO4 hydrogel electrolyte, including a) galvanostatic discharge 

and charge curves of h-MoO3//ZMC full cell based on Zn-Alg/PAM-3 M ZnSO4 at 

current density of 0.1, 0.2, 0.5, 1.0, 2.0 A g-1 from 0.1 V to 1.8 V, b) Comparison of 

rate performance from 0.1 A g-1 to 2.0 A g-1  and c) cycling performance at 0.1 A g-1 

among h-MoO3//ZMC full cells based on Zn-Alg/PAM-3M ZnSO4 and aqueous 3 M 

ZnSO4 electrolyte, respectively. 

 

Encouraged by half-cell results, the hydrogel electrolyte was further applied in h-

MoO3//ZMC full cells to improve its cycling performance. Figure 23a shows the 

voltage-capacity curves, after optimizing the concentrations of contained ZnSO4 

solution, the h-MoO3//ZMC battery with Zn-Alginate/PAM hydrogel electrolyte 

containing 3 M ZnSO4 with water absorbency ratio of 80.4 % reached a high specific 
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capacity of 101 ± 2 mAh g-1 at 0.1 A g-1, which was comparable to h-MoO3//ZMC 

battery using 3 M ZnSO4. In Figure 23b, the hydrogel-based battery showed specific 

capacities of 70, 60, 52, 43 mAh g-1 at current densities of 0.2, 0.5, 1.0, 2.0 A g-1, 

respectively. After the current density was revered backed to 0.1 A g-1, hydrogel 

electrolyte-based ZIB shows a gradually increasing capacity in stark contrast to the 

continuously decreasing capacity in aqueous electrolyte-based ZIB. The cycling 

performance was shown in Figure 23c, at the current density of 0.1 A g-1, the h-

MoO3//ZMC full cell based on aqueous electrolyte failed to work after only 43 cycles 

whereas the cycle life is extended to be more than 200 cycles in the hydrogel 

electrolyte-based full cell with a high-capacity retention of 91.2 % and high 

Coulombic efficiency. Moreover, the capacity increase in the first 50 cycles may 

relate to the stabilization and lubrication of hydrogel and electrodes interface, together 

with less consumption of Zn2+ by suppressed side reactions due to the existence of 

hydrogel electrolyte, such excellent cycling performance was achieved. The results 

further confirmed the superiority of hydrogel electrolyte with homogeneous and 

highly regulated ion transfer, improved interfacial stability and intrinsic mechanical 

robustness, thus side reactions were suppressed and cycling life was elongated. 

 

3.4 Conclusion 

In summary, hydrogel electrolytes were employed to extend rocking-chair type zinc 

ion batteries in both half cells and full cells. First, h-MoO3 was successfully 

synthesized and applied as zinc-free anode for aqueous ZIBs with redox peaks at 0.21 

V/0.43 V and high specific capacity of 128 mAh g-1. However, its cycling 

performances were poor, which died only after 150 cycles in half-cell test and 43 

cycles in h-MoO3//ZMC full cell test. Therefore, to lessen electrolyte consumption by 

severe side reactions and enhance its cycling stability, Zn-Alginate/PAM hydrogel 

electrolyte containing 3 M ZnSO4 was applied to this rocking chair ZIB system with 

wider voltage window, fast ion transfer, stabilized interface and mechanical strength 
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mitigated side reactions. When applied in Zn//h-MoO3 half-cell, it showed much 

better cyclability of with 63.6 % after 220 cycles without dying, while utilized in h-

MoO3//ZMC full cell, rather than stopping after only 43 cycles based on aqueous 

electrolyte, h-MoO3//ZMC full cell based on Zn-alginate/PAM-3M ZnSO4 exhibited 

better cycling stability with 91.2 % capacity retention after 200 cycles and high 

Coulombic Efficiency of 86.5 % ~ 98.2 %. Therefore, all the results indicated the 

cycling performance of h-MoO3 were greatly enhanced with a few capacities sacrifice, 

which was benefited by the involved Zn-Alginate/PAM hydrogel electrolyte. 

