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Building Ultra‑Stable and Low‑Polarization 
Composite Zn Anode Interface via Hydrated 
Polyzwitterionic Electrolyte Construction

Qiong He1, Guozhao Fang1, Zhi Chang1, Yifang Zhang2, Shuang Zhou1, Miao Zhou1, 
Simin Chai1, Yue Zhong1, Guozhong Cao3, Shuquan Liang1, Anqiang Pan1 *

HIGHLIGHTS

• A novel hydrogel with high water retention and  Zn2+ transference number of 0.604 was constructed by copolymerizing sulfobetaine 
and acrylamide in Zn(ClO4)2 solution.

• The designed electrolyte configuration enables in situ generation of the organic–inorganic hybrid interface, which contributes to the 
electrodeposition uniformity and corrosion resistance of the anode.

• Zn–Zn and Zn–MnO2 cells based on hydrogel electrolyte exhibit outstanding cycling stability (over 3000 h under 0.5 mA  cm−2/0.5 
mAh  cm−2 after two-time shelving).

ABSTRACT Aqueous zinc metal 
batteries are noted for their cost-
effectiveness, safety and environ-
mental friendliness. However, the 
water-induced notorious issues 
such as continuous electrolyte 
decomposition and uneven Zn 
electrochemical deposition remark-
ably restrict the development of 
the long-life zinc metal batteries. 
In this study, zwitterionic sulfobe-
taine is introduced to copolymerize 
with acrylamide in zinc perchlorate 
(Zn(ClO4)2) solution. The designed 
gel framework with hydrophilic and charged groups can firmly anchor water molecules and construct ion migration channels to acceler-
ate ion transport. The in situ generated hybrid interface, which is composed of the organic functionalized outer layer and inorganic  Cl− 
containing inner layer, can synergically lower the mass transfer overpotential, reduce water-related side reactions and lead to uniform Zn 
deposition. Such a novel electrolyte configuration enables Zn//Zn cells with an ultra-long cycling life of over 3000 h and a low polarization 
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potential (~ 0.03 V) and Zn//Cu cells with high Coulombic efficiency of 99.18% for 1000 cycles. Full cells matched with  MnO2 cathodes 
delivered laudable cycling stability and impressive shelving ability. Besides, the flexible quasi-solid-state batteries which are equipped 
with the anti-vandalism ability (such as cutting, hammering and soaking) can successfully power the LED simultaneously. Such a safe, 
processable and durable hydrogel promises significant application potential for long-life flexible electronic devices. 

KEYWORDS Quasi-solid electrolyte interface; Polyzwitterionic hydrogel electrolytes; High performance; Manganese dioxides; Zinc 
metal anodes

1 Introduction

Numerous research on batteries with environmental friend-
liness, intrinsic safety and satisfactory energy densities has 
been conducted in the field of energy storage systems [1–8]. 
Of the various developed batteries, aqueous zinc metal bat-
teries (ZMBs) are the most competitive and promising can-
didate to be applied as the commercially viable energy stor-
age device with a low electrochemical potential of − 0.763 V 
(vs. SHE), relatively high volume capacity (5855 mAh 
 cm−3), high safety and benign water compatibility [9–13]. 
However, some long-lasting tricky issues such as dendrite 
traits and side reactions severely affect the lifespan of the 
aqueous ZMBs [14–18]. Various effective strategies have 
been exploited to alleviate these undesirable issues, exem-
plified with artificial interface modification [19], structural 
optimization [20–24], electrolyte regulation [25–33] and 
using gel electrolytes [34–36].

The great triumph achieved in ZMBs based on the hydro-
gel electrolyte was benefited from the satisfactory flexibility 
and wearability, induced by the relatively low-content inter-
stitial water and the robust cross-coupling network in the 
hydrogel. Besides, the gel electrolyte can also increase the 
energy density of the battery due to its excellent water reten-
tion and broadened electrochemical window, and ultimately 
greatly prolong the service life of flexible Zn-based devices. 
Previously, poly(vinyl alcohol) (PVA) [37–39], polyacryla-
mide (PAM) [40–43] and polysaccharide (gelatin [44, 45], 
alginate [46, 47], etc.) have emerged as crucial categories 
of the gel electrolytes community for aqueous ZMBs due 
to their rich hydrophilic groups. Unfortunately, although 
the hydrogel electrolyte, to some extent, can inhibit some 
side reactions with zinc anode due to less water content, the 
unfavorable interface electrochemistry between the anode 
and hydrogel electrolyte is still regarded as the main reason 
for the shortened battery life. One typical interface optimi-
zation strategy is constructing an artificial solid electrolyte 
interface (SEI), which can effectively alleviate electrode 

deterioration and electrolyte decomposition. However, the 
artificial SEI currently suffers from unavoidable cracks dur-
ing the cycles [14, 48], poor interface contacts with Zn and 
dissatisfactory ion conductivity, all of which would lead to 
limited inhibition of dendrites and unfavorable Coulom-
bic efficiencies (CEs). Very recently, highly concentrated 
electrolytes (e.g., “water-in-salt”) [28, 49] and multiple 
functional additives [50, 51] were introduced into ZMBs to 
improve the CEs and extend their life spans. The high costs 
involved and unstable/ineffective SEI protective layer, how-
ever, severely hinder their future developments. Combining 
the flexibility advantages of hydrogel with the interphase 
modification is expected to solve those tricky/undesirable 
issues simultaneously and achieve increased battery life.

Herein, a betaine-type zwitterionic monomer 3-((2-(meth-
acryloyloxy)ethyl)dimethylammonio) propane-1-sulfonate 
(DMAPS) was introduced to copolymerize with acrylamide 
(AM) to further improve the electrochemical performance 
of the hydrogel electrolyte [52–54]. Owing to the zwitte-
rionic nature and the high hydration ability of the charged 
groups within the hydrogel electrolyte, ions can be easily 
separated from the counterions, leading to the accelerated 
ion migration and enhanced rate performance. Meanwhile, 
the hydrogel electrolyte delivers high water retention; there 
is a certain degree of self-healing and mechanical properties 
due to the interaction between the hydrophilic groups and 
water molecules, the hydrogen interaction and the “zwitteri-
onic fusion,” respectively [55, 56]. Furthermore, the intrin-
sic hydrophilic and charged groups in the polyzwitterion 
chain can guide the uniform transportation of zinc ions and 
consequently lead to dendrite-free deposition. What is more, 
replacing the conventionally used  ZnSO4 with Zn(ClO4)2 
salt contributes to the in situ formed  Cl− containing insulat-
ing layer upon Zn metal, which consequently lead to ZMB 
with low polarization and ultra-long cycle life [26, 57]. 
The designed gel electrolyte with Zn(ClO4)2 salt (denoted 
as ADC-gel) inherits the advantages of the zwitterionic 
copolymer and the selected salt solution to synergically 
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construct the compatible composite quasi-SEI layer, which 
could remarkably pave the way for the anti-corrosion and 
the high cycle reversibility of the ZMBs. Zn//Zn cells based 
on ADC-gel electrolytes offers extremely long cycle lives: 
more than 3000 h at the current density of 0.5 mA  cm−2and 
800 h at an even much higher current density of 5 mA  cm−2. 
Superior rate capability with low polarization voltage (below 
0.05 V) under a wide range of current densities (from 0.5 to 
5 mA  cm−2) was also achieved. When matched with  MnO2 
cathode, ZMB full cell could deliver a high capacity of 350 
mAh  g−1 and maintain more than 100 cycles without obvi-
ous capacity decay. To assess the practicality of the fabri-
cated hydrogel, pouch cells can work normally in driving the 
practical devices under harsh working conditions, including 
cutting, soaking, hitting, etc.

2  Experimental Section

2.1  Materials Synthesis

2.1.1  Synthesis of ADC‑gel Electrolyte and Liquid 
Electrolyte

The designed polyzwitterion hydrogel was fabricated by a 
thermal-initiated method as follows: first, dispersed a cer-
tain amount of monomers (0.75 g acrylamide (AM, Aladdin, 
AR) and 0.75 g 3-dimethyl(methacryloyloxyethyl) ammo-
nium propane sulfonate (DMAPS, Aladdin)) in the 10 mL 
2 M zinc perchlorate Zn(ClO4)2 solution, where the zinc 
perchlorate (Zn(ClO4)2·6H2O) was also got from Aladdin. 
Initiator potassium persulfate  (K2S2O8, Sinopharm Chemi-
cal Reagent) relative to 0.5% total monomers mass and 
cross-linking agent N,N’-methylenebisacrylamide (MBAA, 
Macklin) relative to 0.4% total monomers mass were sub-
sequently added into the above-mixed solution. After the 
vigorous stirring, a degassing procedure was indispensable 
and performed through purging nitrogen gas into the trans-
parent solution for minutes. The thin hydrogel film of around 
1 mm was obtained by transferring the as-prepared solution 
into a handmade glass mold by a pipettor and performing 
the sol–gel transition at 80 °C for 12 h. When matched with 
 MnO2 cathode, the precursor solution needed to add addi-
tional  MnSO4·H2O (Sinopharm Chemical Reagent) before 
the free radical polymerization process. For the liquid elec-
trolyte, added 3.7238 g Zn(ClO4)2 to 20 mL deionized water 

and then transferred this mixed solution to a 50 mL volu-
metric flask. The above solution was diluted to volume with 
deionized water to acquire 2 M Zn(ClO4)2 aqueous solution.

