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Although aqueous zinc metal batteries (AZMBs) have attractive advantages such as high safety, low cost and
eco-friendliness, severe dendrites formation and side reactions of zinc metal anodes cause a serious challenge for
commercial applications. Herein, a polyanionic hydrogel electrolyte, poly 2-acrylamido-2-methyl-1-propane sul-
fonate zinc (PAMPSZn) is firstly designed and synthesized by ion exchange and free-radical polymerization. The
PAMPSZn hydrogel electrolyte owns fixed polyanionic chain and restricted Zn?* transport channels, which can
effectively alleviate the side reactions and prevent the formation of Zn dendrites simultaneously. Consequently,
the anode-friendly electrolyte not only enables ultra-stable Zn plating/stripping over 4500 h at 1.0 mA ¢cm~2, but
also achieves high preferred orientation deposition during the procedure of repeated plating/stripping. It deliv-
ers high reversibility with high initial coulombic efficiency (87.5%) and average coulombic efficiency (99.3%) in
Zn/Cu cells at 0.5 mA cm~2. Zn/V, 05 cells with the developed electrolyte also possess outstanding cycle stability
with capacity retention of 80.2% after 400 cycles at 0.5 A g~'. The PAMPSZn hydrogel electrolyte with unique
fixed polyanionic chain and restricted Zn?* transport channels demonstrates an effective strategy to solve both

dendrites formation and side reactions in AZMBs, providing a new opportunity for high performance AZMBs.

1. Introduction

Recently, lithium ion batteries (LIBs) have been widely used in elec-
tric vehicles and portable electronic for their excellent electrochemical
performance [1-5]. However, safety problems caused by flammable or-
ganic electrolyte drive researchers to develop alternatives to LIBs [6—
8]. Among the various next-generation energy storage systems [9-12].
AZMBs were regarded as the most promising candidate because zinc
metal anodes possess unique advantages, such as low redox potential
(=0.76 V vs. standard hydrogen electrode), high theoretical capacity
(820 mAh g~! and 5855 mAh cm~3), good compatibility with aqueous
solutions, high safety and environmental friendliness [13-16]. Nonethe-
less, Zn metal anodes suffer from severe dendrites formation and side re-
actions with by-products (such Zn,(OH)¢SO,4-5H,0) in the ZnSO,4 aque-
ous electrolyte, leading to poor cycle life and low coulombic efficiency,
which has been hindering the commercial application of AZMBs [17-
22].

To solve these issues, a lot of effort was devoted to suppressing den-
drites formation and alleviating the side reactions. It’s an effective way
for suppressing dendrites formation to construct an ion modulation layer
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tuning the diffusion behavior, including TiO, layer [23], nanoporous
CaCO; layer [24], multifunctional brightener-inspired layer [25], ze-
olitic imidazolate frameworks (ZIF-8) [26], zinc-aluminum alloys an-
odes [27], epitaxial electrodeposition of Zn [28], and so on. In addition,
lots of strategies were reported for alleviating the side reactions, such
as using Zn(CF3S03), electrolyte instead of ZnSO, electrolyte [29], em-
ploying “water-in-salt” electrolytes [30, 31], introducing electrolyte ad-
ditives [32-34], adopting single ion conductive electrolyte [35, 36], or-
ganic electrolyte [37], hydrogel electrolyte [38-43], and solid state elec-
trolyte [44]. However, the life span of the zinc metal anodes achieved
by most modification strategies has not yet reached commercial re-
quirements. Dendrites suppression and side reactions inhibition paly
an equally important role in long-life AZMBs. To achieve long-life and
high reversible AZMBs, dendrites suppression or side reactions inhibi-
tion should be considered and resolved at the same time. Reasonable
design of electrolyte composition and structure is one of the effective
strategies to achieve long-life and highly reversible AZMBs.

