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A Low-Cost Quasi-Solid-State “Water-in-Swelling-Clay”
Electrolyte Enabling Ultrastable Aqueous Zinc-lon Batteries

Siyu Tian, Taesoon Hwang, Sina Malakpour Estalaki, Yafen Tian, Long Zhou, Tye Milazzo,
Seunghyun Moon, Shiwen Wu, Ruda Jian, Kenneth Balkus Jr, Tengfei Luo,*

Kyeongjae Cho,* and Guoping Xiong*

The poor reversibility of Zn metal anodes arising from water-induced parasitic
reactions poses a significant challenge to the practical applications of
aqueous zinc-ion batteries (AZIBs). Herein, a novel quasi-solid-state
“water-in-swelling-clay” electrolyte (WiSCE) containing zinc sulfate and
swelling clay, bentonite (BT), is designed to enable highly reversible Zn metal
anodes. AZIB full cells based on the WiSCE exhibit excellent cyclic stability at
various current densities, long shelf life, low self-discharge rate, and
outstanding high-temperature adaptability. Particularly, the capacity of
WiSCE-based AZIB full cells retains 90.47% after 200 cycles at 0.1 A g™,
96.64% after 2000 cycles at 1 A g—', and 88.29% after 5000 cycles at 3 Ag~".
Detailed density functional theory calculations show that strong hydrogen
bonds are formed between BT and water molecules in the WiSCE. Thus, water
molecules are strongly confined by BT, particularly within the interlayers,
which significantly inhibits water-induced parasitic reactions and greatly
improves cyclic stability. Compared to the state-of-the-art “water-in-salt”
electrolytes, the WiSCE can provide a significantly higher capacity at the
full-cell level with a substantially reduced cost, which is promising for the
design of next-generation high-performance AZIBs. This work provides a new
direction for developing cost-competitive AZIBs as alternatives to grid-scale

energy storage.
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1. Introduction

Aqueous zinc-ion batteries (AZIBs)
have attracted tremendous research
interest for grid-scale energy storage
applications because of their advan-
tages, such as low safety risks, abundant
elemental resources, low cost, and
eco-friendliness.?! Although the elec-
trochemical performance of AZIBs
has been improved over the past few
years, significant challenges impeding
their practical use remain due to the
ubiquitous water-induced issues at the
Zn/electrolyte interface such as water de-
compositions (e.g., hydrogen evolution
reaction — HER), zinc corrosion, byprod-
uct passivation, and dendrite growth.[34]
These issues can cause fast performance
degradation, rapid self-discharge, and
quick catastrophic failure of AZIBs.
Furthermore, Zn metal anodes contin-
uously react with water over long-term
resting, leading to the unsatisfactory
shelf life of AZIBs.I] At elevated temper-
atures, water-induced parasitic reactions
become more severe owing to accelerated chemical reactions,>*!
which further hinders the widespread applications of AZIBs.

To date, many strategies have been proposed to ad-
dress water-induced challenges, including Zn surface
modification,”®] Zn crystallography modulation,!*1% separa-
tor functionalization,'12] and electrolyte engineering.[*14]
Compared with other strategies, electrolyte engineering has
emerged as a promising approach to advance the large-scale im-
plementation of AZIBs. By tailoring the electrolyte compositions
with low-cost additives, the electrochemical performance, safety,
and cost-competitiveness of AZIBs are likely to be enhanced
simultaneously.’®! As summarized in Table S1 (Supporting
Information), a wide range of additives have been added to
baseline electrolytes (e.g., 1-3 M ZnSO, in water), including in-
organic oxides, 1181 soluble salts,[1>2! polymers,[22-24] graphene
quantum dots,[! and small organic molecules.?*-2] However,
grid-scale energy storage devices mainly operate at current
rates (C-rates, 1 C means that a battery can be fully charged
or discharged in an hour) lower than 0.5 C with peak rates up
to 10 C (i.e., 6 min per charge or discharge).l?”! Unfortunately,
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Figure 1. a) Schematic illustration of the configuration of WiSCE-based cells. b) Cyclic stability of Zn||Zn symmetric cells based on BE and WiSCEs with
different BT contents at a current density of 1 mA cm™2 and an areal capacity of 1 mAh cm™2, inset shows the voltage profiles of BT8- and BT10-based

Zn||Zn symmetric cells after cycling for 600 h.

the majority of electrolyte additives (Table S1, Supporting Infor-
mation) have limited effect in enhancing the cyclic stability of
AZIBs at low C-rates (<1 C) or low current densities (<1 A g™1).
This is because a high cycle number but a short run time of
AZIBs achieved at high C-rates can tremendously underrate the
irreversibility of time-dependent, water-induced parasitic reac-
tions, such as HER and Zn corrosion, which has been elaborated
in several reviews.’*32] Moreover, the high cost and limited
material availability of conventional additives adversely affect
the advantages of AZIBs as economic and scalable alternatives
in grid-scale stationary energy storage applications. Therefore,
finding low-cost and high-availability electrolyte additives that
can simultaneously improve the long-term stability of AZIBs
remains a daunting task for their practical applications in
grid-scale energy storage.

