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Aqueous zinc metal batteries are considered as promising candidates for next-generation electrochemi-
cal energy storage devices, especially for large-scale energy storage, due to the advantages of high-safety,
high energy density and low cost. As the bridge connecting cathode and anode, electrolyte provides a re-
alistic operating environment. In alkaline and neutral aqueous zinc metal batteries, issues associated with
electrolyte and anode are still intractable. In this review, we reveal the development and evolution of
electrolytes for aqueous zinc metal batteries from alkaline to neutral via the description of fundamentals
and challenges in terms of comparison and connection. We also elaborate the strategies in electrolytes
regulation and highlight the basic roles and progresses in additives engineering.
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1. Introduction

With the restructuring of traditional fossil energy system and
the rise of renewable energy resources, the need of building the in-
novative electrochemical energy storage solutions has become crit-
ical in the past decades [1-3]. There is no doubt about the success
of lithium-ion batteries (LIBs) as energy storage devices in portable
electronic devices and new electric vehicles due to their high en-
ergy density and power density [4-6]. Despite the dominance of
LIBs in the energy storage market, the exorbitant cost and disturb-
ing safety issues limit their further application in many ways [7]. In
order to avoid the safety concerns of flammable and toxic proper-
ties associated with organic electrolytes, aqueous batteries are re-
garded as promising next generation energy storage devices [8,9].
At present, the research efforts in aqueous batteries focus on nat-
urally abundant and low-cost metal resources, including Na*t, K*,
Ca2t, Zn2*, Mg2* and A3t [10-15].

Among them, zinc metal batteries (ZMBs) are particularly at-
tractive owing to the advantages of zinc metal in high theoreti-
cal capacity (820 mAh/g and 5855 mAh/cm?), low redox poten-
tial (—0.76V vs. SHE), favorable stability and good compatibility
with aqueous electrolytes [16-18]. Since the creation of the first
primary battery, Voltaic pile, aqueous ZMBs had gone through
200 years of development, giving birth to a wealth of primary
and secondary battery systems [19,20]. Among these are the zinc-

* Corresponding authors.
E-mail addresses: luosha@uestc.edu.cn (S. Luo), weisun@uestc.edu.cn (W. Sun).

https://doi.org/10.1016/j.cclet.2023.108337

manganese primary batteries, zinc-air primary batteries, zinc-silver
primary/rechargeable batteries and zinc-nickel primary/recharge-
able batteries, which have been already commercialized [21-24].
However, almost all of these commercial batteries are based on al-
kaline systems, while high performance rechargeable batteries are
still lacking. It is because ZMBs based on alkaline electrolytes in-
evitably faced with the limitations of strong corrosion, unsatis-
fied cycling life and calendrer life and poor energy density [25,26].
With the goal of high energy density and long cycle life, the past
decade has witnessed a surge in the development of rechargeable
ZMBs based on neutral or weak acidity aqueous electrolytes using
zinc inorganic or organic salts [27-29]. The ideal battery chemistry
is similar to that of the rocking-chair lithium-ion batteries, which
theoretically has an almost constant and settled electrolyte system
[30,31].

As the bridge between the anode and cathode, the electrolyte
enables ion conduction and plays a crucial role in electrochemi-
cal reactions, ensuring efficient charge transfer within the batteries
[32,33]. Compared with organic electrolyte, the aqueous electrolyte
provides faster ion conductivity and also attracts more attention
due to its high safety, environmental friendliness and affordabil-
ity [34,35]. Presently, research on ZMBs primarily concentrates on
aqueous electrolytes, encompassing the fundamental concepts of
electrolyte, the interface between the electrolyte and electrode,
and practical considerations [36-39]. There have been excellent re-
views presents electrolyte fundamentals, improvement strategies,
additive modulation and recent advances of aqueous electrolytes
for ZMBs, while most of them focused on the last decade of re-
searches on neutral zinc salt electrolytes [34-39]. Few of them fo-

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



A. Duan, S. Luo and W. Sun

1l
g_ae(i?\\s‘“ 09“0'%
NS 2
55 0 7 g o o\ 1?"36, 3
i B 3 3%
) r§ &f % ®
2
e & e
Q‘} : %
- %
Alkaline MNeutral 5
o =
k) S&afe g
$ Yies &
| B . o
i g.o '] : ’
C 9 s ’ : "
9’?{,‘9% kﬁd“we

Fig. 1. Overview of fundamentals, challenges and strategies of alkaline and neutral
electrolytes for aqueous ZMBs.

cus on the evolution of ZMB electrolytes from alkaline to neutral,
with little coverage of the connections and similarities and differ-
ences.

Despite the growing interest in ZMBs, a comprehensive and up-
to-date overview and discussion of the evolution of aqueous elec-
trolytes from alkaline to neutral is currently lacking. In this review,
we particularly present the chemistry and electrochemistry of zinc
metal and zinc ion in different electrolytes, as well as an overview
of the evolution and progress of aqueous electrolytes from alka-
line to neutral (Fig. 1). This review highlights the fundamentals of
alkaline and neutral electrolytes via the description of similarities
and differences in electrolyte chemistry. The challenges and issues
in alkaline and neutral electrolytes are revealed through the in-
terpretation of Zn stripping/plating process under different chemi-
cal surroundings. Furthermore, we elaborate the strategies of elec-
trolyte regulation from three perspectives of species, concentration
and additive. By outlining the functional mechanism, we specify
the basic roles and progresses of additive engineering in stabilizing
Zn anode in alkaline and neutral electrolytes. This review summa-
rizes the general laws governing the development of electrolytes
for ZMBs and enables the development of alkaline and neutral
electrolytes to be linked and mutually reinforced by an exposition
of the fundamental principles.

2. The overview of aqueous electrolytes for ZMBs
2.1. History of aqueous electrolytes for ZMBs

Zinc metal has the longest history as a battery electrode, dat-
ing back to the creation of the first primary battery made of zinc
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and copper in 1799 (Fig. 2) [40]. The electrolyte composition in
that was salt water, which was later improved by Daniell to a di-
lute sulfuric acid solution [41]. Zinc metal and electrolyte played a
crucial role in the early development of electrochemical batteries.
Subsequently, early aqueous zinc-manganese oxide (Zn-MnO,) bat-
teries were invented in 1866 where mild acidic solution of NH4CI
with/without ZnCl, was used as electrolyte, as well as in zinc-
carbon battery [19,42].