Herein, a kind of hydrogel electrolyte whose polyanionic chain is
fixed in the hydrogel electrolyte was firstly developed by ion exchange
and free-radical polymerization. Free contact between Zn metal anodes
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and -SO3;~ was restricted due to the fixed anion and the fixed polyan-
ionic chain with -SO5~ induced uniform Zn?* transport channels. As a
result, ultra-stable and highly reversible plating/stripping of Zn (over
4500 h operation hours and 99.3% average coulombic efficiency) were
achieved in the Zn/Zn symmetric cells and Zn/Cu asymmetric cells, re-
spectively. Meanwhile, the developed electrolyte also achieved the high
preferred orientation deposition of Zn2+.

2. Experimental

2.1. Materials
2-Acrylamido-2-methyl-1-propanesulfonic acid (AMPS,
98%), Zinc carbonate basic (3Zn(OH),¢2ZnCO5;, AR), N,N’-

Methylenebis(acrylamide) (MBAA, 99%), a-Ketoglutaric acid (a-KGA,
99%) and sulfuric acid (ZnSO,4, 99%) were purchased from Aladdin.
Zn foils (100 ym in thickness), Cu foils (15 ym in thickness) and Ti
foils (50 um in thickness) were commercialized. V,05 (99.7%) were
purchased from Energy Chemical. Glass fiber (about 1 mm in thickness)
was purchased from Whatman.

2.2. Preparation of Poly 2-acrylamido-2-methyl-1-propane sulfonate zinc
(PAMPSZn)

10.3600 g AMPS and 3.0195 g 3Zn(OH),2ZnCO; were mixed in
25.0 mL deionized water under stirring until no obvious bubbles ex-
ist. The suspension was centrifuged to obtain clear solution of Zinc
2-acrylamido-2-methyl-1-propane sulfonate (AMPSZn). Then 0.1542 g
MBAA as a cross-linker and 0.0036 g «-KGA as an initiator were added
in the solution under stirring for 1 h. The solution was injected into
a Teflon mold with a glass cover. The PAMPSZn hydrogel electrolyte
(1.0 mm in thickness) was synthesized by irradiating with a UV lamp
(wavelength 365 nm) for 1 h. 1.0 M, 2.0 M and 3.0 M (based on the
concentration of AMPS monomer) of PAMPSZn hydrogel electrolyte are
denoted as PAMPSZn-1, PAMPSZn-2, PAMPSZn-3, respectively.

2.3. Preparation V,051.6H,0 cathode materials

V,05¢1.6H,0 cathode materials were synthesized successfully by a
simple hydrothermal method. 0.35 g V,05 and 2 mL H,0, (30%) were
mixed in 30.00 mL deionized water under string for 3 h. The mixture
was added into a Teflon autoclave and heated at 200°C for 6 h. The
resultant product was collected and freeze-dried.

2.4. Cell assembly

The CR2016 cells were assembled in an air environment and tested
for the electrochemical properties by a multichannel battery test sys-
tem (LAND CT2001A, China). Zn foils were used as anode. The cathode
electrodes were prepared by mixing the prepared V,05¢1.6H,0O cath-
ode materials, acetylene black and PVDF in a weight ratio of 7:2:1 in
NMP solvent, then casting the slurry on Ti foils. The cathode electrodes
were dried at 80°C for 12 h in a vacuum oven. The mass loading of the
cathode electrodes was about 1.5 mg cm~2. The PAMPSZn hydrogel was
cut into slices in 18 mm diameter as electrolyte. As a comparison, the
2.0 M ZnSO,4 aqueous electrolyte and glass fiber with a diameter of 18
mm were used as electrolyte and separator, respectively.