Herein, a low-cost, quasi-solid-state “water-in-swelling-clay”
electrolyte (WiSCE) was designed to provide a favorable aque-
ous environment for highly reversible Zn metal anodes.
The WiSCE was prepared by mixing a high concentration
(50% weight/volume, w/v) of swelling clay, bentonite (BT,
Al,H,04,8i,), with the baseline electrolyte (BE, 2 M ZnSO, in
water). The resulting WiSCE possessed a low salt concentration
(1.2 m), high ionic conductivity (16.8 mS cm™'), and an increased
storage modulus (1.1 MPa). Furthermore, water molecules could
be effectively confined within the interlayers of BT crystals, lead-
ing to significantly suppressed water activities toward Zn metal
anodes and thus highly reversible Zn plating/stripping in the

WiSCE. In addition, the WiSCE-based AZIB full cells exhibited
high Coulombic efficiency (>99.9%), long shelf life (>60 days),
ultralow self-discharge rate (1.89 mV per day), outstanding high-
temperature adaptability (50°C), and excellent cyclic stability at
low and high C-rates. This work provides a new design of a cost-
competitive aqueous electrolyte to design safe, durable, and reli-
able AZIBs. Moreover, this work opens up a new path for design-
ing high-performance aqueous electrolytes based on swelling
clays.

2. Results and Discussion

2.1. Electrolyte Design Principles

Figure 1a schematically illustrates the configuration of WiSCE-
based symmetric and full cells, in which an equal amount of
WiSCE was uniformly pasted on each surface of the two elec-
trodes (e.g., Zn metal anode or cathode). BT, or the synonym
of montmorillonite, has two silica tetrahedral sheets (SiO,) and
a sandwiched alumina octahedral (AlO;) sheet with extraordi-
nary hydration swelling capability.*3] Once immersed into aque-
ous electrolytes, a significant amount of water molecules could
be intercalated into BT crystals, a phenomenon known as inter-
layer swelling.>*3¢] We hypothesize that water activities can be
remarkably suppressed by confining water molecules within the
interlayers of such mineral clays with excellent swelling capabil-
ities, preventing Zn metal anodes from water-induced parasitic
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reactions, and thus enhancing their reversibility in aqueous en-
vironments.

As a proof-of-concept, Zn||Zn symmetric cells based on the
WiSCEs with different BT contents were assembled and cycled
at 1 mA cm™? and 1 mAh cm=? (Figure 1b). The WiSCEs were
denoted as BTx, where x represents the mass of BT per 10 mL
of BE. For instance, the WiSCEs with 4 and 10 g of BT in 10 mL
of BE were denoted as BT4 and BT10, respectively. The results
showed that the cycle life of Zn||Zn symmetric cells increased
with increasing BT content since more water molecules could
be effectively confined by BT. Notably, the BT10-based symmetric
cell displayed the longest cycle life of 980 h. In sharp contrast, the
BE-based symmetric cell sustained less than 80 h with a sudden
drop in voltage hysteresis. Meanwhile, after cycling for 600 h, the
overpotential of the BT10-based Zn||Zn symmetric cell was lower
than that of the BT8-based symmetric cell, suggesting that the Zn
metal anode exhibited better reversibility in the BT10 electrolyte.
Similarly, as shown in Figure S1 (Supporting Information), the
WiSCE-based AZIB full cells exhibited better cyclic stability when
increasing the BT concentrations, and the BT10-based battery dis-
played the best electrochemical performance during long-term
cycling. With the further increase in BT concentration, the BT12-
based Zn||NVO full cell exhibited excellent cyclic stability but
lower capacities due to insufficient electrode-electrolyte wetting
(Figure S1, Supporting Information). Therefore, BT10 is consid-
ered the optimal electrolyte for assembling Zn||[NVO full cells.
Most importantly, other natural clays or inorganic materials with
similar chemical compositions but without interlayer swelling ca-
pabilities, such as kaolinite (KL, Al,H,0,Si,) and silicon dioxide
(SiO,) could not enhance the cyclic stability of full cells when
added to BE as comparisons (Figures S2 and S3, Supporting In-
formation). For KL or SiO,, water molecules can only be absorbed
on the particle surfaces, resulting in limited confinement effects
and thus poor cyclic stability of AZIB full cells. Such a compar-
ison between BT and KL (or SiO,) highlighted the significance
of confining water molecules within the interlayers. Moreover,
BT has been widely used in industry with a low cost (=%$90 per
ton with freight cost) and high yield (%21 million metric tons in
2020),3738 rendering it the most cost-competitive electrolyte ad-
ditive for AZIBs to the best of our knowledge, as summarized
in Table S1 (Supporting Information). For instance, the state-of-
the-art “water-in-salt” electrolyte,) 1 mol Zn(TFSI), and 20 mol
LiTFSI in 1 kg of water, costs $6.87 million per metric ton, which
is 7438 times higher than the cost ($924 per metric ton) of the
WiSCE (see detailed cost estimation in Supporting Information).
Importantly, the WiSCE-based full cell exhibited a significantly
higher capacity (313 mAh g™ at 0.4 C) than that (100 mAh g~!
at 0.2 C) of the previously reported AZIB full cell based on the
“water-in-salt” electrolyte.®!

