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ARTICLE INFO ABSTRACT

Keywords: Aqueous zinc ions batteries (AZIBs), which use non-organic electrolytes, have garnered sustained interest as a
AZIBs future energy storage technology, primarily due to their low cost, environmental friendliness, and intrinsic
Zinc dendrites safety. However, zinc ion batteries suffer from a series of serious challenges, including hydrogen evolution re-
I];IIERregulation action (HER) at the anode, surface passivation, dendrite formation, as well as limited operating voltage and
Electrolyte optimization comparatively low energy density. These factors are all influenced by the concentration of H' in the electrolyte
(i.e. the pH), and its fluctuations during the cycling process. To date, there remains a lack of systematic eval-
uation of the correlation between the pH value of electrolyte and the challenges faced by AZIBs, a focused review
of how pH influences the electrochemical performance of AZIBs, or any focused discussion of strategies that can
be used to improve cell efficiency. In this review we emphasize the strong correlation between electrolyte pH and
AZIBs challenges and detail the research progress made in recent years relating to electrolyte additives, separator
modification, interfacial protective layers, and battery system design, with a particular focus on the regulatory
mechanisms associated with pH control. On this basis, we propose future research focuses and make suggestions

for the onward development of AZIBs.

1. Introduction

While alkali ion batteries based on organic electrolytes, particularly
lithium-ion batteries (LIBs) have undoubtedly revolutionized modern
society, this family of energy storage systems are hindered by various
challenges [1-6], including safety concerns related to organic electro-
lytes, insufficient or unsustainable material resources, escalating costs,
and demanding assembly conditions. This has driven the recognition
that other battery chemistries would be more appropriate for numerous
applications and catalyzed a search for novel next-generation energy
storage solutions [7]. Compared with LIBs with organic electrolytes,
aqueous rechargeable batteries use water-based electrolytes character-
ized by higher ionic conductivity, enhanced safety, and reduced cost.
Consequently, aqueous rechargeable batteries, utilizing a diverse range
of charge carriers including Li*, Na*, K*, Ca®*, Mg?*, Zn*, and AI*",
have garnered significant attention and undergone extensive investiga-
tion [8-11]. While multivalent battery systems employing carriers such
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as Ca%*, Mg?*, and AI3* exhibit higher theoretical capacities, the lower
electrode redox potentials (—2.84, —2.36, —1.68 V vs. Standard
Hydrogen Electrode, SHE) make them more prone to pronounced side
reactions with water [12]. In contrast, metallic Zn possesses a high
theoretical capacity (820 mAh g~! or 5855 mAh cm ) in AZIBs.
Additionally, Zn metal offers several advantages, including its abund-
ancy, low cost, low toxicity, and comparatively high oxidation- and
humidity-resistance when compared to alternative aqueous recharge-
able battery anodes (e.g., Na and K). Furthermore, the use of Zn enables
the direct assembly of AZIBs in ambient air, thereby reducing the
manufacturing complexity and cost [13-15]. These favorable attributes
make AZIBs a promising and practical alternative in the landscape of
rechargeable battery technologies.

Despite the numerous advantages associated with AZIBs, their
practical application is hindered by a series of challenges, which include
hydrogen evolution (via the hydrogen evolution reaction, HER) at the
anode, dendrites, corrosion, passivation and dissolution at the surface of
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zinc metal anode, and the generation of by-products at the cathode.
Notably, a high concentration of H' ions in the environment (low pH)
exacerbates side reactions such as the HER, corrosion, and anodic
dissolution. Conversely, a high concentration of OH™ ions in the envi-
ronment (high pH) expedites the formation of passivates and by-
products at both the cathode and anode interfaces [16-18].

It is worth highlighting here that strongly alkaline electrolytes are
rarely used for AZIBs, as in these conditions the mechanism shifts from a
highly reversible deposition/stripping reaction of Zn?* at the zinc anode
to a reversible transformation reaction involving Zn, Zn(OH)AZf, and
ZnO. While this can enable elevated output voltage, the challenges faced
due to cell degradation are significantly more severe compared to AZIBs
with mild electrolytes [19-21]. While in a strong acid electrolyte, Zn
metal undergoes a rapid reaction with H', leading to anodic dissolution.
Hence, AZIBs batteries conventionally control the pH range of the
electrolyte within a mild range (weak acid or nearly neutral), so as to
mitigate the occurrence of strong side-reactions. Unfortunately, HER is
more significant in mild environments and depletes the H' at the met-
al/electrolyte interface, leading to a significant increase in the interfa-
cial pH which gradually extends into the bulk phase. This means that a
mild electrolyte pH will gradually deviate from the normal operating pH
range in a long-term cycling, generating more severe problems leading
to the failure of the battery. Furthermore, recent research [16-18] has
also revealed that HER-induced interfacial pH fluctuations directly
affect the Zn?* deposition process, exacerbating zinc dendrite growth.

It is clear that all the challenges with AZIBs described above are
intricately linked to the electrolyte pH. Therefore, the effect of electro-
lyte pH is significant on electrochemical performance of AZIBs (Fig. 1).

While there have been some reviews describing the differences be-
tween alkaline and mild AZIBs, two types of battery systems based on
different electrolyte pH, in terms of operating environment, energy
storage mechanism, etc., there has been less focus on the systematic
correlation between the pH value of the electrolyte and the existing
problems of AZIBs, as well as the deeper influence of pH on AZIBs
electrochemical performance [19-21]. Thus, an imperative exists for
further research efforts dedicated to elucidating the complex relation-
ship between electrolyte pH and the multifaceted challenges encoun-
tered in AZIBs, ultimately contributing to a more profound
understanding of the underlying electrochemical processes and
advancing this promising energy storage technology.

In the sections below we first emphasize the correlation between the
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Fig. 1. Schematic diagram of the strategies for electrolyte pH regulation in
AZIBs. Reproduced in part with permission from Ref. [22]. Copyright 2020 The
Authors. Licensed exclusively to Springer Nature Limited. Reproduced in part
with permission from Ref. [23]. Copyright 2023 Elsevier. Reproduced in part
with permission from Ref. [24]. Copyright 2023 Elsevier.
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current challenges encountered by AZIBs and the pH value of the elec-
trolyte. Subsequently, we turn to direct exploration of the causal rela-
tionship between alterations in electrolyte pH and apparent differences
in the electrochemical performances of AZIBs and reveal the mecha-
nisms underlying these changes. Factors including the energy storage
mechanism at the electrodes, the redox potentials, the rate of the elec-
trode reaction, as well as the ionic concentration and conductivity of the
electrolyte, and the electrochemical stability window (ESW) are dis-
cussed. By scrutinizing these factors, we seek to reveal the complex
dynamic response of AZIBs to changes in electrolyte pH, thereby
contributing to a more comprehensive understanding of their electro-
chemical behavior. Finally, we highlight recent advancements in elec-
trolyte pH regulation strategies to drive high stability AZIBs, proposing
future directions for the development of more stable and higher capacity
systems in the future.

