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Achieving ultra-long lifespan Zn metal anodes by manipulating 

desolvation effect and Zn deposition orientation in a multiple 

cross-linked hydrogel electrolyte 

 

Highlights 

1. An ultra-long cycle life of 5000 h with a high coulombic efficiency of 99.5%; 

2. Reducing the desolvation energy barrier (62.31 kJ mol
-1

 to 36.42 kJ mol
-1

); 

3. Guiding the preferential orientation of Zn deposition simultaneously; 

4. Use a simple one-pot synthesizing method. 

  

                  



Abstract 

Aqueous zinc-ion batteries (ZIBs) have received extensive attention due to the 

intrinsic advantages of high safety, low cost and environmental friendliness. But 

detrimental side reactions and dendrite problems resulting from high desolvation 

penalty and inhomogeneous Zn
2+

 flux at the interface severely hindered their practical 

applications. Herein, a novel polyacrylamide-poly (ethylene glycol) 

diacrylate-carboxymethyl cellulose (PMC) hydrogel electrolyte is designed to 

overcome these obstacles through reducing the desolvation energy barrier and guiding 

the preferential orientation of Zn deposition simultaneously. Theoretical calculation 

and experimental results reveal that the desolvation activation energy of the PMC 

hydrogel electrolyte (36.42 kJ mol
-1

) is substantially lower than that of conventional 

ZnSO4 aqueous electrolyte (62.31 kJ mol
-1

) due to the regulated Zn
2+

 solvation 

structure. Based on the high binding energy between amide groups and Zn
2+

, polymer 

chains in PMC also serve as facile Zn
2+

 transport channels to guide the uniform 

deposition behavior on the Zn (002) crystal surface, which is verified by the grazing 

incidence XRD analysis. Consequently, an ultra-long cycle life of 5000 h with a high 

coulombic efficiency of 99.5% is achieved by using the PMC hydrogel electrolyte. 

Considering the simple one-pot synthesizing method, the PMC hydrogel electrolyte 

provides new opportunities for developing practical ZIBs. 

 

Keywords: zinc ion battery, multiple cross-linked hydrogel electrolyte, ultra-long 

lifespan, desolvation effect, preferred orientation deposition 

                  



1. Introduction 

With the vast consumption of fossil energy and the severe environmental pollution, 

the demand for low-cost and sustainable clean energy has been increasing rapidly. 

Because of the high energy density and excellent cycling stability, lithium-ion 

batteries (LIBs) have been widely used in portable devices and electric vehicles. 

However, the potential safety issues and high cost of LIBs have restricted their 

application in large-scale energy storage fields.[1-4] Due to the relatively high 

specific capacity of zinc metal (820 mAh g
-1

) and the non-flammability of aqueous 

electrolytes, aqueous zinc-ion batteries (AZIBs) bring many unique benefits over 

commercial LIBs to be worthy of being considered as promising candidates for 

large-scale electrochemical energy storage applications.[5-7] Nowadays, the most 

commonly-used electrolyte in the AZIBs is zinc sulfate. However, it would result in 

the poor cycle stability and low coulombic efficiency of zinc anodes, which can be 

attributed to the following two reasons: i) the increased internal resistance caused by 

the generation of by-products (the generation of  n     
 
      2 );[8-10] ii) the 

internal short circuit caused by zinc dendrites formed disorderly on the anode 

surface.[11, 12] These problems have seriously hindered the practical application of 

AZIBs.[8, 9, 13, 14] 

So far, many efforts have been made to improve the electrochemical performance 

of Zn metal anodes, such as alloying of zinc metal,[15, 16] surface coating[11, 17-19], 

high-concentration electrolyte, and electrolyte additives[20-23]. In addition to these 

commonly-used strategies, designing hydrogel electrolytes to replace traditional 

                  



aqueous electrolytes has been also proved to be effective in restraining Zn dendrite 

growth and side reactions.[24-26] These designs include: 1. Tuning ions flux and 

inducing uniform deposition in the interface[24, 27, 28]; 2. Restricting the 

Two-dimensional diffusion of zinc ions by electrostatic interactions and 

functionalized groups; [12, 27] 3.Reducing the activity of water molecules by 

restricting its movement in gel toward suppressing the side reactions.[29] Besides, the 

quasi-solid hydrogel electrolyte formed by polymer has high stability and certain 

flexibility, which is also suitable for assembling flexible aqueous zinc ion batteries 

(FAZIBs). In practical applications, benefit from  the superior mechanical strength , 

the flexible zinc-ion batteries have better resistance to the external impact and damage 

than traditional aqueous zinc-ion batteries.[30-32] At present, it has a wide range of 

application prospects in smart wear,[31] biological implantable electronic devices,[33] 

and extreme  environments.[34, 35] Despite the great progress, two underlying 

points usually has not been paid enough attention for the development of 

high-performance hydrogel electrolytes for AZIBs. One is that the desolvation 

process of [Zn(H2O)6]
2+

 consumes a huge amount of energy with zinc deposition in an 

aqueous electrolyte, which may trigger hydrogen evolution reaction (HER). This will 

increase the pH value at the reaction interface and lead to the formation of 

by-products ( n     
 
      2 ). The electronic insulation and non-electroactive 

properties of the by-products will further increase the uneven distribution of the 

electric field on the surface of the negative electrode. Although HER can be to some 

extent reduced due to the decrease of water activity in the hydrogel electrolyte, the 