2.2. Electrolyte Properties and Structures

The BT powder exhibited an irregular flake-like shape with an av-
erage particle size of less than 10 ym (Figure S4, Supporting In-
formation) and consisted of Si, Al, and O, as confirmed by X-ray
photoelectron spectroscopy (Figure S5, Supporting Information).
Upon adding high concentrations of BT into the BE, the result-
ing WiSCEs turned into a quasi-solid-state (Figure S6, Support-
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ing Information) due to the formation of gel structures between
BT plates.[*) Figure 2a shows the exact water contents in the
WiSCEs determined by thermogravimetric analysis (TGA) tests.
The BT powder contained 8% of physically adsorbed water, which
rapidly evaporated before the temperature reached 100°C. In the
WiSCEs, water content monotonically decreased with increas-
ing BT concentration. Remarkably, the water content in BT10 de-
creased to 39.0 wt.% (Figure S7, Supporting Information), much
lower than those of the BE (75.3 wt.%) and other WiSCEs (e.g.,
BT4-BT8) with lower BT concentrations. Moreover, the com-
plete loss of water in the WiSCEs was significantly delayed up to
170 °C, suggesting that water molecules were strongly bounded
to the BT host.

The existence of interlayer water in the WiSCEs was evidenced
by X-ray diffraction (XRD) tests, as shown in Figure 2b. The
BT powder showed an initial basal spacing (dyy,) of 12.2 A and
several characteristic diffraction peaks of montmorillonite at
7°, 20°, 29°, 35°, and quartz at 27°.*!l The BT crystals in all the
WiSCEs possessed the same d,, of 18.9 A after water interca-
lation, corresponding to an enlarged interlayer spacing from
2.6 t0 9.3 A (Figure S8, Supporting Information).*?) This is in
good agreement with the phenomenon observed in prior work,
in which the swelling of BT crystals reached equilibrium with a
dyy, of #19.0 A when the water content exceeded the threshold
of 28.6 wt.%.[**] Note that the swelling of BT crystals induced by
water intercalation exerted negligible impact on the volume of
WiSCEs since the volume of the BT-BE mixture remained con-
stant. Concurrently, the density of the BT'10 electrolyte increased
to ~1.56 g cm 3, slightly higher than that (1.31 g cm~3) of the BE.
Therefore, a slight decrease in the gravimetric energy density of
the BT10-based Zn||NVO full cells can be expected in comparison
to BE-based batteries. Based on the interlayer spacing, a volume
expansion ratio (ER) of 54.9% of the swelled BT in the BT10 elec-
trolyte could be determined according to the method described
in prior work,!**l which suggested that ~35.6 vol.% of free water
from the BE was confined within the interlayers of BT crystals
(see calculation details in Supporting Information). Additionally,
water molecules could also be adsorbed on the external surface of
BTl resulting in significantly decreased amounts of free wa-
ter and low water activities in the WiSCEs. Moreover, the enlarged
interlayer spacing not only accommodated more water molecules
between BT layers but also facilitated ion transport through the
nanochannels in the viscous quasi-solid-state electrolytes. Con-
sequently, BT10 still maintained a high ionic conductivity of
16.8 mS cm™! (Figure 2c) given the ultrahigh viscosity (1363.4 Pa -
s) and diluted salt concentration (1.2 M, Figure S9, Supporting In-
formation) upon BT addition. In comparison, BE with a salt con-
centration of 2 M exhibited an ionic conductivity of 51.9 mS cm™!
and a low viscosity of 6.6 Pa - s. Furthermore, the BT10 electrolyte
exhibited a transference number of 0.6 (Figure S10, Supporting
Information), higher than those (ranging from 0.2 to 0.4) of
the BEs reported in previous studies.[*#] In the WiSCEs, the
unique layered structure of BT may enable the formation of
fast ion-conducting pathways, which can reduce ion diffusion
length and facilitate fast ion transport.>%] The addition of BT also
affected the pH of the WiSCEs because of the hydrolysis of BT
and the adsorption of Zn ions.>"*?] For the electrolytes ranging
from BT4 to BT10, their pH values stabilized at 5.5 (Figure S11,
Supporting Information), which could alleviate Zn corrosion
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Figure 2. Physical and chemical properties of BE and WiSCEs. a) TGA curves. b) XRD curves. c) lonic conductivities and viscosities. d) Storage modulus.
e) FTIR spectra. f) Raman spectra. g) Atomic surface model of Zn?* and H,O adsorption at site 1 (Zn?*_1and H,O_1) of the BT crystal. h) Adsorption

energies of Zn?* and H, 0 at different sites.