2. Effect of pH on AZIBs

Currently AZIB research is heavily focused either on the develop-
ment of new high-performance electrode materials, including novel
cathodes (including manganese-based [25-28], vanadium-based
[22-24,29,30], organics [31-38], prussian blue analogues [39-43],
etc.) or protected zinc anodes [44-50], which can both deliver higher
energy and power densities and improved electrochemical performance
[51-53], or the development of strategies to stabilize AZIBs perfor-
mance. Electrolyte modification, functionalized separators, and artifi-
cial interfacial layers have all been explored to improve Zn?* deposition
behavior, Zn?* solvation structure, or Zn>" insertion/extraction mech-
anisms. However, while these strategies have been shown to work, the
problems associated with AZIBs are often closely linked to the micro-
environment of the electrolyte, especially the local H' concentration at
the electrode/electrolyte interface, and thus the correlation between the
existing challenges of AZIBs and pH needs to be further elaborated to
inform and guide developments [15,34].

2.1. Anode

The pH value of the electrolyte closely correlates with the reactions
taking place at the zinc metal-anode interface, below these reactions are
briefly introduced [54,55].

2.1.1. HER

HER refers to the process of electrochemical water decomposition to
produce Hy. In AZIBs, HER needs to be avoided, but due to thermody-
namic instabilities the HER inevitably occurs at the electrode/electro-
lyte interface of AZIBs, which leads to problems such as water depletion,
gas production, and changes in electrolyte pH, which will significantly
affect the electrochemical performance of the entire cell. The occurrence
of HER is related to both the standard oxidation potential of the elec-
trode and the pH value of the electrolyte. HER tends to occur more
prominently at electrodes with lower redox potentials, particularly at
the surface of the anode. As depicted in Fig. 2a, which illustrates the
Pourbaix plot of zinc in aqueous solution, the standard reduction po-
tential of Zn?*/Zn is consistently below the equilibrium potential of H"/
Hj. Consequently, HER is inevitably initiated before the completion of
the Zn%" deposition process, making it challenging to entirely circum-
vent HER on the anode. Furthermore, it’s noteworthy that the ESW of
the aqueous electrolyte remains constant, irrelevant to the pH value. The
HER and Zn deposition reactions in acidic electrolyte conditions are as
follows:

Hydrogen evolution reaction (HER):

2H" + 2¢”—H,1(0 V vs. SHE) 1
Zn deposition:

Zn** 4 2e”—Zn( — 0.762V vs. SHE, pH < 8) 2
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Fig. 2. Pourbaix diagram. Pourbaix diagram of (a) Zn metal in aqueous solution and (b) H,O. Reprinted with permission from Ref. [56]. Copyright 2023 Willey-VCH.
Pourbaix diagram for (c¢) manganese oxides and (d) vanadium oxides. Reprinted with permission from Ref. [57]. Copyright 2018 Willey-VCH.

It should be noted that there is a certain overpotential for HER
(Fig. 2b), which makes the HER kinetics slower, and compared with
other aqueous batteries, such as Mg (—2.37 vs. SHE), Ca (—2.87 V vs.
SHE), and Al (—1.66 V vs. SHE), the higher standard redox potential of
Zn (pH<8, —0.762 V vs. SHE) does enable the avoidance of the HER to
some extent, but in the actual operation of AZIBs, the higher current
density and the larger overpotential during charging still make HER
possible [58].

The occurrence of HER is related to the pH value of the electrolyte.
The overall reaction path of HER at different electrolyte pH values is
different, with HER in acidic electrolyte proceeding according to Eq. (3),
while in alkaline electrolyte according to Eq. (4) [59]. According to the
Nernst equation (Eq. (5)), the HER potential in aqueous solution, Eggg =
—0.0592 x pH, thus favoring HER under lower pH conditions.

2H' +2e”—-H,1E= 0V vs. SHE 3)
2H,0 + 2¢”—H, + 20H E = —(0.059 x pH) V vs. SHE (O]
RT. | C(H)
Put i, = ﬁ n [)(Hz) %)
P2

Where R is the universal (ideal) gas constant (8.314 J/mol K); T is the
temperature in Kelvin (K); F is the Faraday constant (96,485 C mol’l); C
(H™) is the concentration of H" (mol L’l), p(Hy) is the partial pressure of

H, and p” is the standard pressure (1 atm)

It is generally believed that the rate of hydrogen generation is
significantly inhibited when pH>3.2, therefore, AZIBs are usually
operated in mild-weak or near-neutral electrolytes (pH=3~5) to avoid
strong self-corrosion phenomena in strong acids as well as the formation
of passivates such as zinc hydroxide sulphate (Zn4(OH)g SO4-xH20, ZHS)
in alkali, in which HER potentials range from —0.177 V to —0.295 V.
Since the Zn deposition potential is —0.762 V in these mild electrolytes,
the presence of HER severely limits the ESW of the electrolyte, further
limiting the operation voltage range. In addition, in a mild pH envi-
ronment, Zn>" is easily solvated by H,0, forming the solvation sheath
[Zn(H20)6]2+, which increases the energy barrier of the reduction re-
action and decreases the required potential for the Zn/Zn?" reduction
[60].

The occurrence of HER can lead to various issues. Firstly, it may lead
to electrolyte depletion problems. As the water content in the electrolyte
decreases, the contact area between the electrolyte and the electrodes
diminishes, thereby increasing the internal resistance of the battery.
Consequently, this results in a reduction in the battery capacity and
coulombic efficiency (CE) [61]. Moreover, the Hy bubbles generated by
HER tend to attach to the electrode surface, which not only hinders the
nucleation process of Zn, leading to uneven zinc deposition and dendrite
formation, but also results in the gradual formation of a porous layer on
the surface of Zn under the interference of Hy, and this enlarged contact
area between the Zn anode and the electrolyte will further exacerbate
the generation of HER. In the case of a closed battery system, the
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continuous generation of Hy causes a gradual increase in the internal
pressure of the battery, which may eventually surpass the critical pres-
sure that the battery casing can withstand, leading to the disintegration
of the battery. While it may not lead to spontaneous combustion and
bursting of the battery like in the case of organic electrolyte LIBs, it still
poses serious safety hazards [14].

The HER-induced pH change of the electrolyte is also worthy of
attention, and this change can be divided into three stages. Initially, the
weak occurrence of HER on the surface of zinc electrode causes a rapid
increase in pH at the electrode/electrolyte interface, subsequently
influencing the pH of the bulk electrolyte. In the second stage, when the
pH at the interface is higher than 5.47, passivates are formed to inhibit
the further pH escalation at some extent, resulting in a continuous
fluctuation of electrolyte pH as a consequence of the balance between
passivation and HER. In the third stage, at extended cycling times,
exposure of newly deposited Zn to water triggers further HER, causing a
continuous upward trend in pH. Importantly, the shift in pH values may
trigger a cascade of problems throughout the extended cycling process.
This poses a considerable challenge to the development of AZIBs with
prolonged cycle life.

