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Water-in-salt electrolytes (WISEs) have been proposed as an effective approach to suppress the side

reactions related to free water activity on zinc (Zn) metal anodes, thereby enhancing their

electrochemical performance. While most WISEs correlate total salt concentration with water content

and the Zn2+ solvation structure, the impact of the Zn ratio has been largely overlooked. In this work, we

prepared a range of WISEs with varying Zn molar ratios while ensuring low water content, and

scrutinized the impact on Zn nucleation behavior, Zn plating/stripping overpotential, and overall Zn

metal anode stability. Our results demonstrated that the increase in Zn content in the electrolyte

promotes a high transference number and the 3D Zn2+ diffusion process, – thus enhancing the Zn

anode stability and reversibility. Moreover, we identified an optimized Zn molar ratio of approximately

0.5, suggesting that beyond this threshold, the impact diminishes. Our findings show that reaching the

WISE region is insufficient to improve Zn metal performance; instead, an optimal concentration of Zn2+

ions is the determining factor. Consequently, we advocate for the optimization of the Zn ratio in the

future design of WISEs for high-performance Zn-ion batteries.
1. Introduction

Aqueous batteries have attracted great attention for grid-scale
energy storage systems due to their low cost and high safety
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attributed to the use of non-ammable aqueous electrolytes.1

Among these, aqueous Zn ion batteries (AZIBs) are promising
alternatives for large-scale energy storage technologies owing to
their high theoretical gravimetric (820mA h g−1) and volumetric
(5855mA h cm−3) capacities, low redox potential (−0.76 V versus
the standard hydrogen electrode, SHE), high abundance, and
low toxicity of Zn metal anodes.2,3 However, the undesired
electrochemical reactions on the Zn anode such as hydrogen
(H2) evolution, uncontrolled dendrite growth, accumulation of
dead Zn, and formation of byproducts severely affect the life-
span of AZIBs.4

It is widely acknowledged that the parasitic H2 evolution
occurring on the Zn anode in conventional diluted electrolytes
promotes dendrite growth while also resulting in the formation
of inactive Zn deposits.4 In dilute electrolytes, the Zn2+ solvation
shell typically consists of six water molecules, wherein the
interaction between Zn2+ and water prompts water molecules to
undergo ionization. The electric eld generated by Zn2+ exerts
a force on water molecules, facilitating electron transfer from
coordinated H2O to vacant orbitals of Zn2+. This process notably
weakens the O–H bonds of water molecules and promotes H2

evolution.5 In addition, the formation of a hydrogen bonding
network among free water molecules leads to the rapid trans-
port of protons (H+) and hydroxide anions (OH−) through the
Grotthuss mechanism, thereby enhancing H2 evolution.6 These
lead to continuous electrolyte consumption and pressure build-
up in a cell, thus reducing the reversibility and cycling stability
of a Zn anode. Several approaches have been proposed to
address the above-mentioned challenges by limiting water
J. Mater. Chem. A, 2024, 12, 25035–25046 | 25035
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activities.7,8 One of the common approaches to mitigate H2

evolution is the development of highly concentrated electrolytes
also called WISEs. WISEs with a higher salt-to-water ratio do not
contain sufficient water to fully coordinate the Zn2+ ions,
thereby disrupting the original hydrogen bonding network of
water, which enables the coordination of anions in the Zn2+

solvation structure.9 Thus, the partial replacement of water by
anions in the Zn2+ solvation structure is assumed to mitigate H2

evolution upon Zn electrodeposition, improving the cycling
stability and coulombic efficiencies of Zn metal batteries. For
example, Zhang et al. reported a dendrite free Zn metal anode
using 30 m ZnCl2 electrolyte (m = mol of salt/1 kg of solvent),
which improved the Zn plating/stripping reversibility.10 Yang
et al. showed that Zn reduction occurs before H2 evolution as
the concentration of ZnCl2 increases due to the high over-
potential against H2 evolution on Zn metal.11 This expands the
voltage gap between Zn reduction and H2 evolution that helps to
minimize parasitic reactions. On the other hand, due to the
limited solubility of most Zn salts in water, the reported WISEs
are combined with another salt such as lithium bistri-
uoromethanesulfonimide (LiTFSI) or potassium acetate (KAc)
and others e.g. 1 m Zn(TFSI)2 + 20 m LiTFSI,9 1 m Zn(Ac)2 + 31 m
KAc,12 and 0.5 m Zn(ClO4)2 + 18 m NaClO4.13 This results in
a very low Zn salt content, accounting for only 2–8% of the total
electrolyte concentration, thus causing a high overpotential
above 0.1 V. The latter leads to kinetic limitations, heat gener-
ation, and uneven distribution of the electrode active material,
resulting in dendrite formation. However, a high Zn cation
density near the electrode interface is necessary to counterbal-
ance the poor ionic conductivity in WISEs, which otherwise
fosters dendrite formation and slows down electrode kinetics.
Elevated viscosity also contributes to high overpotential, known
as concentration polarization, occurring when the rate of mass
transport of reactants to/from the electrode restricts the ow of
current. Despite numerous reports correlating electrolyte
concentrations with water quantity and the Zn2+ solvation
structure, the impact of Zn content in WISEs on Zn anode
performance has been largely overlooked. Hence, it is crucial to
comprehend to what extent the elevation of salt concentration
to achieve the WISE region is signicant in relation to the Zn
molar ratio.

Herein, we prepared WISEs based on the Brønsted–Lowry
concept by mixing Zn chloride (ZnCl2) and lithium acetate
(LiAc).14 This concept allows us to obtain various Zn molar
ratios while maintaining the WISE region with a very low water
content. Thus, we prepared four WISEs by varying the ZnCl2
molar ratio in ZnCl2/LiAc mixtures (0.2, 0.5, 0.8, and 1) and
compared them with the widely studied WISE (1 m Zn(Ac)2 + 31
m KAc) by Chen et al.12 Furthermore, we examined how the total
salt and Zn2+ concentrations in WISEs affect the Zn nucleation
behavior, Zn2+ transference number, and Zn plating/stripping
efficiency. Moreover, to establish a correlation between the Zn
ratio and water concentration, we examined a diluted version of
0.5 ratio electrolyte and compared it with the recently reported
WISE-like solution by Vazquez et al. composed of Zn(Ac)2 and
KAc salts.15 Our primary objective in this study is to compre-
hend the inuence of the Zn2+ molar ratio in WISEs on Zn
25036 | J. Mater. Chem. A, 2024, 12, 25035–25046
anode cycling stability, supplemented by an analysis of the
impact of water concentration. This study will help target the
future design of Zn aqueous electrolytes by considering both the
Zn molar ratio and the amount of water, which is an efficient
strategy to nd a balance between high energy and high power
densities.