                  



desolvation pentalty still remains formidable. The other crucial factor that should be 

carefully considered is the crystal orientation of deposition Zn, which is closely 

associated with dendrite growth. Typically, metallic Zn tends to grow along the (101) 

plane, that is mostly prone to the formation of vertical Zn dendrites. Recent studies 

indicate that the binding energy of zinc on the (002) crystal plane is much lower than 

that on the (101) crystal plane, which is more resistant to the formation of dendrite 

than the Zn(100) and Zn(101) crystal planes.[36] Accordingly, various interface 

modification approaches such as introducing graphene coating layer and using more 

(002) basal plane texture exposed Zn foil have been adopted to affect the crystal 

orientation of deposition Zn.[7, 37] However, how to guide the (002) crystal plane 

preferred Zn plating/stripping behavior in the hydrogel electrolyte is rarely involved. 

Therefore, it is of a great challenge to develop a novel hydrogel electrolyte that can 

reduce the activation energy of desolvation and guide the deposition of zinc ions on 

the Zn (002) crystal surface simultaneously. 

Herein, we designed a simple one-pot method to prepare a hydrogel electrolyte 

PAM-PEGDA-CMC (PMC) with the ability to reduce the activation energy of 

desolvation process, and guide the preferential orientation of zinc ions deposition. In a 

rational design, the free radicals generated by APS through thermally initiated, which 

allow the polymerization of acrylamide (AM) monomers and poly(ethylene glycol) 

diacrylate (PEGDA) as a cross-linking agent to generate covalent bonds , and finally 

bridge to form the basic structure of the 3D network.[38, 39]The carboxymethyl 

cellulose (CMC) molecular chains shuttle through the 3D network to form a 

                  



semi-interpenetrating network (Figure Sx).[40, 41] Through electrochemical 

impedance spectroscopy (EIS) and grazing incidence XRD (GIXRD) analysis, it is 

found that the amide group of the PAM molecule in the formed 3D hydrogel plays a 

key role in reducing the desolvation activation energy and achieving the dendritic-free 

and highly prefer orientation deposition/stripping of the zinc anode. The symmetric 

Zn/Zn battery assembled by the PMC electrolyte has an ultra-long cycle time (~5000 

h), and the Zn/Cu half-battery has highly reversible Zn deposition/exfoliation (99.5% 

average Coulomb efficiency). Meanwhile, the flexible battery assembled using PMC 

hydrogel electrolyte shows excellent safety and durable, which can still work 

normally under the harsh conditions of punching and bending. 

 

2. Results 

Synthesis and characterization of materials 

The method of synthesis PMC hydrogel electrolyte is shown in Figure 1a. AM, 

PEGDA, CMC and APS were completely dissolved in 2.0 M ZnSO4 solution to obtain 

a clear and transparent solution. The mixture was poured into the template and heated 

to 40 °C on the heating plate. During the heating process, free radicals released from 

APS acted on the carbon-carbon double bond and initiated the polymerization. 

Constant temperature for 30 min and cooled down to room temperature to obtain 

PMC hydrogel electrolyte. As shown in Figure 1b, the hydrogel electrolyte is 

colorless and transparent. The thickness of the PMC hydrogel electrolyte controlled 

by the mold is almost the same as the commercially available glass fiber (Figure S2). 

This makes that the thickness of the battery assembled in the subsequent experiment 

                  



is the same and ensures the accuracy of the experiment. At the same time, we found 

that PMC has good flexibility (Figure S3), which shows that the gel has the prospect 

in flexible batteries. The tensile strengths of pure PAM gel, PAM-PEGDA and 

PAM-PEGDA-CMC (PMC) were measured by an electronic tensile testing machine 

(Figure 1d). It is found that after adding the PEGDA (the cross-linking agent), PAM 

and PEGDA polymerize to form a 3D structure, which increase the tensile strength of 

the hydrogel. Furthermore, after adding CMC, the tensile strength of the hydrogel is 

further improved significantly. This is because CMC and PAM-PEGDA form a 

semi-interpenetrating three-dimensional network structure, which further increases the 

mechanical properties of the hydrogel.[42, 43] The tensile strength of the PMC gel 

electrolyte reached 2.25 MPa. Symmetric batteries were assembled with PMC as the 

electrolyte, and cycled for 0, 20, and 50 hours, and then disassembled to find that the 

PMC gel remained intact (Figure S4). This shows that the excellent mechanical 

properties of PMC can keep it stable during cycling. As shown in Figure 1c, the 

Fourier transform infrared spectroscopy analysis of PMC in different states, tells that 

there is no obvious characteristic peak of C=C bond (purple area) in PMC, which 

indicates that PMC is a covalent cross-linking induced by free radicals obtained by 

polymerization. The dark green area represents the characteristic peak of zinc sulfate. 