2.5. Characterizations

The structure of AMPS and PAMPSZn was analyzed by Fourier trans-
form infrared spectrometer (FTIR, Nicolet iS5, Themor Electro Co.,
USA). The morphology and energy dispersive spectrometer (EDS) el-
ement mapping of the samples was characterized by a field emission
scanning electron microscope (SEM, Hitachi S-4800). Transmission elec-
tron microscope (TEM, FEI Tecnai F30) was used to observe the mor-
phologies of the cathode materials. Three dimensional morphology and
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surface roughness were characterized and calculated by confocal laser
microscopy (CLMS, VK-X1000, KEYENCE Co.), X-ray diffraction (XRD)
patterns of V,05 and Zn anodes, and grazing incidence X-ray Diffrac-
tion (GIXRD) patterns of zinc plating/stripping layer were collected by
a Rigaku Ultima IV diffractometer (Persee instrument with Cu Ka ra-
diation (1= 1.5406 A)). Raman spectrum was acquired with an IDSpec
ARCTIC Raman spectrometer (IDSpec, Beijing) at 633 nm laser. Elec-
trochemical impedance spectroscopy (EIS), linear sweep voltammetry
(LSV) and Tafel curves measurements were performed on an electro-
chemical workstation (CHI 660e). The frequency range of EIS spectra is
from 100k Hz to 0.1 Hz. The scan rate of LSV curves and Tafel curves
are 0.1 mV/s. Tafel curves measurements was conducted in a three-
electrode configuration, in which saturated calomel electrode (SCE) was
used as the reference electrode, Zn foils as the working electrode and the
counter electrode, respectively.

A conductivity electrode was employed to investigate the ionic con-
ductivity (o) of different electrolytes. The corresponding ionic conduc-
tivity was calculated by

(C))

oc=—

R

where K is the cell constant (1.044 cm™1), R is the bulk resistance.

Zn?* transference number (tz,%*) was evaluated in Zn symmetric
cell combined by EIS before and after the potential static, and calculated
by the following equation:

I,(AV = IyRy)

2
Iy(AV — I(Ry) @

Tzt =
where AV is the applied polarization voltage (10 mV), I, and I; are the
initial current and steady state current, respectively, R, and R, are the
initial resistance and steady state resistance, respectively.

Texture coefficient of (hkl) facet (TCy)) was calculated by:

Tiiery/ Tochna)
2 Ly Touiry

Where Iy is the diffraction intensity of Zn (hkl) facet deposition
layer, Ipgg is the diffraction intensity of pristine Zn (hkl) facet.

TCpry = x 100% 3)

3. Results and Discussion
3.1. Material synthesis and characterizations

The schematic synthesis of PAMPSZn hydrogel electrolyte is de-
signed as Fig. 1. First, AMPSZn was prepared by ion exchange between
AMPS and 3Zn(OH),¢2ZnCO;. To confirm whether ion exchange was
successful, pH of the AMPS and AMPSZn aqueous solutions were investi-
gated by a pH meter, respectively. The pH value of 2.0 M AMPS aqueous
solution is -0.30. After the ion exchange, the pH value of 1.0 M AMPSZn
aqueous solution increases to 5.12, indicating that the protons of AMPS
are exchanged by the Zn?** of 3Zn(OH),¢2ZnCO; successfully. Then
PAMPSZn hydrogel electrolyte was synthesized by free-radical polymer-
ization from aqueous solution containing 1.0 M AMPSZn (based on the
concentration of Zn2t), 0.04 M MBAA and 0.001 M a-KGA. The obtained
PAMPSZn hydrogel electrolyte is transparent as shown in Fig. S1. And it
has certain mechanical properties, such as stretch, bend and twist (Fig.
S2). FTIR spectra was tested to study the structure of PAMPSZn hydro-
gel electrolyte (Fig. S3). Compared with AMPS monomer, the absence of
C=C absorption peak at 1614 cm~! indicates that all AMPS monomers
with C=C have polymerized in PAMPSZn hydrogel electrolyte. Scanning
electron microscope (SEM) image and the corresponding EDS elemen-
tal mapping of Zn indicate that the Zn element distributes uniformly in
PAMPSZn hydrogel electrolyte (Fig. S4).

