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ABSTRACT: The development of aqueous zinc-ion batteries (AZIBs) faces significant challenges because of water-
induced side reactions arising from the high water activity in aqueous electrolytes. Herein, a quasi-solid-state
electrolyte membrane with low water activity is designed based on a laponite (LP) nanoclay for separator-free
AZIBs. The mechanically robust LP-based membrane can perform simultaneously as a separator and a quasi-solid-
state electrolyte to inhibit dendrite growth and water-induced side reactions at the Zn/electrolyte interface. A
combination of density functional theory calculations, theoretical analyses, and experiments ascertains that the water
activities associated with self-dissociation, byproduct formation, and electrochemical decomposition could be
substantially suppressed when the water molecules are absorbed by LP. This could be attributed to the high water
adsorption and hydration capabilities of LP nanocrystals, resulting from the strong Coulombic and hydrogen-
binding interactions between water and LP. Most importantly, the separator-free AZIBs exhibit high capacity
retention rates of 94.10% after 2,000 cycles at 1 A/g and 86.32% after 10,000 cycles at 3 A/g, along with enhanced
durability and record-low voltage decay rates over a 60-day storage period. This work provides a fundamental
understanding of water activity and demonstrates that LP nanoclay is promising for ultrastable separator-free AZIBs
for practical energy storage applications.

KEYWORDS: Laponite swelling nanoclay, Electrolytes, Separator-free, Water activity, Zn metal anodes,
Aqueous zinc-ion batteries

1. INTRODUCTION grid-scale energy storage applications due to their distinct

In the past few decades, tremendous efforts have been devoted advantages, including low-cost, eco-friendliness, high material

to utilizing renewable energy resources such as wind and

sunlight to address the worldwide energy crisis and global Received: April 18, 2023
warming." However, managing the intermittent power gen- Accepted:  July 12, 2023
erated from these renewable energy devices remains challenging Published: July 28, 2023

due to the lack of high-performance, low-cost, and high-safety
grid-scale energy storage systems.” Recently, aqueous zinc-ion

batteries (AZIBs) have emerged as promising candidates for

© 2023 American Chemical Society https://doi.org/10.1021/acsnano.3c03500

W ACS PUblicationS 14930 ACS Nano 2023, 17, 1493014942


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Siyu+Tian%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Taesoon+Hwang%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Yafen+Tian%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Yue+Zhou%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Long+Zhou%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Tye+Milazzo%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Seunghyun+Moon%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Sina+Malakpour+Estalaki%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Sina+Malakpour+Estalaki%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Shiwen+Wu%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Ruda+Jian%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Kenneth+Balkus%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Tengfei+Luo%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Kyeongjae+Cho%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Guoping+Xiong%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=%22Guoping+Xiong%22&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.3c03500&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03500?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03500?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03500?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03500?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03500?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03500?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03500?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c03500?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/17/15?ref=pdf
https://pubs.acs.org/toc/ancac3/17/15?ref=pdf
https://pubs.acs.org/toc/ancac3/17/15?ref=pdf
https://pubs.acs.org/toc/ancac3/17/15?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.3c03500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano www.acsnano.org
(a) External ! e Y w
T | \ \ —
LS LP surface | U ~, 20) 2
[ > Pl ! /X !
| ®© Liquid b po— @\ A €S
B electrolytes ‘ ol g
= Internal v v o d D e o 3 4 » s/ » 3
f surface [2D'manocoffinenient.
! ~ QP b i y ® 4 b € & H

q ¢
LP-based electrolyte membranes 2 = .a_

™,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

1 SiOy MgO4(OH),  LiO4(OH),

X )

. H,O Na ions Zn ions

() 8

| HER

S LUMO 561

36

Lo (o) .4 2
| 8 ey NYVYY
24 QP

1 &

2 I

HER
-1.0
Potential (V vs. Ag/AgCl)

LP9
0.8

-1.2

Figure 1. Schematic illustrations of (a) electrolyte membranes based on LP nanocrystals with 2D nanostructures and exceptional swelling
capabilities and (b) conventional liquid electrolytes containing other additives, such as polymers (e.g., polyacrylamide®*), inorganic particles
(e.g., ALO;®), and ionic solutes (e.g., ammonia acetate’*). (c) LUMO energies of water molecules in BE and LP9 electrolyte membrane. (d)
HER performance of Zn metal electrodes in BE and LP9 electrolyte membrane.

abundance, high theoretical capacity, and low safety risks.”"
Despite the recent progress in enhancing the electrochemical
performance of AZIBs, their practical applications are still
impeded by the poor cyclic stability and unsatisfactory durability
arising from water-induced side reactions at the Zn/electrolyte
interface. These undesirable side reactions, including hydrogen
evolution, zinc corrosion, byproduct formation, and dendrite
growth, severely impair the stability of the Zn/electrolyte
interface, resulting in poor cyclic stability and unsatisfactory
durability of AZIBs during long-term cycling or storage.”

In AZIBs, water plays a critical role in determining the
physicochemical properties of electrolytes, electrode/electrolyte
interfacial chemistries, and ultimately the electrochemical
performance of batteries.” The main bottleneck of aqueous
electrolytes is the narrow electrochemical stability window
(ESW) of water, which is 1.23 V as determined by its
thermodynamic oxidation (oxygen evolution reaction — OER)
and reduction (hydrogen evolution reaction — HER)
potentials.” In mild acidic electrolytes, such as zinc sulfate
solutions, water molecules exhibit high activity due to the excess
free water content and the self-dissociation (H,O < H* + OH")
of free water molecules.” Therefore, spontaneous Zn corrosion
and HER could easily occur at the Zn/electrolyte interface
following the given reactions:'”""

Zn + 2H" > Zn?t + H,1 Zn corrosion

(1)

2H" + 2¢” > H,1 HER (2)
Notably, Zn corrosion and HER lead to irreversible electrolyte
consumption, continuous water decomposition, uneven and
porous Zn deposition, fast dendrite growth, and increased pH at
the Zn/electrolyte interface. The localized high-pH environ-
ment further facilitates the formation of byproducts — zinc

hydroxide sulfate hydrate (ZHS) — through the reaction:'*"?
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4Zn** + 60H™ + SO + xH,0 — Zn,(OH)sSO,xH,0

()

Different from the protective solid-electrolyte interphase (SEI)
in lithium-ion batteries, the formation of ZHS cannot eliminate
the occurrence of water-induced side reactions at the Zn/
electrolyte interface, deteriorating the cyclic stability of AZIBs."*
In addition, the ion- and electron-insulating ZHS passivates the
active surface of Zn metal, leading to increased internal
resistance and uneven Zn plating/stripping.13 Therefore,
understanding and regulating water activity to protect Zn
metal anodes against water-induced side reactions are crucial for
designing advanced aqueous electrolytes for highly stable
AZIBs.

