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A Dual Salt/Dual Solvent Electrolyte Enables Ultrahigh
Utilization of Zinc Metal Anode for Aqueous Batteries

Kailin Guan, Wenshu Chen, Yunting Yang, Fei Ye, Ye Hong, Jian Zhang, Qinfen Gu,

Yuping Wu, and Linfeng Hu*

Rechargeable aqueous zinc batteries are promising in next-generation
sustainable energy storage. However, the low zinc (Zn) metal anode reversibil-
ity and utilization in aqueous electrolytes due to Zn corrosion and poor Zn?*
deposition kinetics significantly hinder the development of Zn-ion batteries.
Here, a dual salt/dual solvent electrolyte composed of Zn(BF,),/Zn(Ac),

in water/TEGDME (tetraethylene glycol dimethyl ether) solvents to achieve
reversible Zn anode at an ultrahigh depth of discharge (DOD) is developed.
An “inner co-salt and outer co-solvent” synergistic effect in this unique

dual salt/dual solvent system is revealed. Experimental results and theoretical
calculations provide evidence that the ether co-solvent inhibits water activity
by forming hydrogen bonding with the water and coordination effects with the
proton in the outer Zn?* solvation structure. Meanwhile, the anion of zinc ac-
etate co-salt enters the inner Zn?* solvation structure, thereby accelerating the
desolvation kinetics. Strikingly, based on the electrolyte design, the zinc anode
shows high reversibility at an ultrahigh utilization of 60% DOD with 99.80%
Coulombic efficiency and 9.39 mAh cm~2 high capacity. The results far exceed
the performance reported in electrolyte design work recently. The work provides
fundamental insights into inner co-salt and outer co-solvent synergistic regula-
tion in multifunctional electrolytes for reversible aqueous metal-ion batteries.

1. Introduction

Zinc has served as an ideal anode material for aqueous energy
storage owing to its high theoretical capacity (820 mAh g=!), low
electrochemical potential (—0.762 V vs the standard hydrogen

electrode), high abundance, and intrinsic
safety.'3] These merits have driven the
rapid development of aqueous Zn-ion bat-
teries (ZIBs) in recent years as a promising
and green technology for high safety and
large-scale energy storage.l**! However, the
Zn anode generally suffers from an un-
satisfied Coulombic efficiency, and inferior
cycling performance with a low Zn anode
utilization in aqueous electrolytes.l®”] The
main reason lies in the Zn corrosion and
hydrogen evolution reaction (HER), which
are caused by the reaction of highly reac-
tive water with the Zn metal anode at the
aqueous electrolyte-Zn interface.l*] More-
over, the slow Zn ion desolvation kinetics
at the interface also leads to low anode cy-
cling reversibility at high zinc anode depth
of discharge (DOD).[2%11]

One critical approach to address the
abovementioned Zn anode issues is to de-
crease the water reactivity and regulate
Zn ion deposition kinetics concurrently
through interfacial engineering between
the Zn metal anode and electrolyte.['"]
Recently, tremendous efforts have been
devoted to this interfacial engineering and several electrolyte
optimization strategies were developed.'''*] First, a high-
concentration salt electrolyte normally reduces the amount of
active water reacting in the Zn ion solvation structure, lead-
ing to reduced HER and corrosion. Unfortunately, such a
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high-concentration salt design generally presents the issues of
slow ion transport kinetics.['?) Second, water/organic eutectic or
pure organic electrolytes formed by using the organic solvent in-
stead of water are developed to eliminate the side reaction for wa-
ter with the Zn anode.l*'* However, the above electrolyte types
lack the inherent fast Zn deposition kinetic advantages of aque-
ous electrolytes.[®] Third, additive-based aqueous electrolytes are
designed by adding trace organic/inorganic molecules for ad-
sorbing onto the Zn surface to block water erosion. Neverthe-
less, additive-based electrolytes usually cannot generate a stable
interfacial phase to effectively regulate Zn deposition kinetics.!1¢!
Therefore, a multifunctional electrolyte design to simultaneously
achieve the suppression of water activity and fast Zn ion desolva-
tion kinetics is highly anticipated but still very challenging.

In general, introducing organic solvents as co-solvents into
aqueous electrolytes can effectively decrease the free water pro-
portion and reduce water activity by forming hydrogen bonds
with water molecules.!'''2] However, the presence of co-solvent
in the aqueous electrolyte system usually gives rise to sluggish
desolvation and charge transfer kinetics.'>*] Note that the inter-
facial structure and cationic charge-transfer kinetics can be effec-
tively regulated by various anions from different Zn salts.!'’~°]
Such a consideration inspires us to use more than one salt in the
water/organic co-solvent system for realizing highly reversible
Zn anode via interfacial engineering from both Zn co-salt and
organic co-solvent aspects.

In this work, for the first time, we have proposed a
dual salt/dual solvent electrolyte design composed of
Zn(BF,),/Zn(Ac), in water/TEGDME (/tetraethylene glycol
dimethyl ether) with an “inner co-salt and outer co-solvent”
synergistic effect. Experimental results and theoretical calcula-
tions revealed the TEGDME co-solvent exhibits prominent water
reaction suppression due to the formation of hydrogen bonding
with the water and the coordination effect with the proton
outside the Zn ion solvation shell. The acetate anion of Zn(Ac),
co-salt enters the inside Zn ion solvation shell and promotes the
desolvation process in the ZnBF,-based electrolyte. Moreover,
the dual salt/dual solvent design enhances the formation of an
efficient inorganic/organic solid electrolyte interface (SEI) on
the Zn surface. Consequently, our unique electrolyte achieves
impressive Zn anode reversibility of average Coulombic effi-
ciency of 99.80% for 150 cycles at an ultrahigh DOD of 60%.
These merits result in outstanding ZIBs performance of high
area capacity based on V-based (3.8 mAh cm™2) or Mn-based
(2.1 mAh cm™?) inorganic and PANI (1.2 mAh cm™2) organic
cathodes, far exceed the performance reported in electrolyte
design work recently.