2.1.2  Synthesis of Cathodes

A traditional hydrothermal synthesis method was employed 
to obtain  MnO2 cathode. Generally, a certain amount of 
 MnSO4

.H2O was added to 15 mL deionized water to get 
0.15 M  MnSO4 solution and then added 0.237 g  KMnO4 in 
15 mL deionized water with stirring.  MnSO4 solution was 
added into the  KMnO4 solution drop by drop to ensure an 
adequate oxidizing environment. Subsequently, the final pre-
pared solution  was transferred into a Teflon-lined autoclave 
and heated in the oven for 12 h at 160 °C. After centrifuga-
tion several times with washing and drying under 60 °C, the 
 MnO2 powder was collected. The  MnO2 cathode was fabri-
cated by mixing the resultant  MnO2, conductive agent Super 
P and binder polyvinylidene fluoride (PVDF) in a weight 
ratio of 7:2:1 in NMP solvent and then blade coating the 
mixture on the stainless steel mesh with a diameter of 12 mm. 
After subsequently drying in a vacuum oven at 80 °C for 
12 h, the  MnO2 cathode was finally got. The  V2O5 (Alad-
din, 99.0%) was purchased to fabricated the cathode, and 
the preparation method was the same as that of the  MnO2 
cathode.

2.2  Characterization

Fourier transform infrared spectrometer (FTIR, AVTA-
TAR, 370 with the frequency range of 500–4000  cm−1) 
was employed to analyze the functional groups or chemi-
cal bonds of monomers and polymers. The surface mor-
phology of the Zn anode after cycles was characterized 
by the scanning electron microscope (SEM) measurement 
using Nova Nano SEM 230 and MIRA3 LMH[YZ1]. The 
energy-dispersive spectrometer (EDS, NiuJin X MAX20) 
was selected to investigate the element component and 
distribution on the anode surface. The X-ray photoelec-
tron spectroscopy (XPS) analysis was carried out by 
ESCALAB 250 Xi X-ray photoelectron spectrometer 
(Thermo Fisher). The phase composition of the by-prod-
ucts coated on the anode surface was characterized by 
X-ray diffraction measurement (XRD, Rigaku, D/Max-
2500 with Cu Kα1 radiation, λ = 1.5418 Å). The in situ 
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optical observation was carried out by the transflective 
polarizing microscope LW750LJT to evaluate the interface 
compatibility in the different electrolytes.

2.3  Electrochemical Measurements

CR2032 coin cells were assembled to measure the electro-
chemical performance. Cyclic voltammetry (CV) curves, 
ionic conductivities and ion transference number tests were 
measured via electrochemical workstations (CHI660D, 
China and Admiral Instruments). The galvanostatic cycling 
tests of zinc symmetric cells and Zn–MnO2 full cells 
were conducted in a Neware workstation at constant room 
temperature.

Stain steel/ADC-gel/Stain steel and Zn/ADC-gel/Zn cells 
were assembled to investigate ionic conductivities and  Zn2+ 
transference number ( t

Zn
2+ ), respectively, via electrochemical 

impedance spectroscope with a frequency range of 100 kHz 
to 10 mHz. The ionic conductivities (σ) is calculated by 
Eq. (1):

where d (cm) and S  (cm2) represent the thickness and test 
area of the as-obtained hydrogel electrolyte, respectively. 
R points to the bulk resistance from the AC impedance 
spectroscopy.

The  Zn2+ transference number ( t
Zn

2+ ) of hydrogel electro-
lyte was characterized by combining the chronoamperom-
etry (CA) technology and EIS method, and derived accord-
ing to Eq. (2):

where I
0
 and I

s
 correspond to the initial and stable state 

of the current, respectively; ΔV  is the applied amplitude 
of 5 mV; and R

0
 and R

s
 refer to the electrolyte/electrode 

interface resistance before and after DC polarization, 
respectively.

The electrochemical stable window of the hydrogel elec-
trolyte was detected by CV measurement with a scan rate of 
0.5 mV  s−1 between − 0.2 and 2 V (vs.  Zn2+/Zn) by sand-
wiching hydrogel electrolyte between Zn anode and stainless 
steel.
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3  Results and Discussion

3.1  Formulation and Characterization of ADC‑gel 
Electrolyte

As shown in Figs. 1a and S1, two monomers were copoly-
merized in the salt solution to form ADC-gel after heating. 
Two monomers AM and DMAPS were added to Zn(ClO4)2 
solution. With the presence of the initiator KPS and the 
cross-linker MBAA, the ADC-gel electrolyte was prepared 
by free radical polymerization. The processed hydrogel elec-
trolyte had a diameter of 19 mm and a thickness of about 
1.2 mm and could be bent at will (Figs. 1b and S2).

The prepared hydrogel was scrutinized into inner char-
acter, as illustrated in Fig. 1c. Due to the chemically cross-
linked rigid copolymer backbones and the relatively weak 
bond interactions (such as the hydrogen bonds and electro-
static interactions) for energy dissipation, the synthesized 
hydrogel had certain mechanical properties, such as the 
bending characteristic. The self-healing ability was vali-
dated by the reconnection of the cutting surface and the 
stretching test of the gel (Fig. S3), which was originated 
from the interactions between these functional groups. 
Owing to the interactions between water and the hydro-
philic groups (polar –NH2 groups and the charged groups), 
the highly hydrated polymer branches surrounded by the 
water molecules endow the ADC-gel with a great water 
retention ability. As shown in Fig. 1d, the hydrogel could 
maintain 96.95% of its pristine mass at room tempera-
ture after a week. After being placed in a 45 °C oven for 
1 day, ADC-gel could still preserve more than 95% mass 
retention, while near 30% of the mass in the liquid elec-
trolyte was evaporated. Fourier transform infrared spec-
tra (FTIR) of AM, DMAPS and the copolymer ADC-gel 
were recorded to investigate the polymerization mecha-
nism of the hydrogel (Fig. 1e). The initial AM shows 
strong absorption bands at 3660 and 3168  cm−1 due to the 
N–H stretching vibration. The characteristic bands of the 
–CONH2 group situated at 1677 and 1612  cm−1 correspond 
to C=O stretching and N–H in-plane bending, respectively. 
As for the structure of the other monomer DMAPS, an 
obvious absorption at around 3500  cm−1 is ascribed to 
O–H (originated from the absorbed water). Characteris-
tic signals of DMAPS can be assigned as follows: 1728 
and 1639   cm−1 belong to –COO− group; 1489   cm−1 is 
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attributed to C–N+ vibration; and two peaks at 1039 and 
1176  cm−1 are ascribed to –SO3

− group. Meanwhile, after 
polymerization, the electrostatic effect between  N+ and 
–SO3

− greatly weaken the intensity of the C–N+ bond 
(1306  cm−1), which verifies the presence of electrostatic 
interactions. In the fingerprint region, the absorption band 
C=C group of monomers AM and DMAPS at 990 and 
810–840  cm−1 (marked in green) disappears in the copoly-
mer, demonstrating the successful polymerization. Even 
if there exhibit a superposition of two monomer spectra 
and a small frequency shift, characteristic peaks discussed 
above can still be verified in ADC-gel, which proves the 
completed preparation of ADC-gel.

3.2  Electrochemical and Ion Transport Properties 
of the ADC‑gel Electrolyte

Concerning the molecular structure, ADC-gel is well 
designed by ushering in zwitterionic components, includ-
ing negatively charged sulfonate group and positively 
charged quaternary ammonium group, on the molecular 
chain. As shown in Fig. 2a, the synthesized polymer back-
bone is randomly distributed in the gel electrolyte, but 
when under the action of an external electric field, the ion 
migration channels parallel to the external electric field 
can be formed along the arranged zwitterionic side groups 
[52, 53]. There is a hydration layer along the zwitterionic 
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Fig. 1  a Schematic diagram of the synthesis path of the ADC-gel under thermal initiation. b Optical images of the ADC-gel electrolyte with 
bending characteristic. c Schematic of the interaction in the ADC-gel matrix. d Mass retention capacity of the ADC-gel when exposed to differ-
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chains due to the strong electrostatic interactions between 
charged groups and water molecules [58, 59]. Subse-
quently, the dissolved electrolyte ions (cationic  Zn2+ and 
anionic  ClO4

−) in the quasi-solid-state electrolyte can 
be readily separated from the charged groups under the 
external electric field without overcoming energy barrier 
produced by the strong electrostatic attractions [53, 60]. 
Hence, such ion migration channel accelerates the ion 
transport efficiency in the ADC-gel polymer electrolytes. 
The ionic conductivity of the ADC-gel was measured by 
AC impedance spectroscopy in Fig. 2b. The successful 
construction of the fast ion transport channels is evidenced 
by the ion conductivity of 6.48 mS  cm−1 which is higher 
than that of many reported hydrogel electrolytes [44, 
61]. Particularly, a high ion transference number ( t

Zn
2+ ) 

is essential for not only the low polarization due to the 
construction of the smaller concentration gradient, but also 
the homogeneous Zn deposition and the high capacity of 
ZMBs. The calculated t

Zn
2+ of the ADC-gel electrolyte in 

Fig. 2c is 0.604, which is much higher than that of the 
liquid electrolyte (0.173, Fig. S4). The promoted  Zn2+ 

ion migration of the gel electrolyte may be explained by 
the tethered ion chemistry: the charged groups facilitate 
the dissociation of  Zn2+ and the  ClO4

− and the shuttle 
of Zn ion [62]. Furthermore, the electrochemical stability 
windows of the electrolytes were also investigated by the 
linear sweep voltammetry (LSV) method, and the results 
are shown in Fig. S5. The ADC-gel electrolyte expands 
the oxygen evolution potential from 2.58 to 2.72 V. The 
results of the negative scans demonstrate that the hydro-
gen evolution of ADC-gel is suppressed, and the onset 
potential dropped from − 0.11 to − 0.19 V. The ADC-gel 
electrolyte extends the hydrogen and oxygen evolution 
potentials beyond the thermodynamic stability limits of 
liquid electrolyte, demonstrating the lowered water activ-
ity because of a hydration effect.