Moreover, the advantages of utilizing Zn-Alginate/PAM hydrogel as quasi-solid 

electrolyte were further confirmed in zinc-ion battery field, suggesting its great 

potential for fabricating zinc-ion energy storage devices with both improved cycling 

stability and flexibility. However, since the energy storage mechanisms within 

molybdenum-based zinc-free anode and how hydrogel electrolytes work for 

stabilizing its performance are still needed to be further investigated, more mechanism 

investigations and calculations are important for advancing research toward both 

developments for MoO3 anode and involved hydrogel electrolytes. 
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Chapter 4. Summary and Prospective 

To conquer the existing challenges getting in the way of aqueous ZIBs development, 

especially the short cycle life caused by dendrite growth and side reactions, there has 

been many solutions proposed and investigated. Among all potential solutions, 

hydrogel electrolytes with uniform 3D polymer network and designable functional 

groups can regulate zinc ion transfer and homogenize zinc ion deposition on electrode, 

together with its intimate adhesion to electrodes as well as elastic nature, dendrite 

growth and side reactions can be further suppressed in both macro and micro scale. 

Thus, in the three chapters of the thesis, a literature review and a series of experiments 

were carried out to reveal and highlight the essential role of hydrogel electrolytes.  

To meet the ever-increasing demand toward next-generation energy storage devices to 

be used in various and extreme conditions, more than the greatly improved cycling 

stability, flexibility and other environmental-adaptive functions (such as self-healing, 

super-tough, tailorable, anti-freezing, thermal-gated, etc.) can be achieved by 

choosing different hydrogel with different nature and designing different hydrogel 

network with different types of hydrogel polymer chains. Therefore, in Chapter 1, a 

literature review was prepared from the above aspects with hydrogel electrolytes 

being classified with various functions they can bring to the involved ZIBs. 

In Chapter 2, a series of optimization experiments was carried out to identify the best 

way for hydrogel preparation, and a flexible Zn//AC supercapacitor was assembled 

with the utilization of the double-crosslink Zn-Alginate/PAM hydrogel electrolyte. 

The above pouch cell exhibits nice flexibility with negligible capacity loss under 

different bending angles due to the existence of the elastic and quasi-solid Zn-

Alginate/PAM hydrogel electrolyte. In the other hand, it also exhibited excellent 

specific capacity of 194 mAh g-1 at 0.1 A g-1 and stable cycling performance with 

77.0 % capacity retention after 1900 cycles at 1.0 A g-1. Those results can further 

support the important roles the hydrogel electrolytes played in flexible and other 

environmental-adaptive ZIBs, which were mentioned in Chapter 1.  
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In chapter 3, the benefits, especially the superior cycling stability of Zn-

Alginate/PAM hydrogel electrolyte were further confirmed in rocking-chair type ZIBs 

with h-MoO3 as zinc-free anode material. With low redox potential of 0.21 V/0.43 V 

and high specific capacity of 128 mAh g-1 at current density of 0.1 A g-1, h-MoO3 was 

regarded as a promising zinc-free anode materials, excepting its large average 

capacity loss per cycle. Nevertheless, its cyclability was greatly improved by the 

utilization of Zn-Alginate/PAM hydrogel electrolyte with comparable capacity as 

aqueous electrolyte, which further solidate the merits of Zn-Alginate/PAM hydrogel 

electrolyte in both zinc-ion supercapacitor and zinc-ion battery. 

For the existing challenges and prospects toward hydrogel electrolytes, first, 

compared to aqueous electrolyte, hydrogel electrolyte still possessed much lower 

ionic conductivity due to its quasi-solid state, resulting in obvious capacity sacrifice. 

Thus, how to balance capacity sacrifice and other embedded functions can be a vital 

topic in future hydrogel electrolyte research. For example, other methods can also be 

combined to realize “1+1>2” goal, such as the application of “water-in-gel” strategy 

and ionic liquid or adding other inorganic or organic additives or fillers to enhance its 

electrochemical performance. Moreover, when applied in wearable electronic devices, 

the mechanical strength, water maintaining ability and range of working temperatures 

of hydrogel electrolytes still have space to be improved, and these will arise larger 

interests of the future research toward advance hydrogel electrolytes and functional 

energy storage devices. 

. 
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