Later in the 20t century, alkaline zinc-based batteries became
the primary focus of research and widely used commercially ever
since. Starting with the invention of Edison in 1901, rechargeable
zinc-nickel (Zn-Ni) batteries were developed and recognized as the
candidates for electric vehicles [43,44]. In the 1950s, alkaline elec-
trolytes were first formally introduced to zinc-based batteries [19].
And the alkaline Zn-MnO, batteries began to come into view and
dominated the primary battery market. In the early-mild 20" cen-
tury, alkaline zinc-silver (Zn-Ag) and zinc-air batteries based on
KOH and NaOH electrolytes were also developed [45,46].

In the 1970s and 1980s, a lot of research were reported on the
understanding of electrochemical mechanism and strategies to im-
prove the reversibility of Zn anode which prompted the first at-
tempt on the neutral ZnSO,4 electrolyte to achieve a rechargeable
Zn-MnO, battery [47-49]. However, this part of research did not
receive much attention from the market due to the rise and com-
mercialization of LIBs in 1990s [4-7]. In 2012, Kang et al. proposed
the new concept of zinc ion battery using ZnSO4 and Zn(NOs), as
the electrolyte and analyzed the intercalation of Zn?* into MnO,
[50]. With the limitations of LIBs and the increased demands in
energy storage, an explosion of research into ZIBs based on neu-
tral electrolytes occurred [16-18]. In 2016, Chen et al. reported
the application of the organic zinc salt Zn(CF3S03), with bulky
CF3S03~ anions which can improve the electrolyte performance
because of reduced solvation effect [51]. At the same time, the
concept of water-in-salt electrolyte with ultra-high concentration
was proposed [52-54]. Recently, novel electrolyte systems based
on various zinc salts emerges and electrolyte regulation strategies
based on additive engineering have also been widely reported [37-
39].

2.2. Basic principles of aqueous electrolytes

An ideal electrolyte should possess the following characteris-
tics: good electrical insulation and excellent ionic conductivity, a
broad electrochemical window, thermally stablility, significant in-
terfacial kinetics, low cost, non-toxicity and environmental friend-
liness [35,55]. Unfortunately, very few electrolytes can fulfill all
of these requirements. The organic-based electrolytes, which have
been widely used in commercial LIBs, possess the disadvantages
of being flammable and toxic [56-58]. A typical aqueous elec-
trolyte contains averagely more than 70 wt% water and is there-
fore hardly flammable [57]. Aqueous electrolytes are naturally non-
hazardous and environmentally friendly and are also much cheaper

1799 1866~1950s 19505~ 2012~
Birth Stage Mild acid Alkaline Meutral & Mild acid
Salt water NH,CI (ZnCl;)  KOH; MNaOH; LiOH ZnS0y; ZnCly; Zn(OAc),; Zn(NOy); Zn(OTH);
H;50, Zn(C10y);; Zn(BFy)z: Zn(TFS1); «oeue
¥ Zn-Cu ¥ Zn-Mn0, ¥ Zn-MnO, ¥ Zn-Manganese
(Volta pile; . v =
Daniell cell) ¥ Zn-NiOOH Zn-Vanadium
¥ Zn-Ag,0 ¥ Zn-Prussian Blue
¥ Zn-Air + Zn-Organic
¥ Zn-Air

Fig. 2. Timeline of electrolyte development for ZMBs.
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Fig. 3. Chemistry of electrolytes for aqueous ZMBs. (a) Schematic diagram of Grotthus mechanism of proton conduction. (b) Volcano plot of Trasatti for logiy values for HER
as a function of M-H bond energy. Reproduced with permission [71]. Copyright 1972, Elsevier. (c) Pourbaix diagram of HER, OER and Zn in aqueous solutions with changed

pH. Reproduced with permission [39]. Copyright 2022, Wiley-VCH.

to produce and recycle than organic electrolytes. In this section, we
present the basic principles of aqueous electrolytes in several ways.

Water is an abundant substance in nature, so aqueous elec-
trolytes are less costly in terms of raw material availability than
the ether and carbonate electrolytes used in LIBs. Aqueous ZMBs
use electrolytes, such as alkali and zinc salts, which are much less
expensive than LiPFg used in LIBs. Organic electrolytes also require
a water and oxygen free environment to be constructed during
production and transport, whereas aqueous electrolytes do not do
not have these requirements. Aqueous electrolytes are essentially
harmless and environmentally friendly in compositions and do not
require tedious conditions in battery recycling, with simple treat-
ment to meet emission and reproduction requirements [59,60].
Aqueous electrolytes are considered to be more stable and safer
due to their non-flammable and non-hazardous water base. Almost
all of the electrolyte salts used in aqueous electrolytes are non-
metamorphic to air conditions with less tendency to decompose
or react and act only as ion transport conductors [61,62]. Unlike
LIBs, aqueous ZMBs require little in the way of complex battery
management systems, as they are much less likely to be subject to
hazards such as explosion and burning due to faulty operation.

Aqueous electrolytes universally exhibit higher ionic conductiv-
ity than non-aqueous electrolytes under the same conditions, ow-
ing to high ionic dissociation and low viscosity [35,56]. In conven-
tional aqueous electrolytes, there is also a unique hopping mech-
anism of ionic conduction, known as the Grotthuss mechanism
of proton conduction [63,64]. An extensive network of hydrogen
bonds exists between water molecules, as with the Newtonian
pendulum, the transport of protons can be realized by a single vi-
bration between hand-in-hand water molecules instead of a heavy
movement from point A to B (Fig. 3a). One proton is attached to
one end of the chain of water molecules, causing a vibration oc-
curs in the H-O bonds between the water molecules. At the other
end of the chain, another proton is released [65]. Thanks to such
a unique ionic conduction mechanism, the ionic conductivity of
aqueous electrolytes is several orders of magnitude higher than
that of commercial LIBs electrolytes [66,67]. The high ionic con-
ductivity and good interfacial wettability not only result in excel-
lent charge/discharge rate performance, but also have the potential
to achieve thicker electrode loading and thus higher overall energy
density [68,69].