3.3  Electrochemical Testing of the Zn Ion Deposition

The cycle stability of the Zn anode and the interfacial com-
patibility between the anode and the gel electrolyte were 
investigated by galvanostatic cycling of the Zn/ADC-gel/
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Zn symmetrical cell (Fig. 3a–c). The Zn//Zn symmetrical 
cell with ADC-gel electrolyte manifests ultra-long cycling 
life, which can stabilize over 2500 h with a low polariza-
tion voltage of ~ 0.03 V and negligible by-products (Fig. 
S6) at 0.5 mA  cm−2 and 0.5 mAh  cm−2. Nevertheless, the 
Zn//Zn symmetrical cell assembled with Zn(ClO4)2 aque-
ous electrolyte suffers a sudden short circuit after cycling 
for only 160 h (the inset of Fig. 3a). Characterized by 
good fluidity and low viscosity, the liquid electrolyte has 
relatively high ion conductivity and fast kinetics on the 
electrode (Figs. S7 and S4). However, due to the high vis-
cosity of polymer electrolytes, the ionic conductivity of 
these electrolytes is often hindered, sacrificing ion trans-
port kinetics to some extent [63]. Thus, the polarization of 
Zn//Zn cells with ADC-gel is higher than that with liquid 
electrolyte. The  ZnSO4 salt was selected to replace the 
Zn(ClO4)2 salt in the hydrogel matrix to form ADS-gel. 
It is worth noting that the ADS-gel electrolyte exhibits a 

much higher polarization voltage than that of the ADC-
gel electrolyte-based cell and experiences increasing volt-
age polarization as the cycles go on. The relatively short 
cycling life of ADS-gel electrolyte-based cell is attrib-
uted to the chaotic and relative incompatible dendrite 
surface (Fig. S8). But the gel electrolyte still extends the 
cycling life of the zinc sulfate aqueous electrolyte (Figs. 
S9 and S10). When increasing the current density to 1 and 
5 mA  cm−2, high reversible plating/stripping efficiencies 
can be achieved even after 1700 and 700 h cycles, respec-
tively, in ADC-gel electrolyte-based cells, indicating the 
uniform ion distribution, robust and compatible interface. 
Average polarization slightly increases (corresponding to 
0.032 and 0.05 V, respectively) with increasing current 
densities, whereas the cell assembled with 2 M Zn(ClO4)2 
aqueous electrolyte shows premature failure after only 
80 h at 1 mA  cm−2 and 20 h at 5 mA  cm−2. The Zn//Zn 
symmetrical batteries were employed to demonstrate the 
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solution and deposition in Zn/ADC-gel/stain steel cell at the scan rate of 0.5 mV  s−1. g CE curve of ADC-gel electrolyte in Zn//Cu asymmetric 
cell at 1 mA  cm−2, 1 mAh  cm−2
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shelving performance as well (Fig. 3d). The battery based 
on the aqueous electrolyte has failed after one period of 
60 h shelving. Apparently, although a subtle decrease is 
observed, no visible voltage increases can be found after 
the first 60 h shelving when cycled with ADC-gel electro-
lyte. Besides, the designed electrolyte allows the battery 
with exceptional cycle stability nearly 3000 h after the 
second 60 h shelving. The electrochemical performance 
is superior to many other reported hydrogel electrolytes 
(Table  S1). SEM images (Figs.  4a and S12a) show a 
smooth and dendrite-free morphology of Zn metal anode 
after 60 plating/stripping cycles in ADC-gel electrolyte at 
0.5 mA  cm−2, which further verify the uniform Zn dep-
osition favorably tailored by the employment of ADC-
gel electrolyte. Conversely, in the liquid electrolyte, the 
zinc anode with chaotic surface fluctuation is specifically 

presented in quite many micro-sized plates with sharp 
edges and bulk aggregations, indicating the formation of 
detrimental by-products and the pulverizing of Zn deposits 
(Figs. S11 and S12b). 

Furthermore, to investigate the electrochemical behav-
ior of Zn anode in ADC-gel electrolyte, the polarization 
voltage of Zn stripping and plating at a wide range of 
current densities from 0.5 to 4 mA  cm−2 is shown in 
Fig. 3e. The gel electrolyte (with or without DMAPS 
monomer) and salt additives (Zn(ClO4)2 or  ZnSO4) act 
as variables to evaluate their rate capability, respec-
tively. What can be intuitively found is that neither the 
ADS-gel electrolyte nor the AC-gel electrolyte (PAM 
hydrogel with Zn(ClO4)2 salt) has a higher polarization 
voltage than the ADC-gel electrolyte. It is worth not-
ing that the ADC-gel not only enables a much lower 
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tion XPS spectra of the surface of the cycled Zn anode. c FTIR spectra of the initial state of the ADC-gel and the surface layer of the zinc anode 
after cycled in the gel electrolyte
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polarization voltage than the ADS-gel, but also delivers 
a very slight increase in overpotential during cycling. 
One possible reason is that the highly water-soluble 
nature of Zn(ClO4)2 salt decreases the viscosity and 
increases the conductivity of the gel electrolyte (Figs. 2b 
and S13) [64]. Another reason is that the electrically 
insulating but  Cl− containing ion-conducting layer gen-
erated in situ during the cell cycling is conducive to the 
transportation of zinc ions and result in reduced inter-
face resistance (Fig. S14) [26]. The comparison of ADC-
gel and AC-gel proves that the introduction of zwitteri-
onic DMAPS in AM can accelerate rapid ion migration 
because of the low concentration gradient constructed 
by the polyzwitterion channel. Cyclic voltammetry (CV) 
was conducted to evaluate the reversible process of the 
Zn deposition and dissolution in ADC-gel electrolyte 
and liquid electrolyte. As exhibited in Figs. 3f and S15, 
the potential difference between the points of intersec-
tion A and B corresponds to the nucleation overpotential 
(NOP), and ADC-gel electrolyte elevates the NOP from 
68  (ABLE) to 118 mV  (ABADC-gel). CE is another consid-
erable index to evaluate the reversibility and endurabil-
ity of metallic electrodes in the Zn//Cu coin cells. For 
the 2 M Zn(ClO4)2 aqueous electrolyte, Zn/Zn2+ chem-
istry reaches the maximum CE of 98% under the current 
density of 1 mA  cm−2 and the capacity of 1 mAh  cm−2, 
but it starts to decline and fluctuate and finally short-
circuited after 65 cycles (Fig. S16). For comparison, 
the cell with the gel electrolyte quickly reaches a CE of 
around 99.18% and maintains stable performance over 
1000 cycles. Figure S17 illustrates that the ADC-gel has 
a greater nucleation overpotential than the liquid elec-
trolyte, which is consistent with the NOP in CV curves 
(Figs. 3f and S15). Nevertheless, the deposits in the 2 M 
Zn(ClO4)2 solution tend to evolve into dendrites due to 
the “tip effect” [65]. For the galvanostatic cycling test 
with Cu foil as a working electrode, a small hysteresis 
of ~ 28 mV but a quick capacity decay is observed during 
Zn stripping/plating process under the same condition 
in the aqueous electrolyte (Fig. S18). Although the volt-
age hysteresis of Zn//Cu cell with ADC-gel electrolyte 
is around 43 mV, the extremely stable and reversible Zn 
deposition–dissolution reaction can be kept over 1000 
cycles. Such excellent electrochemical performance is 
due to the stable electrolyte configuration and reinforced 
interface.