and hydrogen evolution in such near-neutral environments.!*"’

In terms of viscoelastic properties, BT10 electrolyte exhibited
the highest storage modulus (G') of 1.07 MPa (Figure 2d),
signifying its superior mechanical resistance against Zn den-
drite growth.>*>*] Moreover, the WiSCEs exhibited solid-like
rheological properties (Figure S12, Supporting Information) due
to the formation of gel structures,*> which is highly desired
in practical applications vulnerable to electrolyte leakage.>6>7]
To further unveil the interactions between water molecules
and BT, Fourier-transform infrared (FTIR) spectroscopy, Ra-
man spectroscopy, and nuclear magnetic resonance (NMR)
spectroscopy were conducted. In the FTIR spectra (Figure 2e;
Figure S13, Supporting Information), the broad peak ranging
from 2700 to 3700 cm™! because of O-H stretching vibra-
tion shifted to higher wavenumbers with a steadily decreased
magnitude when increasing the concentration of BT. This im-
plied strengthened hydrogen-bonding (H-bonding) interactions
between water and BT and weakened H-bonding interactions
among water molecules.’® %) The chemical environment of
water was further investigated by Raman tests, as shown in
Figure 2f. Compared with BE, the O-H stretching vibration in
the Raman spectrum of BT10 electrolyte was largely suppressed
because of the limited amounts of free water molecules.[**] More-
over, in the Raman spectrum of BE, the broad peak of O-H

Adv. Energy Mater. 2023, 2300782

2300782 (4 of 10)

stretching vibration can be convolved into two major peaks lo-
cated at 3280 and 3430 cm™! corresponding to water molecules
with strong and weak H-bonds,[®!] respectively. In the BT10 elec-
trolyte, the H-bonds between water molecules were significantly
weakened. In detail, the peak assigned to water molecules with
strong H-bonds was absent, and a new peak located at 3630 cm™!
appeared because of non-hydrogen-bound water molecules.[®!]
These results suggested that the addition of BT effectively re-
constructed the H-bonding networks between water molecules
and resulted in low water activities in the BT'10 electrolyte. The
stretching vibrations of SO,? located at 454 and 623 cm™! were
also largely blueshifted (Figure S14, Supporting Information) in
the presence of BT, implying the potential changes in solvation
environments.[%?] Figure S15 (Supporting Information) shows
the NMR spectra of the BT-BE mixtures with different BT con-
centrations. However, the 2H NMR peaks of the BT-BE mixtures
were not visible due to the presence of suspended BT particles.
To validate the experimental results, the adsorption of H,O
and Zn?* onto the surface of BT crystals was examined by den-
sity functional theory (DFT) calculations, as shown in Figure 2g.
Three adsorption configurations (Figures S16 and S17, Support-
ing Information) were defined due to the symmetry of the (001)
basal plane of BT crystals. Figure 2h shows the adsorption ener-
gies of Zn?* and H, O at different sites. At site 1, the center of the
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capacities.

hexagon-like oxygen rings, Zn** adsorption was thermodynami-
cally stable, with an adsorption energy of —0.96 eV attributed to
the Coulombic interactions between Zn?* and oxygen atoms on
the BT surface. The strong Zn?* adsorption of BT could poten-
tially alter the solvation environment of Zn** and their diffusion
pathways, thus facilitating fast ion diffusions and reversible Zn
plating/stripping. In comparison, Zn** adsorption was not stable
at sites 2 and 3 near the Si atoms since the two sites were posi-
tively charged, as shown in Figure S18 (Supporting Information).
Nevertheless, molecular dynamics simulations (Figure S19, Sup-
porting Information) indicated that the Zn ions existing within
the BT interlayers or in BE possessed the same solvation struc-
ture with a coordination number of 6 (Figure S20, Supporting
Information) since the interlayer spacing (9.3 A) of swelled BT is
larger than the size (8.6 A) of solvated zinc ions, Zn*(H,0);./®!
Meanwhile, stable water adsorptions were observed on the entire
BT surface, with the lowest adsorption energy of —0.18 eV at site
1, suggesting the excellent hydration swelling capabilities of BT.
Notably, at site 1, a strong H-bond was formed between the ad-
sorbed H,O and the oxygen atom on the BT surface (Figure S16a,
Supporting Information). These results implied that the strong
water adsorption by BT was enabled by the formation of H-bonds
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between the two species, which further resulted in the low water
activities in the quasi-solid-state WiSCEs.

