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Abstract:

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,
anovel 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 A/g. 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 side reactions and thus greatly improves cyclic stability.
Compared to the state-of-the-art “water-in-salt” electrolyte, 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 in 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 advantages such as low safety risks, abundant
elemental resources, low cost, and eco-friendliness [1, 2]. Although the electrochemical
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 decompositions (e.g., hydrogen evolution reaction — HER), zinc corrosion,
byproduct passivation, and dendrite growth [3, 4]. These issues can cause fast performance
degradation, rapid self-discharge, and quick catastrophic failure of AZIBs during charge/discharge.
Furthermore, Zn metal anodes continuously react with water over long-term resting, leading to the
unsatisfactory shelf life of AZIBs [5]. At elevated temperatures, water-induced parasitic reactions
become more severe owing to accelerated chemical reactions [5, 6], which further hinders the
widespread applications of AZIBs.

To date, many strategies have been proposed to address water-induced challenges, including
Zn surface modification [7-9], Zn crystallography modulation [10-12], separator functionalization
[13-15], and electrolyte engineering [16-18]. Among them, electrolyte engineering has been
widely considered the most promising strategy to regulate water activities to promote reversible
Zn-metal battery chemistries in aqueous environments [19]. As summarized in Table S1, a wide
range of additives have been added to baseline electrolytes (e.g., 1 — 3 M ZnSOs in water),
including inorganic oxides [20-23], salts [24-27], polymers [28-30], graphene quantum dots [31]
and organic compounds [32-35]. 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) [36, 37]. Unfortunately,



the majority of electrolyte additives (Table S1) have limited effect in enhancing the cyclic stability
of AZIBs at low C-rates (< 10 C) or low current densities (< 1 A/g). 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 reactions, such as HER and Zn corrosion,
which has been elaborated in several reviews [37-39]. Moreover, the high cost and limited material
availability of conventional additives adversely affect the advantages of AZIBs as economic and
scalable alternatives. 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 aqueous 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, ALH»012Si4) with the baseline electrolyte (BE, 2 M ZnSO4 in water). The
resulting WiSCE — possessed low salt concentration (1.2 M), high ionic conductivity (16.8 mS/cm),
and increased storage modulus (1.1 MPa). Furthermore, water molecules could be effectively
confined between the interlayers of BT crystals, leading 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/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 reliable AZIBs. Moreover, this
work opens up a new path for designing high-performance aqueous electrolytes based on swelling

clays.



2. Results and discussion

2.1. Electrolyte design principles
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Figure 1. Schematical illustration of (a) configuration of WiSCE-based cells and (b) hydration swelling of
BT. (¢) Cyclic stability of Zn||Zn symmetric cells based on WiSCEs with different BT contents at a current

density of 1 mA/cm? and an areal capacity of 1 mAh/cm?.

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 electrodes
(e.g., Zn metal anode or cathode). BT, or the synonym of montmorillonite, has two silica
tetrahedral sheets (SiO4) and a sandwiched alumina octahedral (AlOs) sheet with extraordinary
hydration swelling capability [40]. Once immersed into aqueous electrolytes, a significant amount
of water molecules could be intercalated into BT crystals (Figure 1b), a phenomenon known as

interlayer swelling [41-43]. We hypothesize that water activities can be remarkably suppressed by
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confining water molecules within the interlayers of such mineral clays with excellent swelling
capabilities, preventing Zn metal anodes from water-induced parasitic reactions and thus

enhancing their reversibility in aqueous environments.

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 1¢). 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 BT 10-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. The cyclic stability of WiSCE-based AZIB full cells
exhibited the same trend when varying the concentrations of BT, and the BT10-based battery
displayed the highest stability during long-term cycling (Figure S1). Most importantly, other
natural clays or inorganic materials without interlayer swelling capabilities but with similar
chemical compositions such as kaolinite (KL, Al2H409Si2) and silicon dioxide (SiO2) could not
enhance the cyclic stability of full cells when added into BE as comparisons (Figure S2 and Figure
S3). For KL or SiO, water molecules can only be absorbed on the particle surfaces, resulting in
limited confinement effect and thus poor cyclic stability of AZIB full cells. Such a comparison
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) [44, 45], rendering it the most cost-
competitive electrolyte additive for AZIBs to the best of our knowledge, as summarized in Table

S1. For instance, the state-of-the-art “water-in-salt” electrolyte [46], 1 mol Zn(TFSI), and 20 mol



LiTFSI in 1 kg of water, costs $6.87 million per metric ton, which is 7,438 times higher than the
cost (8924 per metric ton) of the WiSCE (see detailed cost estimation in SI). 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 reported AZIB full cell based on the “water-in-salt” electrolyte [46].