3.4  Deposition Morphology and Chemical Composition 
Analysis of the Anode Surface

EDS was used to elucidate the distribution of a variety 
of elements (C, N, O, S) on the Zn surface after cycling 
(Fig. 4a). The homogeneous distribution of these elements 
validates that the zinc surface is uniformly armed by the 
functional groups (–NH2, –SO3

−, etc.) of the polymer 
side chains, which can help guiding the even deposition 
of zinc ions. XPS analysis was carried out to determine 
the surface composition of Zn anode which was syner-
gistically functionalized with polyzwitterionic groups and 
covered by a thin reduction layer after cycles (Figs. 4b and 
S19). XPS spectra reveal the existence of  S2p (168.6 eV) 
and  N1s (400.15 eV), which can be ascribed to the nega-
tively charged sulfobetaine sulfonate anion (-SO3

−) and 
the positively charged sulfobetaine ammonium nitro-
gen (–N+(CH3)2CH2). The other peak of element N, at 
402.5 eV, may be attributed to the –NH2 groups. The  C1s 
core level XPS spectra could be fitted into three peaks 
at 284.8, 286.3 and 288.7 eV, which can be assigned to 
carbon atoms of saturated hydrocarbons (C–C), carbon 
atom bonding to oxygen (C–O), sulfur (C–S) or nitro-
gen (C–N) and carbon atoms in carbonyl groups (C=O), 
respectively. Interestingly, according to high-resolution 
XPS spectra of  Cl2p, the  Cl2p3/2 and  Cl2p1/2 peaks at 199.1 
and 200.7  eV can be ascribed to  Cl−, suggesting that 
the reduction of  ClO4

− formed a thin interlayer on the 
Zn anode. Integrated with the  Zn2p characteristic peaks 
of Zn–O (1019.5 eV), the formation of polyzwitterion-
functionalized and  Cl− containing layer could synergisti-
cally stabilize Zn electrochemistry. Although  Cl2p peaks 
also appear in the XPS spectra of anode cycled in zinc 
perchlorate liquid electrolyte (Fig. S20), the severe zinc 
dendrites and chaotic morphology formed in the absence 
of the organic promoting layer greatly shortened the 
lifetime of liquid electrolyte-based cells (Figs. S11 and 
3a–d). Moreover, to investigate the stability of the organic-
facilitated layer, the interlayer on the anode surface after 
cycling was manually peeled off and collected for infra-
red spectroscopy analysis. In general, the position of the 
infrared characteristic peak does not change significantly, 
indicating that the gel electrolyte does not undergo any 
decomposition or other reactions after electrochemical 
cycling, which is important for the unceasing manipulation 
of dendrite-free Zn (Fig. 4c). However, the slight change 
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in peak intensity may be caused by the changed bonding 
environment under a current field. The broadening of the 
peak at 3500  cm−1 (–OH) and the appearance of inorganic 
peaks below 500  cm−1 (Zn–O) are induced by the water-
induced passivation. Meanwhile, the peak near 2019  cm−1 
which corresponds to the vibration absorption peak of 
–NH3

+, may be attributed to the protonation process such 
as water-related reaction in the acidic environment during 
cycling. Meanwhile, the EIS spectrum of Zn symmetric 
cell with ADC-gel electrolyte after cycling for 3000 h was 
recorded. The reduced interfacial impedance demonstrates 
the optimization of zinc plating/stripping kinetics and 
the cycling stability of the anode (Fig. S14). It is widely 
acknowledged that, in aqueous ZMBs, rampant side reac-
tions on the anode are regarded as the dominant factor that 
leads to cell failure. Therefore, the corrosion resistance of 
the prepared gel electrolyte was plausibly studied using 
Tafel tests (Fig. S21). Comparing the corrosion behavior 
of 2 M Zn(ClO4)2 electrolyte and gel electrolyte (ADC-
gel), it shows that the gel one has higher corrosion volt-
age (0.051 V) but weaker corrosion current (4.487 μA) 
than the aqueous one, indicating not only better corrosion 

resistance but much lower corrosion rate (i.e., the anode 
in the ADC-gel electrolyte is less likely to be corroded). 
Chemical reaction-induced corrosion pits exposes more Zn 
matrix to the unfavorable medium-2 M Zn(ClO4)2 aqueous 
electrolyte, thus intensifying the corrosion process. Chron-
oamperometry was selected to analyze the Zn deposition 
behavior by measuring the current time dependence for 
the diffusion-controlled process on the Zn anode. Under 
a constant potential (200 mV), the big variation in cur-
rent density vs. time (blue curve in Fig. S22) indicates the 
unrestrained 2D diffusion and rough deposition procedure 
for over 300 s, owing to the “tip effect” for charge transfer 
in liquid electrolyte. For the ADC-gel electrolyte, the ini-
tial nucleation and planar diffusion occur within 30 s and 
are followed by an unchanged curve at a lower density of 
13 mA  cm−2, indicating fewer Zn dendrite forms. Namely, 
due to the zwitterion structure, the ADC-gel electrolyte 
can strongly adhere to the surface of Zn and provides a 
constrained diffusion path for  Zn2+ ions and then the Zn 
ions are reduced locally, which finally contributes to the 
finer nucleation and formation of even deposition and 
dense layer.
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The interfacial Zn deposition behaviors in different elec-
trolytes were further revealed and are schematically illus-
trated in Fig. 5a. In the liquid electrolyte, Zn deposition 
tends to evolve into dendrites which is thermodynamical 
and kinetical favorable. Conversely, the gel electrolyte with 
charged and polar functional groups (–SO3

− and –NH2) is 
expected to guide the migration of Zn ion and facilitates 
the formation of a dendrite-free surface. The advantageous 
deposition behavior of the ADC-gel electrolyte could be 
further investigated by controlling the deposition time in 
Zn//Cu asymmetrical batteries. The optical images of the 
disassembled Cu substrate after electrodeposition elucidate 
a uniform deposition in the gel electrolyte but a preferential 
and aggregate deposition in the stronger electric field in the 
liquid electrolyte (Fig. S23). As shown in Fig. 5b, substantial 
micron-grade Zn sheets with sharp edges are observed on 
the Cu substrate after 1 hour deposition in the liquid elec-
trolyte. The continuous Zn aggregations evolve to bigger 
and chaotic clusters, and even larger quantity of pulverized 
and crushed structure also occurs with the deposition time 
extending to 10 h. The gel electrolyte, however, on the con-
trary, exhibits a uniform deposition with close-grained zinc 
plates, which again verifies the fine nucleation in the gel 
electrolyte. As the deposition time increases to 10 h, the 
surface of the Cu substrate represents a hilly like integrated 
morphology while without any pulverization and clusters, 
which is mainly attributed to the constrained ion transfer 
channel of the polyzwitterion structure. In situ optical micro-
scope observation provides intuitive evidence for the validity 
and the stability of the Zn plating behavior modulated by the 
quasi-SEI in homemade cells (symmetric Zn//Zn cells with 
the same width electrode in different electrolytes). As shown 
in Fig. 5c, the uniform and flat Zn deposition can be clearly 
observed in the ADC-gel electrolyte-based cell at the current 
of 4 mA within 20 min. In stark contrast, a visibly uneven 
Zn deposition morphology with irregular bumps occurred in 
the liquid electrolyte under the same current density. To fur-
ther visualize the dynamic stability of the quasi-SEI layer on 
the Zn anode, the Zn anodes, which had been cycled in the 
ADC-gel electrolyte, were reassembled into the symmetric 
cell with liquid electrolyte. Within 20 min, interestingly, flat 
deposition instead of rough protrusions appeared. This prof-
its from the homogenization ion flux induced by the tightly 
adhered hydrogel on the anode surface, demonstrating the 
effectiveness and significance of the surface-modified Zn 
anodes in liquid electrolytes. Thus, the synergetic quasi-SEI 

layer can produce several functions: (1) the electrically insu-
lating but ionically conductive inorganic inner layer can not 
only create a relative water-free microenvironment on the 
anode surface in inhibiting the successive corrosion, but 
also construct a fast ion channel with tiny  Zn2+ transport 
resistance in lowering overpotential. (2) the zwitterionic-
facilitate organic outer layer can guide the homogeneous 
distribution of  Zn2+ ion on the interface through the ion con-
finement effect, resulting in superior electrochemical perfor-
mance even at high current density. Hence, the composite 
SEI formed in ADC-gel electrolyte is far more compatible 
than that formed in the liquid electrolytes, resulting in excel-
lent zinc electrochemistry and ultra-long cycling lifetime of 
batteries.