To date, extensive efforts have been made to regulate water
activity and suppress water-induced side reactions at the Zn/
electrolyte interface. Effective strategies that can enhance the
cyclic stability of AZIBs include anode modification,">~"”
separator functionalization,'® and electrolyte engineering,
From the perspective of water molecules, they exist in the bulk
electrolyte phase or at the electrode/electrolyte interfaces.
Moreover, regulating the water activity in aqueous electrolytes
through additives has shown great potential to enhance the
cyclic stability of AZIBs.””' As summarized in Table SI,
electrolyte additives, including organic molecules,”*™** inor-
ganic salts,”>™%" metal oxide particles,zg_w and carbon
materials,®’ have been added to the baseline electrolytes (e.g,
1-3 M ZnSO,). However, the water activity and how it is
affected by the additive-water interactions in these engineered
electrolyte systems have not been thoroughly understood.
Moreover, a high-cost glass fiber (GF) separator is frequently
required for these electrolytes to ensure the operation of
batteries, further mitigating the cost competitiveness of AZIBs
and posing significant challenges for their large-scale imple-
mentation. Therefore, exploring more eflicient electrolyte

ZHS formation

19,20
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Figure 2. Physical and chemical properties of LP, BE, and LP-based electrolyte membranes. (a) TGA curves. (b) XRD curves. (c) Comparison of
ionic conductivity and viscosity of the LP-based electrolyte membranes and other electrolyte systems: agar gel,>* 33 m LiNO;-PVA (where m is
molality, mol/ kg),36 PD-H,0 LWIS,*” 21 m LiTFSL>® and EMIMCIl/water gel.z’q (d) Storage modulus; the inserted optical image shows the
appearance of a freestanding LP9 electrolyte membrane. (e) FTIR spectra. (f) Raman spectra. (g) Atomic surface model and representative
H,0 adsorption configurations of the LP nanocrystals. (h) H,0 and Zn>* adsorption energies at different sites.

systems and understanding the ambiguous relationship between
additive—water interactions and water activity are important to
advance the development of AZIBs.

Herein, a freestanding, mechanically robust laponite (LP)-
based electrolyte membrane with low water activity is rationally
designed for ultrastable, separator-free AZIBs. As schematically
illustrated in Figure 1la, the plate-like LP nanocrystals, with a
trioctahedral 2:1 layered nanostructure and exceptional swelling
capabilities, can absorb large amounts of water molecules and
confine them on their external/internal surfaces and within the
interlayers, thus significantly suppressing water activity and
water-induced side reactions. Such an interlayer confinement
phenomenon is significantly different from previously reported
electrolyte systems containing conventional additives such as
polymers, inorganic particles, and ionic solutes.”* >* In these
conventional electrolyte systems, no two-dimensional (2D)
nanoconfinement effect on water molecules exists, as shown in
Figure 1b. Moreover, the strong LP—water interactions play a
key role in regulating the water activity in the LP-based
electrolyte membranes. As shown in Figure lc, density
functional theory (DFT) calculations show that the lowest
unoccupied molecular orbital (LUMO) energy level of the water
molecules absorbed by LP nanocrystals is above that of water
molecules in the baseline electrolyte (BE, 2 M ZnSO, in water).
This observation implies enhanced electrochemical stability for

14932

these adsorbed water molecules against electrochemical
reduction (HER). Figure 1d further shows that the Zn metal
electrode exhibits a delayed HER onset potential and a lower
HER current in the optimal LP9 (i.e., 9 g of LP in 10 mL of BE)
electrolyte membrane in comparison to BE. For instance, at a
constant potential of —1.4 V vs. Ag/AgCl, the HER currents in
BE and LP9 electrolytes are 25.3 and 3.6 mA, respectively. These
results provide strong evidence that the HER activity could be
significantly suppressed by confining water molecules on the
external/internal surfaces of the LP nanocrystals. Therefore, the
LP-based separator-free AZIB full cells exhibit excellent long-
term cyclic stability and outstanding reliability during long-term
storage, primarily due to the significantly suppressed water-
induced side reactions and uniform Zn deposition. Particularly,
the LP-based full cells exhibit high capacity retention rates of
94.10% after 2,000 cycles and 86.32% after 10,000 cycles at
current densities of 1 and 3 A/g, respectively. The freestanding
LP-based electrolyte membrane is demonstrated to be a
promising candidate for fabricating cost-competitive, high-
performance AZIBs.

2. RESULTS AND DISCUSSION

2.1. Electrolyte Characterization. Figure S1 and Figure S2
show the SEM image and X-ray photoelectron spectroscopy
(XPS) spectrum of the LP powders, respectively. The LP
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powders mainly consist of Si, Mg, Li, Na, and O elements,
consistent with the empirical chemical formula of Na¥y,
[Mg; sLi 3SigO40(OH),] 77" Such a 2:1 phyllosilicate nano-
clay contains two magnesium octahedral layers and a
sandwiched silica tetrahedral layer. The single LP nanocrzstal
possesses a diameter of 25 nm and a thickness of 0.92 nm."" In
the LP nanocrystals, lithium partially substitutes magnesium
atoms, resulting in a negatively charged basal plane, which is
neutralized by interlayer sodium ions.*” The electrolyte
membranes with different amounts of LP are denoted as LPx,
where x represents the mass of LP in 10 mL of BE. For instance,
the electrolyte membranes with 6 and 9 g of LP in 10 mL of BE
are denoted as LP6 and LP9, respectively. Note that the
electrolyte membranes with lower concentrations of LP (e.g.,
LPS) are not sufficiently robust to function as a separator.
Moreover, the separator-free LP9-based ZnlINVO full cell
exhibits superior stability over long-term cycling in comparison
with other electrolyte membranes containing lower LP
concentrations. At higher LP concentrations, such as LP10
electrolyte membrane, inadequate electrolyte-electrode wetting
is observed, resulting in the low capacity of AZIB full cells, as
shown in Figure S3.