2.2. Electrolyte properties and structures

The BT powder exhibited an irregular flake-like shape with an average particle size of less than
10 um (Figure S4) and consisted of Si, Al, and O as confirmed by X-ray photoelectron
spectroscopy (Figure S5). Upon adding high concentrations of BT into the baseline electrolyte (i.e.,
2 M ZnSO0Os in water), the resulting WiSCEs turned into a quasi-solid-state (Figure S6) due to the
formation of gel structures between BT plates [47]. 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 increasing BT concentration.
Remarkably, the water content in BT10 decreased to 41.3 wt% (Figure S7), much lower than those
of BE (75.3 wt%) and previously reported polymeric hydrogel electrolytes (66.3 — 88.8 wt%) [48].
Moreover, the complete 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 (doo1) of 12.2 A and
several characteristic diffraction peaks of montmorillonite at 7°, 20°, 29°, 35" and quartz at 27" [49].
In the WiSCEs, the doo1 of BT crystals increased to 18.9 A because of water intercalation,

corresponding to an enlarged interlayer spacing from 2.6 to 9.3 A (Figure S8) [50]. Based on the



interlayer spacing, a volume expansion ratio (ER) of 54.9% of the swelled BT in BT10 electrolyte
could be determined according to the method described in prior work [51], which suggested that
approximately 35.6 vol% of free water from the BE was confined within the interlayers of BT
crystals (see calculation details in SI). Additionally, water molecules could also be adsorbed on
the external surface of BT [52-54], resulting in significantly decreased amounts of free water 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. Consequently, BT10 still maintained
a high ionic conductivity of 16.8 mS/cm (Figure 2¢) given the ultrahigh viscosity (1363.4 Pa-s)
and diluted salt concentration (1.2 M, Figure S9) upon BT addition. In comparison, BE with a salt
concentration of 2 M exhibited an ionic conductivity of 51.9 mS/cm and a low viscosity of 6.6
Pa-s. 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 [55].
The addition of BT also affected the pH of the WiSCEs because of the hydrolysis of BT and the
adsorption of Zn ions [56, 57]. For the electrolytes ranging from BT4 to BT10, their pH values
stabilized at approximately 5.5 (Figure S10), which could alleviate Zn corrosion and hydrogen
evolutions in such near-neutral environments [25]. 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 dendrite growth [58, 59]. Moreover, the WiSCEs
exhibited solid-like rheological properties (Figure S11) due to the formation of gel structures [40,

60], which is highly desired in practical applications vulnerable to electrolyte leakage [61, 62].
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Figure 2. Physical and chemical properties of BT and WiSCEs. (a) TGA curves. (b) XRD curves. (c) lonic
conductivities and viscosities of the WiSCEs with different amounts of BT. (d) Storage modulus. (¢) FTIR
spectra. (f) Raman spectra. (g) Atomic surface model of Zn** and H,O adsorption at site 1 (Zn** 1 and

H,O 1) of the BT crystal. (h) Adsorption energies of Zn** and H,O at different sites.

To further unveil the interactions between water molecules and BT, Fourier-transform infrared
(FTIR) spectroscopy and Raman spectroscopy were conducted. In the FTIR spectra (Figure 2e and
Figure S12), the broad peak ranging from 2700 to 3700 cm™! because of O — H stretching vibration
shifted to higher wavenumbers with a steadily decreased magnitude when increasing the
concentration of BT. This implied the strengthened hydrogen-bonding (H-bonding) interactions
between water and BT and the weakened H-bonding interactions among water molecules [63-65].
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 BT 10 electrolyte
9



was largely suppressed because of the limited amounts of free water molecules [66]. Moreover, in
the Raman spectrum of BE, the broad peak of O — H stretching vibration can be convolved into
two major peaks located at 3280 and 3430 cm™! corresponding to water molecules with strong and
weak H-bonds [67], respectively. In BT10 electrolyte, 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 [67]. These results suggested that the addition of BT effectively reconstructed the H-
bonding networks between water molecules and resulted in low water activities in BT10 electrolyte.
The stretching vibrations of SO4> located at 454 and 623 cm™' were also largely blue-shifted

(Figure S13) in the presence of BT, implying the changes of solvation environments [68].