2.1.2. Dendrite growth

Zn dendrites refer to sharp structures formed by uneven deposition of
metallic Zn from the reduction of Zn?* on the bulk Zn anode surface,
which can cause "dead zinc" and battery short circuits. The reasons for
the uneven deposition of are complicated. In the initial stage of depo-
sition, Zn>" is reduced in a two-dimensional diffusion process, and Zn
nuclei are formed at the most energetically favorable locations (tips,
impurities, lattice defects, etc.) [61]. The nucleation of Zn is influenced
by the electric field strength, ion concentration, and surface energy,
collectively acting as a driving force to overcome the nucleation barrier.
A localized area with a lower nucleation barrier and higher nucleation
driving force is more prone to Zn nucleation, disrupting the uniform
deposition of Zn across the entire area [58]. A typical example of this is
the "tip effect", where higher current density near the curvature of the Zn
surface generates a larger electric field driving force to complete the
nucleation process, thus increasing the Zn nucleation mass in this re-
gion, further resulting in an overall uneven deposition of Zn. In addition,
the tip effect also contributes to an uneven distribution of ion concen-
tration, the larger electric field driving force near the tip accelerates the
transformation of Zn?* into Zn, while in the non-tip region, there is still
a large aggregation of Zn?*. This non-uniform distribution of ion con-
centration on the surface of the zinc will also lead to uneven Zn depo-
sition [58,62]. During subsequent deposition, Zn?* tends to be deposited
on the existing surfaces with higher curvature to minimize the surface
energy, thus accelerating dendrite growth [62].

Thus, the formation of dendrites is mainly attributed to the inho-
mogeneous deposition behavior of zinc ions, influenced by various
factors such as nucleation overpotential, crystal orientation, electric
field strength and ion concentration distributions, nucleation location,
and Zn?* flux [60]. However, the correlation and influence of electrolyte
pH on zinc deposition behavior is often neglected. Zinc has high solu-
bility, electrochemical activity and thermodynamic instability in alka-
line electrolytes, Zn therefore exhibits pronounced dendritic growth
under alkaline pH conditions. Compared with alkaline conditions, the
formation of dendrites in AZIBs in mild pH electrolyte is effectively
suppressed due to the reversible redox reaction of Zn?*/Zn, but the
repeated deposition/stripping makes it challenging to entirely avoid
zinc dendrites[59]. First, Hy generated at lower pH and ZHS passivates
formed at higher pH affect the process of Zn*" deposition. Second, in a
lower pH environment, the zinc electrode is more likely to undergo
self-corrosion, which is due to the fact that trace impurities are dispersed
in the electrolyte, affecting the uniform distribution of the electric field
[63]. Moreover, the pH of the electrolyte also affects the morphology of
dendrites, in a lower pH environment, Zn** tends to undergo
three-dimensional nucleation. As the pH increases, the nucleation
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mechanism changes to two-dimensional nucleation, which significantly
affects the morphology, number and size of the final Zn dendrites. This,
in turn, affects the morphology of the Zn deposition in the surrounding
flat area. Considering that the electrolyte pH value continues to change
under the influence of the HER, the Zn deposition environment becomes
more complex in different areas, exacerbating the formation of Zn
dendrites [63]. Furthermore, the change in pH due to HER can directly
affect the uniform deposition process of Zn by changing the distribution
of ion concentration in the electrolyte and Zn?* flux to trigger dendrites,
which has not received sufficient attention.

Dendrites cause several problems in AZIBs. Firstly, Zn dendrites,
being brittle and prone to fracture upon reaching a certain level of
growth, lead to the formation of disconnected and isolated metallic Zn,
which leads to the irreversible loss of Zn and reduces the CE. The sharp
edges of dendrites can pierce the separator and increase the risk of short-
circuit. While these short circuits aren’t as hazardous as those in lithium-
ion batteries with organic electrolytes, this problem also greatly
shortens the life of AZIBs. Moreover, the formation of dendrites in-
creases the contact area between the zinc anode and electrolyte, thus
providing more reaction sites for issues such as HER, corrosion and
passivation, which in turn exacerbate the formation of dendrites by
generating H, and altering the pH value of the electrolyte.

2.1.3. Corrosion and passivation

The corrosion of the zinc metal surface usually occurs simultaneously
with HER through the formation of numerous microcells at the interface
of the two phases, causing the metal Zn to lose electrons to Zn?* dis-
solved in the electrolyte (Eq. (6))[58]. The occurrence of corrosion is
closely linked to the pH of the electrolyte, with more severe corrosion
observed in strong acid and alkaline environments compared to mild
environments. It should be noted that although Zn also undergoes strong
corrosion under alkaline environment, the dense by-product ZnO
formed in the alkaline environment will work as a protective layer cover
the surface of the anode, which to a certain extent isolates the Zn metal
from the electrolyte, inhibiting further Zn corrosion. But there is no
condition for the formation of dense protective film under strong acid
environment. Even in weak acid environments, such as ZnSO,4 for
example, the corrosion by-product ZHS forms within a certain pH range,
but the loose structure produced by the discontinuous ZHS formation
process due to the change of pH does not effectively prevent the contact
between the surface of the zinc metal and the electrolyte [64-66].

Zinc corrosion:

Zn +2H"—H,1 + Zn>* (6)

Passivation is mainly caused by electrochemically inert materials (e.
g., Zn4s(OH)¢ SO4xH20, ZnO, Zn(OH)z) generated during battery
charging and discharging processes, which are usually deposited on the
surface of the Zn electrode, reducing the active surface area of the Zn
electrode and inhibiting the charge transfer kinetics at the electrode
surface, leading to an irreversible loss of capacity and a reduction in the
CE as well as the cycle life.

There is a significant relationship between electrolyte pH and
passivation, first of all, the passivates formed under different electrolyte
pH levels vary. Experimental evidence shows that when using ZnSO4
electrolyte, the main passivate under acidic condition is ZHS, while the
main passivate is Zn(OH), in a weak alkaline environment with pH>8.5
(Fig. 2a). In a strong alkaline electrolyte the main passivate is ZnO. As
AZIBs usually use a mild electrolyte (pH=3~5), under normal condi-
tions passivation does not occur. However, when HER causes the pH to
fluctuate to >5.47, Zn®* combines with SO%’, H-0, and OH™ in the
electrolyte to form ZHS [67]. The mechanisms of passivation byproduct
formation at different pHs are as follows:

Formation of alkaline environmental passivates:

Zn — 2¢” 4+ 40H —Zn(OH)}~ %)
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Zn(OH)}” »ZnO + H,0 + 20H~ 8
Formation of acidic environmental passivates:

Zn — 2e”—Zn**" 9

4Zn*" + 60H™ + SO}~ + xH,0—Zn,SO4(OH),-H,O 10)

For AZIBs, the nature of the relationship between passivation and pH
is due to OH  critical solubility [12]. When the concentration of OH™ in
the electrolyte reaches the critical solubility, OH™ cannot be dissolved in
water and thus precipitates as ZHS. The critical solubility of OH™ is
calculated as follows:

C(OH ) =6 K, (Zn4SO4(OH36~nHZO) an
C([zn(1,0),)™")"-c(s0}")

where K, is the solubility product constant, calculated as follows:
K, (Zn;SO4(OH)-nH,0) = c([zn(Hzo)ﬁ}z’ )4-C(OH’)6~C(SOﬁ’) 12)

The corrosion and passivation processes in AZIBs during charging
and discharging are closely related to the CE and cycling stability.
Firstly, the formation of ZHS comes at the expense of consuming Zn?",
leading to irreversible capacity loss of Zn [66]. Secondly passivation,
which covers the surface of the Zn surface, increases the internal resis-
tance of AZIBs and reduces the energy efficiency. Finally, ZHS hinders
the homogeneous deposition of carrier Zn?* and the formation of
reversible products. This not only reduces the reversibility of charging
and discharging but also impacts the Zn flux, accelerating the growth of
dendrites [59]. Although the passivate for AZIBs in mild systems is
mainly ZHS, considering the rise in pH due to HER and the limited
ability of ZHS to inhibit pH changes, passivates like ZnO and Zn(OH); in
alkaline systems should also be taken into account during the engi-
neering of AZIBs with a long cyclic life, particularly when implementing
effective pH regulation strategies.

2.2. Cathode

As with the anode, pH has a strong influence on cathode reactions.
Below key concepts are introduced.

2.2.1. Cathode dissolution

The pH of the electrolyte plays a crucial role in determining the
electrochemical stability of the cathode material in AZIBs. An unsuitable
pH environment can lead to structural degradation and disintegration of
the cathode material, impacting the overall performance and cycling life
of the battery.

Taking the MnO, cathode as an example, the Pourbaix diagram of
Mn oxides, as shown in Fig. 2c, reveals that in a mild electrolyte system
(pH = 3~5) below 0.8 V, Mn oxides are dissolved in the electrolyte in
the form of Mn?*. Notably, the lower the electrolyte pH, the higher the
redox potential of Mn?*/MnO,, leading to easier dissolution. Conse-
quently, in AZIBs utilizing acidic electrolytes, manganese inevitably
dissolves from the active material into the electrolyte, significantly
impacting the sustainability of manganese-based electrode materials.
The loss of manganese in the active material leads to the structural
degradation of the electrode and capacity decay [68].

Vanadium-based oxides also suffer from the problem of active ma-
terial dissolution. Compared with manganese-based oxides, the disso-
lution behavior of vanadium-based oxides is more complex due to the
multivalent nature of V (V2T, V3*, and V1), but is still correlated with
the pH value. As shown in the Pourbaix diagram of vanadium-based
oxides (Fig. 2d) [69] vanadium mainly dissolves in the electrolyte as
VO?* when pH<3 and the electrode potential of vanadium-based oxides
is lower than 0.45 V (vs. SHE), vanadium predominantly dissolves in the
electrolyte as VO*. In the pH range of 3 to 6, vanadium predominantly
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dissolves in the electrolyte as VOH?* and a lower potential is required to
complete the conversion (—0.05 V vs. SHE for pH = 3, —0.60 V vs. SHE
for pH = 6). When the electrode potential is above 0.4 V, H3V50y7 is the
main dissolved species [69]. The form of the dissolved substance will
have an effect on the energy storage mechanism of the anode, and it may
also diffuse to the Zn anode to be reduced to V3" or V** and deposited on
the Zn, which reduces the available electrochemical reaction sites and
decreases the electrode utilization [70].

2.2.2. Byproducts

Similar to corrosion derived ZHS byproduct deposition on the surface
of metal anode, layered double hydroxides (LDH) are commonly formed
on the surface of the cathode material during the discharge process. The
precipitation of these LDHs in the ZnSOj4 electrolyte is closely related to
the pH value. During the discharge process, H" can also insert into the
cathode material, resulting in a localized pH increase at the cathode/
electrolyte interface, which ultimately produces LDH (pH=5.47) as OH™
accumulates. In addition, during the charging process, H" tends to be
reversibly extracted from the cathode material, subsequently lowering
the electrolyte pH and stabilizing the pH at the cathode/electrolyte
interface. Nevertheless, in the case of AZIBs undergoing prolonged
cycling, the LDH layer will gradually accumulate or detach at the elec-
trode surface, resulting in volume expansion and capacity decay of the
cathode, and permanent depletion of the aqueous electrolyte.

2.2.3. Energy storage mechanism

The electrolyte pH value affects the energy storage mechanism of the
cathode, thereby also influencing the electrochemical performance of
AZIBs [71]. For Mn-based anodes, Lee et al. demonstrated that the
change of electrolyte pH plays a key role in the reversible deposi-
tion/dissolution reaction on a-MnOz electrodes by monitoring the
change of electrolyte pH (Fig. 3a) [67]. During the discharge process,
MnOy is first electrochemically reduced to Mn®* (Mn**+e —Mn®"),
and the electronic configuration of the high spin of Mn3* is usually
unstable, so it will undergo a disproportionation reaction to Mn?*, and
the initial reaction at the cathode can be expressed by Eq:

MnO, + 2H,0 + 2~ —Mn*" + 40H" (13)

The continuous dissolution of manganese during the discharge pro-
cess results in the continuous generation of OH™ ions, leading to an
increase in the pH value of the electrolyte. Similarly, during the charging
process, the continuous oxidation of manganese causes a continuous
decrease in the pH value of the electrolyte.

In situ electrolyte pH monitoring (Fig. 3b) was used to obtain the
change of electrolyte pH during the cycling process (Fig. 3c). The in situ
X-ray diffraction (XRD) and its corresponding charge/discharge curves
confirmed the reversible deposition/dissolution of ZHS on the cathode
surface during battery charging and discharging, which was consistent
with the change in pH. This conversion reaction related to the pH of the
electrolyte can be expressed by Eq:

3MnO, + 8Zn*" +2S0;” + 16H,0 + 6e”—3Mn*"
+2Zny(OH),(SO4)-5H,0) a4

This dissolution/deposition energy storage mechanism associated
with the change of electrolyte pH has been further investigated, for
example by Wu et al., who revealed for the first time by operando X-ray
fluorescence mapping measurements that in the weakly acidic pH-based
environment the main charge storage mechanism of a-MnOg is the
dissolution deposition reaction of Mn?*, which is quite different from
the commonly considered insertion energy storage mechanism of H or
Zn2* in the cathode [72]. More importantly, in situ based pH monitoring
showed that the charge storage mechanism of ZHS deposi-
tion/dissolution during battery discharge/charging is dependent on the
electrolyte-induced local pH changes during cycling. And the capacity
retention in charge/discharge is highly correlated with whether the
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electrolyte pH changes can induce the dissolution/deposition reactions
of ZHS and Mn.