Figure 2a and Figure S4 show the thermogravimetric analysis
(TGA) curves and the water contents of LP-based electrolyte
membranes, respectively. Compared to BE containing an excess
amount (75.3 wt%) of water, the water content in LP9
electrolyte membrane decreases to 45.3 wt%. In addition,
water molecules from the BE can intercalate into the interlayers
and be absorbed on the internal surface of LP nanocrystals due
to the hydration effect.”” As shown in Figure 2b, the basal
spacing (dgo;) of LP nanocrystals increases from 12.5 to 22.8 A
in the LP9 electrolyte membrane. Since the layer thickness of LP
nanocrystals is 9.2 A" the interlayer spacing of the LP
nanocrystals increases from 3.3 A in the initial state to 13.6 A
upon water intercalation (Figure SS). Based on the estimation
(see details in the Experimental Section), approximately 30% of
the free water in BE is confined within the interlayers of LP
nanocrystals. Furthermore, Figure S6 shows that the LP powders
possess a large surface area of 321.3 m?/g, offering abundant
adsorption sites for the effective immobilization of water
molecules on their external surfaces. Additionally, the pH and
salt concentration of the LP9 electrolyte membrane are
measured to be 5.03 (Figure S7) and 1.48 M (Figure S8),
respectively. Compared to BE, the addition of LP nanocrystals
results in a slight increase of pH from 4.64 to 5.03 due to their
weak alkalinity arising from proton adsorption.*’ Meanwhile,
the pH of the LP-based electrolyte membranes only varies
slightly because of the high LP concentrations.”**

LP nanocrystals can form a stable gel structure when
dispersed in water due to the strong electrostatic attractions
between the negatively charged basal planes and the positively
charged edges of the nanocrystals."”"” Figure S9 exhibits the
surface and cross-sectional morphologies of the LP9 electrolyte
membrane. Different from the highly porous structure of
polymer-based hydrogels, the LP9 electrolyte membrane
exhibits a dense structure without the presence of pores. As
shown in Figure 2, the LP9 electrolyte membrane possesses an
ultrahigh viscosity of 2,191.7 Pa-s, which is 332 times greater
than that (6.6 Pa's) of the BE. Despite the substantially
increased viscosity, the LP9 electrolyte membrane exhibits a
high ionic conductivity of 19.6 mS/cm, albeit lower than that
(51.9 mS/cm) of the BE, surpassing the performance of
previously reported gel electrolytes and water-in-salt electro-

lytes.*>*” Moreover, as shown in Figure $10, the LP9 electrolyte
membrane exhibits a Zn?* transference number of 0.76, higher
than those of conventional liquid electrolytes.*”" This could be
attributed to the 2D nanostructures and the highly negatively
charged basal plane of the LP nanocrystals, which facilitate fast
cation diffusion in the quasi-solid-state electrolyte mem-
brane.”****" Figure 2d presents the storage modulus (G') of
the LP-based electrolyte membranes, and the inserted optical
image shows the appearance of a freestanding LP9 electrolyte
membrane. Notably, the LP6 and LP9 electrolyte membranes
exhibit high G’ values of 0.8 and 2.0 MPa, respectively, signifying
their exceptional mechanical resistance against Zn dendrite
growth. The exceptional mechanical strength of the LP-based
electrolyte membranes ensures their function as robust
separators for their successful integration into separator-free
AZIBs. These characteristics of LP make it promising for
regulating water activity in aqueous batteries.

To investigate the interactions between LP and water,
Fourier-transform infrared (FTIR) and Raman spectroscopy
tests were conducted. Figure 2e displays the FTIR spectra of the
BE and LP-based electrolyte membranes. A typical broad O—H
stretching vibration peak ranging from 2,700 to 3,800 cm™" is
observed due to the presence of water molecules. Compara-
tively, the broad O—H stretching vibration peak of the LP-based
electrolyte membranes exhibits a lower magnitude and is blue-
shifted to higher wavenumbers, suggesting the formation of
strong hydrogen bonds (H-bonds) between water and LP and
the weakened H-bonds among water molecules.””™>* Figure 2f
further shows the comparative Raman spectra of the BE and LP9
electrolyte membrane. In the LP9 electrolyte membrane, the
intensity of the O—H stretching vibration originating from water
molecules is largely suppressed because of reduced free water
content.” In addition, the convolution of the O—H stretching
vibration peak indicates that the water molecules in the BE are
dominated by strong and weak H-bonds, consistent with prior
work.”® In contrast, for the LP9 electrolyte membrane, new
peaks appear, which could be attributed to the O—H stretching
vibration of non-H-bound water molecules at 3,650 cm™! and
the vibrations of structural -OH of the LP nanocrystals in the
range of 3,675—3,730 cm™". These results infer that the water
molecules in the LP9 electrolyte membrane are strongly bound
by LP nanocrystals, resulting in significantly suppressed water
activity.57’58