To validate the experimental results, the adsorption of H>O and Zn?" onto the surface of BT
crystals was examined by density functional theory (DFT) calculations, as shown in Figure 2g.
Three adsorption configurations (Figure S14 and Figure S15) were defined due to the symmetricity
of the (001) basal plane of BT crystals. Figure 2h shows the adsorption energies of Zn** and H>O
at different sites. At site 1 — the center of the hexagon-like oxygen rings, Zn>* adsorption was
thermodynamically stable with an adsorption energy of -0.96 eV attributed to the Coulombic
interactions between Zn?* and oxygen atoms on BT surface. The strong Zn?** adsorption of BT
could potentially alter the solvation environment of Zn?" and their diffusion pathways, thus
facilitating fast ion diffusions and reversible Zn plating/stripping. Nevertheless, molecular
dynamics simulations (Figure S16, see details in SI) indicated that the Zn ions existing within the
BT interlayers or in BE possessed the same solvation structure with a coordination number of 6
(Figure S17) 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)s [69]. Meanwhile, stable water adsorptions were observed on the
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entire BT surface with a 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
adsorbed H»O and the oxygen atom on BT surface (Figure S14a). These results implied that the
strong water adsorption by BT was enabled by the formation of H-bonds between the two species,

which further resulted in the low water activities in the quasi-solid-state WiSCEs.

2.3. Stability of Zn metal in the WiSCEs

Figure 3a shows the comparative chronoamperometry (CA) curves of the Zn metal electrodes
in BE and WiSCEs with a constant 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
remarkable tipping effect induced by Zn dendrite growth [70, 71]. On the contrary, the plating of
Zn in the WiSCEs quickly developed into a stable 3D diffusion process after a very short period
(~ 20 s) of Zn nucleation and 2D diffusion. 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 [71]. 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 BT10 electrolyte,
the HER onset potential was delayed to -1.04 V vs. Ag/AgCl with a low current during hydrogen
evolutions, which could be attributed to the limited free water molecules, low water activities, and
near-neutral pH (~ 5.5) environment of the quasi-solid-state electrolyte. The oxygen evolution
reaction (Figure S18) was also retarded and suppressed in BT10 electrolyte, suggesting the high

stability of water molecules.
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Figure 3. (a) CA curves of WiSCEs with different amounts of BT. (b) LSV curves of BE and BT10
electrolytes. (c) The corrosion current densities of Zn metal electrodes in the WiSCEs fitted from Tafel
curves. SEM images of Zn metal soaked in (d) BE and (¢) BT10 electrolytes for 30 days at room temperature.
SEM images of Zn metal soaked in (f) BE and (g) BT10 electrolytes for 10 days at 50°C. Scale bar: (d)-(g)

50 pm.

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 (icor = 15.86
mA/cm?) indicated the aggressive corrosion of Zn metal in BE. In WiSCEs, the i oy
monotonically decreased to 4.20 mA/cm? in BT10 when increasing the BT content. The Zn metal
electrodes also exhibited more negative corrosion potentials (approximately -1.01 V vs. Ag/AgCl)
in WiSCEs compared with that (-1.00 V vs. Ag/AgCl) in BE (Figure S19). These results reflected
the low corrosion rate and excellent 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 concentrated WiSCEs was further confirmed by soaking tests. After being soaked in

BE for 30 days at room temperature, the pristine smooth Zn surface (Figure S20) was passivated
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by numerous flake-like byproducts (Figure 3d), indicating the severe corrosion and passivation of
Zn in the mild acidic electrolyte. In contrast, the Zn metal soaked in BT10 electrolyte under the
same condition remained nearly intact and free of precipitated byproducts (Figure 3e and Figure
S21a). Even at an elevated temperature (50°C), Zn metal still demonstrated superior corrosion
resistance in BT10 electrolyte. Unlike the intense passivation of Zn surface by the precipitation of
large-flake byproducts in BE (Figure 3f), the Zn surface remained nearly free of byproducts
(Figure 3g and Figure S21b) after being soaked in BT10 electrolyte for 10 days at 50°C, which
was further evidenced by XRD tests (Figure S22). Moreover, the rate of hydrogen evolutions
during the soaking test was quantified using an analytical balance (see details in SI). As shown in
Figure S23, the hydrogen generation rate reached 28 pmol/(h-cm?) or 0.68 mL/(h-cm?) in BE while

no hydrogen evolutions were observed in BT 10 electrolyte.