3.5  Electrochemical Performance of Zn//MnO2 Cells 
Cycled with ADC‑gel Electrolyte

The quasi-solid-state Zn//MnO2 batteries were assembled 
by replacing the conventional membrane with the prepared 
ADC-gel electrolyte to further evaluate the electrochemi-
cal performance. The  MnO2 cathode materials synthesized 
by a simple hydrothermal method could be well indexed to 
 MnO2 (JCPDS No. 72–1982), as shown in Fig. S24. CV 
was employed to manifest the battery behaviors. As shown 
in Figs. 6a and S25, the curves reveal similar typical redox 
reactions at the scan rate of 0.1 mV  s−1 in ADC-gel and 
liquid electrolytes. Two reduction peaks at 1.2 and 1.38 V 
are ascribed to the formation of MnOOH (1.38 V) and the 
transformation from Zn to  Zn2+ (1.2 V), respectively. The 
overlapped oxidization peak at 1.58/1.62 V corresponds to 
the regenerating of  MnO2 and the zinc plating. At a small 
current density of 200 mA  g−1 (Fig. 6b), although the curve 
of the gel electrolyte-based cell (in green) shows a capac-
ity rise in the first 100 cycles due to the wetting process of 
cathode materials [66], it can keep stable more than 100 
cycles with a high capacity of 300 mAh  g−1. In contrast, 
the capacity of liquid electrolyte decays immediately after 
a shorter capacity climbing. Both batteries show a decrease 
in capacity in the first few cycles, which may be caused by 
the instability of the interface [67]. As shown in Fig. 6d–e, 
the corresponding morphology of the Zn anode harvested 
from the Zn//MnO2 cell with gel electrolyte after cycling at 
the current density of 200 mA  g−1 is still very flat and dense. 
Conversely, the SEM image of the anode surface cycled in 
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the liquid electrolyte is overgrown with rampant dendrite 
and by-products. The battery using ADC-gel electrolyte can 
also undergo a higher current density (600 mA  g−1) and 
deliver a relatively high capacity of 150 mAh  g−1 with more 
than 1000 stable cycles (Fig. 6c). Meanwhile, the high CE 
(nearly 100%) of full cells with ADC-gel electrolytes further 
demonstrate the superiority of the gel electrolyte. Due to 
the existence of inevitable self-discharge and self-corrosion 
phenomena of the aqueous ZIBs, the shelving and restoring 
mode reported before [68] was introduced to further verify 
the superiority of the ADC-gel electrolyte. The batteries 
were assembled and fully charged to 1.9 V after 10 cycles, 
then shelved for 60 h and end up with the full discharging 
to 0.8 V. It can be seen that after being left for 60 h, the 
CE of the ADC-gel electrolyte can reach 92.09% (Fig. 6f), 
while the liquid electrolyte only maintains 78.83% (Fig. 6g). 
Thus, the evidence discussed above confirms the ADC-gel 
is an important driving factor for a long shelf-life battery. 
As we have known, the interface side reactions on the metal 
anode and the dissolution of the cathode materials are the 

main limitations for long shelf life and favorable restora-
tion capacity. Although the in situ reduction layer on the 
surface of Zn metal can hinder the unwanted reactions with 
active water to a certain degree in the liquid electrolyte, the 
layer is, however, not as compatible as the one generated in 
the gel electrolyte, which means rampant parasitic reactions 
still exist. Meanwhile, untrammeled ion and electron move-
ment in the liquid electrolyte together with the by-products 
induced by the side reactions can enlarge the polarization 
voltage, deteriorate self-discharge and cause the battery 
failure after only a few cycles. In contrast, the synergy of 
the inorganic inner layer and the organic outer layer of the 
ADC-gel electrolyte can greatly suppress the pernicious 
self-discharge on the interface. In other words, the uniform 
and dense insulating layer dynamically contacted with the 
zinc metal can inhibit the self-corrosion of the Zn anode. 
The charged groups (–SO3

− and  N+) of the polyzwitterionic 
hydrogel can tether the ions and restrain their self-diffusion, 
thereby slowing and reducing side reactions. The continuous 
and detrimental exhaustion of the active zinc metal can be 
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alleviated remarkably in the gel electrolyte during shelving. 
In addition to  MnO2, vanadium pentoxide is another promis-
ing cathode material for aqueous ZMBs. Cathode materials 
were prepared using commercialized  V2O5 as raw material. 
It is impressive that the long cycle performance and CE of 
the V-based full cell with ADC-gel electrolyte are promi-
nent. As shown in Fig. S26, at the current density of 1 A  g−1, 
the ADC-gel-based full cell keeps stable cycling with a high 
specific capacity of 400 mAh  g−1 and the CE of 99.8%. Con-
versely, the specific capacity of LE-based full cell decays 
immediately and the CE fluctuates apparently after more 
than 100 cycles. Accordingly, ADC-gel electrolyte can also 
effectively inhibit the dissolution of vanadium-based active 
materials and promote their stable cycling, demonstrating 
its wide applicability on cathode materials.

The excellent flexibility and mechanical properties enable 
the ADC-gel electrolyte a promising future for the applica-
tion of wearable devices. The flexible  MnO2/ADC-gel/Zn 
batteries were assembled to power a light-emitting diode 
(LED) (Fig. 7). The destructive test by cutting and recon-
necting batteries is shown in Fig. 7a. When the flexible bat-
teries were completely cut into halves, the LED turned off 
immediately, but it lit up immediately after reconnecting 
the severed batteries, showing the impressive anti-vandal-
ism and liquid leakage prevention feature of the ADC-gel 
electrolyte. Notably, the flexible quasi-solid-state battery 

can still work even when subjected to harsh external forces 
such as bending and hammering (Fig. 7b–c). The electronic 
device can be driven normally even obvious creases and pits 
appear after multiple bending and hammering. The impres-
sive tailoring ability can be demonstrated by the cutting test. 
As shown in Fig. 7d, after cutting pouch cells many a time, 
LED can still be turned up by the ZMBs even when exposed 
to a dish of water. Such behavior of the ZMB makes it easy 
to customize into various shapes and patterns without a com-
plicated preparation process and possess a certain degree of 
water resistance. The flexible ZMBs can withstand extreme 
conditions such as bending, hammering, cutting and soaking 
as well. The superior properties discussed above demon-
strate the battery with ADC-gel electrolyte may be a promis-
ing candidate for advanced wearable energy storage devices.

4  Conclusions

In summary, the ADC-gel electrolyte synthesized by free 
radical polymerization exhibits remarkable compatibility 
toward both the Zn anode and the cathodes  (MnO2 and 
 V2O5). The integration of zwitterion-facilitated gel matrix 
and Zn(ClO4)2 salt establishes the fast Zn ion transportation 
channel and ultra-stable Zn electrochemistry. The Zn/ADC-
gel/Zn symmetrical cells deliver ultra-long cycling life of 
3000 h with relatively low polarization potential (~ 0.03 V) 

(a)

(b) bending hammering cutting and soaking)d()c(

Fig. 7  Optical images of destructive tests of the two pouch cells in series including a cutting and reconnecting test, b bending test, c hammering 
test and d cutting and soaking test
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at the current density of 0.5 mA  cm−2 even after shelving 
for 120 h. The tolerance of the gel electrolyte with a high 
current density of 5 mA  cm−2 is also impressive. Such bril-
liant performance is attributed to the construction of a robust 
composite quasi-SEI layer composed of  Cl− containing inor-
ganic layer and organic layer with ion confinement effect. 
Under the synergistic effect of the selected gel and salt, the 
Zn/ADC-gel/Cu cells could cycle for more than 1000 cycles 
with a laudable average CE of 99.18%. For full cells matched 
with  MnO2, the exceptional capacity retention and shelving 
ability in ADC-gel electrolyte shed light on the remarkable 
electrochemical performance of this aqueous ZMB. Further-
more, the assembled pouch cells demonstrates impressive 
waterproof property and excellent resistance toward external 
forces. The quasi-solid-state ZMBs that integrate excellent 
mechanical–environment durability and outstanding elec-
trochemical performance can be served as safe, scalable and 
promising flexible electronics.

Acknowledgements This work was supported by the National 
Natural Science Foundation of China (Grant Nos. 51874362, 
52072411, 51932011) and the Natural Science Foundation of 
Hunan Province (Grant No. 2021JJ20060).

Funding Open access funding provided by Shanghai Jiao Tong 
University.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

Supplementary Information The online version contains 
supplementary material available at https:// doi. org/ 10. 1007/ 
s40820- 022- 00835-3.

References 

 1. O. Sheng, H. Hu, T. Liu, Z. Ju, G. Lu et al., Interfacial and 
ionic modulation of poly (ethylene oxide) electrolyte via local-
ized iodization to enable dendrite-free lithium metal batteries. 

Adv. Funct. Mater. (2021). https:// doi. org/ 10. 1002/ adfm. 
20211 1026

 2. C. Xu, Z. Yang, X. Zhang, M. Xia, H. Yan et al., Prussian 
blue analogues in aqueous batteries and desalination batter-
ies. Nano-Micro Lett. 13, 166 (2021). https:// doi. org/ 10. 1007/ 
s40820- 021- 00700-9

 3. C. Jin, T. Liu, O. Sheng, M. Li, T. Liu et al., Rejuvenating 
dead lithium supply in lithium metal anodes by iodine redox. 
Nat. Energy 6(4), 378–387 (2021). https:// doi. org/ 10. 1038/ 
s41560- 021- 00789-7

 4. H. Yuan, J. Nai, Y. Fang, G. Lu, X. Tao et al., Double-shelled 
C@MoS2 structures preloaded with sulfur: an additive reser-
voir for stable lithium metal anodes. Angew. Chem. Int. Ed. 
59(37), 15839–15843 (2020). https:// doi. org/ 10. 1002/ anie. 
20200 1989

 5. J. Liu, Y. Cao, J. Zhou, M. Wang, H. Chen et al., Artificial 
lithium isopropyl-sulfide macromolecules as an ion-selective 
interface for long-life lithium-sulfur batteries. ACS Appl. 
Mater. Interfaces 12(49), 54537–54544 (2020). https:// doi. 
org/ 10. 1021/ acsami. 0c138 35

 6. S. Liu, M. Wang, H. Ji, X. Shen, C. Yan et al., Altering the 
rate-determining step over cobalt single clusters leading to 
highly efficient ammonia synthesis. Natl. Sci. Rev. (2020). 
https:// doi. org/ 10. 1093/ nsr/ nwaa1 36