2.3. Stability of the Zn Metal Anodes in the WiSCEs

Figure 3a shows the comparative chronoamperometry (CA)
curves of the Zn metal electrodes in BE and WiSCEs with a con-
stant overpotential of —150 mV. In BE, the current density of
the Zn metal electrode increased rapidly over 120 s, indicating
a long 2D diffusion process and a remarkable tipping effect in-
duced by Zn dendrite growth.[%*%] On the contrary, Zn plating
in the WiSCEs quickly developed into a stable 3D diffusion pro-
cess after a short period (~30 s) of Zn nucleation and 2D diffu-
sion. This result suggested the formation of a smooth and flat
Zn/electrolyte interface owing to localized Zn?* reduction and
uniform Zn deposition in the WiSCEs.[®] The HER behavior of
Zn metal electrodes in BE and BT10 electrolytes was investigated
by linear sweep voltammetry (LSV) tests, as shown in Figure 3b.
In the BT10 electrolyte, the HER onset potential was delayed to
—1.04 V versus Ag/AgCl with a low current during the hydro-
gen evolution process, which could be attributed to the limited
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free water molecules, low water activities, and near-neutral pH
(=5.5) environment of the quasi-solid-state electrolyte. The oxy-
gen evolution reaction (Figure S21, Supporting Information) was
also retarded and suppressed in the BT'10 electrolyte, suggesting
the high stability of water molecules.

The comparative anti-corrosion performance of Zn metal in
BE and WiSCEs was investigated by Tafel and soaking tests.
As shown in Figure 3c, the high corrosion current density (i,
= 15.86 mA cm™?) indicated the aggressive corrosion of Zn
metal in BE. In WiSCEs, the i, monotonically decreased to
4.20 mA cm™ in BT10 when increasing the BT content. The
Zn metal electrodes also exhibited more negative corrosion po-
tentials (#—1.01 V vs Ag/AgCl) in WiSCEs compared with that
(—=1.00 V vs Ag/AgCl) in BE (Figure S22, Supporting Informa-
tion). These results reflected the low corrosion rate and excel-
lent corrosion resistance of Zn metal in the WiSCEs due to
the effective suppression of water activities. The extraordinary
anti-corrosion performance of Zn metal in the highly concen-
trated WiSCEs was further confirmed by soaking tests. After be-
ing soaked in BE for 30 days at room temperature, the pristine
smooth Zn surface (Figure S23, Supporting Information) was
passivated by numerous flake-like byproducts (Figure 3d), indi-
cating the severe corrosion and passivation of Zn in the mildly
acidic electrolyte. In contrast, the Zn metal soaked in BT10 elec-
trolyte under the same conditions remained nearly intact and free
of precipitated byproducts (Figure 3e; Figure S24a, Supporting
Information). At an elevated temperature of 50 °C, the Zn metal
after being soaked in BE for 10 days was intensely passivated
with large flakes of zinc sulfate hydroxide hydrate (ZHS) byprod-
ucts, including Zn,SO,(OH), - 0.5H,0, Zn,SO,(OH), - H,0,
Zn,SO,(OH), - 3H,0, Zn,SO, (OH), - 41,0, and Zn,SO, (OH); -
5H,O0, as shown in Figure S25 (Supporting Information). In con-
trast, the Zn metal demonstrated superior corrosion resistance
in the BT10 electrolyte and exhibited a flat and corrosion-free
surface (Figure 3g; Figure S24b, Supporting Information) under
the same conditions. As evidenced by the XRD tests shown in
Figure S25 (Supporting Information), only a slight byproduct of
Zn,SO,(OH), - H,0 was formed on the Zn metal surface when
soaked in the BT10 electrolyte. Moreover, the rate of hydrogen
evolution during the soaking test was quantified using an ana-
lytical balance (see details in Supporting Information). As shown
in Figure S26 (Supporting Information), the hydrogen genera-
tion rate reached 28 umol (h - cm?)™" or 0.68 mL (h - cm?)™! in
BE, while no hydrogen evolution was observed in the BT10 elec-
trolyte.

Zn||Zn and Cul|Zn cells were assembled to investigate the
reversibility of Zn metal anodes in the WiSCEs. As shown in
Figure S27a,b (Supporting Information), abundant byproducts
and porous Zn deposits were formed on the surface of Zn metal
anodes during long-term cycling, which resulted in a short cy-
cle life of the BE-based symmetric cell. However, in the BT10
electrolyte, the cycled Zn metal anode exhibited a dendrite-free
morphology (Figure S27c¢,d, Supporting Information) because of
the significantly suppressed hydrogen evolution, Zn corrosion,
and dendrite growth. Therefore, the cycle life of the BT10-based
Zn||Zn symmetric cell could be significantly prolonged to 980 h
with lower voltage hysteresis (Figure S28, Supporting Informa-
tion). Nevertheless, as confirmed by SEM (Figure S27¢c, Support-
ing Information) and XRD (Figure S29, Supporting Informa-
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tion) data, a small amount of Zn,SO,(OH), - H,0 byproduct was
formed on the surface of the Zn metal anode during long-term
cycling, resulting in gradually increased voltage hysteresis of the
Zn||Zn symmetric cells."™ As shown in Figure S30 (Supporting
Information), the BT10-based Zn||Zn symmetric cell also exhib-
ited a lower charge transfer resistance of 230 Q compared with
that (270 Q) of the BE-based Zn||Zn cell, implying its fast kinet-
ics during Zn plating/stripping.