2. Results and Discussions

2.1. Dual Salt/Dual Solvent Electrolyte Design

A low-cost Zn(BF,), salt (denoted as ZnBF, Figure S1, Support-
ing Information) was first employed in our dual salt/dual sol-
vent electrolyte design. The abundant hydrolysis of the BF,™ an-
ions (BF,” + H,0 = BF;OH™ + F~ +H") in the pure aque-
ous electrolyte (AE) of ZnBF salt (denoted as ZnBF-AE) leads
to excessive proton activity, and the protons can transfer via the
hydrogen bonding network, resulting in Zn anode corrosion
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and HER (Figure 1a).2%2! The experimental observations and
Zn//Zn or Zn//Cu half-cell tests at a 20% high depth of dis-
charge of the Zn anode (DOD,,) (Figure S2, Supporting Infor-
mation) demonstrate that the reversibility and stability of pure
aqueous ZnBF electrolyte are inferior to that of some other
Zn salts (such as Zn(Ac),, ZnSO,, ZnOTF, and ZnCl,). How-
ever, such a case can be remarkably improved by using a wa-
ter/organic dual solvent system. The corresponding Zn anode
stability results indicate that the Zn metal corrosion resistance
and cycling stability of the water/ether (TEGDME co-solvent, de-
noted as ZnBF-CE) dual solvent electrolyte are better than those
of water/sulfone, water/amide, water/nitrile, and water/alcohol
systems (Figures S3-S5, Supporting Information). In addition,
the Zn//Zn or Zn//Cu cell performance with the water/ether
dual solvent electrolyte systems using different Zn salts (ZnSO,,
ZnOTF, Zn(Ac),, and ZnCl,) show that the ZnBF-CE system ex-
hibits the best performance on Zn anode stability and reversibil-
ity (Figures S6-S7, Supporting Information). The suppression of
zinc anode corrosion by ZnBF-CE electrolyte with the ether co-
solvent was further confirmed in the electrochemical Tafel polar-
ization experiment (Figure S8, Supporting Information).

The interaction of the water and ether co-solvent and the func-
tionality of the ether to inhibit Zn corrosion are further consid-
ered. In Figure 1b, the hydrogen bonds (H-bonds) are formed via
the ether (acting as the hydrogen bond acceptor) and water (act-
ing as the hydrogen bond donor). Thus, the addition of TEGDME
ether breaks the H-bonding network of water. The fact is illus-
trated by Fourier-transform infrared (FTIR) spectra (Figure S9,
Supporting Information). The formation of H-bonds reduces the
amount of free water, which can attenuate the BF,~ hydrolysis
reaction. Moreover, the ether breaks the water hydrogen bonding
network and can reduce the proton transport by hydrated protons
and proton hopping for the Grotthuss mechanism,[2223] thereby
avoiding corrosion and HER on the Zn surface. In addition to
the role of H-bonds, the ether co-solvent will reversibly coordi-
nate with the proton to form the protonated ether, thus limiting
the proton transfer and reducing the proton activity, as shown in
Figure 1b. The reversible coordinate binding is because the pro-
ton can covalently coordinate with an oxygen atom with the iso-
lated pair electrons on the ether bond (the proton as the electron—
pair acceptor of the Lewis acid and the ether as the electron-pair
donor of the Lewis base,!***! Figure S10, Supporting Informa-
tion). However, the addition of the nonaqueous TEGDME co-
solvent will inevitably cause slow charge transfer kinetics due
to the reduction of the electrical conductivity for the aqueous
electrolyte,?22326] resulting in sluggish Zn ion deposition kinet-
ics (Figure 1D).

To address the above kinetics issue, we tried to add a low-cost
Zn(Ac), salt (denoted as ZnAc) to enhance the interfacial reac-
tion kinetics of the ZnBF salt electrolyte. First, as a compari-
son, we tried to add the ZnAc to ZnBF-AE to form ZnBF/Ac-AE
with a dual Zn salt/single water solvent system (Figure 1c). The
half-cell of ZnBF/Ac-AE measurement shows an improvement
in the Zn anode lifetime and Zn plating/stripping efficiency
(Figures S11-S13, Supporting Information). This suggests that
the ZnBF/Ac-AE system inhibits the Zn corrosion at a certain
degree, which is attributed to the lower proton activity resulting
from the hydrolysis of adding acetate (Ac™) anion (CH;COO~
+ H,0 = CH;COOH+OH") to ZnBF-AE with an increased
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Figure 1. Dual salt/dual solvent electrolyte (ZnBF/Ac-CE) design. Schematics of Zn anode interfacial reactions in a) ZnBF-AE, b) ZnBF-CE, c) ZnBF/Ac-

AE, and d) ZnBF/Ac-CE electrolytes.

alkalinity. Unfortunately, the ZnBF/Ac-AE system still exhibits
unsatisfied cell life and relatively low Coulombic efficiency due to
the inability to avoid the corrosion issue of the single water sol-
vent (Figure 1c). However, the experimental results also demon-
strate that the ZnBF/Ac-AE system with the dual salt shows rapid
Zn ion deposition with lower overpotentials compared to the
ZnBF-AE system, indicating that the addition of Ac™ regulates
the solvated Zn?** deposition kinetics (Figure 1c). Furthermore,
we added the ZnAc co-salt to that for the ZnBF-CE system (de-
noted as ZnBF/Ac-CE) aiming to simultaneously avoid Zn corro-
sion, and accelerate Zn ion deposition, thus enhancing Zn an-
ode reversibility (Figure 1d). The optimal molar ratio between
water and TEGDME of 40:1 (Figures S14-S15, Supporting In-
formation) and the optimal molar ratio of ZnBF and ZnAc of 5:1
(Figures S16-S17, Supporting Information) for the ZnBF/Ac-CE
electrolyte were obtained from the Zn anode reversibility study.
The experimental results in Figures S14-S17 show that the addi-
tion of TEGDME and ZnAc in excess will decrease the Zn anode
reversibility due to the decrease in ionic conductivity (shown in
Figure S18, Supporting Information). The Zn plating/stripping
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overpotential is largely reduced at the optimal concentration of
ZnAc co-salt in the ZnBF-based electrolyte, indicating the fast
Zn/Zn?* reaction kinetics in the dual salt electrolyte (Figure S19,
Supporting Information).