 7. M. Gao, W. Zhou, Y. Mo, T. Sheng, Y. Deng et al., Outstand-
ing long-cycling lithium-sulfur batteries by core-shell struc-
ture of S@Pt composite with ultrahigh sulfur content. Adv. 
Powder Mater. (2021). https:// doi. org/ 10. 1016/j. apmate. 2021. 
09. 006

 8. X. Xu, S. Wang, S. Guo, K.S. Hui, J. Ma et al., Cobalt phos-
phosulfide nanoparticles encapsulated into heteroatom-doped 
carbon as bifunctional electrocatalyst for Zn-air battery. Adv. 
Powder Mater. (2021). https:// doi. org/ 10. 1016/j. apmate. 2021. 
12. 003

 9. G. Fang, J. Zhou, A. Pan, S. Liang, Recent advances in aque-
ous zinc-ion batteries. ACS Energy Lett. 3(10), 2480–2501 
(2018). https:// doi. org/ 10. 1021/ acsen ergyl ett. 8b014 26

 10. B. Jiang, C. Xu, C. Wu, L. Dong, J. Li et al., Manganese ses-
quioxide as cathode material for multivalent zinc ion battery 
with high capacity and long cycle life. Electrochim. Acta 229, 
422–428 (2017). https:// doi. org/ 10. 1016/j. elect acta. 2017. 01. 
163

 11. B. Li, Z. Nie, M. Vijayakumar, G. Li, J. Liu et al., Ambipolar 
zinc-polyiodide electrolyte for a high-energy density aqueous 
redox flow battery. Nat. Commun. 6, 6303 (2015). https:// doi. 
org/ 10. 1038/ ncomm s7303

 12. T. Zhang, Y. Tang, G. Fang, C. Zhang, H. Zhang et al., Elec-
trochemical activation of manganese-based cathode in aque-
ous zinc-ion electrolyte. Adv. Funct. Mater. 30(30), 2002711 
(2020). https:// doi. org/ 10. 1002/ adfm. 20200 2711

 13. Z. Liu, L. Qin, X. Chen, X. Xie, B. Zhu et al., Improving 
stability and reversibility via fluorine doping in aqueous zinc-
manganese batteries. Mater. Today Energy 22, 100851 (2021). 
https:// doi. org/ 10. 1016/j. mtener. 2021. 100851

 14. H. Qiu, X. Du, J. Zhao, Y. Wang, J. Ju et al., Zinc anode-com-
patible in-situ solid electrolyte interphase via cation solvation 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-022-00835-3
https://doi.org/10.1007/s40820-022-00835-3
https://doi.org/10.1002/adfm.202111026
https://doi.org/10.1002/adfm.202111026
https://doi.org/10.1007/s40820-021-00700-9
https://doi.org/10.1007/s40820-021-00700-9
https://doi.org/10.1038/s41560-021-00789-7
https://doi.org/10.1038/s41560-021-00789-7
https://doi.org/10.1002/anie.202001989
https://doi.org/10.1002/anie.202001989
https://doi.org/10.1021/acsami.0c13835
https://doi.org/10.1021/acsami.0c13835
https://doi.org/10.1093/nsr/nwaa136
https://doi.org/10.1016/j.apmate.2021.09.006
https://doi.org/10.1016/j.apmate.2021.09.006
https://doi.org/10.1016/j.apmate.2021.12.003
https://doi.org/10.1016/j.apmate.2021.12.003
https://doi.org/10.1021/acsenergylett.8b01426
https://doi.org/10.1016/j.electacta.2017.01.163
https://doi.org/10.1016/j.electacta.2017.01.163
https://doi.org/10.1038/ncomms7303
https://doi.org/10.1038/ncomms7303
https://doi.org/10.1002/adfm.202002711
https://doi.org/10.1016/j.mtener.2021.100851


Nano-Micro Lett. (2022) 14:93 Page 15 of 17 93

1 3

modulation. Nat. Commun. 10, 5374 (2019). https:// doi. org/ 
10. 1038/ s41467- 019- 13436-3

 15. J. Shin, J. Lee, Y. Park, J. Choi, Aqueous zinc ion batteries: 
focus on zinc metal anodes. Chem. Sci. 11(8), 2028–2044 
(2020). https:// doi. org/ 10. 1039/ d0sc0 0022a

 16. Q. Zhang, J. Luan, X. Huang, Q. Wang, D. Sun et al., Reveal-
ing the role of crystal orientation of protective layers for stable 
zinc anode. Nat. Commun. 11, 3961 (2020). https:// doi. org/ 10. 
1038/ s41467- 020- 17752-x

 17. C. Guan, F. Hu, X. Yu, H. Chen, G. Song et al., High perfor-
mance of  HNaV6O16·4H2O nanobelts for aqueous zinc-ion 
batteries with in-situ phase transformation by Zn(CF3SO3)2 
electrolyte. Rare Met. 41(2), 448–456 (2022). https:// doi. 
org/ 10. 1007/ s12598- 021- 01778-1

 18. Z. Liu, X. Luo, L. Qin, G. Fang, S. Liang, Progress and pros-
pect of low-temperature zinc metal batteries. Adv. Powder 
Mater. (2021). https:// doi. org/ 10. 1016/j. apmate. 2021. 10. 002

 19. K. Wu, J. Yi, X. Liu, Y. Sun, J. Cui et al., Regulating Zn 
deposition via an artificial solid-electrolyte interface with 
aligned dipoles for long life Zn anode. Nano-Micro Lett. 13, 
79 (2021). https:// doi. org/ 10. 1007/ s40820- 021- 00599-2

 20. Z. Wang, J. Huang, Z. Guo, X. Dong, Y. Liu et al., A metal-
organic framework host for highly reversible dendrite-free 
zinc metal anodes. Joule 3(5), 1289–1300 (2019). https:// 
doi. org/ 10. 1016/j. joule. 2019. 02. 012

 21. F. Shi, C. Mang, H. Liu, Y. Dong, Flexible and high-energy-
density Zn/MnO2 batteries enabled by electrochemically 
exfoliated graphene nanosheets. New J. Chem. 44(3), 653–
657 (2020). https:// doi. org/ 10. 1039/ c9nj0 5433b

 22. L. Wang, N. Li, T. Wang, Y. Yin, Y. Guo et al., Conductive 
graphite fiber as a stable host for zinc metal anodes. Electro-
chim. Acta 244, 172–177 (2017). https:// doi. org/ 10. 1016/j. 
elect acta. 2017. 05. 072

 23. Q. Zhang, J. Luan, L. Fu, S. Wu, Y. Tang et al., The three-
dimensional dendrite-free zinc anode on a copper mesh with 
a zinc-oriented polyacrylamide electrolyte additive. Angew. 
Chem. Int. Ed. 58(44), 15841–15847 (2019). https:// doi. org/ 
10. 1002/ anie. 20190 7830

 24. C. Li, X. Shi, S. Liang, X. Ma, M. Han et al., Spatially 
homogeneous copper foam as surface dendrite-free host for 
zinc metal anode. Chem. Eng. J. 379, 12248 (2020). https:// 
doi. org/ 10. 1016/j. cej. 2019. 122248

 25. Q. Zhang, Y. Ma, Y. Lu, L. Li, F. Wan et al., Modulating 
electrolyte structure for ultralow temperature aqueous zinc 
batteries. Nat. Commun. 11, 4463 (2020). https:// doi. org/ 10. 
1038/ s41467- 020- 18284-0

 26. X. Guo, Z. Zhang, J. Li, N. Luo, G. Chai et al., Alleviation 
of dendrite formation on zinc anodes via electrolyte addi-
tives. ACS Energy Lett. 6(2), 395–403 (2021). https:// doi. 
org/ 10. 1021/ acsen ergyl ett. 0c023 71

 27. W. Xu, K. Zhao, W. Huo, Y. Wang, G. Yao et al., Diethyl 
ether as self-healing electrolyte additive enabled long-life 
rechargeable aqueous zinc ion batteries. Nano Energy 62, 
275–281 (2019). https:// doi. org/ 10. 1016/j. nanoen. 2019. 05. 
042

 28. F. Wang, O. Borodin, T. Gao, X. Fan, W. Sun et al., Highly 
reversible zinc metal anode for aqueous batteries. Nat. 
Mater. 17(6), 543–549 (2018). https:// doi. org/ 10. 1038/ 
s41563- 018- 0063-z

 29. T. Zhang, Y. Tang, S. Guo, X. Cao, A. Pan et al., Fundamen-
tals and perspectives in developing zinc-ion battery electro-
lytes: a comprehensive review. Energy Environ. Sci. 13(12), 
4625–4665 (2020). https:// doi. org/ 10. 1039/ d0ee0 2620d

 30. M. Song, C. Zhong, Achieving both high reversible and 
stable Zn anode by a practical glucose electrolyte addi-
tive toward high-performance Zn-ion batteries. Rare 
Met. 41(2), 356–360 (2022). https:// doi. org/ 10. 1007/ 
s12598- 021- 01858-2

 31. T. Sun, S. Zheng, H. Du, Z. Tao, Synergistic effect of cat-
ion and anion for low-temperature aqueous zinc-ion battery. 
Nano-Micro Lett. 13, 204 (2021). https:// doi. org/ 10. 1007/ 
s40820- 021- 00733-0