Figure 3h shows the rate capabilities of the Zn||Zn symmetric
cells based on BE and BT10 electrolytes. The BT10-based sym-
metric cell exhibited a stable voltage profile with low voltage hys-
teresis upon changing current densities. The overpotentials of
the BT10-based Zn||Zn symmetric cells monotonically increased
from 26.9 mV at 0.5 mA cm™ to 123.8 mV at 10 mA cm™ at
a constant areal capacity of 1 mAh ¢cm~? (Figure S31, Support-
ing Information), agreeing well with the trend observed in pre-
vious studies.[®®®”] Comparatively, the BE-based symmetric cell
quickly failed when switching the current density from 10 to
1 mA cm~2. As shown in Figure 3i, when cycled at lower areal
capacities of 0.5 and 0.1 mAh cm~2 with a C-rate of 1 C, the cycle
life of the BT10-based symmetric cells could be further extended
to 1370 and 2000 h, respectively. In contrast, the BE-based Zn||Zn
symmetric cells generally failed after cycling for ~100 h (Figure
S32, Supporting Information) due to fast dendrite growth and
severe water-induced parasitic reactions. The enhanced Zn plat-
ing/stripping reversibility could be mainly attributed to the low
water activities and high mechanical stiffness of the quasi-solid-
state BT'10 electrolyte, making it effective in suppressing HER,
Zn corrosion, and dendrite growth over long-term cycling. As
shown in Figure S33 (Supporting Information), at a constant rate
of 1 C (i.e., plating or stripping for 1 h), the BT'10-based Zn||Zn
symmetric cells exhibited initial nucleation overpotentials of
—32, =75, and =99 mV at 0.1, 0.5, and 1 mA cm~2, respectively.
This suggested that more Zn nuclei were formed on the Zn metal
surface at 1 mA cm~ and 1 mAh cm~2.1%58] During the following
plating process, the reduction of Zn?* on the nucleus was much
easier than on the uncycled Zn surface, leading to a significant
reduction in the plating overpotential at the equilibrium stage.[®”]
Therefore, the equilibrium plating overpotential of the BT10-
based Zn||Zn symmetric cell at 1 mA cm=2 and 1 mAh cm™
was lower than that at 0.5 mA cm™ and 0.5 mAh cm™? (or
0.1 mA cm~2 and 0.1 mAh cm™2), similar to the phenomenon
observed in prior work.[’l Meanwhile, the quasi-solid-state BT10
electrolyte significantly inhibited water-induced parasitic reac-
tions that would otherwise result in low Coulombic efficiency
(CE) during Zn plating/stripping. As shown in Figure S34
(Supporting Information), the BE-based Cul|Zn half-cell pos-
sessed a low initial CE of 83.75% and failed after 60 cycles at
1 mA cm™. In comparison, the initial CE of the BT10-based
Cul|Zn half-cell increased to 96.87%, and a high average CE of
99.53% was achieved during the cycling, confirming remarkably
inhibited water-induced parasitic reactions in the quasi-solid-
state BT10 electrolyte. Furthermore, the nucleation overpotential
dropped dramatically from 41 to 12 mV (Figure S35, Supporting
Information), suggesting a lower energy barrier for Zn reduction
in the BT10 electrolyte, which is conducive to the uniform nu-
cleation and deposition of Zn metal.l?] The low Zn nucleation
energy barrier, fast interfacial charge transfer kinetics, and rapid
Zn?* migration ultimately resulted in the lower overpotential of
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Figure 4. The electrochemical performance of Zn||NVO full cells based on BE and BT10 electrolytes. a) CV curves at a scan rate of 0.1 mV s. b) Galvano-
static charge/discharge curves at a current density of 0.1 A g. c) Rate capabilities. Long-term cyclic stability of Zn||NVO full cells based on BE and BT10
electrolytes at different current densities of d) 1, €) 0.1, and f) 3 A g~". g) Self-discharge performance of fully charged Zn||NVO full cells based on BE

and BT10 electrolytes.

the BT10-based Zn||Zn symmetric cell in comparison to the BE-
based device.[”]

2.4. Electrochemical Performance of the WiSCE-Based Full Cells

To demonstrate the advantages of the WiSCEs in practical
applications, AZIB full cells were assembled using a widely
reported cathode material, sodium-doped V,0, (NVO).[772]
Figure 4a,b shows the cyclic voltammetry (CV) and galvanos-
tatic charge/discharge curves of the Zn||NVO full cells based
on BE and BT10 electrolytes, respectively. Similar redox peaks
during the CV test and nearly identical voltage profiles during
charge/discharge were observed, suggesting that no extra redox
or parasitic reactions were introduced by BT. Figure 4c shows the
rate capabilities of the full cells based on the two electrolytes, in
which the BT10-based cell exhibited discharge capacities of 313.0,
217.2,181.2, 146.1, and 86.1 mAh g! at current densities of 0.1,
0.5, 1,2, and 5 A g7, respectively. The specific capacity of the
BT10-based full cell recovered to 180.1 mAh g~! when the current
density returned to 1 A g, higher than that (170.8 mAh g1) of
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the BE-based cell. Moreover, the BT10-based full cell exhibited a
lower charge transfer resistance compared with that of the BE-
based cell (Figure S36, Supporting Information), consistent with
the results obtained in symmetric cells.