The light green area is the characteristic peak of Zn-O bond. In order to further prove 

the reliability of the Zn-O bond, we also performed the XPS test on the PMC. It can 

be seen from Figure S5 that there are obvious characteristic peaks of the Zn-O bond in 

the Zn2p analysis pattern.[44] The corresponding characteristic peaks of Zn-O bonds 

                  



can also be fitted in the O1s spectrum. The PMC hydrogel electrolyte was dried in an 

oven at 80 °C, and the water content (free water) was 63.97%. The PMC gel 

electrolyte was frozen in liquid nitrogen to obtain a relatively flat section. After drying 

the moisture, scanning electron microscope (SEM) images and Zn EDS element map 

show that the zinc element is evenly distributed in the PMC hydrogel electrolyte 

(Figure S6 a&b). 

 

 

Fig 1. Synthesis and characterization of PMC gel electrolyte. (a) Synthetic schematic 

diagram of PMC hydrogel electrolyte; (b) Optical photograph of PMC hydrogel 

electrolyte; (c) Infrared image of PMC hydrogel electrolyte; (d) Tensile strength test 

(PAM+PEGDA+CMC, PAM and PAM+PEGDA). 

 

                  



Electrochemical performance 

Next, the electrochemical properties of PMC were verified. We used stainless steel 

foil as the working electrode, zinc foil as the counter electrode and reference electrode. 

The data obtained by linear scanning voltammetry (LSV) is shown in Figure 2a. This 

result indicates that PMC gel electrolyte has a high electrochemical stability window 

of ~2.2V (vs. Zn/Zn
2+

), which can satisfy the needs of AZIBs. In order to study the 

ionic conductivity of PMC hydrogel and AM-PEGDA-CMC aqueous solution, we 

characterized the ionic conductivity by EIS. As shown in Figure 2b, the ionic 

conductivity of the aqueous solution before polymerization is calculated by formula 

(1) to be 35.71 mS cm
-1

. The ionic conductivity of the PMC gel electrolyte is 

30.24 mS cm
-1

. This indicates that the polymerization has a litter effect on the ionic 

conductivity, but it is still superior to the most of present research (Table S1). [28, 35, 

45-47] The zinc foil was cut into a square of 5 mm*5 mm and used as the working 

electrode and the counter electrode in the three-electrode cell, while the reference 

electrode was saturated calomel electrode (SCE). Here, we use a three-electrode 

electrolytic cell to test the Tafel curves of different electrolytes to analyze the 

influence on the corrosion of the zinc foil. (Figure 2c). Compared with the 2.0 M 

ZnSO4 solution, it can be seen that the corrosion potential of zinc foil in PMC rises 

from -1.025 V to -0.995 V, which means zinc foil is hard to be corroded in PMC. The 

corrosion current of PMC hydrogel electrolyte (0.798*10
-3

 mA cm
-2

) is weaker than 

that of ZnSO4 electrolyte (1.226*10
-3

 mA cm
-2

), indicating that PMC hydrogel 

electrolyte has less corrosion on zinc foil than ZnSO4. Therefore, PMC hydrogel is 

                  



suitable as an electrolyte for zinc ion batteries. The symmetric Zn/Zn batteries were 

tested to estimate the cycling stability of the PMC hydrogel electrolyte. As shown in 

Figure 2d, the symmetrical battery assembled with PMC hydrogel electrolyte exhibits 

great cycling stability, for nearly 5000 h at a current density of 1.0 mA cm
-2

 and a 

capacity density of 1.0 mAh cm
-2

. In contrast, the symmetrical battery assembled with 

the 2.0 M ZnSO4 aqueous electrolyte shows an increasing polarization around 150 h, 

and short circuit around 160 h. At the same time, we studied the cycle performance of 

symmetrical battery under different current density and capacity density. All of the 

Zn/PMC/Zn batteries exhibits terrific cycle stability (Figure S7). However, in the 

symmetric Zn/Zn batteries where AM-PEGDA-CMC served as the additive, 

short-circuits happened only after a stable cycle of ~2500 h. This tells us that the 

polymerized PMC hydrogel electrolyte has a better optimization effect on the Zn 

anode during cycling. Moreover, the cycle voltage of the Zn/Zn symmetric battery 

(effective zinc foil area is 1.13 cm
2
) remains stable at a current of 0.2-20.0 mA 

(Figure S8), and the polarization voltage has been stable around ~80 mV. The copper 

foil with10.0 mAh cm
-2

 of Zn predeposited is also used as the test electrode with a 

limited content of Zn for the deep charge/discharge. It can cycle for more than 400 h 

at a current density of 1.0 mA cm
-2

 and capacity density of 2.0 mAh cm
-2

 

(corresponding to the DOD of 20%, Figure S9). This indicates that the PMC hydrogel 

electrolyte not only has an ultra-stable cycle life, but also can be used as the 

electrolyte for zinc-ion batteries in a wide range of current density. The PMC 

hydrogel electrolyte provides a more stable cycle compared with other symmetrical 

                  



batteries in the same period (Figure 2e). 