The electrochemical properties of PAMPSZn hydrogel electrolyte are
firstly verified. As shown in Fig. 2a, the PAMPSZn hydrogel electrolyte
shows a high electrochemical stability window of ~2.4 V (vs. Zn/Zn2*)
by linear sweep voltammetry (LSV), which can meet almost all demands
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Fig. 1. Schematic synthesis of PAMPSZn hy-
drogel electrolyte.
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Fig. 2. (a) Electrochemical stability window of PAMPSZn hydrogel electrolyte. (b) EIS spectra of Zn/Zn symmetric cells with AMPSZn aqueous solution and PAMPSZn
hydrogel electrolyte. (c) EIS spectra of Zn/Zn symmetric cell with PAMPSZn hydrogel electrolyte before and after polarization at an applied voltage of 10 mV and
(d) the corresponding I-t curve. (e) Tafel curves of the 2.0 M ZnSO, aqueous electrolyte and PAMPSZn hydrogel electrolyte. (f) Voltage profile of Zn/PAMPSZn/Zn

cell under various current densities.

of AZMBs system. To study the ion-conducting performance of the AMP-
SZn aqueous solution and PAMPSZn hydrogel electrolyte, the ionic con-
ductivity is characterized by EIS (Fig. 2b). The AMPSZn aqueous solu-
tion exhibits a high ionic conductivity of 2.01x1072 S cm~! and only
decreases to 1.56x10~2 S cm~! in PAMPSZn hydrogel electrolyte, in-
dicating the polymerization has mild impact on the ionic conductivity.
Different concentrations of PAMPSZn hydrogel electrolyte are also char-
acterized as shown in Fig. S5. Ionic conductivity first increases and then
decreases as the concentration increases, and ionic conductivity is high-
est when the concentration of Zn?* is 1.0 M. Zn?* transference number
(tz,2*) of PAMPSZn hydrogel electrolyte is calculated by steady current
method with a constant polarization potential of 10 mV and the result
is demonstrated in Fig. 2c-d. The calculated Zn?+ transference number
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is 0.40, which is abnormal due to the local swing of the polyanionic
chain [36]. In fact, since the proton is negligible (7.59x10~% M), only
Zn2* are freely transmitted in PAMPSZn hydrogel electrolyte while the
polyanionic chain with -SO5;~ is fixed. Whereas, the ionic conductiv-
ity decreases owing to the process of which PAMPSZn hydrogel elec-
trolyte is synthesized by AMPSZn aqueous solution. Therefore, PAMP-
SZn hydrogel electrolyte can be treated as single Zn?* conductor. The
effect of different electrolytes on the Zn corrosion is analyzed by Tafel
curves (Fig. 2e). Compared with the ZnSO, aqueous electrolyte, the cor-
rosion potential of Zn foil in PAMPSZn hydrogel electrolyte increases
from -1.025 V to 0.992 V, indicating that it’s more difficult to cor-
rode Zn anodes. More importantly, the PAMPSZn hydrogel electrolyte
shows a much weaker corrosion current (0.27 mA cm~2) than the 2.0 M



J. Cong, X. Shen, Z. Wen et al.

ZnS0, aqueous electrolyte (1.11 mA cm~2), revealing that the PAMPSZn
hydrogel electrolyte is almost non-corrosive to zinc foil. Furthermore,
the polarization voltage of Zn plating/stripping is investigated with a
fixed time of 1h at different current densities from 0.1 to 5.0 mA cm™2
(Fig. 2f). When the current density increases from 0.1 mA cm~2 to 2.0
mA cm~2, the polarization voltage is always below ~70 mV. And the
polarization voltage is exclusively ~100 mV when the current density
increases to 5.0 mA cm~2. It demonstrates that the PAMPSZn hydro-
gel electrolyte is promising to be used for ARZBs over a wide range of
current densities.