To understand the interactions between LP and BE, DFT
calculations were performed to investigate the H,O and Zn**
adsorption behaviors. Detailed atomic structures of the
absorbed water molecules on the LP surface are presented in
Figure S11. Figure 2g shows the adsorption sites on the LP
surface and illustrates the strong interactions between LP and
absorbed H,O at site 3 near the sodium ion. Strong H-bonding
interaction and Coulombic attraction exist between H,O and LP
due to the abundant oxygen and sodium ions on the LP surface,
posing a strong confinement effect on water molecules and thus
leading to their low activity. Figure 2h summarizes the
adsorption energies of H,0 and Zn>' at different sites. The
H,O adsorption energies are negative across the entire LP
surface, indicating stable water adsorption. Furthermore, the
water adsorption energies at sites 2, 3, and 6 close to the sodium
cation are considerably lower (approximately —0.58 V) than
those at other adsorption sites, implying the significant role of
sodium cations in the superior water-binding and hydration
swelling capabilities of the LP nanocrystals. In contrast, Zn*"
adsorption is found to be stable only at site 1 due to the existence
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Figure 3. Electrochemical performance of Zn metal electrodes in BE and LP-based electrolyte membranes. (a) CA curves. (b) Corrosion current
densities fitted from Tafel curves. (c) Hydrogen generation rates during the soaking tests (insets show the surface morphology of Zn foil after
the soaking tests; scale bar: 50 pm). (d) Water self-dissociation and ZHS formation energies of free water molecules and absorbed water
molecules on the LP surface. (e and f) Water adsorption energies on (e) Zn and (f) LP surfaces. (g) Long-term cycling performance of BE- and
LP9-based ZnllZn symmetric cells (insets schematically illustrate the Zn/electrolyte interfaces in BE and LP9 electrolyte membrane). (h—k)
SEM images of Zn metal anodes in symmetric cells after 30 cycles at 1 mA/cm* and 1 mAh/cm? in different electrolytes: (h—i) BE with a GF

separator and (j—k) LP9 electrolyte membrane.

of hexagonal-like voids formed by oxygen atoms. At other
adsorption sites, Zn>* adsorption is unstable because of the
electrostatic repulsion between sodium and zinc cations (Figure
S12). These results indicate that water molecules could be
effectively confined by LP nanocrystals due to H-bonding
interaction and Coulombic attraction, further suppressing water
activity in LP-based electrolyte membranes and inhibiting water-
induced side reactions at the Zn/electrolyte interface.

2.2. Water-Induced Side Reactions at the Zn/Electro-
lyte Interface. To investigate how water—LP interactions
affect water-induced side reactions at the Zn/electrolyte
interface, electrochemical tests of the Zn metal electrodes
were conducted in different electrolytes. Figure 3a shows the
chronoamperometry (CA) curves of the Zn metal electrodes in
different electrolytes. The current density experiences a rapid
increase during the initial 120 s in the BE, indicating a prolonged
2D diffusion process attributed to the inhomogeneous Zn
nucleation and fast dendrite growth.”” In the LP9 electrolyte
membrane, Zn plating is dominated by 3D diftusion, leading to
uniform and dense Zn deposition.60 Therefore, the current
density reaches equilibrium in 35 s and remains nearly constant
throughout the subsequent galvanizing process. To investigate
the Zn plating/stripping reversibility, CullZn half cells were
assembled and cycled at a current density of 1 mA/cm?. Figure
S13 and Figure S14 show the Coulombic efficiency and
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nucleation overpotential of the BE- and LP9-based CullZn half
cells, respectively. The BE-based CullZn half cell quickly fails
after approximately 60 cycles and possesses a high nucleation
overpotential of 41 mV. In comparison, the separator-free LP9-
based CullZn half cell exhibits an average CE of 99.6% over 150
cycles. Moreover, the nucleation overpotential significantly
decreases to 11 mV, which could be attributed to the uniform Zn
nucleation/ de;)osition facilitated by the LP9 electrolyte
membrane.®"%* Figure 3b and Figure S15 exhibit the corrosion
performance of Zn metal electrodes evaluated by Tafel tests.
The corrosion current densities (i) of Zn metal electrodes in
BE and LP9 electrolyte are 15.86 and 4.96 mA/cm?
respectively. Meanwhile, the corrosion potential (E.,,,) in the
LP9 electrolyte increases to —1.01 V. The lower i, and higher
E.. in the LP9 electrolyte indicate that Zn corrosion is
considerably inhibited compared to that in BE. These results
strongly support that water-induced side reactions and dendrite
growth at the Zn/electrolyte interface could be effectively
inhibited in the LP9 electrolyte membrane.

To further investigate the corrosion performance and HER
activity, soaking tests were performed by immersing a large piece
of Zn foil in BE and LP9 electrolytes. During the entire soaking
process, the mass of the sample is monitored by using an
analytical balance to calculate the hydrogen generation rates
(see details in the Experimental Section). As shown in Figure 3c,
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the hydrogen generation in BE reaches a rate of 28.32 ymol/ (h-
cm?) or 0.68 mL/(h-cm?). Meanwhile, large amounts of ZHS
flakes are observed on the Zn surface, resulting from Zn
corrosion and byproduct formation. In sharp contrast, no
hydrogen evolution is detected in the LP9 electrolyte, and the
Zn surface remains nearly the same as that (Figure S16) of the
pristine Zn foil. Even at an elevated temperature of S0°C, the Zn
foil embedded in the LP9 electrolyte membrane displays a flat
and nearly byproduct-free surface after 10 days, as evidenced by
the SEM images and XRD patterns shown in Figure S17 and
Figure S18, respectively. In contrast, the Zn foil is heavily
covered by large ZHS plates when immersed in BE under the
same conditions, indicating that water-induced side reactions in
BE are accelerated at an elevated temperature.

Figure 3d shows the water self-dissociation energies and the
ZHS formation energies calculated by DFT considering that the
water molecules are in a free state or are absorbed by LP
nanocrystals. The self-dissociation energy of the water molecules
confined by LP increases to 0.35 eV, higher than that (0.23 eV)
of the free water molecules, which suggests that the water self-
dissociation rate could be largely suppressed by LP because of
strong water—LP interactions. In addition, the free water
molecules are more favorable for ZHS formation with a low
reaction energy of —0.77 eV. When the water molecules are
absorbed by LP nanocrystals, the associated ZHS formation
energy significantly increases to —0.08 eV, implying a
substantially suppressed ZHS formation kinetics in the LP-
based electrolyte membranes. Figure 3e and Figure 3f further
exhibit the water adsorption energies on the Zn metal and LP
surfaces, respectively. The water molecules are preferentially
absorbed by LP nanocrystals with a lower water adsorption
energy of —0.58 eV compared with that (—0.25 eV) for
absorption on the Zn metal surface. These results demonstrate
that the strong LP—water interactions play a decisive role in
lowering the water activities related to self-dissociation and
byproduct formation.