The effect of the aforementioned four electrolytes on the Zn
anode reaction kinetics was subsequently studied by the Zn de-
position on Cu electrodes (Figure S20, Supporting Information)
and Zn electrodes (Figure S21, Supporting Information) at 0.5,
5, and 10 mA cm™? rates, respectively. The Zn deposition pro-
cess includes the Zn?* transport by the Zn ions solvation struc-
tures, desolvation and charge transfer, and crystalline nucleation
at the Zn anode-electrolyte interface. The plating voltage corre-
sponds to the driving force (polarization) required for the Zn de-
position and is expressed as the deposition polarization overpo-
tential (denoted as #), and a larger # reflects slower Zn deposi-
tion kinetics.[?”28] The Zn deposition profile is shown in Figure
S22a (denoting #, as the initial nucleation polarization overpo-
tential, An as the nucleation process overpotential when mov-
ing from the initial nucleation to the growth stage, and #, as the
polarization overpotential at the growth stage, respectively). The
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statistical comparison in Figure S22a, Supporting Information
shows that the dual salt electrolytes (ZnBF/Ac-AE and ZnBF/Ac-
CE) have smaller #,/An/n, overpotentials compared to those
for the unitary salt electrolytes (ZnBF-AE and ZnBF-CE), which
demonstrates the faster Zn nucleation and growth kinetics for
the dual salt electrolytes. Moreover, the deposition overpotential
of the dual salt electrolytes exhibits no obvious change by chang-
ing the current densities and the deposited electrodes, indicating
that the fast reaction kinetics property of dual salt electrolytes is
intrinsic to the interface, which is further illustrated by the elec-
trochemical cyclic voltammetry test (Figure S22b, Supporting In-
formation) and the rate performance for Zn//Zn cells (Figure
S23, Supporting Information). In short, the ZnBF/Ac-CE dual
salt/dual solvent electrolyte not only inhibits Zn corrosion but
also accelerates the Zn deposition kinetics (Figure 1d, Support-
ing Information).

The Zn ion solvation structures and electrolyte interactions
in the above four electrolytes were investigated to understand
further the Zn anode performance enhancement mechanism
for our proposed dual salt/dual solvent electrolyte design. The
contact angles of the four electrolytes on the Zn surface were
first measured to investigate the interfacial interaction (Figure
S24, Supporting Information). Results show that the presence of
TEGDME co-solvent in the electrolyte system can significantly
decrease the interfacial contact angle, while the addition of ZnAc
co-salt shows a slight decrease. The decrease in the contact an-
gle should be due to the regulation of water surface tension by
TEGDME and Ac™, which reduces the interfacial water amount
and breaks the water H-bonds network.[?! The TEGDME addi-
tion leads to a more significant decrease in the contact angle com-
pared to the Ac, indicating a stronger effect on the separation
of the water H-bonds network. The FTIR spectra further show
that the addition of Ac™ affects weakly the H-bond structure of
water (Figures S25-S27, Supporting Information). Moreover, Ra-
man spectra (Figure S28, Supporting Information) illustrate the
four electrolytes (ZnBF-AE, ZnBF/Ac-AE, ZnBF-CE, ZnBF/Ac-
CE) have two Zn*" solvation structures including the solvent-
separated ion pair (SSIP) structure and the contact ion pair (CIP)
structure. The SSIP structure is a form in which Zn?* would only
be coordinated with the solvent (Zn?*-(H,0),), while in the CIP
structure, Zn?* would be coordinated with the anions apart from
the coordination with the solvent (Zn**-(BF, ") (H,0),).">*"l The
first Zn ion solvation shell is formed by the coordination between
cation (as Lewis acid and electron acceptor) and solvent/anion
(Lewis base or electron donor).[111:31:32]