3.2. Electrochemical performance of aqueous zinc metal batteries

To investigate the long cycle stability of PAMPSZn hydrogel elec-
trolyte, Zn/Zn symmetric cells were tested. Thickness tests were inves-
tigated in order to ensure the comparability between cells with differ-
ent electrolytes (Fig. S6). And the results indicate that glass fiber and
PAMPSZn hydrogel electrolyte, Zn/Zn symmetric cells with different
electrolytes have almost the same thickness, respectively. The corre-
sponding voltage profiles of Zn/Zn symmetric cells are presented as
Fig. 3a. The Zn/Zn symmetric cell with PAMPSZn hydrogel electrolyte
exhibits ultra-stable cycle performance, which can operate over 4500 h
under a low polarization voltage of 100 mV at 1.0 mA cm~2 and 1.0
mAh cm~2. Whereas, the Zn/Zn symmetric cell with ZnSO, aqueous
electrolyte shows polarization increase at 114 h and suffers a short cir-
cuit at 139 h. In order to prove that the plating/stripping of Zn with
PAMPSZn hydrogel electrolyte can operate stably over a wide range of
current densities, Zn/Zn symmetric cells at different current densities
are investigated. As a result, the Zn/Zn symmetric cell with PAMPSZn
hydrogel electrolyte can operate for 1800 h and 800h under a polariza-
tion voltage of 100 mV at current densities of 0.1 mA cm~2 (Fig. S7)
and 0.5 mA cm~2 (Fig. S8), respectively. Whereas, the Zn/Zn symmet-
ric cell with ZnSO, aqueous electrolyte shows short circuit after only
155 h at 0.1 mA cm~2 and polarization increase after only 130 h at a
current density of 0.5 mA cm~2, respectively. Even when the current
density increases to 5.0 mA cm~2, the Zn/Zn symmetric cell can still op-
erate stably over 100 h (Fig. S9). This ultra-stable lifespan remarkably
outperforms all of reported Zn/Zn symmetric cells at the similar cur-
rent density and specific capacity (Fig. 3h), corroborating the enormous
promising prospect of PAMPSZn hydrogel electrolyte in AZMBs.

Reversibility is equally important for the cells operation. Zn/Cu
asymmetric cells with different electrolytes were assembled and tested
to verify the cycle reversibility of Zn plating/stripping. The correspond-
ing cycle performance are presented as Fig. 3b. The Zn/Cu asymmetric
cell with

PAMPSZn hydrogel electrolyte exhibits high reversible electrochem-
ical performance, whose average coulombic efficiency can maintain
at 99.3% after 400 cycles. Whereas, the Zn/Cu asymmetric cell with
ZnSO, aqueous electrolyte can only operate 28 cycles with a low aver-
age coulombic efficiency of 74.6%. The side reaction levels of cell with
different electrolyte can be demonstrated by coulombic efficiency of first
cycle. The Zn/Cu asymmetric cell with PAMPSZn hydrogel electrolyte
has a higher initial coulombic efficiency of 87.5% than that with ZnSO,
aqueous electrolyte (67.3%), indicating less side reactions in the Zn/Cu
asymmetric cell with PAMPSZn hydrogel electrolyte. Similar results are
also obtained at 1.0 mA cm~2 and 1.0 mAh cm~2 (Fig. S10). Moreover,
Fig. 3c shows that the Zn/Cu asymmetric cell with PAMPSZn hydrogel
electrolyte retains a low and stable overpotential over long-term opera-
tion.