More importantly, altering the electrolyte pH by the use of acid
electrolytes, such as acetate electrolytes or electrolyte additives can
trigger the redox reaction of Mn**/Mn?* (Fig. 3d), which can be verified
by in situ XRD (Fig. 3e) and X-ray Photoelectron Spectroscopy (XPS)
(Fig. 3f), and thus provide additional electrochemical specific capacity
for AZIBs (Fig. 3g). It is essential to note that a lower electrolyte pH is
not intrinsically better, because a low pH means a strong HER reaction
on the anode, causing a reduction in CE and cycle life. A recent study
[56] of a Zn/MnO, flow battery based on the Zn?'/Zn deposi-
tion/stripping reaction and Mn%"/MnO, dissolution/deposition reac-
tion showed that both Zn?* and H* participate in the energy storage
process of MnO, at low discharge rate, engaging in a competitive

relationship, whereas at high discharge current, H even dominates in
the reaction with MnO,. This suggests that the electrolyte pH affects the
reaction process between H', Zn?>' and MnO, through the H*
concentration.

Vanadium-based materials stand out as one of the most promising
cathodes for AZIBs, and their energy storage mechanism is also affected
by electrolyte pH. Currently, the insertion/extraction mechanisms of
Zn?* and H' in vanadium-based oxides, especially for §-V,05 remain a
subject of controversy, where conventional structural and elemental
characterization methods face limitations in adequately distinguish the
intercalation process of H* and Zn?' in a 1 M Zn(CF3SO3), aqueous
electrolyte. Liu [57] developed an operando pH detection method for a
Zn||8-V20s cell (Fig. 3h), and demonstrated that H and Zn?* would be
simultaneously inserted into 5-V,Os and revealed an H*/Zn?** exchange
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insertion/extraction mechanism. The experimental results showed that
the pH evolution during cycling was significantly correlated with the
battery voltage (Fig. 3i). The insertion of H' in the cathode during
discharging is the main reason for the increase of the electrolyte pH
value. Conversely, during charging, H" and Zn?* will be extracted from
the cathode, at which time the extracted H" becomes the primary factor
contributing to the decrease in electrolyte pH. To deepen the under-
standing of the H'/Zn%" exchange insertion/extraction mechanism, it
was found by density functional theory (DFT) calculations that at the
same temperature and pressure, a higher H" concentration in the elec-
trolyte causes more H' to be inserted into the cathode and exchanged
with the Zn?*, causing a decrease in the pH of the electrolyte. Whereas,
in an electrolyte with high pH, the H' in the interlayer of cathode will in
turn be exchanged with Zn?" in electrolyte, making the electrolyte pH
decrease. Due to the distinct kinetic rates of electrochemical reactions
for the two different charge carriers, Zn>* and H™, the varying H*/Zn*"
ratios resulting from different pH values notably impact the electro-
chemical performance of AZIBs, particularly in terms of rate perfor-
mance. Consequently, on one hand, this charge storage mechanism
involving H' influences the pH of the electrode/electrolyte interface. On
the other hand, changes in the pH of the electrolyte will in turn affect the
energy storage mechanism of the electrode. pH may also affect the
electrochemical performance of organic cathodes by influencing their
charge storage mechanism. However, excessive H' tends to cause
structural changes to the organic materials during the charging and
discharging process, leading to a sudden drop in battery performance or
even failure. Na et al. demonstrate that H' plays a key influence on the
cycling stability of organic cathode 1,4,5,8-naphthalene diimide (NDI)
[75]. Electron transfer at NDI electrodes occurs through surface binding
of carriers and subsequent solid-state diffusion. In a weak acid electro-
lyte, the insertion of H' into the NDI electrode becomes more pro-
nounced with increasing current density, which accelerates the
solvation process of NDI and leads to the dissolution of NDI molecules.
The poorer cycling stability of the NDI anode is attributed to excess H"
insertion at a higher discharge depth. Although experiments have shown
that sacrificing the depth of discharge can provide higher cycle life, this
comes at the expense of charge/discharge specific capacity. Modulation
of the local cathode/electrolyte interface pH value and the amount of H*
insertion is promising to ensure the charge/discharge specific capacity
and rate performance while concurrently improving cycling stability.

Additionally, the electrolyte pH value also influences the dissolu-
tion/deposition potential of the cathode, which in turn affects the
operating voltage of the battery. The relationship between electrolyte
pH and electrode redox potential can be obtained from the Nernst
equation. Taking MnO, as an example, according to the Pourbaix dia-
gram (Fig. 2¢), the smaller the pH, the higher the standard redox po-
tential of the anode. Therefore, Zn/MnO- cells under a strong acidic
environment are favorable for obtaining higher voltage and energy
density [69,70].

2.3. Electrolyte

The electrolyte pH plays a crucial role in influencing the ESW of the
electrolyte, subsequently affecting the operating voltage and energy
density of AZIBs. The ESW of aqueous electrolytes faces limitations
imposed by two kinetic processes linked to water decomposition: HER
and the Oxygen Evolution Reaction (OER). A low pH reduces the HER
potential, promoting HER occurrence at the anode/electrolyte interface.
Conversely, a high pH elevates the OER potential, favoring OER occur-
rence at the cathode/electrolyte interface. The electrolyte pH affects the
electrode redox potential, and the operating voltage and energy density
of AZIBs are limited by the combined effect of redox potential of the
electrode and the ESW of the electrolyte [76]. AZIBs possess higher
cathode redox potentials and lower OER potentials in an acidic envi-
ronment, as well as higher anode redox potentials and lower HER po-
tentials under alkaline conditions. Therefore, to improve the stability of
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AZIBs, different electrolyte pH values require distinct suitable operating
voltages [74,76-80].

3. pH regulation strategies

Given the significant impact of electrolyte pH on the electrochemical
performance of AZIBs, various strategies have been implemented to
regulate pH to improve their electrochemical performance. These stra-
tegies include electrolyte optimization, separator modification, and
artificial interfacial protective layers (AIPLs).

3.1. Electrolyte optimization

Electrolyte optimization, as a part of electrolyte engineering, has
been widely studied owing to its inherent simplicity, cost-effectiveness,
and wide availability [73,81,82]. Electrolyte additives can improve the
electrochemical performance of AZIBs by regulating or controlling the
pH value of the electrolyte, and they can be broadly categorized into
three types: acid/base pH regulators, buffer solutions, and
nitrogen-containing heterocyclic organics. Acid/base pH modifiers,
usually comprising strong acids or bases, drive a significant alteration in
the initial pH of the electrolyte. In contrast, buffer solutions use buffer
pairs formed by, for example, a weak acid and its conjugate base, a weak
base and its conjugate acid, or acid salts and their secondary salts,
dynamically control the concentration of H" and OH™ in the electrolyte,
thus regulating and stabilizing the pH of an electrolyte at a certain value.
Buffers can therefore stabilize the electrode environment and inhibit
side reactions. Although nitrogen-containing heterocyclic organic
compounds are similar to buffer solutions in regulating and stabilizing
the pH value of the electrolyte, they mainly rely on the functional groups
on the molecule chains to regulate the pH value, so the regulation
mechanism is different.