 

 

Fig 2. Electrochemical performance of PMC hydrogel electrolyte. (a) The PMC 

hydrogel electrolyte’s electrochemical window;  b  EI  spectra of polymerized 

hydrogel and non-polymerized hydrogel, the inset is an enlarged view of the low 

frequency region; (c) Tafel curve of PMC gel electrolyte and 2.0 M ZnSO4 electrolyte; 

(d) The cycle voltage curves of Zn/Zn symmetric batteries with different electrolytes, 

the illustrations are the 100th cycle and 1500 cycles respectively; (e) Compared with 

the Zn/Zn symmetric battery in the reported work; (f) The cycle performance of 

Zn/Cu asymmetric battery assembled with PMC or 2.0 M ZnSO4; (g) PMC as the 

Zn/Cu asymmetric battery Electrolyte voltage/capacity graph. 

 

                  



For batteries, reversibility is also very important. Here we assemble a Zn/Cu 

asymmetric battery, using respectively PMC or 2.0 M ZnSO4 as electrolytes. They are 

used to verify the contribution of PMC hydrogel electrolyte to the cycle reversibility 

of Zn deposition/exfoliation. As shown in Figure 2f, the coulombic efficiency of the 

battery assembled with PMC gel electrolyte is stable more than 500 cycles. The first 

lap coulombic efficiency is as high as 83.7%, and the average coulombic efficiency is 

99.5%. In comparison, the first cycle Coulomb efficiency of the battery assembled 

with ZnSO4 electrolyte is only 79.0%, and the short circuit occurs less than 60 cycles. 

The voltage/capacitance graphs of different cycles (Figure 2g) also show that the 

Zn/Cu asymmetric battery using PMC hydrogel as the electrolyte can maintain a low 

overpotential to ensure stable long-term cycles. All these indicate that the hydrogel 

can effectively inhibit the side reactions that occur during zinc deposition/exfoliation 

in Zn/Cu asymmetric battery cycling. 

 

Mechanism derivation 

In order to explore the long-term and stable circulation mechanism of PMC 

hydrogel electrolyte. First of all, we used PMC and 2.0 M ZnSO4 as electrolytes to 

assemble Zn/Zn symmetrical batteries to cycle (current density: 1.0 mA cm
-2

, capacity 

density: 1.0 mAh cm
-2

) for different periods of time. Carried out the Zn foils and 

imaged by SEM. As shown in Figure 3, compared with the zinc foil that has not been 

cycled (Figure S10), after cycles of 100 h the symmetrical battery assembled with 

PMC hydrogel electrolyte has a regular deposition morphology (Figures 3a and S11a). 

                  



The surface of the zinc foil after the 200 h of cycles still maintains a uniform 

appearance (Figure 3c and S11b). The symmetrical battery assembled with ZnSO4 

aqueous electrolyte solution shows scaly dendrites and by-products after 100 h cycles 

(Figure 3b), and more dendrites and by-products appeared on the surface when the 

cycle continued to 200 h (Figure 3d). Shape-measuring laser microscope is used to 

image the zinc foils after cycling with different electrolytes. As shown in Figure S12, 

the Zn foils cycled with PMC as electrolyte exhibited similar flatness to the pristine 

Zn foils, while which assembled with ZnSO4 as the electrolyte become very rough. In 

addition, more intuitive evidence can be seen under the in-situ optical microscope. It 

can be seen from Figure 3e that in the battery assembled with PMC hydrogel 

electrolyte, the cross-section of zinc foil appears uniform and dense deposition. On 

the contrary, the battery assembled with 2.0 M ZnSO4 aqueous electrolyte appears 

small protrusions after 10 minutes, and gradually evolved into dendrites over time. 

These phenomena show that the PMC hydrogel electrolyte can not only inhibit the 

occurrence of by-reactions during Zn deposition/exfoliation, but also make Zn 

uniformly deposited on the surface of the zinc foil. 

 

                  



 

Fig 3. The influence of PMC hydrogel electrolyte on the deposition/exfoliation of zinc 

anode. SEM image of zinc foil surface after cycling of (a) 100 h and (c) 200 h; SEM 

image of zinc foil surface after cycling (b) 100 h (d) 200 h; (e) The deposition 

morphology of the cross-section of zinc foil at different times captured by in-situ 

optical microscope (electrolyte: PMC hydrogel and 2.0 M ZnSO4 aqueous solution, 

current density: 5.0 mA cm
-2
 . The scale bar in  a ,  b ,  c ,  d  is 10 μm. The scale bar 

in  e  is 800 μm. (f) XRD pattern of Zn foil after 50 h cycle of Zn/Zn symmetric 

battery assembled with different electrolytes; GIXRD diffraction patterns of Zn/Zn 

symmetric batteries assembled with different electrolytes after cycling for 50 h, 100 h, 

and 200 h (g) PMC, (h) PAC, (i) ZnSO4; (current density: 1.0 mA cm
-2

; capacity 

density: 1.0 mAh cm
-2

); 

 

                  