2. Results and discussion
2.1. Electrolyte formulation and the solvation structure

To demonstrate the correlation between the Zn molar ratio and
Zn anode stability, a series of WISEs was prepared by mixing
ZnCl2 and LiAc salts at room temperature. ZnCl2 is used
because of its high solubility and dissociation constant. LiAc is
used as a supporting salt to achieve the WISE region while
varying the ZnCl2 salt ratio. In addition, the lithium cation (Li+)
is a weak acid which could not increase the Brønsted–Lewis
acidity of the electrolyte. In suchWISEs, themolar ratio of ZnCl2
and LiAc in (ZnCl2)x(LiAc)1−x/(H2O)n mixtures is varied, where
“x” is themolar ratio of ZnCl2 (x= 0, 0.2, 0.5, 0.8, 1), whereas “n”
is the water content per total salt. Hereaer, xZn is used for
simplicity to represent the WISEs. The measured liquidus line
in Fig. S1† shows that the solubility of (ZnCl2)x(LiAc)1−x/(H2O)n
slightly increases as ZnCl2 increases, where the water content
varies from n = 2.38 to n = 1.77. Note that the solubility limit
changes with the salt ratio, and obtaining the exact same salt
concentrations for all electrolytes is not possible. The corre-
sponding total salt concentrations are 23, 27, 28, and 31mwhile
Zn2+ concentrations are 5, 14, 25, and 31 m for 0.2, 0.5, 0.8, and
1Zn electrolytes, respectively. The pH value continuously
decreases from basic to highly acidic as the Zn molar ratio
increases from 0.03 to 1, as shown in Table S1.† This increase in
acidity is attributed to the complex Zn solvation structures,
primarily consisting of (Zn(H2O)Cl4)

2− and Zn(H2O)6
2+

species.16,17 Hydrogen ions are released from the coordination
shell of the octahedral hydrated Zn complex, leading to the
increased acidity of the solution. This indicates that the number
of hydration molecules directly affects the pH of the solution.
The lower hydration levels signicantly strengthen the proton
activity in the electrolyte thus resulting in lower acidity.
According to the Pourbaix diagram, when pH <4.0, Zn has
a high solubility and can be easily dissolved as Zn2+.18 The
(ZnCl2)x(LiAc)1−x/(H2O)n WISEs were compared with previously
reported Zn-decient WISE composed of 1 m Zn(Ac)2 + 31 m
KAc.12 This electrolyte was selected because it is a benchmark
for aWISE having high total salt concentration (32 m) and a very
low molar ratio of Zn2+ (0.03), abbreviated as 0.03Zn hereaer.
Thus, in total, we prepared ve WISEs with Zn molar ratios
ranging from 0.03 to 1, as demonstrated in Fig. S1.†

Raman spectroscopy was conducted to study the evolution of
H-bonds, Zn2+ coordination, and cation–anion interactions in
the prepared WISEs. Fig. 1a shows the O–H stretching Raman
spectra for water in the high-frequency region (2700–
3900 cm−1). The broad peak of the water region narrows and
initially shis to higher frequencies and then to lower
frequencies as the ZnCl2 molar ratio increases. It is important to
note that the water environment is not directly inuenced by
This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Electrolyte structure and Zn foil stability: (a) and (b) Raman spectra of WISEs corresponding to the water region and Zn coordination,
respectively. (c) XRD patterns of the Zn foil before and after immersing in differentWISEs for 10 days at room temperature, compared with diluted
2 M ZnSO4. SEM images of (d) bare Zn foil and Zn foil soaked in (e) 0.03Zn, (f) 0.2Zn, (g) 0.5Zn, (h) 0.8Zn, and (i) 1Zn WISEs.
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View Article Online
the Zn molar ratio, but rather by the electrolyte composition
and concentration. Notably, an important blue shi of the O–H
stretching mode is observed in the 0.5Zn electrolyte. This
observation suggests that Ac anions inuence the strengthening
of O–H bonds in water molecules by interacting with the oxygen
atoms of Ac and the hydrogen atoms of water. However,
compared to the 0.5Zn electrolyte, the water region shis to
lower frequencies for 0.8 and 1Zn electrolytes, indicating the
weakening of O–H bonds probably due to the interaction of
water with Zn2+ and/or Li+ ions. Furthermore, the peaks related
to the water region were deconvoluted into three sub-bands
corresponding to a non H-bond (coordinated water), weak H-
bond, and strong H-bond, as shown in Fig. S2.†19 The results
show differences in H-bonding environments depending on the
ratio of LiAc and ZnCl2 salts in each electrolyte, making it
difficult to obtain a correlation between salt ratios and the H-
bonding environments of water. The above results indicate
that the changing molar ratios of ZnCl2 and LiAc inuence the
This journal is © The Royal Society of Chemistry 2024
interaction between water molecules and Zn2+, Ac, and Li+ ions.
This in turn affects the position and intensity of the O–H
stretching mode of water molecules in each electrolyte.