In addition, electrolyte decoupling emerges as a pivotal method,
facilitating the separation of different pH electrolytes and situating
cathode and anode in acidic and alkaline environments, respectively.
This approach ensures the provision of optimal pH environments for
both the cathode and anode, thereby enhancing both cathode and anode
redox potentials, expanding the ESW of the electrolyte, and improving
the energy density of the battery.

3.1.1. Acid-alkali pH regulator

The initial pH value of the electrolyte can be significantly changed by
adding a certain amount of acidic or alkaline pH modifiers to the con-
ventional electrolyte in advance, which can improve the operation
environment of electrodes and electrolyte. Chao et al. added a small
amount of acid-base pH modifier, HySO4, to a zinc/manganese sulfate-
based electrolyte in order to significantly reduce the pH value of the
electrolyte (pH < 1.5), and the assembled Zn-MnO, cells exhibited a
discharge specific capacity of up to 507 mAh ¢! and a high operating
voltage of 1.95 V, much higher than in conventional electrolytes [83].
The significant enhancement of the discharge capacity was attributed to
the fact that the higher H" concentration at low pH can trigger the
additional Mn**/Mn?* two-electron redox reaction (Fig. 3d). The sig-
nificant increase in operating voltage was attributed to the low elec-
trolyte pH increasing the dissolution deposition potential of anodic
MnOs. It is worth noting that a lower electrolyte pH does not necessarily
imply superior performance, and experiments have shown that when the
electrolyte pH is in the range of 1.1-4.6, the capacity contribution to the
high-voltage region (2.0-1.7 V) where two-electron redox occurs, shows
a nonlinear increase in capacity contribution to the CE with the decrease
of electrolyte pH (Fig. 3g). However, when the electrolyte pH was less
than 1, this changing relationship showed a significant turnaround and
the capacity contribution rate and CE began to decrease as the pH
continued to decrease (Fig. 3g). This turnaround is mainly attributed to
the strong HER caused by the low pH, which reduces the HER potential
and consequently narrows the ESW of the electrolyte, causing Zn-MnO,
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to suffer more negative effects from the HER in the high-voltage region. significant increase was attributed to HER, while the subsequent fluc-
Therefore, a 0.1 M concentration of HySO4 electrolyte additive was tuation in pH was due to the competition between HER and ZHS for-
chosen as a trade-off between stability and voltage performance to mation [84]. However, for the H,SO4-added electrolyte, the increase in
obtain a stable potential window of up to 2.41 V with a high discharge pH from 2.8 to 5.63 took 18 h. Since the formation of ZHS generally
plateau and CE. requires a sufficient OH™ concentration (pH =~ 5.47), a lower electrolyte

In addition, lowering the electrolyte pH by acid-base pH modifiers pH can delay the formation of ZHS. Nevertheless, it is worth noting that
plays a role in delaying the formation of ZHS. Zhang et al. reduced the this strategy did not enhance the cycle life of the AZIBs, and the batteries
electrolyte pH by adding H2SO4 to ZnSO4 (pH = 4.29 — 2.8) and found with both electrolyte compositions have been shown to be prone to
that the ZnSOy4 electrolyte pH increased significantly from 4.29 to 5.6 short-circuit within a relatively short period of time. Low pH delays the
within the first 6 h and fluctuated thereafter, and that the initial pH The formation of ZHS, but stimulates the occurrence of HER, more
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importantly, the stronger tendency of HER in the low-pH environment
also in turn increases pH value at the same time, which leads to the pH
value for the formation of ZHS very quickly. Chen et al. added a trace
amount of a trifunctional electrolyte additive, ammonium hydroxide, to
the ZnSO4 electrolyte thereby constructing a ZHS-based solid electrolyte
interphase (SEI) on the surface of zinc anode in situ (Fig. 4a) [85]. First,
ammonium hydroxide increases the pH value of the electrolyte (pH =
4.1 - 5.2, 1 mM) (Fig. 4b). According to the Nernst equation (Eq. (5)),
the increase of pH can reduce the potential of HER and thus inhibit the
occurrence of HER to a certain extent. Besides, NHf in ammonium hy-
droxide can be preferentially adsorbed on the surface of the Zn metal,
shielding the "tip effect" and homogenizing the electric field distribu-
tion, thus fostering a more uniform Zn deposition. Due to this compre-
hensive protection, dendrite-free anode and highly reversible Zn
stripping/plating behavior were achieved. It is particularly important to
note that the ZHS here serves to inhibit corrosion and improves the
transport kinetics of Zn?". This is significantly different from what we
generally think of as the role of ZHS. This is mainly due to the fact that
the formation rate of ZHS is related to the electrolyte pH. In a weak
acidic environment (e.g., ZnSOy), the increase of pH resulting from HER
initiates the gradual formation of a ZHS-based SEI on the surface of Zn
metal. This SEI structure is loose, and make it difficult to fully isolate the
metal anode from the electrolyte, and consequently fails to effectively
inhibit corrosion.

However, if the initial pH of the electrolyte is elevated, the formation
rate of ZHS during battery cycling is fast enough to form a denser and
more stable SEI, which not only inhibits corrosion, but also provides a
fast Zn?* diffusion channel and reduces the charge transfer impedance.
However, this resolution is intricate and involves a trade-off; On one
hand, the formation of ZHS comes at the cost of irreversible depletion of
Zn?" concentration, on the other hand, the heightened pH increases the
formation of ZnO, Zn(OH), byproducts as well as the risk of battery
failure.

In summary, acid-base pH modifiers emerge as influential agents in
regulating the initial pH of the electrolyte, thereby have an impact on
issues such as the energy storage mechanism of the electrodes, ion ki-
netic processes, formation of HER and ZHS, and ultimately influence the
electrochemical performance of AZIBs. The determination of this pH
value necessitates careful consideration not only of the energy storage
mechanisms and ion kinetic processes at the characteristic pH of the
electrode but also of the influence of side reactions such as HER, ZHS
formation, and anodic dissolution on the cycling stability of ZIBs in
extreme pH environments.