The photographs of the four electrolytes in Figure 2a show
both aqueous and co-solvent electrolytes with transparent state.
Considering the intense contact of the electrolytes with the Zn
electrodes, molecular dynamic (MD) simulations were conducted
to clarify the interfacial structure of our rationally designed elec-
trolytes (Figures S29-S30, Supporting Information). The typical
first Zn?* solvation structures based on dynamics simulations
are shown in Figure 2a; and Figure S30, Supporting Informa-
tion. The radial distribution function (RDF) plots of Zn** are
presented in Figure 2b—e. The RDF of the ZnBF-AE (Figure 2b,
Supporting Information) shows an average coordination num-
ber (CN) of 5.57 for Zn**-O(H,0) and 0.45 for Zn**-F(BF,"), re-
spectively, suggesting the presence of CIP structure with Zn?*-
BF,” coordination and the SSIP structure with Zn**-H,O co-
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ordination (Figure S30a, Supporting Information). The RDF of
the ZnBF/Ac-AE (Figure 2c) shows a CN of 5.26, 0.56, and 0.18
for Zn?*-O(H,0), Zn**-F(BF,~), Zn?"-O(Ac"), respectively. The
CN value suggests that the coordination of Zn?*-Ac~ in the CIP
structure exists in the Ac™-based pure aqueous electrolyte (Figure
S30b, Supporting Information). This reveals that the addition of
the ZnAc co-salt allows the Ac™ to enter into the first Zn?* sol-
vation shell. The RDF of the ZnBF-CE (Figure 2d, Supporting
Information) shows a CN of 5.52, and 0.53 for Zn?"-O(H,0),
and Zn?**-F(BF,"), respectively. No significant peak appearing at
around 2 A for Zn?*-(O)TEGDME indicates that there is probably
no such coordination in the ZnBF-CE (Figure S30c, Supporting
Information), showing that the TEGDME co-solvent will not en-
ter into the first Zn?* solvation shell. The RDF of the ZnBF/Ac-CE
(Figure 2e) shows a CN of 5.58 for Zn**-O(H,0), 0.20 for Zn**-
F(BF,7), 0.19 for Zn?*-O(Ac~) respectively, suggesting that the
ZnBF/Ac-CE forms the CIP coordination form of Zn?**-Ac~. The
RDF of the ZnBF/Ac-CE shows a similar situation for the Zn?*-
(O)TEGDME in the ZnBF-CE (Figure 2e). The presence of Zn**-
Ac™ coordination can be derived from the RDF, suggesting that
the addition of Ac™ competes with BF,~ or H, O for coordination
due to the relatively strong interaction of Ac™ with Zn?*. The in-
teractions are illustrated by the density functional theory (DFT)
calculations on the electrostatic potential (ESP, Figure S31, Sup-
porting Information) and binding energies (Figure 2f; and Figure
S30, Supporting Information). Due to the lower electronegativ-
ity of Ac™ anion (Ac™: —7.43 eV, BF,~: —6.05 eV, H,0: —1.8 ¢V,
TEGDME: —1.4 eV, Figure S31, Supporting Information) enables
a strong ionic interaction with the cation, the Ac™ enters the first
Zn ion solvation shell and coordinates with the Zn ion. The al-
most absence of Zn**-TEGDME coordination in the dual solvent
electrolyte could be attributed to the weak interaction between
TEGDME with Zn** compared to the anions of BF,~ and Ac~
due to TEGDME is a weak Lewis base with a low donor num-
ber (16.6 less than H,O of 18)1283334] and less addition than H,0
solvent (molar ratio of H,O/TEGDME in 40/1). Theoretical calcu-
lations of binding energies also identify that TEGDME is weakly
binding to Zn** compared to anions (Figure S32, Supporting In-
formation). Thus, the Ac™ anions with a strong electrostatic effect
can join the first Zn?* solvation structure for Zn ion transfer reg-
ulation, whereas the TEGDME co-solvent molecules with a non-
solvating effect for Zn ions located on the outside of the first Zn?*
solvation structure.

The desolvation steps and desolvation energies for different
Zn?* solvated structures were ascertained by DFT calculations
on free energies (Figure 2h,i; and Figure S33, Supporting In-
formation). The SSIP structure of Zn?*-(H,O), takes the last
step of desolvation as Zn**-H, 0, which can enable the proxim-
ity of H,O to the Zn surface, leading to corrosion and HER. The
low LUMO energy level of Zn**-H,0 or Zn**-(H,0), indicates
that the coordinated H,O is prone to reductive decomposition
(Figure 2g; and Figure S34, Supporting Information). The des-
olvation of Zn**-(BF,~)(H,0)s and Zn?*-(Ac™)(H,0); of the CIP
structure involves the removal of the H, O solvent followed by the
removal of the anions, and the last desolvation step is in the forms
of Zn?*-BF,~ and Zn?*-Ac™, respectively (Figure 2h), which can-
not be easily prone to HER compared to the SSIP structure.
The LUMO (Lowest unoccupied molecular orbital) energy levels
reveal that the high energy levels of the CIP structure are not
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Figure 2. Molecular dynamics (MD) simulations and density functional theory (DFT) calculations for the four electrolytes. a) 3D models of interfacial
molecular dynamics and typical Zn?* solvated structures of ZnBF /Ac-CE electrolyte. The C atoms in Ac™ and TEGDME are differentiated by using a green
color for C in Ac™ and a yellow color for C in TEGDME. The radial distribution function (g(r), in solid line) and coordination numbers (n(r), in dashed
line) of coordinated Zn?* in b) ZnBF-AE, c) ZnBF/Ac-AE, d) ZnBF-CE, and e) ZnBF/Ac-CE electrolytes. f) Binding energies of Zn?* with H,O/BF,~ /Ac".
g) LUMO energy levels for H,0/BF,~/Ac™ or coordinated Zn?* solvation structures. h) Desolvation processes and i) desolvation energies for various

Zn?* solvated structures. j) The number density of H,O on the Zn surface.

easily reducible compared to the SSIP structure (Figure 2h; and
Figure S34, Supporting Information). The addition of Ac™ into
the electrolytes promotes the formation of the CIP structures,
leading to the reduced HER reaction. The calculation of desolva-
tion energies (Figure 2i) illustrate that the CIP structures of Zn?*-
(BF,7)(H,0)5 and Zn**-(Ac™)(H,0); are easier to desolvate H,0
molecules than the SSIP structure of Zn**-(H,0),. This shows
that the anions entering the Zn** solvated structures have fast
desolvation kinetics. Moreover, Zn**-(Ac™)(H,0)s is more read-
ily to desolvate H,0 compared to Zn?*-(BF,”)(H,0)s, suggest-
ing that the Ac™ in the solvated Zn?* structure leads to a faster

Adv. Mater. 2024, 2405889

2405889 (5 of 13)

rate of dewatering solvation kinetics compared to BF,~. Thus, the
BF, -based electrolytes with increased desolvation rate due to the
Ac™ addition can provide fast Zn ion deposition kinetics and re-
duces the polarization overpotential of electroplated Zn. Conse-
quently, the reversibility of zinc plating/stripping was effectively
improved in the half-cell cycles.