Figure 4d—f shows the comparative long-term cyclic stabil-
ity and CEs of the Zn||NVO full cells based on BE and BT10
electrolytes at three different current densities. As shown in
Figure 4d, the capacity of the BT10-based full cell increased from
122.1 mAh g™ at the first cycle to 160.7 mAh g™ after 20 cycles
at1 A g7! due to the electrochemical activation of the cathode.l”?]
After 1000 and 2000 cycles, the capacities of the BT10-based full
cell retained 144.9 and 118.0 mAh g™, respectively. In contrast,
the capacity of the BE-based full cell decayed to 71.6 mAh g~ after
1000 cycles and failed after #1900 cycles. Note that at a constant
current density of 1 A g~!, the initial capacity (224.8 mAh g1,
Figure 4d) of the BE-based Zn||NVO full cell during the long-term
cycling tests was higher than that (181.2 mAh g1, Figure 4c) of
the BE-based battery during the rate capability tests. This could
be attributed to the fast capacity degradation of the BE-based bat-
tery that occurred at 0.1 and 0.5 A g~! during the rate capability
tests. At a lower current density of 0.1 A g~!, the BT10-based full

© 2023 Wiley-VCH GmbH

ASURDI'] suowto)) 2Anear) d[qesridde ayy £q pauIaA0S are SA[ONIE Y 8N JO SN 10§ AIRIGIT SUI[UQ A3[TAY UO (SUOTIPUOD-PUB-SULIAY/ WO K3[1M" AIRIqI[auT[uo//:sd)y) SUONIPUOY) Pue SWIA], 3y 33§ *[€70T/L0/81] U0 Areiqi aurjuQ L3I “swec] AoN JO ANs1oatun £q Z8£00€T0T WUR/Z00T 01 /10p/wod Aa[im’ K1eiqrjaurjuoy/:sdny woiy papeojumod ‘0 089+ 191



ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

www.advenergymat.de

(b) 200

(a)
5160 Jr._.......~ e Store atRT | " « vy 100
g 3 g 150 .
E E S
P =100 - L a5 &
£ £ W
g g 50
8 40 1 ~Fresh cell ~10 days 8 -BE
0 12 30days =60 days BT10-based Zn||NVO 0 -BT10 Store at RT, 10 days| 80
0 400 800 1200 1600 2000 0 500 1000 1500 2000
Cycle number Cycle number
e ] store atsoc | @30 100
5160 2 ore a 3’280 o - —
= =
< r e . S s o O O 4 | —
E 120 ] M £210 - 9
2 80 4 > Cycling at 50°C [ 90 w
g 1 b =
& 40 {~Fresh cell -1 day 2 days § 70 <BE
2 0 1+5days -=10days BT10-based Zn||NVO o 1A/g -BT10 80
0 400 800 1200 1600 2000 0 80 160 240 320 400

Cycle number

Cycle number

Figure 5. a) Cyclic stability of BT10-based full cells after being stored at room temperature for up to 60 days. b) Cyclic stability of BE- and BT10-based
full cells after 10-day storage at room temperature. c) Cyclic stability of BT10-based full cells tested at room temperature after storage at 50°C for up to
10 days. d) Cyclic stability of fresh BT10-based full cells working at 50°C with a current density of 1A g~

cell displayed a high initial discharge capacity of 318.5 mAh g7,
as shown in Figure 4e. The capacity decreased to 284.5 mAh g~!
at the 2" cycle and retained 257.4 mAh g~ at the 200" cycle,
corresponding to a high retention rate of 90.47% over 200 cycles,
while the BE-based full cell only retained 21.49% of its initial ca-
pacity after 200 cycles at 0.1 A g~' due to the severe parasitic re-
actions. At a high current density of 3 A g1, the capacity of the
BT10-based full cell retained 88.29% after 5000 cycles, substan-
tially outperforming that (4.44%) of the BE-based full cell under
the same condition (Figure 4f). Moreover, the CEs of the BT10-
based full cells were much more stable than those of BE-based
batteries at the three current densities. Note that the initial capac-
ities of the BT10-based Zn||NVO full cells were lower than those
of the BE-based Zn||NVO full cells at current densities of 1 and
3 A g™!, which is likely due to the decreased electrolyte-electrode
wettability resulting from the low water content, high viscosity,
and high modulus of the BT10 electrolyte.”*) Compared with pre-
viously reported AZIBs with other electrolyte additives!”>) and
high-cost water-in-salt electrolytes,/’®! the BT10-based full cells
exhibited superior cyclic stability at different current densities
(Table S1, Supporting Information), signifying that the WiSCE is
promising for the fabrication of high-performance AZIBs. To un-
derstand the remarkably improved cyclic stability of BT10-based
full cells, the morphology of the cycled Zn metal anode was char-
acterized by SEM (Figure S37, Supporting Information). After
1000 cycles at 3 A g~!, the Zn metal anode cycled in BT10 elec-
trolyte maintained a dendrite-free morphology due to the high
stiffness of the quasi-solid-state electrolyte and suppressed water
activities, which is in sharp contrast with that of the Zn metal an-
ode cycled in BE. These results confirmed that BT, a low-cost and
high-availability electrolyte additive, provided a favorable aque-
ous environment for Zn metal anodes. Thus, the cyclability of
BT10-based full cells could be significantly enhanced at low and
high charge/discharge C-rates, which is highly desired in practi-
cal grid-scale energy storage applications.