3.1.2. Buffer solution

A buffer solution is a solution capable of resisting changes in pH,
thereby maintaining the system’s pH at a relatively constant level. This
solution type has witnessed significant development in battery appli-
cations in recent years. The pH value of a buffer solution depends on the
Henderson-Hasselbalch formula (Eq. (15)), i.e., it is determined by the
pKa value inherent to the buffer solution as a proton donor (e.g., a weak
acid in a weak acid and its conjugate base) as well as by the buffer ratio
(the ratio of the concentrations of the buffer pairs). The buffering ca-
pacity is determined by the total concentration of the buffer pair and the
degree of deviation between the pH value of the buffer solution and the
pKa value of the proton donor in the buffer pair. Therefore, it is
important to select suitable buffer solutions and appropriate concen-
tration for different applications. At present, buffer solutions applied to
AZIBs can be mainly categorized into acetate-based buffer solutions and
phosphate-based buffer solutions, such as acetic acid, ammonium ace-
tate and ammonium dihydrogen phosphate.

pH = pk, (HB) — 1g 2% 1s)
CB

Han et al. used ammonium acetate (NH4OAc) as a buffer-like addi-
tive to regulate the pH of 2 M ZnSQ4, further inhibiting corrosion, HER,
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and the formation of dendrites [90]. Firstly, the OAC™ in NH4OAc forms
HOAc/OAc " acid-base buffer pairs in the electrolyte to modulate and
stabilize the electrolyte pH to around 5.31. Under these conditions
(pH=4.11-5.14), the proton-stimulated side reactions (HER and
corrosion) are significantly suppressed, while the OH -directed inert
passivation property is difficult to be formed. Furthermore, NHJ serving
as an inert cation could homogenize the deposition process of zinc ions
and inhibit dendrites formation through the electrostatic shielding ef-
fect. Consequently, when monitoring the Zn deposition morphology at a
high current density of 10 mA cm ™2, was found that the deposits on the
surface of Zn anode in the pure electrolyte were uneven and loose,
accompanied by the formation of ZHS passivation layer and dendrites,
whereas the surface of the Zn electrode was uniform and stable under
the regulation of NH4OAc. In addition to this, the additive had good
compatibility with other electrolyte components (Zn(OTF)3, Zn(OAC),,
ZnCly) as well as the cathode material NH4V401¢. The pH stabilisation
and NHj established a dissolution equilibrium that suppressed the
dissolution of the cathode effectively, avoiding irreversible loss of the
active material during the cycling process. Lin et al. similarly investi-
gated NH4OAc as a buffer based additive (Fig. 4c) [91]. In situ pH
monitoring revealed that NH4OAc had a good pH buffering ability both
at low current density (Fig. 4d), high current density, and in low tem-
peratures (—10 °C), which enabled the electrolyte with NH4OAc to work
in harsh operating environments, which greatly improved the low
temperature resistance of the electrolyte. In addition to the use of OAc™,
it is also possible to use HOAc directly as a buffer.

In addition to acetate-based buffer solutions, phosphate-based buffer
solutions have also been used in AZIBs. Zhang et al. used ammonium
NHP additives to stabilize the pH at around 2.8, effectively inhibiting
side reactions and dendrite formation (Fig. 4e) [84]. Compared to
acetate-based buffer solutions, phosphoric acid undergoes more disso-
ciation processes and has more buffer pairs, such as (HyPO4) ™/ (HPO4)2’
and H3PO4/(H2PO4), corresponding to pKa values of 7.2 and 2.1,
respectively. This implies a broader pH buffer range and, given that the
buffering effect depends on the deviation of pKa from the pH value,
phosphate-based buffer solution has a better pH buffering effect
compared to the acetate-based solution at a specific pH value. (Fig. 4f).
In addition, unlike the electrostatic shielding effect of NH4 described in
the previous section, it can also form an NHZ/NHz—H,0 buffer pair to
stabilize the pH value. Electrolyte pH modulation is equally important in
combination with other strategies, Zhao et al. added a small amount of
HOAc and organic tetramethylene sulfone (TMS) into Zn(OTF), to
inhibit HER [92]. The mechanism of the pH buffering of HOAc is similar
to that of OAc-, which also buffers the pH by forming an
HOAc/OAc-acid-base buffer pair in the electrolyte, resulting in a final
pH at 1.6. TMS can also act as a reinforcement of the hydrogen bonding
network. Through MD simulations of different electrolytes (Fig. 4g), it
was found that in Zn(OTF),, Zn?* is usually surrounded by HyO and
OTF™ at the first and second coordination shells (Fig. 4h). Upon the
introduction of TMS, however, the TMS competes with HO at the first
and second solvation shells, enabling fewer water molecules to coordi-
nate with Zn%" (Fig. 4i), thereby reducing the activity of H>O. Simul-
taneously, part of the TMS would act as a co-solvent, enabling more
OTF~ to coordinate with Zn2%, constructing a  stronger
hydrogen-bonding network between H,O—H20 and OTF-H20, and
inhibiting the HER. As a result, under the joint modulation effect of
HOACc and TMS, the pH of Zn(OTF), was reduced and stabilized at 1.6,
inhibiting the production of the flocculent passivate Zny(OTF)y(OH),.
xy'NH20. It is essential to clarify that OAc™ and HOAc are not themselves
buffer solutions, and only become active when they combine with H"
and OH™ in electrolyte to form HOAc/OAc™ buffer pairs. Furthermore,
although both HOAc and OAc™ can be used as electrolyte additives to
form a buffer solution, they have different effects in adjusting the pH
value; HOAc as a weak acid combines with OH™ to decrease the pH
value, while OAc™ combines with H' as a conjugate base to increase the
pH value. Importantly, while both HOAc and TMS have the effect of
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regulating electrolyte pH, the buffer HOAc can directly stabilize the
electrolyte pH by regulating the concentration of H*/OH™, which is
more effective than TMS in avoiding a unidirectional rise in pH by
inhibiting HER. However, it is crucial to note that HER is only one of the
challenges faced by AZIBs. Therefore, the combined pH modulation
strategy using HOAc/TMS are more effective than using only a single
buffer solution.

3.1.3. Nitrogen-containing heterocyclic organics

Unlike buffer solutions that utilize the interconversion of buffer pairs
to regulate the pH value of the electrolyte, nitrogen-containing hetero-
cyclic organic additives mainly rely on the coordination/de-
coordination of the N atom on the molecule structure with H' to
dynamically regulate the interfacial pH. The organic molecules also tend
to preferentially adsorb on the electrode due to the strong adsorption
energy, occupying the electric charge double layer (EDL), thus inhibit-
ing the two-dimensional transport of Zn?*, and inducing homogeneous
deposition.

Zhang et al. introduced a real-time dynamic strategy for pH buffering

(a)
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at the anode/electrolyte interface, employing N-methylimidazole (NMI)
additives [93]. This innovative approach prevents the accumulation of
by-products by efficiently eliminating excess OH . Illustrated in Fig. 5a,
it is revealed that the interfacial absorbing layer, composed of
NMI/NMIH™, functions as an ion pump. This pump continuously sup-
plies protons to the interface, effectively inhibiting the formation of
ZHS. Results revealed that the Gibbs free energy (AG) for the
"NMIH-NMI" transition state was close to 0 kJ mol ™, indicating rapid
proton transport within NMI molecules (Fig. 5b). Additionally, MD
calculations showed a low diffusion coefficient of NMIH™ at the inter-
face (0.031 x 107> em? s ~ 1) (Fig. 5¢), suggesting challenges in sub-
sequent adsorption-desorption processes. Unlike buffer solutions, the
efficacy of organic compounds in pH modulation relies on the proton
transport network. In-situ pH measurements within the diffusion layer
were conducted using a scanning electrochemical microscope with a
ternary pH ultramicroelectrode (UME) (Fig. 5d,e). Results indicated the
effectiveness of both the bulk phase and the NMI diffusion layer in
stabilizing pH (Fig. 5f). NMIH" at the interface played a crucial role in
reducing crystal radius through electrostatic interactions, promoting
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homogeneous Zn deposition. The uninterrupted proton transport
network by NMI/NMH *accelerated MnO,/Mn?" dissolution/deposition
kinetics, enhancing AZIBs discharge capacity and cycling stability.
Elsewhere, Lyu et al. utilized another N-containing organic pyridine as a
buffer to stabilize pH at the electrode/electrolyte interface (Fig. 5g)
[17]. The lone pair on the N atom of pyridine formed a hydrogen bond
with H, dynamically regulating pH, resulting in electrolyte pH stabi-
lizing at 5.5 during charging and discharging (Fig. 5h). This near-neutral
pH reduced the HER tendency at the metal anode interface (Fig. 5i),
suppressing polyiodide compound dissolution and minimizing the
shuttle effect during cycling.