Fig. 1b illustrates the Zn2+ coordination in the low-frequency
region (∼140 to 500 cm−1), resulting from the interaction of
Zn2+ with H2O molecules and Cl− ions. As expected, no peaks
corresponding to 0.03Zn electrolyte are observed in this region
due to the absence of Cl− ions. The peak at 278 cm−1 in 0.2Zn
electrolyte is assigned to the Zn(H2O)Cl4

2− complex. The latter
shows an increase in intensity and shiing to higher frequen-
cies with increasing Zn molar ratio (Fig. 1b). The additional
peaks observed at 240 and 328 cm−1, in 0.8 and 1Zn electrolytes,
are attributed to the [ZnCl4]

2− complex and Zn–Cl polynuclear
aggregate, respectively, according to previously reported
studies.14

Furthermore, the coordination of Zn2+ with Ac anions can be
examined in the 400–1450 cm−1 range. For a better correlation,
the reported WISEs were compared with saturated LiAc (sat.
J. Mater. Chem. A, 2024, 12, 25035–25046 | 25037
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LiAc) solution. The in-plane O–C–O rocking vibration at
476 cm−1 in sat. LiAc completely shis to higher frequencies
upon increasing the ZnCl2 ratio (Fig. S3a†), indicating the
interaction of Zn2+ with Ac anions.20 This is similar to the peaks
related to COO bending at 656 cm−1, the C–C stretching at
932 cm−1, and C]O stretching at 1419 cm−1, which all undergo
a blue shi with ZnCl2 concentration in the prepared WISEs.
The C]O stretching peak at 1419 cm−1 splits into two for 0.5
and 0.8Zn electrolytes (Fig. S3b†), suggesting simultaneous
coordination of Ac to Li+ and Zn2+.20 These results indicate the
preference of Ac anions to interact with Zn2+ rather than Li+.
Finally, regarding 0.03Zn electrolyte, all the peaks show a red
shi in comparison to those of all electrolytes including sat.
LiAc. These results indicate the dominant interaction of K+ to Ac
anions due to low amount of Zn2+ cations in 0.03Zn electrolytes.

2.2. Stability of Zn foil in different WISEs

According to Raman results, water molecules interact with
anions and cations present in each WISE in distinct ways. Prior
to electrochemical tests, immersion experiments were con-
ducted to assess the impact of these WISEs on the thermody-
namic stability of Zn metal anodes. For this, a piece of Zn foil
was immersed in the prepared WISEs for a period of 10 days,
subsequently rinsed with deionized water, and dried under
vacuum. The surface change of Zn foil before and aer soaking
was then analyzed using X-ray powder diffraction (XRD) and
scanning electron microscopy (SEM). For comparison, the XRD
patterns of the Zn foil immersed in WISEs were compared with
those immersed in 2 M ZnSO4 and 1 m ZnCl2 diluted electro-
lytes. As expected, 2 M ZnSO4 shows a distinct byproduct
formation, which is identied as the Zn4SO4(OH)6$5H2O
byproduct (see Fig. 1c),21 while only one characteristic byprod-
uct peak is observed in 1 m ZnCl2 (Fig. S4†).22 In contrast, no
XRD patterns of byproducts are observed on the Zn foil soaked
in different WISEs. This suggests that byproduct formation is
inuenced by both the type of Zn salt and concentration. In
addition, SEM images are obtained to analyze the surface of Zn
metal in relation to the Zn molar ratio (Fig. 1d–i). Bare Zn foil
has a rough and uneven surface as indicated in Fig. 1d, which
could have been caused by the manufacturing process. As
shown in Fig. 1e, the electrode displays surface etching with
a structured pattern of parallel lines in 0.03Zn electrolyte. Dark
spots and small white mossy particles cover the Zn surface in
0.2 and 0.5Zn electrolytes (Fig. 1f and g), while the Zn surface in
0.8 and 1Zn (Fig. 1h and i) displays pitting spots and particle
formation, especially in 0.8Zn electrolyte. The latter is related to
corrosion byproducts due to increased acidity. Overall, in all
WISEs clear corrosion is observed only at higher magnication
except for 0.8Zn. The immersion test reveals that the side
reactions generated from the direct interaction between the Zn
anode and WISEs are fewer in comparison to those for diluted
electrolytes.

2.3. Zn electrodeposition behavior

To examine the effect of the Zn molar ratio on H2 evolution and
Zn reduction potential in different WISEs during
25038 | J. Mater. Chem. A, 2024, 12, 25035–25046
electrodeposition processes, linear sweep voltammetry (LSV)
measurements were conducted. Indeed, it is common that in
Zn2+ containing aqueous electrolytes, the H2 evolution occurs
during Zn electrodeposition at a similar reduction potential.23

As a result, to distinguish Zn reduction from H2 evolution, the
WISEs were compared to a Zn-free electrolyte, here 5 m NaCl
solution. The experiments were performed using titanium foil
(Ti) as the working electrode, Ag/AgCl as the reference electrode,
and platinum as the counter electrode at a scan rate of 10 mV
s−1. The 5 m NaCl solution reveals a reduction potential
occurring at −1.4 V (Fig. 2a), indicative of H2 evolution, given
the absence of Zn2+ in the NaCl solution. In contrast, the onset
reduction potential of 0.03Zn electrolyte is −1.36 V, which
corresponds to the Zn2+ reduction voltage – given that the water
content is very low. As the Zn ratio increases from 0.2 to 1,
reduction potentials of −1.14, −0.92, −0.75, and −0.63 V are
observed. Moreover, we conducted additional LSV experiments
on a glassy carbon (GC) substrate using a three-electrode system
at scan rates of both 10 and 1 mV s−1 (Fig. S5a and b,†
respectively). The resulting reduction potentials in each elec-
trolyte were similar to those obtained with a Ti substrate,
indicating similar kinetics limitations using different
substrates and scan rates. This result is consistent with previous
ndings in the literature by using different ZnCl2 concentra-
tions ranging from 1 to 30 m.11,24 Therefore, the positive Zn
reduction potential observed with increasing Zn molar ratios is
primarily attributed to the increased Zn2+ activity due to the
lower acidity of the electrolyte, according to the Nernst equation
below:

E ¼ E0 þ RT

2F
ln a½Zn2þ� (1)

where E is the reduction potential, E0 is the standard reduction
potential, R is the universal gas constant, T is the temperature in
kelvin, F is Faraday's constant, and a is the activity of Zn2+ ions.
In addition, the LSV of the 0.03Zn electrolyte with a pH of 10.9
was compared to that of a 31 m KAc solution without Zn salt
displaying a similar pH of 11.4, as shown in Fig. S6.† The
reduction potential increased from−1.60 V and−1.62 V in 31m
KAc to −1.37 and −1.33 V in 0.03Zn on Ti and GC at 10 and
1 mV s−1, respectively. This increase in onset potential suggests
that Zn deposition occurs before H2 evolution in the 0.03Zn
electrolyte. Similar ndings were reported by Daniel et al. in an
electrolyte containing 10 m KAc + 0.5 m ZnAc.25 As a conclusion,
the Zn deposition potential increases with the Zn molar ratio,
while the H2 evolution potential remains constant, expanding
the voltage gap between H2 evolution and Zn deposition. The
large voltage gap minimizes H2 evolution and other side reac-
tions, thereby improving Zn anode performance.26

The suppression of H2 evolution may not consistently indi-
cate dendrite free Zn deposition. Additional insights into the
effect of Zn2+ concentration in the electrolyte on Zn deposition
are necessary. It is widely acknowledged that the nal
morphology of deposited metal relies on the initial nucleation
behavior.27 Understanding the mechanism of nucleation
behavior is crucial for addressing the formation of Zn dendrites
which can be assessed through nucleation overpotential (hn),
This journal is © The Royal Society of Chemistry 2024
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Fig. 2 H2 evolution and Zn deposition potentials in different WISEs. (a) LSV profiles of different electrolytes at 10 mV s−1 using a three-electrode
system on a Ti substrate. (b) Galvanostatic Zn electrodeposition on Ti in Zn‖Ti half cells at 1 mA cm−2 and 0.5 mA h cm−2 using different WISEs.
Inset: schematic illustration showing nucleation overpotential (hn), plateau overpotential (hp), and the change in overpotential (Dh). (c) The
corresponding change in hn, hp, and Dh with the Zn molar ratio.
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driving the nucleation of Zn embryos.28 A smaller nucleation
overpotential implies a lower energy barrier for initiating the Zn
nucleation process, thereby facilitating uniform Zn nucleation
site formation.29,30 Hence, cyclic voltammetry (CV) experiments
were conducted in a three-electrode system on Ti foil and GC
substrates as the working electrode, platinum wire as the
counter electrode, and Ag/AgCl as the reference electrode, with
a scan rate of 10 mV S−1 within the potential range of −1.7 to
1.0 V. The CV curves (Fig. S7†) for both electrodes exhibit
similar Zn deposition/dissolution behavior across various
WISEs, indicating reversibility and the absence of new redox
reactions. However, the redox potential shis to the right with
increasing Zn ratio due to higher Zn2+ activity at greater Zn2+

concentrations. Additionally, hn can be calculated from the
potential difference between point (A), where Zn2+ ions begin to
reduce, and the crossover at point (A0) formed during the right
potential sweep as depicted in Fig. S8.† The hn measured using
a Ti electrode decreases as the Zn2+ concentration increases:
103, 65, 43, and 37 mV corresponding to 0.03, 0.2, 0.5, 0.8, and
1Zn electrolytes, respectively. However, with the exception of
the 0.5Zn electrolyte, no clear potential difference between A
and A0 was observed, which cannot be explained.

Furthermore, the galvanostatic Zn deposition process is
commonly employed not only to determine hn but also to assess
This journal is © The Royal Society of Chemistry 2024
another crucial parameter linked to growth, known as the
plateau overpotential (hp). hn represents the magnitude of the
potential spike at the onset of Zn deposition, while hp denotes
the potential at the plateau following nucleation (see Fig. 2b).31

Additionally, the overpotential difference (Dh) is dened as the
gap between hn and hp. The hn values are notably larger than the
hp values in all electrolytes due to the higher energy barrier
involved in forming a stable Zn atomic cluster (embryo)
compared to adding a Zn atom onto existing Zn nuclei (Fig. 2c),
indicating that the electrodeposition of Zn follows the instan-
taneous nucleation process.32 For instance, the hn decreases as
the Zn molar ratio increases: 311, 234, 86, 50, and 40 mV for
0.03, 0.2, 0.5, 0.8 and 1Zn electrolytes, respectively (Fig. S9†).
Simultaneously, the hp values are 145, 187, 60, 25, and 19 cor-
responding to 0.03, 0.2, 0.5, 0.8 and 1Zn electrolytes, respec-
tively. Similarly, Dh decreases with the Zn molar ratio; 166, 47,
26, 25, and 19 mV for 0.03, 0.2, 0.5, 0.8, and 1Zn electrolytes,
respectively. The results show that a high Zn2+ concentration
reduces the energy barrier for Zn nucleation and growth, likely
due to reduced kinetics/diffusion resistance – promoting
homogeneous Zn deposition.30,33

The Zn nucleation and growth behaviors were further
analyzed on Zn metal by the chronoamperometry (CA) experi-
ment at a xed potential of −150 mV for 30 min using Zn‖Zn
J. Mater. Chem. A, 2024, 12, 25035–25046 | 25039
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symmetric cells. The uctuation of current transients can
indicate a change in nucleation processes and surface
morphology.27 As depicted in Fig. 3a, the current density
exhibits a steady rise over 50, 30, and 5 seconds in 0.03, 0.2, and
0.5Zn electrolytes, respectively, followed by a plateau, suggest-
ing an initial phase of uncontrolled 2D diffusion transitioning
into 3D diffusion. During the 2D diffusion process, Zn atoms
diffuse laterally to get the energetically favorable sites for
deposition,34 which leads to inhomogeneous nucleation on the
Zn metal surface and accelerates dendrite growth (Fig. 3b). In
contrast, in 0.8 and 1Zn electrolytes, a constant current density
was observed from the beginning referred to as a 3D diffusion
process (Fig. 3b). This implies that the Zn2+ ions are homoge-
neously deposited on the Zn electrode surface as the concen-
tration of Zn2+ ions increases. These results are supported by
Fig. 3 Zn diffusion process and the corresponding ion mobility in differe
potential of −150 mV for 900 s. Insets: 2D (left) and 3D (right) diffusio
electrolytes. Schematics showing (b) 2D and (c) 3D diffusion processes. Th
(g) 0.8, and (h) 1Zn electrolytes. (i) The transference number in different