In addition, Figure 4g exhibits the comparative self-discharge
performance of the Zn||NVO full cells based on BE and BT10
electrolytes, which is evaluated by monitoring the open circuit
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voltage (OCV) of fully charged cells during rest time up to 60
days before being fully discharged to 0.4 V. Figure S38 (Support-
ing Information) shows the corresponding voltage profiles of the
Zn||NVO full cells during resting. Because of the severe parasitic
reactions, the OCV of the BE-based full cells quickly dropped to
1.04 V after resting for 2 days and retained only 0.96 V after rest-
ing for 10 days. When further extending the resting time, drastic
voltage drops were observed for the BE-based full cells, indicat-
ing the failure of these batteries because of severe hydrogen evo-
lution and Zn corrosion during long-term resting. On the con-
trary, for the BT10-based full cells, the OCV dropped to 1.24 V
after resting for 2 days and retained 1.13 V after resting for 60
days, corresponding to an ultralow voltage decay rate of 1.89 mV
per day or 0.079 mV h~!, which is one order of magnitude lower
than those of previously reported aqueous batteries.[””78] More-
over, the BT10-based full cell still retained 43.74% of its charge
capacity after resting for 60 days (Figure S39, Supporting Infor-
mation), demonstrating that the quasi-solid-state electrolyte is
highly promising for practical AZIBs that require long-term stor-
age capabilities.

The superior long-term storage capability of the BT10-based
full cells was further demonstrated by storing the assembled full
cells at room temperature for up to 60 days before cyclic gal-
vanostatic charge/discharge tests. As shown in Figure 5a, after
60 days of storage, the BT10-based full cell still featured extraor-
dinary cyclic stability and a high average CE (99.94%, Figure S40,
Supporting Information) over 2000 cycles at 1 A g™, indicating
its ultralong shelf life and outstanding resistance to performance
degradation during long-term storage. In comparison, Figure 5b
exhibits that the BE-based full cell suffered from severe capacity
degradation after 10-day storage and failed when further extend-
ing the storage time (Figure S41, Supporting Information). At a
higher temperature of 50°C, the shelflife of the BE-based full cell
was further decreased to less than 1 day (Figure S42, Supporting
Information) due to the significantly accelerated hydrogen evolu-
tion and Zn corrosion. However, as shown in Figure 5¢c, the BT'10-
based full cell still exhibited excellent cyclic stability over 2000
cycles at 1 A g1 after 10-day storage at 50°C, signifying its long
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shelf life at elevated temperatures. Moreover, Figure 5d shows
that the as-assembled BT10-based full cell could safely operate at
50°C over 400 cycles at 1 A g~! and retained 84.54% of its initial
capacity of 220.5 mAh g~!, outperforming the high-temperature
adaptability of most AZIBs reported in prior work (Table S2, Sup-
porting Information). These results manifested the extraordinary
shelf life and high-temperature adaptability of the BT10-based
full cells toward practical energy storage applications.

3. Conclusion

A new type of quasi-solid-state WiSCE was developed to reduce
free water contents and suppress water activities for highly re-
versible Zn plating/stripping in aqueous environments. By intro-
ducing a low-cost and high-availability swelling clay, BT, into the
mild acidic electrolyte, water molecules could be strongly con-
fined within the interlayers of BT crystals, leading to low wa-
ter activities in the quasi-solid-state electrolyte. The formation of
gel structures between BT plates also enabled the high stiffness
and high viscosity of the BT-based electrolyte. Therefore, dendrite
growth, Zn corrosion, and gas evolutions at the Zn/electrolyte
interface could be effectively inhibited. In addition, the WiSCE-
based Zn||NVO full cells exhibited excellent cyclic stability at dif-
ferent current densities. Particularly, the capacities of the full cells
retained 90.47% after 200 cycles at 0.1 A g~!, 96.64% after 2000
cycles at 1 A g1, and 88.29% after 5000 cycles at 3 A g~'. This
work revealed that a natural swelling clay, BT, with layered struc-
tures could effectively enhance the cyclic stability, safety, and re-
liability of AZIBs. Benefiting from the low cost, high availability,
and facile functionalization of BT, the quasi-solid-state WiSCE
with low water activities would be promising to design high-
performance AZIBs and accelerate their commercialization in
grid-scale energy storage applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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