Here we speculate that the reason for the different deposition forms from PMC 

hydrogel electrolyte to ZnSO4 aqueous solution electrolyte is that the zinc ion channel 

formed by the amide group in polyacrylamide can guide the uniform deposition of 

zinc ions.[24, 36] This is because PAM has a strong absorption of polar zinc and the 

binding energy is -1.25 eV is much higher than the zinc surface.[20] When PMC is 

used as a hydrogel electrolyte, a large number of amide groups on the polymer chain 

can guide continuous zinc transmission, so that zinc can be uniformly transported to 

the surface of the anode. In order to verify the influence of the amide group in the 

PMC hydrogel electrolyte on the zinc deposition, we first used X-ray diffraction 

(XRD) to characterize the zinc foil in the Zn/Zn symmetric batteries with PMC, 2.0 M 

ZnSO4 and PAC (acrylic acid as monomer, the polymer does not contain amide) 

electrolytes after 50 h cycles. As shown in Figure 3f, a large amount of double 

hydroxide (LDH) Zn4SO4(OH)6·5H2O (JCPDS NO: 39-0688) appeared on the surface 

of the zinc foil after cycling the Zn/Zn symmetric battery using the 2.0 M ZnSO4 

aqueous solution electrolyte: 

  n
2+

+   
-
+   

2-
+5 2 → n     

 
    5 2   (1)[24] 

However, the Zn/Zn symmetric battery using PMC hydrogel electrolyte has no 

other obvious diffraction peaks except for the characteristic diffraction peak of zinc, 

which further shows that PMC hydrogel electrolyte can effectively inhibit the 

occurrence of by-reactions. 

In order to eliminate the interference of the substrate on the exploration, we 

performed grazing incidence X-ray diffraction (GIXRD) to analyze the changes in the 

                  



crystal structure of the zinc foil surface in the cycle of the Zn/Zn symmetric battery 

assembled with PMC hydrogel electrolyte for different periods of time. As shown in 

Figure 3g, with the increase of cycle time, the diffraction peaks of (002) crystal planes 

(red area) become stronger, while the diffraction peaks of (101) crystal planes become 

weaker, indicating that the PMC gel electrolyte could guide the deposition orientation 

in witch lower Zn
2+

 tends to follow the direction of the (002) crystal plane. In order to 

verify that the preferred orientation of zinc deposition is the guiding effect of the 

amide group, we not only performed GIXRD characterization on the zinc foil after 

cycling the symmetric battery assembled with ZnSO4 (Figure 3i), but also synthesized 

the PAC hydrogel by changing the monomer from AM to AA (AA without amide 

group). The PAC hydrogel is used as the electrolyte to assemble a Zn/Zn symmetric 

battery after different cycles of time, and the zinc foil is characterized by GIXRD, as 

shown in Figure 3h. The results show that the zinc foil of the Zn/Zn symmetric battery 

assembled by the PAC hydrogel electrolyte has no change in the crystal plane of the 

surface after cycling for different time. Which further shows that the PMC hydrogel 

electrolyte we synthesized has the function of guiding the deposition of zinc in the 

preferred orientation. It is because the zinc ion channel formed by the amide group in 

the molecule plays a key role. 

In the ZnSO4 solutions, zinc ions exist as the form of hexahydrate ([Zn(H2O)6]
2+

), 

so a large amount of energy provided for the desolvation process when depositing at 

the interface of the zinc foil, which is easily to beget hydrogen evolution reactions 

(HER).[48-50] And the local pH reduction at the interface caused by the HER will be 

                  



accompanied by the production of by-products on the surface of the zinc foil. 

Therefore, if the [Zn(H2O)6]
2+

 can be desolvated in advance, the by-products 

produced during the cycle of the zinc anode will be reduced the production of the 

product. The desolvation process of Zn
2+

 is usually the rate-limiting step of the anode 

zinc deposition, it can be expressed by the activation energy (Ea) of the Arrhenius 

equation: 

1

Rct
=Ae- Ea/RT  (2) [49, 51] 

Where Rct is the interface resistance, A is the frequency factor, R is the gas 

constant, and T is the absolute temperature. PMC's ability to inhibit side reactions 

may be due to the fact that the strong polar amide group in PMC is easy to bond with 

zinc ions, which helps to remove the solvating sheath of zinc hexahydrate ions during 

the cycle. In order to verify this phenomenon, we investigate the changes of 

desolvation energy in PMC and ZnSO4 through variable temperature EIS. It can be 

seen from Figures 4a and b that the Rct (1056.0) of Zn foil in ZnSO4 solution at 

303.15 K is significantly higher than that of PMC (830.0), which confirms the 

improvement of the charge transfer ability in PMC (Table S2). From Figure 4c, we 

can see that the Ea in PMC is about 36.42 kJ mol
-1

, while the Ea in ZnSO4 is 62.31 kJ 

mol
-1

. This indicates that the strong polar amide group in PMC has a positive effect on 

the Zn
2+

 desolvation sheath. 