25040 | J. Mater. Chem. A, 2024, 12, 25035–25046
the SEM images of the corresponding deposited Zn in Fig. 3d–g.
The electrolyte with the lowest Zn ratio (0.03Zn) shows very
small and distributed Zn deposition particles (Fig. 3d). As the
Zn molar ratio increases, the size of Zn nuclei increases and
they interconnect with each other to form dense and compact
Zn deposition (Fig. 3e–h), indicating a 3D deposition process.
The results from CA and the corresponding SEM images are
consistent with the hn results in Fig. 3c, demonstrating that
a higher Zn molar ratio contributes to uniform and 3D Zn2+

deposition processes. This suppresses dendrite formation by
enhancing nucleation sites.29

Furthermore, the cationic mobility in the bulk electrolyte is
examined through the transference number which represents
the ionic current carried by cations only. The Zn2+ transference
number (tZn2+) was measured using the steady-current method,
nt WISEs. (a) Chronoamperograms (CAs) of Zn deposition at an applied
n for 0.03, 0.2, and 0.5Zn electrolytes; 3D diffusion for 0.8 and 1Zn
e corresponding SEM images of deposited Zn in (d) 0.03, (e) 0.2, (f) 0.5,
electrolytes.

This journal is © The Royal Society of Chemistry 2024
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employing a constant applied potential to generate a current–
time (I–t) transient using Zn‖Zn symmetric cells (Fig. S10†).35,36

The tZn2+ for 0.03, 0.2, 0.5, 0.8, and 1Zn WISEs are calculated to
be 0.11, 0.23, 0.28, 0.65, and 0.70, respectively. This indicates
that electrolytes containing high Zn2+ concentrations exhibit
higher tZn2+ compared to those with lower concentrations, sug-
gesting that Zn2+ ions serve as the primary mobile ions to
reduce polarization.37 This explains why the h decreases when
the Zn2+ ion concentration increases, as demonstrated in
Fig. 2b and c. Moreover, the high tZn2+ effectively enhances the
anode's electrochemical performance, and signicant tZn2+ can
mitigate dendrite growth.19 Additionally, the transport proper-
ties of WISEs including ionic conductivity, viscosity and ionicity
were further characterized and compared to tZn2+. The viscosity
values for 0.03, 0.2, 0.5, 0.8, and 1Zn electrolytes are 48, 537,
265, 317, and 465 mPa s, respectively, while the corresponding
ionic conductivity values are 29, 4, 8, 5, and 6 mS cm−1,
respectively (Table S1†). All WISEs display low ionic conductivity
and high viscosity except 0.03Zn electrolyte which displays the
opposite trend (Fig. S11a†). The latter may be attributed to the
high solubility of KAc and the lower acidity of K+ which results
in lower ion pairing and allows for greater ion mobility, further
enhancing ionic conductivity. These ndings conrm that the
increase in the tZn2+ is directly related to the Zn molar ratio.
Furthermore, a Walden plot was used to investigate the rela-
tionship between the ionic conductivity and viscosity which
reects the ionicity of the electrolytes. Fig. S11b† indicates no
direct correlation between the Zn molar ratio and ionicity,
which is expected. Electrolytes with Zn molar ratios of 0.03, 0.2,
and 0.5Zn exhibit a higher degree of dissociation, with 0.03 and
0.2Zn displaying super ionicity as they are located above the KCl
ideal line. In contrast, the other electrolytes, including 0.8, 1Zn,
and diluted 0.5Zn, show a slightly lower degree of ionicity, of
around 90%.
2.4. Zn anode cycling stability

The Zn plating/stripping stability was evaluated in Zn‖Zn
symmetrical cells at current densities of 1 and 2 mA cm−2,
maintaining an areal capacity of 0.5 mA h cm−2. The cycle
lifespans of cells in 0.03Zn, 0.2Zn, 0.5Zn, 0.8Zn, and 1Zn WISEs
at 1 mA cm−2 are 85, 55, 300, 350, and 500 hours, respectively
(Fig. S12a†). The results indicate an improved cycling stability
upon increasing the Zn ratio except for 0.2Zn electrolyte which
exhibits a slightly shorter cycle lifespan compared to 0.03Zn
electrolyte. In addition, lower plating-stripping overpotentials
are observed for electrolytes with higher Zn molar ratios from
∼0.35 V in 0.03 to ∼0.1 V in 1Zn (Fig. S12b†). Increasing the
current density to 2 mA cm−2 with the same areal capacity of
0.5 mA h cm−2 results in cells failing aer 25 hours of cycling in
0.03 and 0.2Zn electrolytes, while cells in 0.5Zn, 0.8Zn, and 1Zn
electrolytes sustain 200 hours of cycling (Fig. 4a). The corre-
sponding overpotentials in 0.03Zn and 0.2Zn electrolytes are
around 0.7 V, while in 0.5Zn, 0.8Zn, and 1Zn electrolytes,
overpotentials slightly decrease with increasing Zn ratios to
0.3 V for 0.5Zn and 0.18 V for 0.8Zn and 1Zn electrolytes
(Fig. 4b). The overpotential in 0.5Zn electrolyte slightly
This journal is © The Royal Society of Chemistry 2024
increased with cycling time, while for 0.8Zn and 1Zn, it remains
constant. The decrease in overpotential as the Zn molar ratio
increases underscores the role of Zn2+ mobility in reducing
overpotential. Deviation of the overpotential from the ideal
value of 0 V vs. Zn/Zn2+ during the Zn plating/stripping process
suggests contributions from several factors, including H2

evolution, corrosion byproducts such as Zn(OH)2 and ZnO, or
a low transference number.23,27 All electrolytes exhibit reduced
water content, suggesting suppression of H2 evolution during
Zn plating/stripping. Consequently, Zn2+ concentration
becomes a determining factor in compensating for Zn loss
attributed to the formation of Zn(OH)2 and ZnO. Therefore,
achieving an optimal Zn2+ concentration in WISEs becomes
crucial for enhancing the stability of Zn anodes. Hence, elec-
trolytes with 0.5Zn, 0.8Zn, and 1Zn compositions demonstrate
favorable reversibility and plating kinetics of Zn.