It is worth noting that advanced theoretical and simulation
analyses have been applied to provide theoretical guidance and
prediction for understanding the basic principles and electrochem-
istry in various aqueous ZMBs. MD simulations are widely used for
the analyses of the solvation structure of Zn2* cations in different
electrolytes [34]. The resulting radial distribution functions (RDFs)
can provide additional evidence of the coordination structure of
Zn2+t closest to reality. DFT calculations are the most popular the-

oretical simulation technology employed to analyze the absorption
energy and charge density distribution. DFT calculations play a cru-
cial role in revealing and understanding electrochemical reactions
on the interface of the electrode and electrolyte [35]. COMSOL Mul-
tiphysics is mainly used to calculate the local current density and
electric field distribution. With the development of theoretical sim-
ulations and calculations, results obtained from experiments can
be verified by the underlying theory, while results that are difficult
to obtain experimentally can also be presented to some extent.

2.3. pH-dependent chemistry of zinc anode in aqueous electrolytes

Despite the unique performance and safety advantages of aque-
ous electrolytes, the relatively reactive nature of water poses cer-
tain limitations and challenges to their application. Due to the po-
tential of hydrolysis reactions, the thermodynamic electro-chemical
stability window (ESW) for aqueous electrolytes is only 123V,
much lower than that of non-aqueous electrolytes [56]. According
to Sabatier principle, when considering metals as catalyst media
for hydrogen evolution reactions (HER), the interaction between
reactants and the catalyst must be optimal in strength [70,71]. If
the interaction between H, and the metal is too strong, as deter-
mined by the M-H bond energy, the active sites will be blocked
and further reactions will not take place. Conversely, if the M-H
bond energy is relatively weak, such as with Zn metal, the HER
reaction cannot get activated. Thus, Zn metal exhibits a high ki-
netic overpotential for HER, ensuring its compatibility with aque-
ous electrolytes (Fig. 3b).

Excluding the merit of Zn metal in triggering HER, zinc metal is
generally thermodynamically unstable in aqueous electrolytes [39].
The Pourbaix diagram illustrates the two side reactions of water
(HER and oxygen evolution reaction (OER)) and the pH-dependent
behavior of zinc compounds (Fig. 3c). It is easy to see that HER is
more likely to occur at low pH, while OER tends to occur at high
pH. Therefore, theoretically, a moderate pH is a suitable choice for
the application of aqueous electrolytes. Although zinc metal pos-
sesses a high kinetic overpotential for HER, the practice potential
of HER is still more positive than the zinc deposition potential, re-
sulting in the inevitable occurrence of HER in ZMBs [72,73].

Simultaneously, zinc metal in aqueous electrolytes is always ex-
posed to corrosion and dissolution, which leads to the depletion of
zinc anode [74]. Corrosion of zinc is divided into hydrogen evolu-
tion corrosion and oxygen absorption corrosion [75]. In neutral and
mild acid electrolytes, Zn metal prefers to react with active pro-
tons, while in alkaline electrolytes, oxygen absorption corrosion is
more likely to occur. Since the byproduct of corrosion, zinc hydrox-
ide, is poorly soluble and only dissolves in strongly alkaline elec-
trolytes, the neutral electrolyte is accompanied by the formation
of alkaline hydrate zinc salts, such as Zn4(OH)gSO4-xH,0, which
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can cause degradation of battery performance [76]. And in alka-
line electrolytes, zinc hydroxide and its derivatives also decompose
to produce zinc oxide (ZnO) passivation layers under conditions of
localized concentration changes [77].

As can be seen from the Pourbaix diagram, although in low
pH range the stable form of zinc compounds is zinc ion, local
pH changes due to water instability can also irreversibly gener-
ate the byproduct of alkaline hydrate zinc salts. The activity of
water molecules is a significant factor in the electrode potential,
and most side reactions can hardly occur with a substantially re-
duced activity coefficient [39,56]. Overall, the thermodynamic in-
stabilities of zinc anode and aqueous electrolytes pose a number
of challenges and issues in the development of aqueous ZMBs.

3. Differences, similarities and challenges of aqueous
electrolytes for ZMBs

3.1. Differences and similarities of alkaline and neutral electrolytes

In battery systems, storage and release of energy are always ac-
companied by the transfer of electrons and transport of ions at the
electrode-electrolyte interface (EEI) [34]. The characteristics of EEI,
are greatly connected with the electrolyte, play a critical role in
the electrochemical performance of rechargeable batteries. In the
Zn anode side, energy storage and release are achieved by Zn de-
position/dissolution both in alkaline and neutral electrolytes. What
differs is the specific state of Zn metal and Zn ions and the reaction
course, which are accompanied by different mechanistic interpre-
tations.

Outside the electrochemical processes, the Zn anode itself has
an unstable thermodynamic chemistry in aqueous electrolytes,
which occurs in both alkaline and neutral systems. Zn metal is a
relatively reactive metal and is often used as an anti-corrosion pro-
tectant for iron-based materials in marine vessels [78]. In general,
the side reactions of Zn metal in aqueous media can be expressed
as follows [39,77,79],

In neutral and mild acid electrolytes:

2Zn + 4H,0 — 2Zn(OH); + Hy1 (1)
Involved the dissolved oxygen:

2Zn + 0, + 2H,0 — 2Zn(OH), (2)
In acid electrolytes:

Zn + 2H* — Zn** + Hy?t 3)

In alkaline electrolytes:
Zn(OH), +20H™ — Zn(OH);~ (4)

In neutral electrolytes, the reacting Zn metal forms a precipi-
tate as Zn(OH),, while in alkaline systems, Zn(OH), can dissolve
with high pH and OH~ concentration [77]. The spontaneous Zn-
H,0 reaction consumes the Zn anode and changes the composition
of the electrolyte, and the escaping gasses can destroy the battery
devices. It is therefore inevitable that the inherent instability of Zn-
H,0 has to be taken into account in the battery principle and de-
sign process, which has an impact on both battery efficiency and
cycle life (Table 1).