 

                  



 

Fig 4. The mechanism of PMC hydrogel electrolyte guiding the uniform deposition of 

zinc. The variable temperature EIS of (a)PMC and (b)ZnSO4; (c) The calculated 

desolvation activation energies of both electrolyte by using the Arrhenius equation. (d) 

Simulates the desolvation energy of zinc ions in the solvation sheath with different 

water content; (e) Molecular model simulation diagram of PAM-Zn/5H2O; (f) The 

deposition/exfoliation mechanism of Zn
2+

 on the surface of Zn foil in ZnSO4 aqueous 

electrolyte and PMC hydrogel electrolyte. 

 

In conventional liquid electrolytes, solvated ions are transported simultaneously with 

the solvation sheath. However, the solvation sites are fixed in solid electrolyte, where 

the ions are transported through coupling-dissociation processes or frequent exchange 

of mobile solvent molecules, and the two types of ion transport modes can be run in 

parallel.[52-55] The property of gel electrolyte is between the liquid electrolyte and 

solid electrolyte, so its ion transport mode is also between the two kinds of electrolyte. 

Through the work of Wang et al., it was found that the binding energy of the amide 

                  



group to the zinc ion is very low.[20] Combined with our calculations, it is found that 

the oxygen atoms on the amide group are more likely to bind Zn ions (Figure S13). 

Therefore, we believe that PMC has the ability to bind with hydrated zinc ions to 

guide the deposition of zinc ions and reduce the desolvation energy during deposition. 

At the anode interface of Zn-ion batteries, the deposition/stripping of zinc is three 

consecutive steps: 1). The movement of hydrated zinc ions from the electrolyte 

toward the surface of the anode; 2) The desolvation of hydrated zinc ions at the 

interface; 3). The redox reaction of zinc ions or zinc on the surface of the anode 

occurs. And it is generally accepted that the desolvation process is the rate determined 

step during the whole charge-transfer process.[49, 50] For the ZnSO4 aqueous 

electrolyte, the desolvation process at the interface is: 

 n  2  
 

2+ →  n +   2  (3) 

For the PMC hydrogel electrolyte, the redox reaction at the anode interface is: 

 M - n  2  
 

2+ →  n +   2   1   5  (4) 

As described in Figure 4d in the manuscript, we calculated the desolvation energie of 

hydrated zinc ions that lose varying amounts of bound water (Zn/6H2O: 15.73, 

PAM-Zn/5H2O: 5.63, PAM-Zn/4H2O: 5.42, PAM-Zn/3H2O: 4.52, PAM-Zn/2H2O: 

3.07, PAM-Zn/H2O: 1.84). In fact, it is hard to predict the precise coordination 

number of polymer chains and Zn
2+

 ions. Therefore, we simplified the structure model 

to describe the solvation environment in the hydrogel electrolyte, in which, per Zn
2+

 

ion is interacted with one amide group in the polymer chain. This shows that the 

presence of PMC makes the adsorption of H2O and Zn
2+

 weakened, and PMC has a 

                  



stronger desolvation ability. From this model, it is found that the most stable form 

exists in the form of PAM-Zn/5H2O. Figure 4e is a molecular model simulation 

diagram of PAM-Zn/5H2O. 

Based on the above characterization results and analysis, it can be summarized the 

principle of Zn exfoliation/deposition in PMC and ZnSO4. Because of in the ZnSO4 

aqueous electrolyte, [Zn(H2O)6]
2+

 requires huge energy to desolvate the sheath, 

resulting in a local pH increase.[49, 50] And    
2-

 ions will freely move to the 

surface of the zinc foil to produce by-reactions and generate a mass of 

by-products.[56] These by-products accumulate on the surface of the zinc foil, 

causing polarization to increase. The freely moving Zn
2+

 tends to deposit on the tip of 

the zinc foil surface under the applied voltage. Moreover, the uneven interfacial 

electric field and ion concentration result in uneven nucleation. Eventually leads to 

the formation and growth of dendrites.[14] In the PMC gel electrolyte, on the one 

hand, Zn
2+

 is bonded to the strongly polar amide group, and a part of the solvation 

sheath is removed in advance, which greatly reduces the desolvation energy of Zn
2+

 

during deposition; On the other hand, a large number of amide groups in PMC 

hydrogel can guide Zn
2+

 to deposit in a highly preferred orientation. These positive 

effects make the zinc anode deposition uniform and dense during the cycle. (Figure 

4f) 

 

Zn/V2O5 battery cycle performance and flexible battery mechanical 

performance 

                  



Then, we investigated the application of PMC hydrogel electrolytes in Zn/V2O5 

batteries and flexible batteries. Here we choose V2O5·1.6 H2O as the cathode material. 