 32. D. Li, L. Cao, T. Deng, S. Liu, C. Wang, Design of a solid 
electrolyte interphase for aqueous Zn batteries. Angew. Chem. 
Int. Ed. 60(23), 13035–13041 (2021). https:// doi. org/ 10. 1002/ 
anie. 20210 3390

 33. J. Cao, D. Zhang, R. Chanajaree, Y. Yue, Z. Zeng et al., Sta-
bilizing zinc anode via a chelation and desolvation electrolyte 
additive. Adv. Powder Mater. (2021). https:// doi. org/ 10. 1016/j. 
apmate. 2021. 09. 007

 34. J. Zhao, H. Ren, Q.H. Liang, D. Yuan, S.B. Xi et al., High-
performance flexible quasi-solid-state zinc-ion batteries with 
layer-expanded vanadium oxide cathode and zinc/stainless 
steel mesh composite anode. Nano Energy 62, 94–102 (2019). 
https:// doi. org/ 10. 1016/j. nanoen. 2019. 05. 010

 35. H. Wang, J. Liu, J. Wang, M. Hu, Y. Feng et al., Concentrated 
hydrogel electrolyte-enabled aqueous rechargeable NiCo//Zn 
battery working from − 20 to 50 °C. ACS Appl. Mater. Inter-
faces 11(1), 49–55 (2019). https:// doi. org/ 10. 1021/ acsami. 
8b180 03

 36. J. Zhu, M. Yao, S. Huang, J. Tian, Z. Niu, Thermal-gated poly-
mer electrolytes for smart zinc-ion batteries. Angew. Chem. 
Int. Ed. 59(38), 16480–16484 (2020). https:// doi. org/ 10. 1002/ 
anie. 20200 7274

 37. Q. Li, X. Cui, Q. Pan, Self-healable hydrogel electrolyte 
toward high-performance and reliable quasi-solid-state Zn–
MnO2 batteries. ACS Appl. Mater. Interfaces 11(42), 38762–
38770 (2019). https:// doi. org/ 10. 1021/ acsami. 9b135 53

 38. S. Huang, F. Wan, S. Bi, J. Zhu, Z. Niu et al., A self-healing 
integrated all-in-one zinc-ion battery. Angew. Chem. Int. Ed. 
58(13), 4313–4317 (2019). https:// doi. org/ 10. 1002/ anie. 20181 
4653

 39. Y. Zeng, X. Zhang, Y. Meng, M. Yu, J. Yi et al., Achiev-
ing ultrahigh energy density and long durability in a flexible 
rechargeable quasi-solid-state Zn–MnO2 battery. Adv. Mater. 
29(26), 1700274 (2017). https:// doi. org/ 10. 1002/ adma. 20170 
0274

 40. W. Xu, C. Liu, Q. Wu, W. Xie, W. Kim et al., A stretchable 
solid-state zinc ion battery based on a cellulose nanofiber-
polyacrylamide hydrogel electrolyte and a  Mg0.23V2O5·1.0H2O 

https://doi.org/10.1038/s41467-019-13436-3
https://doi.org/10.1038/s41467-019-13436-3
https://doi.org/10.1039/d0sc00022a
https://doi.org/10.1038/s41467-020-17752-x
https://doi.org/10.1038/s41467-020-17752-x
https://doi.org/10.1007/s12598-021-01778-1
https://doi.org/10.1007/s12598-021-01778-1
https://doi.org/10.1016/j.apmate.2021.10.002
https://doi.org/10.1007/s40820-021-00599-2
https://doi.org/10.1016/j.joule.2019.02.012
https://doi.org/10.1016/j.joule.2019.02.012
https://doi.org/10.1039/c9nj05433b
https://doi.org/10.1016/j.electacta.2017.05.072
https://doi.org/10.1016/j.electacta.2017.05.072
https://doi.org/10.1002/anie.201907830
https://doi.org/10.1002/anie.201907830
https://doi.org/10.1016/j.cej.2019.122248
https://doi.org/10.1016/j.cej.2019.122248
https://doi.org/10.1038/s41467-020-18284-0
https://doi.org/10.1038/s41467-020-18284-0
https://doi.org/10.1021/acsenergylett.0c02371
https://doi.org/10.1021/acsenergylett.0c02371
https://doi.org/10.1016/j.nanoen.2019.05.042
https://doi.org/10.1016/j.nanoen.2019.05.042
https://doi.org/10.1038/s41563-018-0063-z
https://doi.org/10.1038/s41563-018-0063-z
https://doi.org/10.1039/d0ee02620d
https://doi.org/10.1007/s12598-021-01858-2
https://doi.org/10.1007/s12598-021-01858-2
https://doi.org/10.1007/s40820-021-00733-0
https://doi.org/10.1007/s40820-021-00733-0
https://doi.org/10.1002/anie.202103390
https://doi.org/10.1002/anie.202103390
https://doi.org/10.1016/j.apmate.2021.09.007
https://doi.org/10.1016/j.apmate.2021.09.007
https://doi.org/10.1016/j.nanoen.2019.05.010
https://doi.org/10.1021/acsami.8b18003
https://doi.org/10.1021/acsami.8b18003
https://doi.org/10.1002/anie.202007274
https://doi.org/10.1002/anie.202007274
https://doi.org/10.1021/acsami.9b13553
https://doi.org/10.1002/anie.201814653
https://doi.org/10.1002/anie.201814653
https://doi.org/10.1002/adma.201700274
https://doi.org/10.1002/adma.201700274


 Nano-Micro Lett. (2022) 14:9393 Page 16 of 17

https://doi.org/10.1007/s40820-022-00835-3© The authors

cathode. J. Mater. Chem. A 8(35), 18327–18337 (2020). 
https:// doi. org/ 10. 1039/ d0ta0 6467j

 41. D. Wang, H. Li, Z. Liu, Z. Tang, G. Liang et al., A nanofibril-
lated cellulose/polyacrylamide electrolyte-based flexible and 
sewable high-performance Zn-MnO2 battery with superior 
shear resistance. Small 14(51), e1803978 (2018). https:// doi. 
org/ 10. 1002/ smll. 20180 3978

 42. C. Gu, X. Xie, Y. Liang, J. Li, H. Wang et al., Small mole-
cule-based supramolecular-polymer double-network hydrogel 
electrolytes for ultra-stretchable and waterproof Zn-air batter-
ies working from −50 to 100 °C. Energy Environ. Sci. 14(8), 
4451–4462 (2021). https:// doi. org/ 10. 1039/ d1ee0 1134k

 43. P. Yang, C. Feng, Y. Liu, T. Cheng, X. Yang et al., Thermal self-
protection of zinc-ion batteries enabled by smart hygroscopic 
hydrogel electrolytes. Adv. Energy Mater. 10(48), 2002898 
(2020). https:// doi. org/ 10. 1002/ aenm. 20200 2898

 44. H. Li, C. Han, Y. Huang, Y. Huang, M. Zhu et al., An extremely 
safe and wearable solid-state zinc ion battery based on a hier-
archical structured polymer electrolyte. Energy Environ. Sci. 
11(4), 941–951 (2018). https:// doi. org/ 10. 1039/ c7ee0 3232c

 45. Z. Wang, Z. Ruan, Z. Liu, Y. Wang, Z. Tang et al., A flexible 
rechargeable zinc-ion wire-shaped battery with shape memory 
function. J. Mater. Chem. A 6(18), 8549–8557 (2018). https:// 
doi. org/ 10. 1039/ c8ta0 1172a

 46. Y. Tang, C. Liu, H. Zhu, X. Xie, J. Gao et al., Ion-confinement 
effect enabled by gel electrolyte for highly reversible dendrite-
free zinc metal anode. Energy Storage Mater. 27, 109–116 
(2020). https:// doi. org/ 10. 1016/j. ensm. 2020. 01. 023

 47. Z. Liu, D. Wang, Z. Tang, G. Liang, Q. Yang et al., A mechani-
cally durable and device-level tough Zn–MnO2 battery with high 
flexibility. Energy Storage Mater. 23, 636–645 (2019). https:// 
doi. org/ 10. 1016/j. ensm. 2019. 03. 007

 48. A. Naveed, H. Yang, J. Yang, Y. Nuli, J. Wang, Highly reversible 
and rechargeable safe Zn batteries based on a triethyl phosphate 
electrolyte. Angew. Chem. Int. Ed. 58(9), 2760–2764 (2019). 
https:// doi. org/ 10. 1002/ anie. 20181 3223

 49. S. Chen, R. Lan, J. Humphreys, S. Tao, Salt-concentrated acetate 
electrolytes for a high voltage aqueous Zn/MnO2 battery. Energy 
Storage Mater. 28, 205–215 (2020). https:// doi. org/ 10. 1016/j. 
ensm. 2020. 03. 011

 50. Y. Jin, K.S. Han, Y. Shao, M.L. Sushko, J. Xiao et al., Stabi-
lizing zinc anode reactions by polyethylene oxide polymer in 
mild aqueous electrolytes. Adv. Funct. Mater. 30(43), 2003932 
(2020). https:// doi. org/ 10. 1002/ adfm. 20200 3932