The radial number densities of each component in the afore-
mentioned four electrolytes on the Zn surface were also obtained
based on MD simulations (Figure S35, Supporting Information;
and Figure 2j). The interaction energies were calculated for each
component with the Zn electrode (Figures S36-S37, Supporting
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Information). In Figure 2j, the stronger number density peaks of
H, O for ZnBF-AE and ZnBF/Ac-AE compared to those for ZnBF-
CE and ZnBF/Ac-CE indicates a large number of water molecules
at the interface of Zn electrodes with ZnBF-AE or ZnBF/Ac-AE
electrolytes. The smaller amount of water molecules at the in-
terface of Zn electrodes with the ZnBF-CE or ZnBF/Ac-CE is at-
tributed to the TEGDME adsorption, which can be verified from
the number density peak of TEGDME in Figure S35e, Supporting
Information. In addition, the Ac™-based electrolytes present the
Ac™ adsorption on the Zn surface (Figure S35f, Supporting Infor-
mation). The above adsorption effects are also inferred from the
calculations of the interaction energies of each component with
the Zn electrode (Figures S36-S37, Supporting Information). In
Figure S37a, Supporting Information, the relatively more nega-
tive energies of the H,0 molecules in ZnBF-AE and ZnBF/Ac-
AE compared with those of ZnBF-CE and ZnBF/Ac-CE indicate
a stronger interaction of H,O with the Zn electrodes. The rela-
tively weaker interaction of H,O molecules with the Zn electrode
in ZnBF-CE or ZnBF/Ac-CE indicates that the TEGDME adsorp-
tion reduces the adsorption number of H,O molecules. Com-
pared to ZnBF-CE, the interaction of TEGDME molecules with
the Zn electrode is weaker in ZnBF/Ac-CE (Figure S37b, Sup-
porting Information), which is due to the presence of more Ac~
(Figure S37c, Supporting Information) and BF,~ anions (Figure
S37d, Supporting Information). The above adsorption effects are
also confirmed by the DFT calculations of the adsorption ener-
gies (Figure S38, Supporting Information). The most negative ad-
sorption energy of TEGDME with the Zn electrode indicates that
TEGDME can preferentially adsorb on the Zn surface relative to
H,O0, thereby reducing the adsorption of H,O on the Zn surface.
Besides, the TEGDME co-solvent molecules locate outside the
first Zn ion solvation shell and forms hydrogen bonds with H,O
of the first solvated structures to inhibit water reduction activ-
ity. Theoretical calculations also show that TEGDME-H,O has a
stronger binding capacity than H,0-H, O (Figure S32, Support-
ing Information). The addition of co-solvent TEGDME reduces
water and proton activity, leading to inhibition of zinc corrosion
and hydrogen evolution reactions (HER). Therefore, the cells
with TEGDME-added co-solvent electrolytes can maintain a long
cycling stability. Since the ZnBF/Ac-CE electrolyte with TEGDME
and Ac™ has few H,O molecules but many TEGDME/anions at
the interface, such an interfacial structure inhibits water activ-
ity in the outer of the first Zn?* solvation structure, prevents the
corrosion and HER side reactions by TEGDME co-solvent. Mean-
while, interfacial Zn?* transfer kinetics is accelerated by the ZnAc
co-salt, which regulates the inner of the first Zn?* solvation struc-
ture at the interface. Accordingly, the combination of co-salt and
co-solvent forces synergistically regulates the Zn ion solvation
structure and the interfacial reaction kinetics.

2.2. Zn Anode Stability

To assess the inhibition effect for spontaneous corrosion of the
Zn anode by our dual salt/dual solvent electrolyte design, we
soaked the Zn foils into the above-mentioned four electrolytes
to observe the corrosion behaviors. The photographs of the
soaked Zn foils in Figure S39, Supporting Information show
the dual salt/dual solvent electrolyte exhibits the best corrosion-
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resistant effect. Meanwhile, the soft pack cell storage tests (Figure
S40, Supporting Information), self-discharge and capacity stor-
age properties (Figure S41, Supporting Information), and HER
experiments (Figure S42, Supporting Information) identify that
the dual solvent electrolyte exhibits higher storability and sup-
pressed side reactions, which are attributed to the suppressed
water activity by the TEGDME co-solvent. The addition of ZnAc
co-salt into the ZnBF-AE or ZnBF-CE electrolyte further reduces
the self-corrosion and HER on the Zn surface, which can be as-
cribed to the hydrolysis of Ac™ that increases the solution alka-
linity, leading to the decrease in proton activeness (Figure S43,
Supporting Information).

The Zn transfer kinetic properties at the Zn electrode—
electrolyte interface in different electrolytes were further stud-
ied by electrochemical impedance spectroscopy (EIS) charac-
terizations. The initial and cycled EIS were measured and cir-
cuit fitting was performed for Zn//Zn cells using different elec-
trolytes (Figures S44-S45, Supporting Information). The com-
parison of fitted resistance for the four different electrolytes is
shown in Figure S45c¢, Supporting Information. In the initial and
cycled R, comparisons, the dual solvent electrolytes (ZnBF-CE
and ZnBF/Ac-CE) may have lowered the ion conductivity com-
pared to the pure aqueous electrolytes (ZnBF-AE and ZnBF/Ac-
AE), resulting in slightly increased impedance. Moreover, the R,
of ZnBF/Ac-AE with Ac™ is higher than that for ZnBF-AE. How-
ever, as shown by the ohm numerical intensities of the R, R,
and R, the intensity of R, is excessively smaller in comparison
to Ry or R, indicating that the electrochemical impedance arises
mainly from the interfacial resistance and charge transfer resis-
tance, which can also be validated from the impedance compar-
ison of the symmetric Zn//Zn cell and the SS//SS cell (Figure
S46, Supporting Information). The R;is mainly generated at the
after-cycled interface, resulting from either the corroded state of
the Zn surface or the SEI formation. The high R; after cycling
in the ZnBF-AE system may originate mostly from Zn surface
corrosion. The largely decreased R; for ZnBF/Ac-AE can be ex-
plained by a corrosion-reducing effect. The high Ry after cycling
in ZnBF-CE and ZnBF/Ac-CE systems should be attributed to
the generation of more SEI with less corrosive conditions. The
decrease of R; for ZnBF/Ac-CE within Ac™ may indicate the for-
mation of SEI is favorable for Zn ion transfer. Moreover, the R,
in the ZnBF/Ac-AE or ZnBF/Ac-CE electrolyte is significantly re-
duced as compared with those for ZnBF-AE or ZnBF-CE, imply-
ing that the presence of Ac™ at the interface canlead to faster Zn**
desolvation and charge transfer characters, thus improving the
Zn deposition reaction kinetics. In addition, the larger transfer
number of the ZnBF/Ac-CE is due to the faster Zn ion transfer
kinetics of the dual salt electrolyte compared to ZnBF-CE elec-
trolyte (Figure S47, Supporting Information).