According to Liu’s work[57], V2O5·1.6 H2O was synthesized by hydrothermal method, 

and the synthesized material was characterized by TEM and XRD to study its 

structure. The TEM image (Figure S14) shows that the interplanar spacing of the 

synthesized material is 0.195 nm, which corresponds to the (006) crystal plane of 

V2O5·1.6 H2O. The XRD pattern (Figure S15) shows that the diffraction peak of the 

synthesized material can correspond to the standard peak of V2O5·1.6 H2O. These 

characterizations all indicate that the synthesized material is V2O5·1.6 H2O. The 

synthesized material was made into a positive electrode, PMC hydrogel and 2.0 M 

ZnSO4 aqueous solution were used as the electrolyte, and zinc foil was used as the 

anode to assemble a Zn/V2O5 full battery. The assembled battery is cycled at a current 

density of 1.0 A g
-1

, as shown in the Figure5a, the initial specific capacity of the 

battery assembled with PMC hydrogel electrolyte is 380.74 mAh g
-1

, and after 500 

cycles, it shows a higher capacity retention rate (71.1%). The initial specific capacity 

of the battery assembled with 2.0 M ZnSO4 aqueous electrolyte is 360.22 mAh g
-1

, 

and the capacity decays relatively quickly in the first 30 cycles. After 500 cycles, the 

capacity retention rate is only 42.2%. Moreover, Figure 5b shows that the Zn/V2O5 

battery assembled with PMC hydrogel electrolyte can maintain a relatively stable 

charge and discharge platform. It can be seen from Figure 5c that the battery using 

PMC hydrogel electrolyte exhibits good rate performance (0.1 A g
-1

 to 2.0 A g
-1

). It 

shows a high initial capacity of 405.5 mAh g
-1

 at a current density of 0.1 A g-1, and 

                  



provides a capacity of 349.9 mAh g
-1

 even at a high current density of 2.0 A g
-1

 

(Figure 5d). These results all indicate that PMC hydrogel electrolyte has good 

application prospects in AZIBs. 

 

 

Fig 5. The application of PMC hydrogel electrolyte in Zn/V2O5 battery and flexible 

battery. (a) Cycle performance of Zn/V2O5 batteries with different electrolytes 

(Current density: 1.0 A g
-1

); (b) Voltage/capacitance diagram of Zn/V2O5 batteries 

assembled with PMC hydrogel electrolyte (Current density: 1.0 A g
-1

); (c) Rate 

performance of Zn/V2O5 battery assembled by PMC and ZnSO4 (Current density: 

0.1-2.0 A g
-1

); (d) The rate performance of Zn/V2O5 battery assembled by PMC 

hydrogel battery; (e) Zn/V2O5 assembled with PMC hydrogel electrolyte the flexible 

battery lights up the diode; (f) The bending and punching experiment of the Zn/V2O5 

flexible battery assembled with PMC hydrogel electrolyte. 

 

The better flexibility of PMC hydrogel electrolyte can cope with the mechanical 

                  



damage of battery caused by most deformations in daily use, which can extend the life 

of electronic products and increase the scope of use. In order to verify, we made a 

flexible battery Zn/PMC/V2O5, which can normally supply power to the diode when 

the battery is energized (Figure 5e, Movie S1). Although the battery was bended from 

0 degrees to 180 degrees, it can still normally power the diode (Figure 5f, S16, Movie 

S2). Furthermore, we conducted a hole-punch test on the flexible battery. After four 

times of drilling, the flexible battery can still power the diode (Figure 5f, S17), 

showing great safety and wear resistance. 

 

3. Discussion 

In summary, we have successfully synthesized a hydrogel electrolyte PCM using 

the one-pot method, which has an ionic conductivity of 30.24 mS cm
-1

. According to 

the characterization results, the amide group in the PMC hydrogel electrolyte with 3D 

network can guide the highly preferential orientation of zinc ion deposition, and its 

bonding with hydrated zinc ion can effectively reduce the desolvation energy. This not 

only significantly solves the problem of by-products caused by the ZnSO4 aqueous 

electrolyte, but also the Zn/Zn symmetrical battery assemble using PMC has stable 

deposition/exfoliation at the current density of 1.0 mA cm
-2

 and the capacity density 

of 1.0 mAh cm
-2

 for ~5000 h. Meanwhile, the observation under in-situ microscope 

shows that the PMC helps the Zn
2+

 deposits uniformly and densely. The assembled 

Zn/Cu and Zn/V2O5 batteries show a high degree of reversibility, excellent cycle 

stability and impressive rate performance. Furthermore, the semi-interpenetrating 

                  



network formed by CMC increases the mechanical properties of the hydrogel. The 

Zn/PMC/V2O5 flexible battery prepared by using PMC as the flexible electrolyte has 

found that the battery has excellent safety and wear resistance. These demonstrated 

properties make us believe that this work can provide us inspiration, and makes the 

AZIBs get higher performance and wider application fields. 

 

4. Materials and Methods 

Materials 

Acrylamide (AM, 99%) and Poly(ethylene glycol) diacrylate (PEGDA, ~600) were 

purchased in Aladdin. Zinc sulfate heptahydrate (ZnSO4·7H2O, AR) and ammonium 

persulfate ((NH4)2S2O8, APS, AR) were purchased in Shanghai Hushi. Sodium 

acrylate (SAA, CP) and 30% hydrogen peroxide (H2O2, AR) were purchased from 

Xilong Science. Polyvinylidene fluoride (PVDF) and carboxymethyl cellulose (CMC) 

were purchased from Guangzhou Songbai Chemical. Zinc foil (~0.1 mm and ~0.05 

mm), copper foil (~0.015 mm) and titanium foil (~0.05 mm) were purchased at Saibo 

Electrochemical. Vanadium pentoxide (V2O5, 99.8%) was purchased from Shang Hai 

Energy Chemical. Glass fiber (1 mm) was purchased in Whatman. Acetylene black 

was purchased from Jiuding Chemical. The water used in this experiment is deionized 

water. 