Due to the different composition and ionic concentration of the
electrolyte in the neutral and alkaline systems, the free Zn ions
have a diverse solvation structure. Although this structure is cur-
rently difficult to verify by substantial characterization, it is gen-
erally accepted that the solvation structures of the Zn ions in neu-
tral and alkaline electrolytes are [Zn(H,0)g]2t and [Zn(OH)4]2~, re-
spectively (Figs. 4a and b) [20,37]. For the neutral system, electro-
lyte based on ZnSO,4 is generally used as an example, and some
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of the organic Zn salts may have a different result [80]. The bi-
valent nature of Zn?* cation induces strong interaction with sur-
rounding electron donors [39]. In neutral electrolyte, oxygen atom
in the water molecule carries two lone-pair electrons and has a
strong electron-donating effect, thus Zn2+ cations are solvated by
dipolar water molecules [81]. While in alkaline electrolyte, with a
high concentration of OH~ anions and electrostatic interaction, free
Zn** cations tend to form a more stable solvation structure bind-
ing with OH~ anions [19]. Solvated Zn?* cations participate in ion
transport and are involved in charge transfer and electrochemical
reactions, which is an important research target.

The initial subject involved in the deposition reaction of the Zn
anode is the solvated Zn?* cation, and the specific process follows
the classical electrical double layer theory as generally understood.
First, the migration of charged solvated Zn2* cations from bulk
towards the electrode surface occurs under the drive of electri-
cal field. Second, the Zn?* cations enter the electrical double layer
and gradually de-solvated through the inner Helmholtz layer (IHL).
Third, the Zn?* cations adsorb on the electrode surface, undergo
electron transfer and then are reduced and deposited [39]. In alka-
line and neutral electrolytes, Zn®* cations with different solvated
structures have different de-solvating ability and deposition pro-
cesses. Apparently, Zn2* cations in alkaline electrolytes have strong
interactions with OH~ by the presence of electrostatic attraction.
Thus, the deposition in alkaline electrolytes is a complex mecha-
nism on which several assumptions have been done in literature
[77]. The main points of contention in these assumptions are the
presence of intermediates with solvation structures involving wa-
ter molecules and the presence of multi-step reactions, as well
as the behavioral changes brought about in relation to pH. While
in neutral electrolytes, the deposition mechanism lacks extensive
and substantial research, and even the solvation structure of Zn%*
cation is controversial due to the unpredictable anion effect. It is
generally accepted that the water molecule solvent sheath is dif-
ficult to completely decompose and migrates to the electrode sur-
face with the Zn2t cations [34].

During zinc deposition/dissolution, alkaline and neutral elec-
trolytes are accompanied by different ion migration and reaction
histories, and therefore different side reactions and issues (Figs.
4c and d) [19]. In alkaline electrolytes, where there are no Zn+
cations in the bulk, dissolution of the Zn anode produces a lim-
ited amount of free Zn?t cations, which the combine with abun-
dant OH™~ anions. Driven by the ionic concentration, chemical reac-
tions associated with H* and OH~ generally occur at cathode and
it is generally assumed that Zn2* cations are not involved in the
cathode reactions [29]. If the limited amount of free Zn2* cations
diffuse under the concentration gradient, the efficiency of the an-
ode deposition reaction is greatly affected, bringing about severe
anode losses. Therefore, saturated ZnO is generally added to the
alkaline electrolyte to reduce the effect of low Zn2* cation con-
centrations on the reversibility of the electrode reaction [77]. In
contrast, there is an abundance of Zn?* cations in the neutral elec-
trolytes, which is theoretically more favorable to anodic reactions
[20]. As with the rocking-chair process in LIBs, the composition of
neutral electrolyte is guaranteed to be constant as long as a stable
Zn embedding reaction can take place in the cathode, an impor-
tant difference compared to alkaline electrolytes [31]. In practice,
the electrode reactions in neutral electrolytes are more complex,
involving Zn2* cations and protons, and there are still major chal-
lenges in terms of reversibility of the reactions and suppression of
side reactions [13].

3.2. Challenges and issues of alkaline and neutral electrolytes

On the Zn anode, the side reactions and challenges involved are
largely the interconnected, regardless of the electrolyte system, and
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Table 1
Comparison between alkaline and neutral electrolytes for ZMBs.
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Parameter Alkaline electrolyte

Neutral and mild acid electrolyte

Species KOH, NaOH, LiOH

Anode chemistry Zn(s) < Zn%+ 4 2e-

Zn?* 4 40H" < Zn(OH)4%~

Zn(OH)42~ — ZnO(s) 4+ H,0 + 20H~
Anode: slurry with Zn metal and ZnO
Separator: polypropylene (PP)
Cathode: Ni(OH),, Ag,O0, Air, etc.
Specific capacity: 506 mAh/g at 0.1 C
Cycling stability: 62% after 100 cycles
Testing voltage: 0.5-1.8 V

Device parameters

Battery performance

Composition: f-MnO, with Bi; O3 in 1 mol/L

KOH + 3 mol/L LiOH
Additive engineering
Practical consideration
Novel electrolyte system

Future directions

ZnS0y, ZnCly, Zn(0Ac),, Zn(NO3 ), Zn(OTf),, Zn(Cl04),,
Zn(BFy),, Zn(TESI),, etc.
Zn(s) < Zn*+ 4 2e-

Anode: Zn metal

Separator: glass fiber (GF)

Cathode: MnO,, V,0s, etc.

Specific capacity: 570 mAh/g at 2 mA/cm?
Cycling stability: 92% after 1800 cycles
Testing voltage: 0.8-2.2 V

Composition: MnO, in 1 mol/L ZnSO4 + 1 mol/L
MnSO4 + 0.1 mol/L H,SO4

Specie excavation

Additive engineering

Advanced characterization
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include mainly hydrogen evolution side reactions, zinc corrosion
(passivation) and zinc dendrite generation (Fig. 5) [18]. These is-
sues greatly affect the efficiency of Zn deposition-dissolution, as
well as the overall energy output and cycle life of batteries. Firstly,

a Side reactions b
__ H; evolution

corrosion
.