For characterizing the hydrogen evolution behavior, the HER
overpotential (77) in aqueous electrolytes can be calculated by
the Nernst equation:

— S
n = En,om, ~ Exo/m,
RT
= 2.303—[log. (a + 14 — pH
F [ glO( HZO) P ] (4)
where @ denotes the activity, E represents the potential, E®
refers to the standard potential, R is the gas constant, T is the
temperature, and F is the Faraday constant. At a constant
temperature and pH, the water activity in the LP-based
electrolytes determines the HER behavior. In an ideal aqueous
solution, the water activity ay g is related to the molar fraction

x; and activity coeflicient y; of the water molecules:**
ideal] _
ln[(aHzo) ea] - ln(xlyl) (5)

For an ideal aqueous solution, the activity coeflicient of water is
unity.** Therefore, the water activity is determined solely by its
concentration. For instance, in the LP9 electrolyte membrane,
the water (45.3 wt%, Figure 2a) and proton (pH = 5.03, Figure
S7) concentrations are lower than those of the BE, leading to
decreased water activity and higher HER overpotential.
Moreover, the strong interactions between LP and water can
further lower the water activity in LP-based electrolyte
membranes, according to the hydrate theory proposed by

Scatchard.>°° In a nonideal aqueous solution that considers
solute—water interactions, water activity is correlated to solute
hydration following the given equation:**

In(ay o; hydration) = —n;/(n o — hn;) 6)

where ay o represents the water activity considering solute
hydration, n;is the molarity of solute j, n; o denotes the molarity

of water under ideal conditions, and 4 is the hydration number of
the solute. In eq 6, hn; quantifies the water content that could be
confined by the solute because of solute—water interactions. In
LP-based electrolyte membranes, the LP nanocrystals with
exceptional water-binding and hydration swelling capabilities
can absorb significant amounts of water from the free water
phase, attributed to the strong water—LP interactions as
revealed by DFT calculations. Although the characterization of
the exact hydration number remains rather challenging, the high
hydration capability and low water adsorption energies strongly
support that LP nanocrystals have a high h, resulting in the low
water activity and high HER overpotential (17) of the LP9
electrolyte membrane. Consequently, the HER of Zn metal
electrodes in the LP9 electrolyte membrane could be
significantly suppressed. These analyses highlight that finding
electrolyte additives (e.g, LP) with high hydration capability
and low water adsorption energy can be the key to designing
advanced aqueous electrolytes for next-generation high-
performance AZIBs.

To investigate the effectiveness of the LP-based electrolyte
membranes, ZnllZn symmetric cells were assembled and cycled
at different current densities and areal capacities. As shown in
Figure S19, the separator-free LP-based ZnllZn symmetric cells
exhibit prolonged cycle life with increasing LP content at a
current density of 1 mA/ cm? and an areal capacity of 1 mAh/
cm?, Figure 3g further demonstrates that the cycle life of the
LP9-based ZnllZn symmetric cell could be extended to 1,500 h
at a lower current density of 0.1 mA/cm?” and an areal capacity of
0.1 mAh/cm? indicating significantly enhanced Zn plating/
stripping reversibility. The failure of the LP9-based ZnllZn
symmetric cell due to increased polarization could be ascribed to
the accumulation of slight irreversible reactions (e.g, ZHS
formation) at the Zn/electrolyte interface. These side reactions
gradually deteriorate the interfacial contact and impair charge
transfer kinetics, leading to increased voltage polarization during
Zn plating/ stripping.67 As shown in Figure 3h—i, considerable
mossy, porous Zn deposits with embedded glass fibers
originating from the GF separator are evident on the surface
of the Zn metal anode after 30 cycles in the BE. The presence of
the two diffraction peaks at 12.2° and 24.6° (Figure $20)
indicates the formation of ZHS byproducts, stemming from the
side reactions between Zn metal and active water molecules in
the BE during long-term cycling. In contrast, the Zn metal anode
paired with the LP9 electrolyte membrane exhibits an even and
dendrite-free surface after cycling (Figure 3j—k). Moreover, only
aminor diffraction peak at 12.2° (Figure $20) is observed due to
the reduced water activity in the LP9 electrolyte membrane,
confirming the effective inhibition of water-induced side
reactions.

The inserted schematics in Figure 3g illustrate the Zn
deposition mechanisms in the BE and LP9 electrolyte
membrane. Due to the uneven Zn nucleation and deposition
in the BE with a GF separator, considerable amounts of Zn
dendrites form on the surface of Zn metal anodes. Additionally,
the protons (H") originating from water self-dissociation react
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Figure 4. Electrochemical performance of BE- and LP9-based ZnlINVO full cells: (a) CV curves. (b) Charge/discharge voltage profiles. (c) Rate
performance. (d—e) Long-term cycling performance at (d) 1 A/gand (e) 3 A/g. (f—i) SEM images of Zn metal anodes after 1,000 cyclesat 3 A/g
in (f—g) the BE-based ZnlINVO full cell with GF separator and (h—i) the separator-free LP9-based ZnlINVO full cell. (j) XRD curves of Zn

metal anodes in ZnlINVO full cells after 1,000 cycles at 3 A/g.

with Zn metal and undergo electrochemical reduction, resulting
in severe Zn corrosion and HER during Zn plating/stripping.
The consumption of H" increases the local OH™ concentration,
further promoting the formation of ZHS byproducts at the Zn/
electrolyte interface. Consequently, the reversibility of Zn metal
anodes is severely deteriorated by water-induced side reactions
in the BE. In contrast, the LP9 electrolyte membrane with low
water activity can diminish interfacial instabilities by inhibiting
Zn dendrite growth and water-induced side reactions, including
hydrogen evolution, Zn corrosion, and byproduct formation due
to the strong water—LP interactions. Therefore, highly
reversible Zn metal anodes could be achieved when integrated
with the freestanding LP9 electrolyte membrane.