Moreover, the coulombic efficiency (CE) serves as a pivotal
metric for assessing the reversibility of the Zn anode. To miti-
gate the inuence of Zn2+ ions originating from the Zn elec-
trode, CE assessments should be conducted using a different
substrate. Consequently, the CE of Zn plating/stripping across
various WISEs was evaluated employing Zn‖Cu at a current
density of 1 mA cm−2 and a capacity of 0.5 mA h cm−2, as shown
in Fig. 4c. Initial CEs of 91.6, 97.3, 99.4, 99.1, and 98.7% are
obtained in 0.03, 0.2, 0.5, 0.8 and 1Zn electrolytes, respectively.
The cells using 0.03 and 0.2Zn electrolytes fail aer 50 and 70
cycles with an average CE of 94.9 and 96.9%, respectively. Low
CE values are observed in Zn-decient electrolytes during Zn
plating/stripping in contrast to the cells employing 0.5, 0.8, and
1Zn electrolytes demonstrating a stable reversibility with
average CEs of 99.6, 98.6, and 98.6% aer 214 cycles, respec-
tively. Remarkably, the CE value generally increases with
increasing Zn2+ concentration, except for the 0.5Zn electrolyte,
where the highest CE is observed. However, no signicant
differences are observed among CE values starting from a 0.5Zn
ratio. Furthermore, a similar trend in CE is shown using Ti as
the substrate in Zn‖Ti half-cells (Fig. S13†) at 1 mA cm−2 and
0.5 mA h cm−2. Short cycling life is obtained in 0.03Zn and
0.2Zn electrolytes; however, as the concentration of Zn2+

increases the cell runs for 100, 180, and 260 cycles with >96%
CE in 0.5Zn, 0.8Zn, and 1Zn electrolytes, respectively.

Furthermore, Fig. 4d and S14† display the potential proles
in Zn‖Cu half-cells which demonstrate lower and stable plateau
overpotentials as the Zn ratio increases. A higher overpotential
of 183 mV is obtained in 0.03Zn electrolyte, whereas over-
potentials of 164, 135, 47 and 30mV are obtained in 0.2, 0.5, 0.8,
and 1Zn electrolytes aer the 40th cycle, respectively. The above
results show that a Zn molar ratio of 0.5 and above provides
better Zn anode performance compared with 0.03 and 0.2, thus
suggesting that an optimum Zn2+ concentration should be
present in the electrolyte rather than simply increasing the
supporting salt to achieve WISE region. This in turn reduces the
interfacial resistance related to the supporting salt, which is
manifested by the lower overpotentials and polarization for Zn
plating/stripping. According to these results, Zn molar ratios
less than 0.5 have a signicant inuence, whereas those greater
than 0.5 have less inuence, indicating the need for an optimal
J. Mater. Chem. A, 2024, 12, 25035–25046 | 25041
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Fig. 4 Zn plating/stripping stability. Potential profiles for Zn‖Zn cells obtained in 0.3, 0.2, 0.5, 0.8, and 1Zn electrolytes at current densities of (a) 2
mA cm−2 and 0.5 mA h cm−2 and (b) the corresponding overpotentials in different cycles. (c) CE of Zn plating/stripping on a Cu substrate in
different electrolytes at 1 mA cm−2 and 0.5mA h cm−2 current and capacity densities, respectively. (d) The corresponding potential profiles at the
40th cycle.
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Zn2+ concentration to achieve enhanced Zn plating/stripping in
WISEs.
2.5. Zn surface composition aer cycling

To further examine the inuence of the Zn molar ratio on
facilitating uniform Zn2+ deposition, the surface morphology of
Zn and the resulting interphase following cycling were analysed
employing SEM and X-ray photoelectron spectroscopy (XPS)
techniques.

First, the morphology of the Zn anode aer 20 cycles at 1 mA
cm−2 current and 0.5 mA h cm−2 capacity density was investi-
gated by SEM. The SEM images of the Zn anode show uneven
morphology with black spots and pits in 0.03Zn electrolyte
(Fig. 5b), which may be due to corrosion byproduct formation.
The 0.2Zn electrolyte (Fig. 5c), on the other hand, displays
deposition of small particles distributed on the Zn surface while
these particles are multiplicated in 0.5Zn indicating a more
porous surface (Fig. 5d). The Zn surface becomes denser and
compact as the Zn ratio increases in 0.8 and 1Zn electrolytes
(Fig. 5e and f). The SEM results show that there is no direct
correlation between all Znmolar ratios, particularly those below
25042 | J. Mater. Chem. A, 2024, 12, 25035–25046
0.5Zn. However, the surface of Zn foil is less rough with lower
surface porosity upon increasing the Zn molar ratio from 0.5Zn.
In addition, the magnied image of the electrode, in particular
in the 1Zn electrolyte, reveals a more compact and denser
morphology. XPS analysis was conducted to further examine the
chemical composition of the cycled Zn surface. The C 1s peaks
(Fig. 5g) are deconvoluted into three components. The binding
energies at 284.8 and 286.3 eV are attributed to C–C and C–O
peaks, respectively, while the peak at 289 eV is assigned to CO3.
However, the peak at 286.3 eV is observed only in 0.8Zn elec-
trolyte, indicating the formation of more carbonate containing
species. The C 1s peaks in 1Zn electrolyte may be originated
from adsorbed organic residue contamination. The O 1s spectra
(Fig. 5h) demonstrate the presence of three components cor-
responding to O]C]O (532 eV), O–Cl (531.4 eV), and Zn–O
(530.6 eV) in 0.2, 0.5, 0.8, and 1Zn electrolytes, indicating the
existence of inorganic residues from electrolyte decomposition.
For 0.03Zn electrolyte, since there is no chlorine, only C–O and
Zn–O bonds of Zn carbonate and Zn oxides are observed. The Cl
2p spectra show two chlorine species corresponding to inor-
ganic and organic chlorine at 198.9 and 200.9 eV (Fig. 5i).
Moreover, the 2p orbital of Zn is separated into two peaks
This journal is © The Royal Society of Chemistry 2024