The Zn anode cycling performance at high capacities and
depths of discharge is critical for assessing Zn metal anode uti-
lization for practical application.[®®] The long-term cycling stabil-
ity is compared for the four studied electrolytes using the half-
cells including symmetric Zn//Zn and asymmetric Zn//Cu cells
at different DOD,,, (Figure 3; and Figures S48-S49, Support-
ing Information). The Zn//Zn symmetric cell using ZnBF-AE
electrolyte delivers a cycle life of only 5 cycles at a 20% DOD,,,
while the ZnBF/Ac -AE electrolyte displays an improved lifespan
of 28 cycles due to the reduced Zn anode corrosion (Figure 3a).
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Figure 3. The Zn plating/stripping curves of Zn//Zn symmetric cells using a) ZnBF-AE, ZnBF/Ac-AE, and b) ZnBF-CE, ZnBF/Ac-CE electrolytes at a
20% DODy,,. The comparison of Coulombic efficiency of Zn//Cu cells within four electrolytes at c) 20% DODy,, and d) 60% DODy,,. The comparison
of polarization voltages in studied electrolytes at e) 20% and f) 60% DODy,,. g) A comparison of Zn plating/stripping Coulombic efficiency for different
Zn salt electrolytes. h) A comparison of the Zn anode performance between the dual salt/dual solvent electrolyte in this work and some other recently

reported electrolytes.[22:23:26,37-53]
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Especially, the Zn//Zn symmetric cells containing the ZnBF-CE
and ZnBF/Ac-CE electrolytes at a 20% DOD,, shows a much
longer cycle life of >300 cycles (Figure 3b).

The average Coulombic efficiencies (ACE) are compared based
on the Zn//Cu cells using the four electrolytes at a 20% DOD,,
(Figure 3c). The ACE is 95.17% for ZnBF-AE, 99.38% for
ZnBF/Ac-AE, 99.60% for ZnBF-CE, and 99.84% for ZnBF/Ac-
CE, respectively. The cells within ZnBF-CE or ZnBF/Ac-CE elec-
trolyte have higher Zn plating/stripping efficiency compared
with that for ZnBF-AE or ZnBF/Ac-AE electrolyte. The cells
with a dual salt electrolyte (ZnBF/Ac-CE) have the highest ef-
ficiency at 20% DOD,,,. The ACE for ZnBF/Ac-CE remains at
99.80% ACE for 150 cycles (300 h), while the ZnBF-CE has only
99.09% ACE and fails after only 20 cycles (40 h) in a higher
DOD,,, of 60% (Figure 3d; and Figure S48, Supporting Infor-
mation). The cells of ZnBF/Ac-CE for 60 DOD,, maintained a
high ACE and 50 cycle stability at a 1 mA cm~ low current den-
sity (Figure S49, Supporting Information). Moreover, the cells
with ZnBF/Ac-CE have a high CE in the first cycle (Figure S50,
Supporting Information). The Zn plating/stripping polarization
voltages (The polarization voltages are equal to the sum of Zn
plating voltage and Zn stripping voltage) at 20% or 60% DOD,,
for the cells with the ZnBF-CE and ZnBF/Ac-CE electrolytes
(Figure 3e,f), demonstrate that the dual salt (ZnBF/Ac) electrolyte
substantially reduces the polarization voltage compared to that
for the one-salt (ZnBF) electrolyte, indicating the faster Zn de-
position/dissolution kinetics for the dual salt electrolyte. In gen-
eral, the initial Zn stripping/plating requires a high overpoten-
tial due to the high electrolyte /interfacial resistance.l*} Subse-
quent Zn stripping/plating cycles are easier than the initial one,
corresponding to the decrease of polarization voltages. After a
few cycles, the generation of the solid electrolyte interfacial (SEI)
phases at the Zn anode surface leads to a slight increase in the
polarization voltage.[*®] These characteristics allow the ZnBF/Ac-
CE cells maintain a high reversibility at the higher depths of dis-
charge. The comparison of the cycle performance and ACE for
the four electrolytes using other Zn salts (ZnSO, ZnOTF, ZnAc,
and ZnCl) demonstrates the universality in achieving high re-
versibility of the Zn anode employing the dual salt/dual solvent
electrolyte of ZnBF/Ac-CE (Figure 3e). In Figure 3f; and Table
S1 (Supporting Information), compared with the electrolyte de-
signs from other representative work,[222326:37-33] our design of
dual salt/dual solvent electrolyte has a prominent advantage for
Zn anode performance in simultaneously achieving high capac-
ity, high discharge depth, and high cycle efficiency.