2.3. Electrochemical Performance of the Separator-
Free ZnlINVO Full Cell. To demonstrate the advantages of the
LP9 electrolyte membrane for practical applications, full cells
were assembled and evaluated under different conditions.
Sodium-doped vanadium oxide (NVO) was used as the cathode
material, which has been widely reported in prior work.”® Figure
S21 displays the cycling performance of the LP9-based ZnlINVO
full cells with different electrolyte volumes. The full cell with an
electrolyte volume of 100 uL exhibits optimal electrochemical
performance, including a high capacity and excellent cyclic
stability. In comparison to BE-based batteries, the volumetric
energy density of the LP9-based ZnlINVO full cells is expected
to be higher due to the absence of GF separators. Meanwhile, the
LP9 electrolyte membrane exhibits a higher density of 1.63 g/
cm? than that (1.31 g/cm?) of the BE, which slightly decreases
the gravimetric energy density of the LP9-based batteries.
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However, such a decrease is compensated by the removal of GF
separators. Figure 4a and b present the cyclic voltammetry (CV)
and galvanostatic charge/discharge curves of the BE- and LP9-
based ZnlINVO full cells, respectively. Compared with the BE-
based batteries, the LP9-based ZnlINVO full cells exhibit similar
redox peaks and charge/discharge voltage profiles, suggesting
that no extra redox reactions or parasitic reactions are
introduced by LP. Figure 4c shows the rate capabilities of the
BE- and LP9-based ZnlINVO full cells. At current densities of
0.1,0.5,1,2,and S A/g, the LP9-based ZnlINVO full cell exhibits
discharge capacities of 302.0, 232.9, 195.3, 156.7, and 108.4
mAh/g, respectively. When the current density is changed from
S to 1 A/g, the LP9-based ZnlINVO full cell maintains a
discharge capacity of 192.8 mAh/g, higher than that (170.8
mAh/g) of the BE-based cell. This improvement could be
attributed to the enhanced reversibility of the Zn metal anode in
the LP9-based cell.

The long-term cyclic stability of the LP9-based full cells was
further investigated at different current densities ranging from
0.1 to 3 A/g. As shown in Figure 522, the LP9-based ZnlINVO
full cell retains 70.65% of its initial capacity after 200 cycles at 0.1
A/g, much higher than that (22.11%) of the BE-based full cell.
Figure 4d displays the cyclic stability of BE- and LP9-based Znll
NVO full cells at a current density of 1 A/g. In sharp contrast to
the BE-based full cell with fast capacity degradation, the LP9-
based full cell exhibits substantially enhanced cyclic stability with
a high capacity retention rate of 94.10% after 2,000 cycles. Figure
4e shows the cyclic stability of BE- and LP9-based ZnlINVO full
cells at a higher current density of 3 A/g. Notably, the LP9-based
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Figure 5. Durability of BE- and LP9-based ZnlINVO full cells. (a—b) Self-discharge rate determined by the decay of (a) OCV (the figure
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ZnlINVO full cells after resting at room temperature for up to 60 days. (e) Cyclic stability of ZnlINVO full cells at 50°C. (f) Cyclic stability of Znll
NVO full cells after resting at S0°C for up to 10 days. All of the cycling tests were performed at a charge/discharge current density of 1 A/g.

full cell exhibits a high capacity retention rate of 86.32% after
10,000 cycles. In contrast, the capacity of the BE-based Znll
NVO full cell drops dramatically to nearly zero after
approximately 5,000 cycles. These results strongly support the
effectiveness of the LP9 electrolyte membrane and the
exceptional long-term cyclic stability of the separator-free
LP9-based batteries at low and high current densities. Moreover,
the separator-free LP9-based ZnlINVO full cells exhibit stable
and high average CEs (~100%) over long-term cycling. The
substantially enhanced cyclic stability of the LP9-based Znll
NVO full cells strongly supports that the mechanically robust
electrolyte membrane with low water activity can effectively
suppress water-induced side reactions, thereby enhancing the
cyclic stability of ZnlINVO full cells. As summarized in Table S1,
the separator-free LP9-based ZnlINVO batteries demonstrate
superior electrochemical performance in comparison to state-of-
the-art AZIBs based on other electrolyte systems with different
additives.

To understand the enhanced cyclic stability of the LP9-based
ZnlINVO full cells, the surface morphology of the cycled Zn
metal anodes in the full cells was characterized by SEM. As
shown in Figure 4f—g, numerous small-sized Zn dendrites and
flake-like byproducts are observed on the surface of the Zn metal
anode after 1,000 cycles at a current density of 3 A/g in the BE
with a GF separator because of inhomogeneous Zn deposition
and severe water-induced side reactions. The fibers from the GF
separator are embedded by Zn dendrites, ultimately penetrating
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the GF separator and causing battery failures. In contrast, Figure
4h—i shows that the Zn metal anode paired with the LP9
electrolyte membrane is free of dendrites after cycling, attributed
to the excellent mechanical stiffness of the electrolyte membrane
and the uniform Zn deposition during long-term cycling. As
presented in Figure 4j, the XRD patterns of the cycled Zn metal
anodes reveal that ZHS formation is significantly restricted in
the LP9 electrolyte membrane, confirming the effective
suppression of water-induced side reactions during long-term
cycling.

2.4. Durability of the Separator-Free ZnlINVO Full
Cells. To further investigate the practicality of the LP9
electrolyte membrane, self-discharge tests of the ZnlINVO full
cells were conducted by monitoring their open circuit voltage
(OCV) during resting. Figure S23 presents the voltage profiles
of the BE- and LP9-based ZnlINVO full cells. All the cells were
charged to 1.4 V and rested for up to 60 days before being fully
discharged to 0.4 V. Figure Sa summarizes the OCV of the Znll
NVO full cells before discharge. The BE-based ZnlINVO full
cells exhibit rapid voltage decay during resting and experience
significant voltage fluctuations after approximately 15 days
(Figure S23), suggesting a fast discharge rate and short shelf life
of the BE-based batteries, which could be attributed to severe Zn
corrosion and HER during long-term resting. For the separator-
free LP9-based ZnlINVO full cells, the voltage primarily drops
within the first S h (Figure S23). When the resting time is
extended from 2 to 60 days, the OCV only drops slightly from
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1.2 to 1.1V, corresponding to a record-low voltage decay rate of
1.7 mV/day or 0.07 mV/h. This value is substantially lower than
those of previously reported aqueous batteries,®””" as
summarized in Figure Sa. Figure Sb shows the capacity retention
rates of the ZnlINVO full cells during the self-discharge tests.
After a 2-day resting, the separator-free LP9-based full cell
exhibits a capacity retention rate of 95.85%, higher than that
(70.89%) of the BE-based full cell. Notably, the LP9-based Znll
NVO full cells still retain 61.73% and 41.93% of their charge
capacities after resting for 30 and 60 days, respectively. These
results indicate that the self-discharge rate of the LP9-based Znll
NVO full cells could be effectively decreased due to the
inhibition of water-induced side reactions.