Zn/V, 05 cells (Fig. 3g) were assembled to further evaluate the prac-
tical applications of the PAMPSZn hydrogel electrolyte. V,05¢1.6H,0
cathode materials were synthesized successfully by a simple hydrother-
mal method according to reference [45]. And the corresponding SEM
images, TEM images, XRD pattern and Raman spectra were employed
to investigate the structure of V,05¢1.6H,0 cathode. The synthesized
V,05¢1.6H,0 presents a nanoribbon structure (Fig. S11a-b). And the
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corresponding EDS elemental mapping indicates that the distribution of
oxygen and vanadium in the cathode material is consistent (Fig. S11c-d).
The TEM images of nanoribbon show the interplanar distance as 0.193
nm corresponding to (006) facet of V,05¢1.6H,0 cathode (Fig. S1lc-
d). XRD pattern shows six obvious diffraction peaks at 7.6°, 23.3°, 30.7°
38.8°, 47.3° and 50.6°, indexed to (001), (003), (004), (005), (006) and
(007) facets of V,05¢1.6H,0 (JCPDS NO: 40-1296), respectively (Fig.
S12a). And the Raman spectra shows five strong characteristic peaks
at 140, 192, 283, 405 and 690 cm~! for both the V,051.6H,0 and
pristine V,05, demonstrating the V,05-1.6H,0 nanoribbons have the
similar V-O vibration behavior with the pristine V,05 (Fig. S12b). The
Zn/V,05 cell with PAMPSZn hydrogel electrolyte shows a high capac-
ity retention of 80.2% (280.7 mAh g1, initial specific capacity is 350.0
mAh g~1) at 0.5 A g1 after 400 cycles. And the initial coulombic effi-
ciency of Zn/V,05 cell PAMPSZn hydrogel electrolyte is 97.9%, which
is much higher than ZnSO, aqueous electrolyte (85.3%). Whereas, the
Zn/V,05 cell with ZnSO, aqueous electrolyte remains only 10.8% ca-
pacity retention (34.0 mAh g1, initial specific capacity is 219.6 mAh
g~1) at a current density of 0.5 A g~! after 400 cycles. The Zn/V,Os
cell can operate more than 2000 cycles with nearly 100% coulombic
efficiency and the short-circuit induced failure doesn’t occur, indicat-
ing PAMPSZn hydrogel electrolyte possesses ultra-stable and highly re-
versible electrochemical performance (Fig. S13). In addition, Fig. 3e
demonstrates that the Zn/V,05 cell with PAMPSZn hydrogel electrolyte
maintains a relatively stable charging and discharging platform, which
reveals the Zn/V,05 cells possess superior reversibility. Furthermore,
the Zn/V,05 cells with PAMPSZn hydrogel electrolyte delivers excep-
tional rate performance from 0.1 A g~! to 2.0 A g~! as shown in Fig. 3f.
The Zn/V,05 cells with PAMPSZn hydrogel electrolyte show a high ini-
tial capacity of 438.9 mAh g1 at 0.1 A g~!. Even at a high current
density of 2.0 A g1, it still delivers a significantly capacity of 288.2
mAh g~!, remaining a high capacity retention of 65.7% compared with
that at 0.1 A g~1. To investigate the reason of the Zn/V,05 cell degra-
dation, XRD and SEM were employed to study the changes of V,05
electrodes before and after repeated charge and discharge. XRD pat-
terns of cycled V,05 cathode electrodes show that the cathode elec-
trode with ZnSO, electrolyte has more impurity diffraction peaks than
PAMPSZn hydrogel electrolyte (Fig. S14). The topography of cycled
V,05 cathode electrode with PAMPSZn hydrogel electrolyte is similar
with pristine V,05 cathode electrode, whereas the V,05 cathode elec-
trode with ZnSO, electrolyte has collapsed, demonstrating that PAMP-
SZn hydrogel electrolyte alleviates the collapse of the cathode mate-
rials more effectively than ZnSO, electrolyte (Fig. S15). These results
indicate a promising future of PAMPSZn hydrogel electrolyte in AZMBs
applications.

3.3. Mechanism schematic

To certificate the short-circuit induced failure mechanism of AZMBs,
the three-dimensional topography of Zn anodes in the Zn/Zn symmet-
ric cells with different electrolytes after 10th, 20th and 50th cycles are
firstly observed by CLMS (Fig. 4a-f). The pristine Zn is flat as shown
in Fig. S16. Obvious peaks and valleys can be observed on the Zn an-
odes in the Zn/Zn symmetric cells with ZnSO, aqueous electrolyte as
Fig. 4a-c shown. And the surface of Zn anodes will become rougher and
rougher as the cycle number increases. Whereas, the roughness of the
Zn anodes surface in the Zn/Zn symmetric cells with PAMPSZn hydrogel
electrolyte has only changed slightly when the cycle number increases
from 10 cycles to 50 cycles according to Fig. 4d-f. In order to quantita-
tively describe the surface topography, surface roughness is calculated
by VK-X series. The surface roughness of Zn anodes in the Zn/Zn sym-
metric cells with PAMPSZn hydrogel electrolyte is much smaller than
the ZnSO, aqueous electrolyte as Table S1 shown.