2.3. Zn Anode Characterizations

Zn anode characterizations in the four electrolytes were further
performed to reveal the cycling stability process and mechanism.
The digital photographs in Figure 4a show that after cycling, the
Zn surfaces in the ZnBF-AE and ZnBF/Ac-AE electrolytes are
severely corroded and feature a large amount of unevenly dis-
tributed black dead Zn. In contrast, the Zn surfaces show less cor-
rosion and are flat after cycling in the ZnBF-CE and ZnBF/Ac-CE
electrolytes. However, the Zn foil surface after cycling in ZnBF-
CE exhibits a large amount of depleted Zn compared to that of the
ZnBF/Ac-CE electrolyte, which is attributed to the higher plat-
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ing/stripping polarization and slower transfer kinetics for the
ZnBF-CE electrolyte. The X-ray diffraction patterns (XRD) of the
Zn foils after cycling in the four electrolytes are shown in Figure
S51, Supporting Information. Compared with the other three
electrolytes, the Zn surface after cycling in ZnBF/Ac-CE elec-
trolyte shows the highest ratio of (002),,/(101),,,, demonstrating
the preferential growth of (002),,, in the ZnBF/Ac-CE electrolyte,
thus leading to the flattest morphology, which favors the high Zn
anode reversibility.>]

The Zn deposition morphologies in the four studied elec-
trolytes were recorded by in situ optical microscopy (Figure 4b—e).
The uneven Zn deposition and corrosion, as well as bubbles gen-
eration (H, from HER), are observed in the ZnBF-AE electrolyte
(Figure 4b). Uneven deposition raised dendrites and corrosion
are also observed in the ZnBF/Ac-AE electrolyte (Figure 4c). In
contrast, the uniform Zn deposition and refined Zn grains are ob-
served in the ZnBF-CE (Figure 4d) and ZnBF/Ac-CE electrolytes
(Figure 4e) electrolytes, which are attributed to the higher depo-
sition overpotential of the dual solvent electrolytes compared to
the pure aqueous electrolytes. The higher deposition overpoten-
tial leads to a smaller critical nucleation radius, which will refine
the grains and induce homogeneous ionic and electronic fields,
thereby forming homogeneous deposition morphology.l?’! In ad-
dition, the Zn surface is dense in ZnBF/Ac-CE compared to that
in ZnBF-CE, which is related to SEI and will be discussed later.
The above Zn deposition morphology changes in the four elec-
trolytes are also illustrated by the cycling performance and phe-
nomenal observations from the in situ transparent cells (Figures
S52-S53, Supporting Information).

The Zn surface morphologies after cycling in the four stud-
ied electrolytes were observed (Figure 4f-i). The scanning elec-
tron microscope (SEM) results are strongly related to previous
optical observations (Figure 4a—e). The corroded holes and den-
drites, and accumulated dead Zn are observed on the Zn surface
after cycling in the ZnBF-AE electrolyte (Figure 4f), Also, raised
corroded dendrites grew on the Zn surface can be found after cy-
cling in the ZnBF/Ac-AE electrolyte (Figure 4g). However, the Zn
surfaces are devoid of dendrites and corroded morphology after
cycling in the ZnBF-CE (Figure 3h) and ZnBF/Ac-CE (Figure 4i)
electrolytes. In addition, the Zn surface after cycling in the ZnBF-
CE electrolyte exhibits porous morphologies, which are relative to
the dense Zn surface after cycling in the ZnBF/Ac-CE electrolyte.
The above observations on Zn surfaces after cycling in different
electrolytes are also confirmed by the 3D optical profiles (Figure
S54, Supporting Information).

The differences in cycled Zn surfaces are correlated with
the formation of SEI phases from electrolyte decomposition.
X-ray photoelectron spectroscopy (XPS) data with various etch-
ing depths were collected (Figure S55, Supporting Information).
Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
depth profiling was performed to further illustrate the SEI com-
ponents (Figure 4j—m; and Figures S56-S58, Supporting Infor-
mation). The normalized density curves of several ionic pattern
fragments (ZnF~, ZnCO;~, and CH;0") for depth profiling of
the Zn surface after cycling in different electrolytes as well as
the 3D distributions are shown in Figure 4j,k (ZnBF-CE) and
Figure 4l,m (ZnBF/Ac-CE), respectively, and the corresponding
2D distributions are presented in Figure S56, Supporting In-
formation. Several ionic pattern fragments (ZnF,~, CO,~, and
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Figure 4. Zn anode characterizations in four electrolytes. a) Digital photographs of the Zn anodes after cycling in the four studied electrolytes. Zn
deposition process observed by in situ optical microscopy in b) ZnBF-AE, c) ZnBF/Ac-AE, d) ZnBF-CE, and e) ZnBF/Ac-CE electrolytes. SEM images
of the Zn surface after cycling in f) ZnBF-AE, g) ZnBF/Ac-AE, h) ZnBF-CE, and i) ZnBF/Ac-CE electrolytes. TOF-SIMS for the depth profiling of several
secondary ion fragments and 3D reconstruction of the sputtered volume of the Zn anode surface after cycling in j,k) ZnBF-CE and |,m) ZnBF/Ac-CE
electrolytes.
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Figure 5. ZIBs performance. a) The galvanostatic charging/discharging profiles and b) the cycling stability performance of Zn//PANI batteries with the
ZnBF/Ac-CE electrolyte at 5 mA cm™2. ¢) Photograph of an electric fan powered by the pouch ZIBs. d) A comparison on the application properties of
the different electrolyte types. €) A comparison on the areal capacity for the ZIBs between the dual salt/dual solvent electrolyte in this work and some

other recently reported electrolytes.[26:38:40,45-47,49-53,61-79]