Corrosion and passivation

L3 = r
L3 LY p ¥
- NS Fo -
. 5 = Wy

\’, - . Corroded o i LI

holes o “
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. " . . .

H0 OH™ H, Passivation layer Zn** H,0 OH-

c

Uneven surface :
o et Zn dendrites
.

. 3
| 2D-diffusion  *
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» Reduced Zn atom

/
Protrusion tips

Fig. 5. Challenges and issues associated with aqueous electrolytes and Zn metal
anode. (a) Side reactions of HER on Zn anode in aqueous electrolytes. (b) Corrosion
and passivation of Zn anode in aqueous electrolytes. (c) The formation and growth
of Zn dendrites during on uneven surface of Zn anode. Reproduced with permission
[39]. Copyright 2021, Wiley-VCH.

HER is a common problem in aqueous batteries and occurs mainly
during the deposition of Zn, where protons inevitably gain elec-
trons to produce hydrogen, given the dominance of the electrode
potential (Fig. 5a) [39]. Theoretically, HER can only be alleviated
indefinitely and cannot be eliminated as long as water is present.
HER reduces the Coulombic efficiency in Zn deposition change the
composition of the electrolyte. The high volume of gas output also
can cause bulging of the batteries and electrolyte leakage, and the
flammable nature of the electrolyte poses a safety hazard. The
probability of HER is greater in neutral and mild acidic electrolytes
than in alkaline ones.

Zinc corrosion and passivation is a superimposition of chemical
and electrochemical reactions, with zinc being consumed with wa-
ter (Fig. 5b). In neutral electrolytes, the side reactions of hydrolysis
that proceed in the local high-energy area result in an elevation
of the concentration of OH™ anions. Thus, harmful reactions be-
tween Zn?t+ cations and OH~ anions would produce zinc hydrox-
ides and zincates, which passivate fresh zinc [38]. In alkaline elec-
trolytes, when the local concentration of zinc hydroxides or salts
exceeds the solubility limit, precipitation occurs, leading to the for-
mation of a dense passivation film layer [20]. The passivation layer
in neutral electrolytes is mainly alkaline hydrates, whereas in al-
kaline electrolytes zinc oxide is predominant and passivation issue
is more problematic in alkaline. The passivation in alkaline elec-
trolytes has been associated to two layers: an external porous layer



A. Duan, S. Luo and W. Sun

Zn electrodeposition

Bulk layer -

/ T Species Selection

Electric
double layer » reduction

T
Zn anode

Chinese Chemical Letters 35 (2024) 108337

Altering the Solvation Structure

Regulating the Electric Double Layer

sdsorption Concentration Regulation

Suppressing the Water Activity

Additive Engineering

SEI Formation

Fig. 6. Schematic of Zn electrodeposition and corresponding strategies in the electrolyte regulation and principles of additive engineering.

of saturated zincate in the closer region and an inside dense layer
of ZnO [77]. With a lower pH nearby electrode surface, internal
ZnO passivation layer gradually forms and acts at a barrier of OH™
transport, promoting the creation of a new passivation layer [82].
All passivation layers are virtually non-conductive, which affects
the energy efficiency by consuming the Zn anodes. They also hav-
ing hindrance on the transport of Zn?* cations, increasing the over-
all internal resistance of the battery [19,83]. In addition, in open
alkaline systems, such as zinc-air batteries, there is also the prob-
lem of dissolved carbon dioxide, which irreversibly generates insol-
uble carbonates that adhere to the electrode to create a passivation
layer [77].

Dendrites formation, on the other hand, is a common prob-
lem in metal-based batteries and is generally acknowledged to be
related to inhomogeneous ion stripping/plating [35]. In different
electrolyte systems, zinc nucleation always carries on in local re-
gions with a relatively high Zn?* concentration initially (Fig. 5c¢)
[18]. Then, due to a lower surface energy, Zn2t cations subse-
quently prefer to deposit in areas of crystals already present. Af-
ter that, zinc nucleation keeps growing and generate harsh den-
drite growth [84]. The tip ends of dendrites continue to act as
charge centers and trigger the cusp effect, bringing about a contin-
uous charge accumulation that further promotes dendrite growth
[85], leading to capacity fading and eventually short circuiting. The
growth of zinc dendrites is mainly related to the inhomogeneous
charge density and ion concentration [38,77]. Further considera-
tions are also connected to the surface state of Zn anode and the
composition of electrolyte, so an important strategy in solutions is
the regulation of electrolyte.

Another important factor that is easily overlooked in alkaline
and neutral electrolytes is pH and oxygen cycle. In alkaline elec-
trolytes and acidic electrolytes such as conventional lead-acid bat-
teries, high OH~ and H* concentrations can have the ability of mit-
igating changes in pH [86], whereas changes in neutral electrolytes
without buffering would cause many issues. In fact, aqueous bat-
teries are designed with electrode reactions close to the hydroly-
sis potentials at the outset and overcharging will inevitably lead to
oxygen evolution [56]. The oxygen cycle involves the oxidation of
water on the cathode to produce oxygen, the diffusion of dissolved
oxygen through electrolyte to the anode side, and the reduction
back to electrolyte system on the anode. This process does not re-
sult in the loss of water components, but it does lower and raise
the local pH of the anode and cathode, affecting the reversibil-
ity of electrode reactions and bringing about side reactions [87].
Electrode reactions are especially concerning for ZMBs with neu-
tral electrolytes, which lack the inherent pH-buffering capability
in comparison with alkaline ones [56]. Once irreversible side reac-
tions occur at the cathode or anode, the oxygen cycle can be dis-
rupted, thus affecting battery performance. For example, the passi-
vation of the zinc anode and the dissolution of cathode materials
are closely related to the disruption of the oxygen cycle. There-
fore, a stabilized pH operating range is required for the electrode
material and a certain pH-buffering capability is required for the
electrolyte regulation.