To investigate the influence of resting time on the long-term
cyclic stability of the separator-free LP9-based ZnlINVO full
cells, galvanostatic charge/discharge tests were performed.
Figure Sc shows the cyclic stability of the aged BE- and LP9-
based ZnlINVO full cells at a current density of 1 A/g. Aftera 10-
day resting, the BE-based ZnlINVO full cell exhibits an initial
capacity of 78.7 mAh/g, significantly lower than that (201.6
mAh/g, Figure 4d) of the fresh BE-based full cell due to the
severe Zn corrosion and byproduct formation during resting. In
contrast, the aged LP9-based full cell provides an initial capacity
of 113.9 mAh/g, and the capacity gradually increases to 139.2
mAh/g after approximately 300 cycles due to electrochemical
activation.”” During the subsequent cycling processes, the
capacity slightly decreases to 128.5 mAh/g after 2,000 cycles,
which can be attributed to the slight byproduct formation and
possible structural degradation of the cathode materials.”®
Figure 5d further demonstrates that the LP9-based ZnlINVO full
cells maintain excellent cyclic stability even after resting for up to
60 days, signifying the long shelf life of the separator-free AZIBs
due to the low water activity in the LP9 electrolyte membrane.

The durability of the separator-free LP9-based ZnlINVO full
cells was further investigated at an elevated temperature of 50°C.
As shown in Figure Se, the BE-based ZnlINVO full cell fails
rapidly after 125 cycles at a current density of 1 A/g because of
the accelerated dendrite growth and water-induced side
reactions. Under the same conditions, the LP9-based Znll
NVO full cell exhibits a high initial capacity of 226.5 mAh/g and
retains 68.65% of its initial capacity after 350 cycles with a high
average CE of 99.87% (Figure S24). In addition, the shelf life of
the LP9-based ZnlINVO full cells under elevated temperatures
was investigated by resting the fresh cells at 50°C for up to 10
days and then testing them at room temperature. Figure S25
shows that the BE-based full cell fails after resting for 1 day
because of the greatly accelerated water-induced side reactions
at elevated temperatures. In contrast, as shown in Figure 5f, the
LP9-based full cells exhibit outstanding cyclic stability with a
high average CE of 99.93% (Figure S26) after being stored at
50°C for 10 days. These results reveal the extraordinary cyclic
stability and durability of the separator-free LP9-based ZnlINVO
full cells because of the low water activity and effectively
suppressed water-induced side reactions.

3. CONCLUSIONS

In conclusion, a mechanically robust electrolyte membrane
based on LP nanoclay is designed for ultrastable and reliable
separator-free AZIBs. The outstanding water binding and
adsorption capabilities of the LP nanocrystals enabled by the
strong water—LP interactions play a crucial role in suppressing
water activity. A combination of experimental results and DFT
calculations reveals that the water molecules absorbed by LP

nanocrystals are less active in water-induced side reactions,
including self-dissociation, byproduct formation, Zn corrosion,
and HER. In addition, the LP9 electrolyte membrane eliminates
Zn dendrite growth because of its high mechanical resistance
and the uniform Zn nucleation/deposition. Consequently, the
separator-free LP9-based ZnlINVO full cells exhibit significantly
enhanced cyclic stability with a high capacity retention rate of
94.10% after 2,000 cycles at 1 A/g. At a higher current density of
3 A/g, the LP9-based full cell retains 86.32% of its initial capacity
after 10,000 cycles. Furthermore, the separator-free batteries
exhibit significantly enhanced durability during long-term
storage and improved cyclic stability at an elevated temperature.
Because of the low cost and excellent processability, the
separator-free LP9-based AZIBs with exceptional safety and
reliability exhibit great potential as candidates for large-scale
stationary energy storage applications.

4. EXPERIMENTAL SECTION

4.1. Preparation of Electrolytes. The electrolyte membranes
were prepared by mixing specific amounts (6—9 g) of laponite (LP)
with 10 mL of baseline electrolyte (BE, 2 M ZnSO, in water). Then, the
mixtures were thoroughly stirred at room temperature to form uniform
pastes. The as-obtained pastes were further aged for 24 h at room
temperature to allow the full hydration and swelling of LP in the
electrolyte environments. The resulting electrolyte membranes were
denoted as LPx, where x represents the mass of LP per 10 mL of BE. For
instance, the electrolyte membranes with 6 and 9 g of LP in 10 mL of BE
were denoted as LP6 and LP9, respectively.

4.2. Material Characterization. Scanning electron microscopy
(SEM) was conducted on a scanning electron microscope (Sigma 500
VP, Zeiss). The Brunauer—Emmett—Teller (BET) surface area of the
materials was determined by a surface area analyzer (Micromeritics
ASAP 2020 Plus) via N, adsorption—desorption isotherms at 77 K. The
material structures were analyzed by X-ray diffraction (XRD, Rigaku
Ultima IV diffractometer), X-ray photoelectron spectroscopy (XPS,
Versa Probe II), Fourier transform infrared spectroscopy (FTIR,
Agilent 660), and Raman spectroscopy (NRS-5100, Jasco). The
thermal properties were measured by thermogravimetric analysis
(TGA, SDT Q600, TA Instruments) at a heating rate of 10 °C/min.
The rheological properties of the BE and LP-based electrolyte
membranes were measured by a rotational rheometer (Discovery
HR-2, TA Instruments) using a stainless steel Peltier plate (8 mm). The
ionic conductivities of the BE and LP-based electrolytes were measured
by a conductivity meter (EC600, EXTECH).