These results demonstrate that it’s more likely to cause short-circuit
induced failure in Zn/Zn symmetric cells with ZnSO, aqueous elec-
trolyte due to uneven topography of Zn metal anodes.
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Fig. 3. (a) Voltage profile of Zn/Zn symmetric cells with different electrolytes. The insets are the voltage profile of 100th and 2300th cycle, respectively. (b)
Cycle performance of Zn/Cu cells with different electrolytes. (c) Voltage/capacity plots of Zn/Cu cell with PAMPSZn hydrogel electrolyte. (d) Cycle performance of
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Zn/Zn symmetric cells.
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Fig. 4. CLMS images of Zn anodes in the Zn/Zn symmetric cell after several cycles with (a)-(c) ZnSO, aqueous electrolyte and (d)-(f) PAMPSZn hydrogel electrolyte
at 1.0 mA cm~2 and 1.0 mAh cm~2. (a), (d) 10 cycles; (b), (€)20 cycles; (c), (f) 50 cycles. High magnification SEM images of Zn anodes in the Zn/Zn symmetric cells
after several cycles with (g)-(i) ZnSO, aqueous electrolyte and (j)-(1) PAMPSZn hydrogel electrolyte at 1.0 mA cm~2 and 1.0 mAh em=2. (g), (j) 10 cycles; (h), (k) 20

cycles; (i), (1) 50 cycles.

To further confirm the short-circuit failure mechanism of AZMBs,
SEM is employed to observe the surface topography of Zn anodes in
Zn/Zn symmetric cells with different electrolytes after 10, 20 and 50
cycles, respectively. The surface topography of pristine Zn is charac-
terized as Fig. S17 shown. As shown in Fig. 4g-1 and Fig.S18a-c, the
initial small dendrite tips on Zn foil surface after 10 cycles gradually
become coarse flaky dendrites in the ZnSO, aqueous electrolyte when
the charge/discharge cycle increases to 50 cycles. In PAMPSZn hydrogel
electrolyte, it is interesting to find that the Zn foil surface forms uniform
nanowires after 10 cycles (Fig. S19).

The nanowires become thicker after 50 cycles, but still maintain a
uniform appearance (Fig. 4j-1 and Fig.S18d-f). Similar results were ob-
tained at different current densities and area capacities as shown in Fig.
$20. In addition, the Zn morphology of cycled Zn/V,05 cells with dif-
ferent electrolytes was also observed (Fig. S21). Although there is a
little difference from the Zn morphology in Zn symmetric cells [46],
uniform nanowires are also observed in Zn/V,05 cells with PAMPSZn
hydrogel electrolyte. And the zinc anodes surface of Zn/V,05 cells us-
ing PAMPSZn hydrogel electrolyte is smoother than that of ZnSO, elec-
trolyte. These results indicate that different from ZnSO, aqueous elec-
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Fig. 5. (a) GIXRD patterns of pristine Zn and

a
b Zn anodes in the Zn/Zn symmetric cell after
———50 cycles PAMPSZn 10, 20, 50 cycles at 1.0 mA cm~2 and 1.0 mAh
cm~2. (b) XRD patterns of pristine Zn foil and
’;. Lk A ’; Zn anodes in the Zn/Zn symmetric cells with
3 : l l different electrolyte after 3 cycles at 1.0 mA
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trolyte, the PAMPSZn hydrogel electrolyte is beneficial to the uniform
plating/stripping of Zn.