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ta02704c


Fig. 5 Morphology evolution and surface composition of Zn electrodes after 20 cycles of Zn plating/stripping in different WISEs at 1 mA cm−2

and 0.5mA h cm−2. SEM images of (a) bare Zn and a cycled Zn anode in (b) 0.03, (c) 0.2, (d) 0.5, (e) 0.8, and (f) 1Zn electrolytes. The corresponding
(g) C 1s, (h) O 1s, and (i) Cl 2p XPS spectra.
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(Fig. S15†), corresponding to 2p3/2 (1021.9 eV) and 2p1/2 (1045
eV). The above result indicates that the cycled Zn surface
contains an organic/inorganic layer, the organic species gener-
ated form acetate (Ac) decomposition while the chlorine and Zn
containing inorganic species are derived from ZnCl2. Overall,
the compositions of each species generated from electrolyte
decomposition on the Zn anode surface aer cycling are similar
in different electrolytes.
2.6. WIS-like dilute electrolyte

The above results showed that the suppression of free water in
WISEs is not enough for the stability of the Zn anode; instead, it
is the Zn molar ratio that plays an important role. On the other
hand, the water-decient and anion-rich solvation structure of
Zn2+ can also be achieved in dilute electrolytes if the solvation
ability of anions is higher than that of water.15,38 Recently, this
idea was demonstrated in Zn(Ac)2$2H2O and KAc hybrid elec-
trolyte since the Ac anions have a stronger coordination ability
to Zn2+ than water. Specically, optimal CE and rate
This journal is © The Royal Society of Chemistry 2024
performance were attained with a water-to-cation ratio of 10 in
the Zn0.2K0.8OAc1.2$10H2O electrolyte (abbreviated here as
0.2Zn$10H2O).15 To validate this concept within our prepared
WISEs [(ZnCl2)x(LiAc)1−x/(H2O)n], we chose the 0.5Zn electrolyte
because it contains a high amount of Ac anions and considered
the optimal ratio for improving CE and rate performance.

The 0.5Zn (labeled as 0.5Zn$2H2O hereaer) WISE was
diluted to 15 m by increasing the water-to-cation ratio (n) to 4
(labeled as 0.5Zn$4H2O). Raman spectroscopy was employed to
investigate the H-bonding environments of water in the
0.5Zn$4H2O electrolyte and compared with that of 0.5Zn$2H2O.
As shown in Fig. 6a, the Raman spectra of the 0.5Zn$4H2O
electrolyte display broader peaks compared to those of
0.5Zn$2H2O, indicating a higher concentration of water mole-
cules relative to Ac anions. Furthermore, the deconvoluted
spectra of the 0.5Zn$4H2O compared to 0.5Zn$2H2O electrolytes
reveal distinct hydrogen-bonding environments in the water
region. As shown in Fig. 6b and S16a,† the area under the sub-
band associated with strongly hydrogen-bonded water mole-
cules in the 0.5Zn$4H2O electrolyte (31%) is slightly higher
J. Mater. Chem. A, 2024, 12, 25035–25046 | 25043
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Fig. 6 Solvation structure and electrochemical stability of the Zn anode in 0.5Zn$4H2O electrolyte compared to concentrated 0.5Zn$2H2O. (a)
Raman spectra in the water region. (b) The corresponding water population percentages. (c) LSV curves on a Ti substrate (d) Zn plating/stripping
at 2 mA cm−2 and 0.5 mA h cm−2 in Zn‖Zn symmetric cells and (e) the corresponding potential profiles.
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compared to that of the 0.5Zn$2H2O electrolyte (22%). Notably,
the corresponding peak position exhibits a slight shi towards
lower frequencies in the 0.5Zn$4H2O electrolyte (3255 cm−1)
compared to 0.5Zn$2H2O (3285 cm−1) (Fig. S16b†). In addition,
the weak hydrogen-bond peak area increased from 3% to 19%
in the diluted 0.5Zn$4H2O electrolyte. The peak area attributed
to non-hydrogen-bonded water is 54% in 0.5Zn$4H2O, which
decreased in comparison to that of 0.5Zn$2H2O electrolyte.
Thus, the higher proportion of strongly hydrogen-bonded water
molecules and lower proportion of non-hydrogen-bonded water
in 0.5Zn$4H2O compared to 0.5Zn$2H2O suggests the presence
of free water molecules.

The inuence of free water molecules on Zn surface
morphology and corrosion byproducts was investigated
following the immersion test in the 0.5Zn$4H2O electrolyte for
10 days. Subsequent analysis using XRD techniques reveals no
XRD patterns indicative of corrosion byproducts (Fig. S17a†).
However, the SEM images show many black spots and mossy
particles (Fig. S17b†), suggesting the formation of byproducts
due to the presence of free water molecules.

The CV analysis of Zn plating/stripping on Ti foil in
0.5Zn$4H2O electrolyte exhibits comparable proles to those
observed in the 0.5Zn$2H2O electrolyte (Fig. S18a†), suggesting
the absence of new electrochemical reactions. However, the cell
utilizing 0.5Zn$4H2O shows a higher nucleation overpotential
(14 mV) compared to that of 0.5Zn$2H2O. The corresponding
LSV curve (Fig. 6c) demonstrates a notably higher cathodic
current in 0.5Zn$4H2O electrolyte compared to the 0.5Zn$2H2O
25044 | J. Mater. Chem. A, 2024, 12, 25035–25046
electrolyte, conrming the contribution of H2 evolution in
0.5Zn$4H2O electrolyte.

Furthermore, the effect of free water molecules in
0.5Zn$4H2O electrolyte on the nucleation and growth process of
Zn was investigated through CA using Zn‖Zn symmetric cells
similar to the previous protocol (Fig. S18b†). The Zn anode in
0.5Zn$4H2O electrolyte shows a 2D diffusion process for 19 s
longer than in 0.5Zn$2H2O, followed by a constant 3D diffusion
process thereaer. However, the corresponding SEM images in
Fig. S18d† display similar size and morphology to the particles
in concentrated 0.5Zn$2H2O – indicating similar growth
mechanisms. Furthermore, the tZn2+ in 0.5Zn$4H2O electrolyte is
0.54 (Fig. S18c†), which is higher than that in 0.5Zn$2H2O
electrolyte due to lower viscosity combined with increased ionic
conductivity (Table S1†).