4. Strategies towards advanced alkaline and neutral electrolytes

The regulation of electrolyte composition has always been a
critical subject in the development of high-performance aqueous
batteries. In terms of strategies to improve the electrolyte intrin-
sic properties, three aspects are generally inseparable: species se-
lection, concentration regulation and additive engineering. In this
chapter, we present the strategies and research progress in the reg-
ulation of electrolytes for alkaline and neutral aqueous ZMBs, and
outline the parallel design ideas and core perspectives (Fig. 6).

4.1. Species selection

The variety of electrolyte species is predictable for alkaline sys-
tem due to limited soluble bases, which is still in the process of
being developed and enriched in neutral systems because of the
abundance of diverse anions. The most commonly used alkaline
electrolytes for aqueous ZMBs are those containing KOH, NaOH
and LiOH. These inorganic electrolytes have the advantages of low
overpotential, high solubility and high ionic conductivity (even at
low temperatures) [37]. Alkaline electrolytes are generally consid-
ered to have higher ionic conductivity than neutral electrolytes be-
cause of the enhanced proton conductivity associated with high
pH [66,67]. NaOH and KOH with a concentration of 20-40 wt% are
generally used as common alkaline electrolytes and are capable of
providing a pH close to around 14 [44]. Among them, electrolytes
based on KOH can provide enhanced ionic conductivity and lower
freezing points that NaOH at certain concentrations. The conduc-
tivity of KOH is more than 40% higher than NaOH over most con-
centration ranges, mainly due to the lower heat of dissociation
of K* cation, which is related to factors such as ionic radius and
electronic structure [34,77]. Electrolytes containing LiOH are used
to solve the undesirable intercalation of Zn%* [88]. However, pure
LiOH electrolytes can cause short circuits in a short time due to Zn
passivation and LiOH is generally mixed with other electrolytes in
practice use [20]. Additionally, saturated LiOH is used as an elec-
trolyte which can form a layer of insoluble solid electrolyte inter-
face (SEI) and inhibit the formation of by-products [89]. KOH-based
electrolyte is used in the current commercial aqueous ZMBs, in-
cluding zinc-manganese dry batteries, zinc-air batteries and zinc-
nickel batteries.

Neutral electrolytes, whose solute is a metallic zinc salt, have a
theoretically more stable electrolyte composition compared to al-
kaline electrolytes, which can reduce the formation of by-products
and therefore take the dominance in current research into ZMBs
[34]. To date, numerous zinc salts have been reported, including
ZnS0y, Zl'lclz, ZH(OAC)z, ZH(NO3)2, ZH(OTf)z, ZD(CIO4)2, ZD(BF4)2,
ZnF, and Zn(TFSI),, where OAc~ refers to CH3COO~, OTf~ refers
to CF3SO3~ and TESI- refers to [N(SO,CF3),]~ [34,37-39]. During
the past history of research, ZnSO4 has been the most widely used
electrolyte salt, due to the considerable ionic conductivity, the sta-
ble anion structure and the good compatibility with the Zn anode
[90,91]. However, ZnSO,4 electrolyte still faces the issues of zinc
corrosion, hydrogen evolution and the formation of byproducts. In
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the local region with an increased alkalinity, ZnSO4 would com-
bine with OH~ to form an insulating and harmful alkaline hydrate
zinc sulfate, Zn4(OH)gSO4-xH,0 [76]. The formation of alkaline hy-
drate affects the efficiency and kinetics of Zn stripping/plating,
while the uneven byproduct layer exacerbates electrode polariza-
tion, passivation and dendrite growth [92]. The unfavorable is-
sues in ZnSO,4 electrolyte are generally considered to be related
to the high activity of water, while the bulky size of OTf~ an-
ion is thought to have the effect of reducing the number of water
molecules around Zn%* cations, thereby reducing the motivation of
water in reactions [38]. Compared to ZnSQ4, Zn(OTf), has a higher
ionic conductivity, which enhances the migration and charge trans-
fer of Zn2* cations, thereby reducing the polarization of Zn dis-
solution/deposition [51,93]. The trifluoromethyl group in the OTf~
molecule is also thought to be hydrophobic, inhibiting the side re-
actions of hydrolysis and therefore widening the electrochemical
stability window and improving the Coulombic efficiency of elec-
trode reactions. Analogically, the structurally similar TFSI~ anion is
thought to serve the same purpose, but whether or not they al-
ter the solvation structure of Zn+ cations are currently validated
by theoretical model construction instead of solid evidence. While
both salts offer excellent performance, the high cost seems to be
an obstacle to their practical application and development [37].
Zn(NOs3), and Zn(ClOg4), are relatively inexpensive zinc salts, but
are not perfectly compatible with aqueous ZMBs due to the strong
oxidative nature of the anions. The unstable NO;~ and ClO4~ can
oxidize and decompose, causing severe corrosion of the Zn and
the formation of a dense passivation layer [94,95]. ZnCl, and ZnF,
are the representatives of zinc salts with halogenated anions, but
Cl~ has a low electrochemical stability window and is prone to
decomposition, while ZnF, has poor solubility and both of them
have limitations in practical applications [51,96]. Zn(OAc), is a rel-
atively rare salt with a pair of weak acid and mild base possessing
pH-buffering capacity that is effective in increasing the pH of the
electrolyte [97]. Unfortunately, the same as ZnSQy, alkaline hydrate
byproducts are formed in Zn(OAc),. However, recent studies have
shown that the alkaline hydrate based on Zn(OAc), is capable of
reversible redox reactions in certain conditions [98]. The anion in
Zn(BF4), contains strongly electron-accepting fluorine, which the-
oretical calculations can offer an altered Zn?* solvation structure
and is therefore capable of a more reversible and stable Zn strip-
ping/plating [80]. The good solubility of Zn(BF,4), also gives it the
capacity for low temperature energy storage applications [99]. The
problem with this electrolyte is that it is stronger acidic, prone
to self-corrosion and difficult to make compatible with other bat-
tery components [80]. In addition, new zinc salts, including zinc
gluconate and zinc alginate, also show some potential for devel-
opment [100,101]. An extra point worth noting here is that there
are almost no reported zinc salts with divalent anions other than
ZnSO4, meaning that the number of anions in aqueous electrolytes
is twice that of Zn?* cations, whether this has an influence on bat-
tery performance has not been discussed in the past research.