2.4. Reversibility of Zn metal anodes in WiSCEs

Zn||Zn and Cul|Zn cells were assembled to investigate the reversibility of Zn metal anodes in
the WiSCEs. Figure 4a compares the cyclic stability of Zn||Zn symmetric cells based on BE and
BT10 electrolytes at a current density of 1 mA/cm? and a capacity of 1 mAh/cm?. A typical BE-
based Zn||Zn symmetric cell failed after approximately 80 h with significant voltage fluctuations.
During long-term cycling, abundant byproducts and porous Zn deposits were formed on the
surface of Zn metal anodes (Figure S24a-b), which resulted in a short cycle life of the BE-based
symmetric cell. However, in BT 10 electrolyte, the cycled Zn metal anode exhibited a dendrite-free
morphology (Figure S24c-d) because of the significantly suppressed hydrogen evolutions, Zn
corrosion, and dendrite growth. Therefore, the cycle life of the BT10-based Zn||Zn symmetric cell
can be prolonged to 980 h with lower voltage hysteresis (Figure S25). Nevertheless, the voltage

hysteresis gradually increased during cycling because a small amount of byproducts was still
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produced on the surface of Zn metal anode, as confirmed by SEM (Figure S24c) and XRD (Figure
S26), which remains to be optimized in future work. As shown in Figure S27, BT10-based Zn||Zn
symmetric cell also exhibited a lower charge transfer resistance of 230 QO compared with that (270

Q) of the BE-based Zn||Zn cell, implying its fast kinetics during Zn plating/stripping.
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Figure 4. (a) Cyclic stability of Zn||Zn symmetric cells in BE and BT10 electrolytes at a current density of
1 mA/cm? and a capacity of 1 mAh/cm?. (b) Rate capability of Zn||Zn symmetric cells in BE and BT10
electrolytes. (c) Cyclic stability of Zn||Zn symmetric cells in BE and BT10 electrolytes at different current
densities and areal capacities. (d) Coulombic efficiencies and (e) voltage profiles of Cu||Zn half cells in BE

and BT10 electrolytes at a current density of 1 mA/cm?.

Figure 4b shows the rate capabilities of the Zn||Zn symmetric cells based on BE and BT10

electrolytes. The BT10-based symmetric cell exhibited a stable voltage profile with low voltage
14



hysteresis upon changing current densities. Comparatively, the BE-based symmetric cell quickly
failed when switching the current density from 10 to 1 mA/cm?. As shown in Figure 4c, when
cycled at lower areal capacities of 0.5 and 0.1 mAh/cm? with a C-rate of 1 C, the cycle life of the
BT10-based symmetric cells could be further extended to 1370 h and 2000 h, respectively. The
enhanced Zn plating/stripping reversibility could be mainly attributed to the low water activities
and high mechanical stiffness of the quasi-solid-state BT10 electrolyte, making it effective in
suppressing HER, Zn corrosion, and dendrite growth over long-term cycling. Meanwhile, the
quasi-solid-state BT10 electrolyte significantly inhibited water-induced parasitic reactions that
would otherwise result in low Coulombic efficiency (CE) during Zn plating/stripping. As shown
in Figure 4d, the BE-based Cul|Zn half cell possessed a low initial CE of 83.75% and failed after
60 cycles at 1 mA/cm? with a significant drop of voltage hysteresis (Figure S28). In comparison,
the initial CE of the BT10-based Cu||Zn half cell increased to 96.87%, and a high average CE of
99.53% was achieved during the cycling. The corresponding voltage profiles shown in Figure 4e
remained unchanged from 50 to 150 cycles, 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 S29), suggesting a lower energy
barrier of Zn reduction in BT10 electrolyte, which is conducive to the uniform nucleation and

deposition of Zn metal [34].
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2.5. Electrochemical performance of the WiSCE-based full cells
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Figure 5. 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) Galvanostatic 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 A/g, (e) 0.1 A/g, and (f) 3 A/g. (g) Self-discharge

performance of fully charged Zn||[NVO full cells based on BE and BT10 electrolytes.

To demonstrate the advantages of the WiSCEs in practical applications, AZIB full cells were
assembled using the widely reported cathode material — sodium doped V.05 (NVO) [72, 73].
Figure 5a and Figure 5b show the cyclic voltammetry (CV) and galvanostatic 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
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observed, suggesting that no extra redox or parasitic reactions were introduced by BT. Figure 5c¢
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, 86.1 mAh/g at current densities
of 0.1, 0.5, 1, 2, 5 A/g, 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/g) of 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 S30), consistent with the results obtained in

symmetric cells.