To investigate the evolution of crystal structure about nanowires
deposition layers, grazing incidence X-ray Diffraction (GIXRD) is em-
ployed to analyze the surface layer of Zn anodes in Zn/Zn symmetric
cells with PAMPSZn hydrogel electrolyte after several cycles. The re-
sults (Fig. 5a) show that the diffraction peak of (101) facet becomes
weaker and weaker while (002) facet becomes stronger and stronger,
demonstrating that Zn®>* trend to deposit along (002) facet. To confirm
the high preferred orientation deposition of Zn%*, texture coefficient of
(hkl) facet (TCyyy) is calculated on the basis of (002), (100) and (101)
facets (Table S2). The texture coefficient of (002) facet increases from
0.4928 to 0.7444 while that of (001) decreases from 0.2516 to 0.0928,
confirming that the deposition of Zn?* has a high preferred orientation
in PAMPSZn hydrogel electrolyte.

For the polarization induced failure mechanism of AZMBs, the XRD
pattern (Fig. 5b) of Zn foil in Zn/Zn symmetric cell with ZnSO, aqueous
electrolyte shows obvious impurity peaks at 8.5°, 16.8°, 20.6° and 24.8°,
which are attributed to Zn,;SO4(OH)¢*5H,0 (JCPDS NO: 39-0688) by-
products by a serious side reaction between Zn anode and SO,%:

4Zn** + 60H™ + SO3™ + SH,0 — Zn,(OH)4SO, - SH,0 “)

Whereas, the XRD pattern of Zn foil in Zn/Zn symmetric cell with
PAMPSZn hydrogel electrolyte shows no obvious diffraction peaks ex-
cept Zinc metal peaks, which demonstrate that PAMPSZn hydrogel elec-
trolyte alleviates the side reactions of the interface between Zn and elec-
trolyte effectively.
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By-products

V Polymer chain with -SO,

The mechanism of Zn deposition/stripping with different electrolytes
can be summarized according to the previous results and analysis. For
the ZnSO, aqueous electrolyte, a large amount of movable SO, cations
will keep in contact with Zn anode under the effect of electric field,
which causes severe side reactions and produces a lot of by-products.
By products without the ability to conduct Zn?** cover the surface of Zn
anode, resulting the polarization increase.

Meanwhile, freely transmitted Zn?* tend to accumulate on the small
tips at the surface of Zn metal anodes under applied voltage. Zn den-
drites will form and grow due to the uneven interfacial electric field
and ion concentration [47]. Whereas for PAMPSZn hydrogel electrolyte,
polyanionic chain with -SO5~ is fixed in PAMPSZn hydrogel electrolyte,
which reduces the concentration polarization of anions and alleviates
side reactions because of the limited contact between —-SO5;~ and the
surface of Zn metal anode. Simultaneously, Zn?* can only transport in
uniform Zn?* transport channels under the restriction of polyanionic
chain, which achieves uniform deposition/stripping on the surface of
zinc metal anodes. As a result, AZMBs with the PAMPSZn hydrogel elec-
trolyte delivers an ultra-stable and high reversible electrochemical per-
formance.

4. Conclusion

In summary, the PAPMSZn hydrogel electrolyte was firstly designed
and synthesized for AZMBs by ion exchange and free-radical polymer-
ization. It alleviates the side reactions of the interface between Zn
and electrolyte effectively because the polyanionic chain with -SO5;~
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is fixed in PAMPSZn hydrogel electrolyte. Meanwhile, Zn?+ can plat-
ing/stripping uniformly on the surface of zinc metal anodes because
of the restricted and uniform Zn?* transport channels. Consequently,
ultra-stable Zn plating/stripping was achieved over 4500 h at 1.0 mA
cm~2. Excellent cycle stability and high reversibility were also achieved
in the Zn/Cu cells and Zn/V,Og cells with the PAMPSZn hydrogel elec-
trolyte. Furthermore, the deposition of Zn accompanied by high pre-
ferred orientation owing to the PAMPSZn hydrogel electrolyte. This
work sheds lights on the high performance AZMBs based on hydrogel
electrolyte.
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