4.2. Concentration regulation

The electrolyte concentration can alter the ionic conductivity,
viscosity and ion mobility of the electrolyte, which directly affects
the efficiency of the electrode reaction and thus the overall elec-
trochemical performance of batteries. The electrolyte has a com-
plex anion and cation chemistry and either too high or too low
a concentration is detrimental to the development of battery per-
formance. Also, electrolyte concentration affects the ratio of elec-
trolyte ions to water molecules, which can have a variation on the
solvation effect [37,38].

In alkaline electrolytes, it is worth noting that the mechanism
of Zn dissolution/deposition is dependent on the concentration of
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the base [77]. Zn(OH),, ZnO and other byproducts are produced
in electrolytes with low concentrations of base, therefore ensur-
ing a certain alkalinity is fundamental for an alkaline ZMB to op-
erate. An increase in concentration results in a boost in the solu-
bility of ZnO and a decrease in electrode potential, thus improv-
ing the electrochemical performance. However, as the concentra-
tion increases, the conductivity and limiting current declines after
a certain level [37,77]. Studies and results show that a KOH con-
centration of around 30% achieves the maximum ionic conductivity
[102]. At this concentration, zinc corrosion and other device dam-
age are also prevented, which has gained most research and com-
mercial acceptance.

In neutral electrolytes, the pivotal parameter is that the sol-
vation structure varies as the concentration changes. In contrast
to alkaline electrolytes, the manifold anions in neutral electrolytes
can produce large varieties, and the research on concentration reg-
ulation are plentiful which can be divided into moderate concen-
tration electrolytes and ultra-high concentration electrolytes. An
increase in zinc salt concentration can improve ionic conductiv-
ity, beneficial to an efficient Zn stripping/plating [51,103]. How-
ever, in some electrolytes with specific compositions, the increased
concentration can ruin the stability of other battery components
and reduce the electrochemical response, thereby disrupting bat-
tery performance [51,94]. With high Zn?* content, the activity of
the electrode depends on the chemistry of the anion and it is also
predictable that increasing the concentration to improve electro-
chemical performance is limited [37]. An exception is the ultra-
high concentration electrolyte, known as the water-in-salt elec-
trolyte [52]. It is generally accepted that in neutral electrolytes
Zn2t cations are surrounded by strongly polar water molecules,
but as the concentration increases to maximum, the situation that
water molecules are surrounded by anions and cations occurs. Typ-
ical examples among them are electrolytes of 30 mol/L ZnCl, and
20 mol/L LiTFSI/1 mol/L Zn(TFSI), in which Zn2* solvated sheath is
mainly occupied by anions from molecular dynamic [53,104]. In
the ultra-high concentration electrolyte, the limitation of ion mi-
gration by the solvated sheath of water molecules is overcome,
greatly improving ion transport efficiency. At the same time, the
altered solvation structure of Zn2?t vastly lessens the side reac-
tions generated by the active water, achieving high zinc strip-
ping/plating efficiency and also primely widening the ESW of bat-
teries [105,106]. This strategy is limited by the physical nature of
solubility and a handful of systems have been developed, while the
high cost is a challenge for further extension.

4.3. Additive engineering

Additive engineering is the most underlying and widespread
electrolyte regulation strategy and there have been numerous ar-
ticles presenting the applications of various additives. We focus in
this section on a summary of the fundamental principles of addi-
tive action. Universal rules can be concluded in both alkaline and
neutral electrolytes and that the history of additives in alkaline
electrolytes can be drawn upon to drive the current research and
development of neutral systems. We have summarized the roles of
electrolyte additives according to the principle of action in four ar-
eas: altering the solvation structure, regulating the electric double
layer, suppressing the water activity and SEI formation.

With the introduction of additives possessing higher electron-
donating ability, the solvation structure of Zn* cation can be
tuned through decreasing the H,O or OH~ content and incorporat-
ing other ligands. Examples include ethylene diamine tetraacetic
acid (EDTA) [107,108], tartaric acid [109,110], polyethylene glycol
(PEG) [111,112], and methanol (Fig. 7a) [113,114], all of which have
stronger coordinated functional groups and have been used in al-
kaline and neutral electrolytes to replace some of H,O or OH™
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Fig. 7. Cases of additive engineering for stabilized Zn stripping/plating. (a) Schematic of the evolution in the Zn** solvent sheath with methanol addition. Reproduced with
permission [114]. Copyright 2021, Wiley-VCH. (b) The evolutions of the electric double layer at the Zn anode interface in 1 mol/L ZnSO4 with PEO, PAM and PSS additives.
Reproduced with permission [120]. Copyright 2021, American Chemical Society. (c) Schematic of Zn?* solvent structure with suppressed water. Reproduced with permission
[116]. Copyright 2020, Elsevier. (d) Schematic of byproduct layer and anion-derived SEI layer to stabilize Zn anode. Reproduced with permission [133]. Copyright 2022,

American Chemical Society.

around Zn2+ cations. With the weaker Zn-H,O (or Zn-OH~) bonds
and stronger Zn-organic segments, the H,O (or OH~) would pref-
erentially de-solvate during Zn deposition [115]. Hence the H,O (or
OH~) molecules can hardly get close to the electrode surface with
the migration of Zn2* cations, which is in favor of the decrease of
side reactions and facilitates homogeneous and smooth Zn deposi-
tion. Altering the solvation structure fairly boosts fast transporta-
tion of Zn?* cations and diminishes the deformation of Zn anode
and growth of dendrite. Of note, a certain number of H,0 (or OH™)
molecules should be kept in the solvation sheath to maintain the
aqueous-like behavior as the Zn-organic bonds generate stronger
de-solvation hindrance resulting in the sacrifice of kinetic parame-
ters [116,117]. Therefore, in considering the regulation of solvation
structure, the forces between Zn?* cations and additives have to
keep in a compromise, with a mild effect to have a positive result.