 51. R. Qin, Y. Wang, M. Zhang, Y. Wang, S. Ding et al., Tuning 
 Zn2+ coordination environment to suppress dendrite formation 
for high-performance Zn-ion batteries. Nano Energy 80, 105478 
(2021). https:// doi. org/ 10. 1016/j. nanoen. 2020. 105478

 52. F. Mo, Z. Chen, G. Liang, D. Wang, Y. Zhao et al., Zwitterionic 
sulfobetaine hydrogel electrolyte building separated positive/
negative ion migration channels for aqueous Zn-MnO2 batter-
ies with superior rate capabilities. Adv. Energy Mater. 10(16), 
2000035 (2020). https:// doi. org/ 10. 1002/ aenm. 20200 0035

 53. X. Peng, H. Liu, Q. Yin, J. Wu, P. Chen et al., A zwitterionic gel 
electrolyte for efficient solid-state supercapacitors. Nat. Com-
mun. 7, 11782 (2016). https:// doi. org/ 10. 1038/ ncomm s11782

 54. J. Wei, G. Wei, Y. Shang, J. Zhou, C. Wu et al., Dissolution-
crystallization transition within a polymer hydrogel for a pro-
cessable ultratough electrolyte. Adv. Mater. 31(30), 1900248 
(2019). https:// doi. org/ 10. 1002/ adma. 20190 0248

 55. T. Bai, S. Liu, F. Sun, A. Sinclair, L. Zhang et al., Zwitterionic 
fusion in hydrogels and spontaneous and time-independent self-
healing under physiological conditions. Biomaterials 35(13), 
3926–3933 (2014). https:// doi. org/ 10. 1016/j. bioma teria ls. 2014. 
01. 077

 56. N. Kostina, S. Sharifi, A. Pereira, J. Michalek, D. Grijpma et al., 
Novel antifouling self-healing poly(carboxybetaine methacryla-
mide-co-hema) nanocomposite hydrogels with superior mechan-
ical properties. J. Mater. Chem. B 1(41), 5644–5650 (2013). 
https:// doi. org/ 10. 1039/ c3tb2 0704h

 57. L. Wang, Y. Zhang, H. Hu, H.Y. Shi, Y. Song et al., A Zn(ClO4)2 
electrolyte enabling long-life zinc metal electrodes for recharge-
able aqueous zinc batteries. ACS Appl. Mater. Interfaces 11(45), 
42000–42005 (2019). https:// doi. org/ 10. 1021/ acsami. 9b109 05

 58. G. Cheng, Z. Zhang, S. Chen, J. Bryers, S. Jiang, Inhibition of 
bacterial adhesion and biofilm formation on zwitterionic sur-
faces. Biomaterials 28(29), 4192–4199 (2007). https:// doi. org/ 
10. 1016/j. bioma teria ls. 2007. 05. 041

 59. T. Morisaku, J. Watanabe, T. Konno, M. Takai, K. Ishihara, 
Hydration of phosphorylcholine groups attached to highly swol-
len polymer hydrogels studied by thermal analysis. Polymer 
49(21), 4652–4657 (2008). https:// doi. org/ 10. 1016/j. polym er. 
2008. 08. 025

 60. C. Tiyapiboonchaiya, J. Pringle, J. Sun, N. Byrne, P. Howlett 
et al., The zwitterion effect in high-conductivity polyelectrolyte 
materials. Nat. Mater. 3, 29–32 (2004). https:// doi. org/ 10. 1038/ 
nmat1 044

 61. J. Cong, X. Shen, Z. Wen, X. Wang, L. Peng et al., Ultra-stable 
and highly reversible aqueous zinc metal anodes with high pre-
ferred orientation deposition achieved by a polyanionic hydrogel 
electrolyte. Energy Storage Mater. 35, 586–594 (2021). https:// 
doi. org/ 10. 1016/j. ensm. 2020. 11. 041

 62. K. Leng, G. Li, J. Guo, X. Zhang, A. Wang et al., A safe poly-
zwitterionic hydrogel electrolyte for long-life quasi-solid state 
zinc metal batteries. Adv. Funct. Mater. 30(23), 2001317 (2020). 
https:// doi. org/ 10. 1002/ adfm. 20200 1317

 63. J. Wang, Y. Yang, Y. Zhang, Y. Li, R. Sun et al., Strategies 
towards the challenges of zinc metal anode in rechargeable aque-
ous zinc ion batteries. Energy Storage Mater. 35, 19–46 (2021). 
https:// doi. org/ 10. 1016/j. ensm. 2020. 10. 027

 64. X. Lin, G. Zhou, J. Liu, M. Robson, J. Yu et al., Bifunctional 
hydrated gel electrolyte for long-cycling Zn-ion battery with 
NASICON-type cathode. Adv. Funct. Mater. 31(42), 2105717 
(2021). https:// doi. org/ 10. 1002/ adfm. 20210 5717

 65. Z. Zhao, J. Zhao, Z. Hu, J.D. Li, J.J. Li et al., Long-life and 
deeply rechargeable aqueous Zn anodes enabled by a multi-
functional brightener-inspired interphase. Energy Environ. Sci. 
12(6), 1938–1949 (2019). https:// doi. org/ 10. 1039/ c9ee0 0596j

 66. H. Yang, D. Chen, J. Liu, Z. Yuan, M. Lu et al., The origin of 
capacity fluctuation and rescue of dead Mn-based Zn-ion bat-
tery: Mn-based competitive capacity evolution protocol. Energy 
Environ. Sci. (2022). https:// doi. org/ 10. 1039/ d1ee0 3547a

https://doi.org/10.1039/d0ta06467j
https://doi.org/10.1002/smll.201803978
https://doi.org/10.1002/smll.201803978
https://doi.org/10.1039/d1ee01134k
https://doi.org/10.1002/aenm.202002898
https://doi.org/10.1039/c7ee03232c
https://doi.org/10.1039/c8ta01172a
https://doi.org/10.1039/c8ta01172a
https://doi.org/10.1016/j.ensm.2020.01.023
https://doi.org/10.1016/j.ensm.2019.03.007
https://doi.org/10.1016/j.ensm.2019.03.007
https://doi.org/10.1002/anie.201813223
https://doi.org/10.1016/j.ensm.2020.03.011
https://doi.org/10.1016/j.ensm.2020.03.011
https://doi.org/10.1002/adfm.202003932
https://doi.org/10.1016/j.nanoen.2020.105478
https://doi.org/10.1002/aenm.202000035
https://doi.org/10.1038/ncomms11782
https://doi.org/10.1002/adma.201900248
https://doi.org/10.1016/j.biomaterials.2014.01.077
https://doi.org/10.1016/j.biomaterials.2014.01.077
https://doi.org/10.1039/c3tb20704h
https://doi.org/10.1021/acsami.9b10905
https://doi.org/10.1016/j.biomaterials.2007.05.041
https://doi.org/10.1016/j.biomaterials.2007.05.041
https://doi.org/10.1016/j.polymer.2008.08.025
https://doi.org/10.1016/j.polymer.2008.08.025
https://doi.org/10.1038/nmat1044
https://doi.org/10.1038/nmat1044
https://doi.org/10.1016/j.ensm.2020.11.041
https://doi.org/10.1016/j.ensm.2020.11.041
https://doi.org/10.1002/adfm.202001317
https://doi.org/10.1016/j.ensm.2020.10.027
https://doi.org/10.1002/adfm.202105717
https://doi.org/10.1039/c9ee00596j
https://doi.org/10.1039/d1ee03547a


Nano-Micro Lett. (2022) 14:93 Page 17 of 17 93

1 3

 67. M. Zhou, Y. Chen, G. Fang, S. Liang, Electrolyte/electrode inter-
facial electrochemical behaviors and optimization strategies in 
aqueous zinc-ion batteries. Energy Storage Mater. 45, 618–646 
(2022). https:// doi. org/ 10. 1016/j. ensm. 2021. 12. 011

 68. T. Chen, W. Kong, Z. Zhang, L. Wang, Y. Hu et al., Ionic liquid-
immobilized polymer gel electrolyte with self-healing capability, 

high ionic conductivity and heat resistance for dendrite-free 
lithium metal batteries. Nano Energy 54, 17–25 (2018). https:// 
doi. org/ 10. 1016/j. nanoen. 2018. 09. 059

https://doi.org/10.1016/j.ensm.2021.12.011
https://doi.org/10.1016/j.nanoen.2018.09.059
https://doi.org/10.1016/j.nanoen.2018.09.059

	Building Ultra-Stable and Low-Polarization Composite Zn Anode Interface via Hydrated Polyzwitterionic Electrolyte Construction
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials Synthesis
	2.1.1 Synthesis of ADC-gel Electrolyte and Liquid Electrolyte
	2.1.2 Synthesis of Cathodes

	2.2 Characterization
	2.3 Electrochemical Measurements

	3 Results and Discussion
	3.1 Formulation and Characterization of ADC-gel Electrolyte
	3.2 Electrochemical and Ion Transport Properties of the ADC-gel Electrolyte
	3.3 Electrochemical Testing of the Zn Ion Deposition
	3.4 Deposition Morphology and Chemical Composition Analysis of the Anode Surface
	3.5 Electrochemical Performance of ZnMnO2 Cells Cycled with ADC-gel Electrolyte

	4 Conclusions
	Acknowledgements 
	References