CHO") are also shown in Figures S57-S58, Supporting Infor-
mation. In comparison to ZnBF-CE, the Zn surface and deeper
layers after cycling in ZnBF/Ac-CE are distributed with more
uniform F-element-containing ZnF, inorganics. Moreover, the
distribution of uniform C/O-containing inorganics or organics
makes the SEI for the Zn surface after cycling in ZnBF/Ac-CE
more homogeneous and denser. The results are well in agree-
ment with the SEM and the XPS characterizations. Further-
more, the HRTEM observation also confirms the SEI compo-
nents with crystallized ZnF,, ZnCO, and some amorphous or-
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ganic phase (Figure S59, Supporting Information). The distribu-
tion of Ac™ at the interface and the involvement of Zn?* solva-
tion in the ZnBF/Ac-CE electrolyte can promote the formation of
C/O-element-containing substances (e.g., ZnCO, or CO,-based
species). The calculation of the LUMO energy levels in Figure S34
(Supporting Information) illustrates that the Ac™ involvement of
Zn?* coordination will readily decompose to SEI-containing CO,-
based species. Apart from the inorganic SEI component of ZnF,,
the ZnCOj; also makes a robust SEI that can resist water erosion
and dendrite.[*”>°] Based on previous SEI studies, ! the uniform
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anionic CO;-based inorganics contained in the SEI can acceler-
ate the desolvation and charge transfer of cations and lower the
transfer energy barriers, thereby speeding up the charge trans-
fer reaction kinetics. It suggests that the Zn surface SEI after
cycling in the dual salts/dual solvent electrolyte can utilize the
ZnCO, derived from acetate decomposition components as well
as the ZnF, derived from tetrafluoroborate decomposition com-
ponents to accelerate the desolvation of the solvated Zn ions. In
addition, the uniform organic SEI components originating from
the decomposition of ether co-solvent in the dual salts/dual sol-
vent electrolyte ensure the flexibility and mechanical stability of
the entire SEL.[758] Overall, the uniform and densely distributed
organic-inorganic mixed SEI components are critical for inhibit-
ing Zn corrosion and regulating Zn deposition kinetics over long
cycles for the ZnBF/Ac-CE electrolyte.[5%%

2.4. Zn-lon Battery Performance

The Zn anode stability in the designed electrolytes was fur-
ther evaluated by assembling ZIBs with ultrathin Zn anode
(=10 pm, ~13 mg cm™?) and high-loading cathodes (7-12 mg
cm~2). The Zn//PANI battery with the ZnBF/Ac-CE electrolyte
is superior to the ZnBF-AE, ZnBF/Ac-AE, and ZnBF-CE elec-
trolytes or the pure aqueous electrolytes with other salts for
the cycling stability of the batteries (Figures S60-S64, Support-
ing Information). Moreover, the Zn//PANI battery within the
ZnBF/Ac-CE electrolyte performs a higher rate performance
(Figure S61, Supporting Information). The Zn//PANI battery
with dual salt/dual solvent electrolyte (ZnBF/Ac-CE) shows a 1.2
mAh cm~? high area capacity and 85% capacity retention af-
ter 400 cycles at 5 mA cm~? (Figure 5a,b). The performance of
the designed dual salt/dual solvent electrolyte was further ver-
ified by testing the Zn//VO, (Figures S65-S67, Supporting In-
formation) and Zn//MnO, batteries (Figures S68-S69, Support-
ing Information). The cycling performance and charge/discharge
curves for these assembled batteries with different electrolytes
are shown in Figures S66-S69, Supporting Information. Com-
pared to the ZnBF-AE, ZnBF/Ac-AE, and ZnBF-CE electrolytes,
the Zn//VO, and Zn//MnO, batteries within the ZnBF/Ac-CE
electrolyte maintain the highest capacity and optimal cycling sta-
bility. From the above comparisons on the cycle stability per-
formance of Zn//PANI, Zn//VO,, and Zn//MnO, batteries,
it can be concluded that the dual salt/dual solvent electrolyte
(ZnBF/Ac-CE) has fast interfacial charge transfer kinetics, lead-
ing to the high capacity and cycle stability. As a practical appli-
cation, Figure 5c shows a pouch Zn//PANI battery with our de-
signed dual salt/dual solvent electrolyte to successfully power an
electric fan. Our dual salt/dual solvent electrolytes show signif-
icant advances in anode reaction kinetics, zinc anode stability
and utilization, and battery capacity upon a qualitative evalua-
tion with other electrolyte types (Figure 5d).[*11-1416] In addition,
comparing the dual salt/dual solvent electrolyte with other de-
signed electrolytes!26:38:40454749-53.61-79] (Figure Se; and Table S2,
Supporting Information), the dual salt/dual solvent electrolyte
design attains much higher area capacity in ZIBs based on PANI
organic (1.2 mAh cm™2) or inorganic V-based (3.8 mAh cm™?),
Mn-based (2.1 mAh cm=?) cathodes at 0.1 or 0.5 A g~!, demon-
strating the superiority of the designed ZnBF/Ac-CE electrolyte.
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3. Conclusions

In this work, we developed a dual salt/dual solvent electrolyte of
Zn(BF,),/Zn(Ac), in water/TEGDME with an “inner co-salt and
outer co-solvent” synergistic effect to achieve a highly reversible
Zn anode at high Zn utilization. Our designed dual salt/dual
solvent electrolyte effectively inhibits the Zn corrosion through
the TEGDME ether co-solvent by reducing water activity at the
outer Zn ion solvation structure. The addition of zinc acetate
co-salt promotes the Zn ion desolvation reaction kinetics and
boosts SEI formation by the acetate which enters the inner Zn
ion solvation structure. Based on this inner co-salt and outer co-
solvent synergistic regulation, the designed dual salt/dual sol-
vent electrolyte enables the Zn//Zn or Zn//Cu half-cells to ex-
hibit long cell life and maintain a high Coulombic efficiency of
99.80% at a high Zn anode depth of discharge of 60%. Moreover,
high-performance Zn//PANI, Zn//VO,, and Zn//MnO, batter-
ies were successfully achieved using our designed dual salt/dual
solvent electrolyte. Our work provides a novel electrolyte design
for high-performance zinc batteries to simultaneously realize the
suppression of water activity and the high interfacial Zn ion des-
olvation kinetics. It also provides fundamental insights into inner
co-salt and outer co-solvent synergistic regulation in multifunc-
tional electrolytes for highly reversible aqueous energy storage.
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