4.3. Cell Assembling. Standard CR2032 coin cells were used for
assembling cells. Zn discs with a thickness of 0.1 mm and a diameter of
14 mm were used as anodes. A glass fiber membrane (GF/A, Whatman)
with a diameter of 16 mm was used as separator. The cathode material
— sodium-doped vanadium oxide (NVO) — was prepared following the
procedures described in prior work.®® Briefly, 3.638 g of V,05and 0.8 g
of NaOH were added into 80 mL of ultrapure water under magnetic
stirring for 4 h. After that, the solution was transferred to a 200 mL
autoclave and kept at 180°C for 48 h. The solid products after
hydrothermal treatment were collected and centrifuged with ultrapure
water at 5,000 rpm for 15 min, and this was repeated S times. The
sediments after centrifuge were freeze-dried for 48 h followed by
vacuum drying at 80°C for 12 h to obtain the final active materials. The
active material (NVO), carbon black, and binder (PVDF) were mixed
in a weight ratio of 7:2:1 and ground with NMP to form a slurry. Then,
the slurry was uniformly coated on carbon paper (10 X 10 cm*) and
dried under vacuum at 80°C overnight. The mass loading of NVO was
1.5—2 mg/cm’. Finally, NVO electrodes were obtained by punching
the NVO-coated carbon paper into @14 mm discs and were used as the
cathode for assembling full cells. For BE, 100 uL of liquid electrolytes
was used to assemble symmetric and full cells. For the LP-based
electrolyte membrane (LP6—LP9), 100 uL of the electrolyte was
mechanically compressed into a membrane with a diameter of 16 mm to
assemble cells. GF separators were not used for all the LP-based cells.
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4.4. Electrochemical Measurements. All of the cells were rested
for 2 h before electrochemical tests. The cyclic voltammetry (CV, 0.4—
1.4 V), linear sweep voltammetry (LSV), Tafel, chronoamperometry
(CA), and electrochemical impedance spectroscopy (EIS, 0.01 Hz to
100 kHz) tests were conducted on an electrochemical workstation
(Interface 1010E, Gamry). Among them, Tafel and LSV tests were
performed in a three-electrode configuration, in which Pt, Pt, and Ag/
AgCl were used as the working, counter, and reference electrodes,
respectively. Tafel tests were performed with a voltage window between
—300 and 300 mV vs the open circuit potential at a scan rate of 1 mV/s.
LSV measurements were carried out at a sweep rate of 5 mV/s from
—0.8 to —1.4 V and from 1.2 to 2.0 V to characterize hydrogen and
oxygen evolution reactions, respectively. CA tests were performed with
an overpotential of —150 mV in a three-electrode configuration, in
which Pt, Pt, and Ag/AgCl were used as the working, counter, and
reference electrodes, respectively. Galvanostatic charge/discharge tests
were performed on a multichannel battery testing system (NEWARE).
The Zn?* transference number of the LP9 electrolyte membrane was
measured by combining alternating-current (AC) impedance and
direct-current (DC) potentiostatic polarization tests using ZnllZn
symmetric cells. Typically, the electrochemical impedance of the LP9-
based ZnllZn symmetric cell at the initial state was recorded after resting
for 2 h. Then, the cell was polarized under a DC potential of 10 mV for
2,000 s and the response current was recorded. The electrochemical
impedance of the symmetric cell was measured immediately after the
DC polarization to obtain the steady-state interfacial impedance. The
Zn** transference number (t,2+) was calculated according to eq 7:

AV/I, - R,
tyr = ———————

AV/ISS - RSS (7)
where AV is the applied DC potential. I; and I are the initial and
steady-state response currents under 10 mV of DC polarization,
respectively. The interfacial impedance values at the initial state (R;)
and steady state (R,,) are the intersect values of the Z,, axis in the
Nyquist plots.

4.5. DFT Calculations. The atomic structures of LP were examined
using the density functional theory method.” The calculations were
performed in the Vienna Ab Initio Simulation Package (VASP)
implementing the spin-polarized generalized gradient approximation
parametrized using the Perdew—Burke—Ernzerhof (PBE) exchange
correlation functional.** The cut-off energy for the plane wave basis set
was 500 eV and a Monkhorst—Pack grid 2 X 2 X 1 k-point was used to
model the surface of LP, which was organized from the (001) plane of
bulk phyllosilicate — Na*,; [Mg; sLig3SisO40(OH),] ™ — according to
prior work.*® All the structures were fully relaxed and equilibrated
before calculations using the conjugate gradient algorithm by including
van der Waals interactions.”

4.6. Calculation of the Volume Expansion Ratio of Swelled
LP, the Amount of Interlayer Water, and the Salt Concen-
trations in the LP-Based Electrolyte Membranes. The volume
expansion ratio of the swelled LP was calculated by eq 8:*

ER = dOOl,swelled - dOOl,init d
00

22.8 — 12.
= 2282125 009 = 82.4%
125 (8)

X 100%

,inif

where dj; elleq is the basal spacing of LP in the swelled state and dygy it
is the initial basal spacing of the LP powder. Therefore, the ratio of the
water (RoW) existing within the interlayer spacing can be estimated by

eq9:

9
RoW = (’”LP/,,LP X ER)/Vig = (2—53 X 84%)/ 10 = 29.8%
)

where mp and ppp are the mass and density of the LP powder,
respectively. Vyy, is the volume of BE (10 mL in this case). Note that a
density of 2.53 g/ cm?® for LP was used in the calculation according to
prior work.*!

The salt (ZnSO,) concentrations in the LP-based electrolyte
membranes were calculated by eq 10:

crp = cpg X Vap/ (Vg + Vip) (10)

where ¢;p and cp represent the salt concentration in the LP-based
electrolyte membranes and the BE, respectively. Vi is the volume of
LP, which can be calculated based on its mass and density.

4.7. Quantification of Hydrogen Evolutions during the
Soaking Test. A large piece of Zn foil (10 X 8.7 cm*) was placed in
a Petri dish containing 100 mL of BE or LP9 electrolyte. Then the entire
Petri dish was tightly sealed with layers of plastic wrap and parafilm to
prevent the escape of moisture while allowing the permeation of
generated hydrogen gas. The mass of the sealed Petri dish was
monitored by an analytic balance with an accuracy of 0.01 mg. The
decreased mass of the entire Petri dish represents the mass of the
generated hydrogen during the soaking test.
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