Figures 5d-f show the comparative long-term cyclic stability and CEs of the Zn||[NVO full cells
based on BE and BT10 electrolytes at three different current densities. At a current density of 1
A/g, the BT10-based full cell exhibited an initial discharge capacity of 122.1 mAh/g and
maintained a discharge capacity of 118.0 mAh/g after 2000 cycles (Figure 5d), corresponding to
an ultrahigh capacity retention rate of 96.64%. In contrast, the capacity of the BE-based full cell
retained only 32.01% after 1000 cycles and failed after approximately 1900 cycles. At a lower
current density of 0.1 A/g, the BT10-based full cell displayed a high initial discharge capacity of
318.5 mAh/g, as shown in Figure 5e. 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 capacity after 200 cycles at
0.1 A/g due to the severe parasitic reactions. At a high current density of 3 A/g, the capacity of the
BT10-based full cell retained 88.29% after 5000 cycles, substantially outperforming that (4.44%)
of the BE-based full cell under the same condition (Figure 5f). Moreover, the CEs of the BT10-
based full cells were much more stable than those of BE-based batteries at the three current

densities. Compared with previously reported AZIBs with different electrolyte additives, the
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BT10-based full cells exhibited substantially better cyclic stability at practical C-rates (Table S1).
To understand the remarkably improved cyclic stability of BT10-based full cells, the morphology
of the cycled Zn metal anode was characterized by SEM (Figure S31). After 1000 cycles at 3 A/g,
the Zn metal anode cycled in BT10 electrolyte 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 anode cycled in BE. These results confirmed that BT, a low-cost
and high-availability electrolyte additive, provided a favorable aqueous 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 practical grid-scale energy storage

applications.

In addition, Figure 5g 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 voltage
(OCV) of fully charged cells during rest time up to 60 days before being fully discharged to 0.4 V.
Figure S32 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 resting for 10 days. When further
extending the resting time, drastic voltage drops were observed for the BE-based full cells,
indicating the failure of these batteries because of severe hydrogen evolutions and Zn corrosion
during long-term resting. On the contrary, 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 degradation rate of 1.89 mV/day or 0.079 mV/h, which is one order of magnitude lower
than those of previously reported aqueous batteries [74, 75]. Moreover, the BT10-based full cell

still retained 43.74% of its charge capacity after resting for 60 days (Figure S33), demonstrating
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that the quasi-solid-state electrolyte is highly promising for practical AZIBs that require long-term

storage capabilities.
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Figure 6. (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 BT 10-based full cells after storage at 50°C for up to 10 days. (d) Cyclic stability of BT10-

based full cells working at 50°C at a current density of 1 A/g.

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 galvanostatic
charge/discharge tests. As shown in Figure 6a, after 60 days of storage, the BT10-based full cell
still featured extraordinary cyclic stability and high average CE (99.94%, Figure S34) 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 6b exhibits that the BE-based full
cell suffered from severe capacity degradation after 10-day storage and failed when further

extending the storage time (Figure S35). At a higher temperature of 50°C, the shelf life of the BE-
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based full cell was further decreased to less than 1 day (Figure S36) due to the significantly
accelerated hydrogen evolutions and Zn corrosion. However, as shown in Figure 6¢, the BT10-
based full cell still exhibited excellent cyclic stability over 2000 cycles at 1 A/g after 10-day
storage at 50°C, signifying its long shelf life at elevated temperatures. Moreover, Figure 6d 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). These results manifested the
extraordinary shelf life and high-temperature adaptability of the BT10-based full cells toward

practical energy storage applications.

3. Conclusions

A new type of quasi-solid-state WiSCE was developed to reduce free water contents and
suppress water activities for highly reversible Zn plating/stripping in aqueous environments. By
introducing a low-cost and high-availability swelling clay — BT, into the mild acidic electrolyte,
water molecules could be strongly confined within the interlayers of BT crystals, leading to low
water 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, the
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 ultrahigh cyclic
stability at low and high 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/g, and 88.29% after 5000 cycles at 3
A/g. This work revealed that a natural swelling clay — BT with layered structures could effectively
enhance the cyclic stability, safety, and durability of AZIBs. Benefiting from the low cost, high

availability, and facile functionalization of BT, the WiSCE would be promising to design high-
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performance AZIBs and accelerate their commercialization in grid-scale energy storage

applications.
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