The Zn anode plating/stripping reversibility in 0.5Zn$4H2O
electrolyte was demonstrated using a Zn‖Zn half-cell at
different current densities with a xed capacity of 0.5 mA cm−2,
as demonstrated in Fig. 6d, e and S19.† The cell utilizing the
0.5Zn$4H2O electrolyte failed aer 130 cycles at a lower current
density of 1 mA cm−2, whereas the cell with the 0.5Zn$2H2O
electrolyte sustains for 300 cycles (Fig. S19a and b†). In contrast,
the cell with the 0.5Zn$4H2O electrolyte at 2 mA cm−2 current
density sustains over 350 cycles without experiencing potential
uctuations, whereas the cell using 0.5Zn$2H2O electrolytes
experienced short circuits aer around 200 cycles (Fig. 6d and
e). These results demonstrate that the 0.5Zn$4H2O electrolyte
offers superior Zn stability at higher current densities, while the
This journal is © The Royal Society of Chemistry 2024
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reverse is observed at lower current densities, consistent with
the LSV data in Fig. 6c.

The diluted electrolyte was also compared to the recently
reported WIS-like Zn0.2K0.8OAc1.2$10H2O electrolyte (abbrevi-
ated as 0.2Zn$10H2O).15 As depicted in Fig. S19c and d,† the
Zn‖Zn cell with the 0.2Zn$10H2O electrolyte cycled for over 150
cycles with signicant potential uctuations at 1 mA cm−2 and
0.5 mA h cm−2, while the 0.5Zn$4H2O electrolyte provides 130
cycles but without any potential uctuation. Doubling the
current density with the same capacity yields approximately 160
cycles in the 0.2Zn$10H2O electrolyte with higher overpotential.
However, the 0.5Zn$4H2O electrolyte delivers over 350 cycles
without any potential uctuation compared to the 0.2Zn$10H2O
electrolyte. Again these results indicate the importance of the
Zn molar ratio for Zn cycling stability in particular at high
current density. Note that the obtained stability of 0.2Zn$10H2O
is different in this work from that in the reported paper. This
can be explained by the difference in the Zn anode size, where
here we used 13mm in contrast to the 6mm diameter. As the Zn
electrode size decreases, better contact between electrodes
results from increased pressure. This heightened pressure, in
turn, inuences the ion ux and distribution of current. Hence,
the homogenization of the Zn anode size is important for future
research.

Finally, the cycled Zn electrodes aer 20 cycles at 1 mA cm−2

and 0.5 mA h cm−2 were analysed using SEM and XPS. The SEM
image illustrates a similar morphology to the Zn electrode in
0.5Zn$2H2O electrolyte (Fig. 5d). However, the Zn electrode in
the 0.5Zn$4H2O electrolyte displays a more porous and non-
uniform structure (Fig. S20†), indicative of dendrite growth
and byproduct formation likely caused by the presence of free
water molecules. The composition of the cycled Zn electrode
was further analyzed by XPS. As shown in Fig. S21a,† the survey
spectra indicate the presence of C, O, Zn, and Cl elements. The
presence of characteristic C 1s peaks at 284 eV (C–C) and 289 eV
(CO3) in Fig. S21b† suggests the adsorption or decomposition of
Ac anions on the surface of the Zn electrode. The O 1s spectra
reveal the presence of C–O and C–Cl species (Fig. S21c†), while
the Cl 2p (Fig. S21d†) spectra exhibit organic and inorganic
chlorine species. The type and position of each peak in this
electrolyte are consistent with those observed in the
0.5Zn$2H2O electrolyte discussed previously. The organic
species may originate from Ac, while the inorganic species may
be derived from ZnCl2. Therefore, these ndings indicate that
optimizing the mixing salt ratio in dilute solutions also
enhances Zn anode stability, particularly at higher current
densities, if WIS-like coordination of Zn2+ ions is achieved.

3. Conclusion

In summary, we conducted a systematic investigation into how
varying Zn molar ratios affect the nucleation behavior, deposi-
tion process, and cycling stability of Zn metal anodes across
different WISEs. Our ndings reveal a direct correlation
between Zn overpotentials, the deposition process, and cycling
stability and the concentration of Zn2+ in the electrolyte. With
increasing Zn molar ratio, there is an expansion in the potential
This journal is © The Royal Society of Chemistry 2024
difference between Zn reduction and H2 evolution due to the
positive shi in Zn reduction potential. Moreover, we observed
the formation of interconnected, larger and dense Zn nuclei on
Zn foil at increased Zn molar ratios. This phenomenon can be
attributed to lower nucleation and growth overpotentials
resulting from increased nucleation sites with increasing Zn2+

concentration. Consequently, Zn metal anodes perform better
in 0.5, 0.8, and 1Zn WISEs compared to 0.03 and 0.2Zn WISEs,
owing to enhanced tZn2+ and lower overpotentials. Cycling
stability analysis indicates an optimal Zn molar ratio of around
0.5. Beyond the latter ratio, the Zn molar ratio primarily affects
only Zn plating/stripping overpotentials while maintaining
similar cycling times. Furthermore, taking the 0.5Zn electrolyte,
the impact of water content was studied by diluting the solution
by half. For the examined diluted electrolyte (0.5Zn$4H2O),
a WISE-like coordination environment is achieved around Zn2+,
enabling high rate performance to be achieved compared to
that of most other concentrated electrolytes. However, this is at
the expense of lower stability at low current density due to
promoted H2 evolution as a result of increased free water pop-
ulation. Hence, this study shows the importance of increasing
the Zn salt concentration during the preparation of WISEs. An
optimum Zn molar ratio of 0.5 was found which is already
considered high in comparison to that of most reported WISEs
in the literature. Hence, this study provides a new insight for the
future design of WISEs to achieve high performance AZIBs.
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