 

Preparation of Polyacrylamide-poly(ethylene glycol) diacrylate-carboxymethyl 

Cellulose gel electrolyte (PMC) 

                  



At room temperature, 0.865 g AM, 0.0233 g PEGDA, 0.0066 g CMC were added 

into 6 mL 2.0 M ZnSO4 solution and mixed well, then added 0. 8 μL 10% APS 

solution, shook evenly, poured it into the template, and placed it on a heating plate at 

40 °C. After heating for 30 min, it was cooled to room temperature to obtain PMC 

hydrogel electrolyte. 

 

Preparation of Zinc Polyacrylate- poly(ethylene glycol) diacrylate 

-carboxymethyl cellulose gel electrolyte (PAC) 

At room temperature, 1.144 g SAA, 0.0233 g PEGDA, 0.0066 g CMC were added 

into 6 mL water and mixed well, then added 0. 8 μL 10% A   solution, shook evenly, 

poured it into the template, and heated it on a 50 °C heating plate for 30 min. After 

cooling to room temperature, the template was immersed in 2.0 M ZnSO4 solution for 

24 hours to make zinc sulfate fully enter the gel, and finally PAC hydrogel electrolyte 

was obtained. 

 

Preparation of cathode material (V2O5·1.6 H2O) 

The material was synthesized by hydrothermal method, 0.3306 g V2O5 and 60 mL 

H2O were added to the beaker, then 1.5 mL 30% H2O2 was added, and the solution 

turned orange-red after stirring for 30 min. Transfer to a polytetrafluoroethylene 

autoclave and heat up to 190 °C (30 °C min
-1

) for 6 hours. The solution after the 

reaction was filtered with suction and washed with deionized water three times. The 

filter cake was taken and dried in an oven at 80 °C for 24 h to obtain the product.[57] 

                  



 

Button battery assembly 

The CR2016 battery was assembled in an indoor air environment and passed the 

battery test system (LAND CT2001A, Wuhan, China) for electrochemical 

performance testing. The anode is zinc foil (~0.1 mm). V2O5·1.6 H2O material, 

acetylene black and PVDF were mixed in a ratio of 7:2:1 with NMP as a solvent, and 

the slurry was smeared on the Ti foil to prepare the cathode. The coated cathode 

needed to be dried in a vacuum oven at 80 °C for more than 12 hours. The mass of the 

cathode electrode is approximately 1.0 mg cm
-2

. The PMC and PAC hydrogel are cut 

into 18 mm diameter thin slices as electrolyte, and the battery assembled with 2.0 M 

ZnSO4 electrolyte will use 18 mm glass fiber as electrolyte and separator. 

 

Flexible battery assembly 

The flexible battery was also assembled in an indoor air environment, and the 

anode was zinc foil (~0.05 mm). The preparation of the cathode was the same as in 

section 2.5. The anode, cathode and PMC hydrogel were all cut into sizes of 50*80 

mm and 30*80 mm, and the assembled battery was encapsulated in an 

aluminum-plastic film to obtain a complete flexible battery. 

 

Characterization 

Field emission scanning electron microscope (SEM, Zeiss) was used to analyze the 

surface morphology and X-ray energy spectrum (EDS) of the sample. Projection 

                  



electron microscope (TEM, FEI Tecnai F30) was used to observe the morphology of 

V2O5·1.6 H2O. Fourier transform infrared spectrometer (FTIR, Nicolet iS5, Themor 

Electro Co., USA) was used for the analysis of PMC structure. X-ray diffraction 

(XRD) and grazing incidence X-ray diffraction (GIXRD) (Rigaku Ultima IV) were 

used to analyze the composition of the material and the analysis of the deposition 

form on the surface of the zinc foil. The electrochemical workstation (CHI 730i) was 

used to perform cyclic voltammetry (CV, scanning speed of 0.5 mV s
-1

), alternating 

current impedance spectroscopy (EIS, measurement using conductivity electrodes, 

measuring range from 100k Hz to 0.1 Hz) and The Tafel curve (measurement using a 

three-electrode system, using zinc foil as the working electrode and counter electrode, 

respectively, the saturated calomel electrode (SEC) as the reference electrode, and the 

scanning speed was 0.1 mV s
-1

). Optical microscope (BX43, Olympus) was used for 

in-situ imaging of the deposition form of zinc on the surface of zinc foil under 

different electrolytes. Electronic tensile testing machine (TSL-1002) was used to test 

the tensile strength of PMC gel electrolyte. 

Ionic conductivity was calculated by the following formula: 

σ=
K

R
 (5) 

Where σ was the ionic conductivity, K was the cell constant (0.998 cm
-1

), and R 

was the bulk resistance. 
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