Regulating the electric double layer can effectively boost both
thermodynamics and kinetics of Zn deposition/dissolution and in-
hibit the generation of Zn dendrites while improving the elec-
trode reaction efficiency [39]. In general, Zn?+ cations along Zn an-
ode surface suffer an uneven distribution due to the inferior in-
terfacial contact between Zn metal and aqueous electrolyte. The
current focus is on promoting the uniform distribution of Zn%*+
cations through the polarity of the functional groups of some or-
ganic molecules, thus promoting homogeneous and orderly Zn de-
position [118]. Such organic additives, including polyethylene oxide
(PEO) [119,120] and polyacrylamide (PAM) (Fig. 7b) [120,121], have
been reported in alkaline and neutral electrolytes. Inorganic addi-
tives, such as Na* [45,122] and NH4* [48,123], are also regarded as
effective parameters to modify the structure of the electric double
layer. Zn deposition inevitably generates tips and these cations pre-
fer to accumulate at the tips, thus creating an electrostatic shield
and inhibiting the inhomogeneous deposition at the tips [124]. This
effectively promotes homogeneous zinc deposition and reduces the

formation of zinc dendrites. These non-reactive cations also act as
electrostatic tuners in other parts of the battery, thereby improving
the overall electrochemical performance.

Suppressing water activity at the interface is a pivotal direc-
tion in solving the instability of aqueous electrolytes, which is
achieved through the use of additives, mainly through the recon-
figuration of hydrogen bonding networks and the hydrophilic ef-
fect (Fig. 7c) [39]. Partly additives with adsorption effect such as
surfactants [125,126] and phosphate analogues [109,127] are added
to alkaline and neutral electrolytes. These additives prefer to ad-
sorb onto the zinc metal surface and isolate the electrode sur-
face from water molecules at a physical level through the hy-
drophobic effect, thus suppressing the water activity on the elec-
trode surface. Dimethoxyethane (DME) [128] and dimethyl sulfox-
ide (DMSO) [129,130] have polar groups that also reconstruct the
hydrogen bonding network with water molecules and the free wa-
ter content is greatly reduced, which facilitates the transport of
Zn%* cations. As a result, the direct interaction between Zn anode
and free water is avoided and side reactions such as chemical cor-
rosion are prohibited. However, these non-ionizable additives also
act as insulators on the electrolyte and electrode surfaces, increas-
ing the impedance of the battery to some extent, hence the effect
of the additive amount on the performance should be taken into
consideration [39].

While the construction of SEI layers for LIBs has been a promi-
nent success, the formation of SEI layers in ZMBs is currently con-
troversial [131]. The main reported SEI layers are composed of zinc
fluoride and zinc phosphate salts and are generally produced by
autolytic decomposition of some fluoride containing additives and
phosphate additives [99,117]. Research on zinc SEI layers is still in
its infancy, with more research being carried out on artificial SEI
films [132]. Artificial SEI is not self-repairable and will gradually
lose the capacity of protection over time, whereas in-situ SEI con-
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structed by electrolyte additives decomposition with self-healing
ability is more desirable [39]. The SEI layer acts as a Zn?* cation
conductor and electron shield, theoretically enabling a high cycling
performance of Zn deposition/dissolution reaction and separating
water molecules to reduce side reactions. The presence of the SEI
layer also smooths the morphology of the Zn deposit, inhibits the
formation of Zn dendrites and insulates the electrolyte components
from the corrosion of newborn Zn metal (Fig. 7d) [133]. Besides
this, the SEI layer would increase partial impedance, while limiting
the entry of hydrating ions reduces the rate performance [39]. For
the present, there are still characterization and theoretical analysis
difficulties in the study of zinc SEI layers.

Other strategies such as adding sorbitol and silicates [77] to al-
kaline electrolytes to increase the solubility of the by-product ZnO
are reported, while few additives are currently available to pro-
mote the dissolution of alkaline hydrate zinc sulfate (ZHS). There
are also strategies such as building a pH-buffer environment and
ion trapping means to promote effective migration in neutral elec-
trolytes [134,135]. Recently, screening of multifunctional additives
has emerged as a crucial path to approach to efficiently allevi-
ate the issues faced by aqueous ZMBs. Additives such as glycine,
nitrogen-doped sulfonated carbon dots, and silk fibroin have been
reported to have multiple functions in solvation restructuring and
interfacial modification, effectively mitigating side reactions and
improving the uniformity of zinc deposition. As far as additives to
regulate the Zn anode are concerned, the mechanisms and types
of additive action in alkaline and neutral electrolytes are essen-
tially the same, to the extent that specific cases can be applied
to each other. Consequently, the achievements of the research on
additives for alkaline electrolytes can, for the most part, provide
positive guidance for the development of neutral electrolyte sys-
tems [136,137]. Notably, we need to reduce the amount of repeti-
tive and predictable research and explore the differences based on
similarities, thus better enabling previous research to serve current
and future research projects.

Furthermore, we need to note that many claims of outstand-
ing electrochemical performance associated with electrolyte regu-
lation are mostly based on cyclin performance results from coin
cells [27]. For the further practical application of ZMBs, some basic
parameters such as current density, electrolyte dosage, areal capac-
ity and N/P ratio should be mentioned to measure the actual elec-
trode utilization. Some related work have been reported to high-
light the significance of practical considerations and attempt to call
for a uniform evaluation criteria of aqueous ZMBs for practical ap-
plications [138-140]. Supplementary experiments are also encour-
aged to investigate the effect of electrolyte modification on battery
performance in soft pack and cylindrical cell systems.

5. Conclusion and perspectives

Aqueous ZMBs have been considered as one of the most
promising battery technologies for the large-scale energy storage.
Research on the electrolyte regulation is a pivotal step in the de-
velopment and commercialization of aqueous ZMBs. In this re-
view evolution and progresses from alkaline to neutral electrolytes
were reviewed and fundamental principles, challenges and regu-
lation strategies of alkaline and neutral electrolytes were covered
and compared to each other. It is worth noting that the history
and achievements of alkaline electrolytes provide a wealth of guid-
ance for the research on neutral or mild acid electrolytes. Cur-
rently, the comprehensive understanding of the solvation and dis-
solution/deposition chemistry of zinc ions is still lacking. We be-
lieve that more work needs to be focused on the uncovering mech-
anisms, insightful characterization and multifunctional regulation
strategies to advance the electrolytes development.
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