3.1.4. Electrolyte decoupling

Alkaline ZIBs conventionally operate in an alkaline environment,
and although this is favorable for the stability of the Zn metal anode,
poorly reversible intermediates such as Mn(OH)3, Mn303, and Mn3O4
are formed at cathode, which restricts the operating voltage and
rechargeability of alkaline zinc-based batteries. These factors collec-
tively inhibit the electrochemical performance of the cathode.

AZIBs use a neutral or slightly acidic electrolyte, which greatly en-
hances the insertion/extraction ability of cations (H, Zn2+) at cathode
and exhibits enhanced reversibility, however, the redox reaction of
cathode, such as MnO,, limited to Mn**/Mn>*, and unable to achieve
the two-electron reaction of Mn*"/Mn?", thereby showing limited
discharge capacity. At low pH operating environment, although favor-
able to the capacity and redox potential of the cathode MnO, will
introduce serious side reactions at zinc anode, such as HER and corro-
sion, thus limiting the stability and practicality of the full cell. These
examples demonstrate that in general the cathode is suitable for acidic
environments but the zinc metal anode is suitable for alkaline electro-
lyte. Hence, decoupling the cathode and anode by situating them in
acidic and alkaline environments respectively, can enhance their redox
potentials while expanding the ESW. This approach holds promise for
greatly improving the operating voltage and reversible capacity of the
battery. Liu et al. proposed an electrolyte decoupled battery system
(Fig. 6a) [74]. Decoupling the electrolyte into strongly acidic and
strongly basic with ion-selective membranes allowed the MnO» cathode
and Zn anode to operate in strongly acidic and strongly basic electro-
lytes, respectively, achieving high voltages and high energy densities.
The effect of anion-exchange and cation-exchange membranes on the
cathode and anode sides is intended to ensure ion-transport channels
while preventing, to some extent, the occurrence of neutralization re-
actions by direct contact between acidic and alkaline solutions. Unlike
the electrolyte pH decoupling system in which the cathode and anode
are placed in strong acids and bases respectively, Dai et al. decoupled the
pH of the same weak acid electrolyte (3 M Zn(OTF)5) by means of an ion
exchange membrane (Fig. 6b) [95]. During the cycling of the battery,
the ion exchange membrane acts as a proton pump that continuously
delivers H to the cathode to lower the pH of the electrolyte on the
cathode side to 3.8, which enhances the proton dynamics of the vana-
dium ™~ based cathode as well as the proton energy storage. On the anode
side, the H' is pumped away by the ion exchange membrane proton
pump to increase the pH to 4.4. The higher pH allows the anode side to
form a more stable and dense passivation layer.

Zhong et al. proposed a three-phase electrolyte decoupling system
(Fig. 6¢) [77]. The acidic solution consisted of sulfuric acid and man-
ganese sulfate, while the alkaline solution consisted of potassium hy-
droxide, zinc oxide, and trace amounts of vanillin. An anion-exchange
membrane and a cation-exchange membrane were placed on the cath-
ode and anode sides, respectively, to generate a central chamber con-
taining a neutral K»SO4 electrolyte. The introduction of the central
chamber containing the neutral solution further slowed down the
neutralization reaction between the acidic and alkaline solutions. Due to
the distinctive design of the decoupled battery system, the full battery
had a high discharge plateau of ~2.71 V at a current density of 0.1 Ag~},
as well as a specific capacity of 616 mAh g™}, which is almost 100 % of
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the theoretical capacity. Although this cell decoupling system design
relying on ion-exchange membranes greatly enhances the operating
voltage and reversible capacity of the AZIBs, the higher cost and shorter
lifetime of ion-selective membranes limit the development of such cell
systems.

Xu et al. similarly developed this three-phase decoupling system
(Fig. 6d), but instead of using an ion exchange membrane they used a
salt bridge (gel) to remove or minimize the liquid junction potential at
the contact of the two electrolytes, which can avoid the direct redox
reaction between the two teams of redox pairs [88]. Yadav et al. first
reported the design of batteries with 2.45 V and 2.8 V based on an
electrolyte decoupling system with ion-selective membrane-free system
(Fig. 6e) [79]. In this system, the voltage depended on the use of acidic
electrolyte (KMnO4 or MnSO4) on the cathode side and a gelled alkaline
electrolyte on the anode side, successfully mitigating the neutralization
reaction between the acidic and alkaline electrolyte without the need for
costly ion-selective membranes. Instead, a conventional glass fiber
separator was directly used, reducing the design and manufacturing cost
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of the battery system. However, the relatively high pH of the electrolyte
at the cathode still does not trigger the two-electron redox reaction of
the cathode MnO,. The reason for not using a strong acidic cathode
electrolyte is mainly that a single gel layer still has a limited effect on the
inhibition of the neutralization reaction of the acidic and alkaline
electrolytes, and thus cannot ensure the stability of the pH values at both
sides during long-term cycling.

Subsequently, Yadav et al. developed a gel-less, film-free electrolyte
decoupled system (Fig. 6f), achieving a higher capacity (617 mAh g~!)
[78]. Separating the MnO; cathode and Zn anode with a gelatinized
buffer intermediate layer so that they can operate in different electrolyte
environments. Unlike the previously described decoupling system using
ion exchange membranes and a single gel layer, this battery system
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relies on a highly crosslinked poly(potassium acrylate) hydrogel buffer
polymer interlayer embedded with an acetic acid buffer solution to
isolate both acidic and alkaline solutions and to ensure a stable pH
environment for the electrolyte in all parts of the battery system. It was
demonstrated that the pH of the Zn/MnO; battery changed gently after
more than 100 h of cycling, both in the alkaline electrolyte (pH ~ 9), the
acidic electrolyte (pH ~ 1), and the buffer interlayer (pH ~ 5).

3.2. Separator modification
The importance of the separator is often overlooked in batteries,

typically it serves to provide sufficient wettability and ionic conductivity
while avoiding the direct physical contact between the cathode and
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anode, avoiding the short circuit caused by, for example, Zn dendrite
growth [86,87,89,98]. Recently a series of novel glass fiber (GF) sepa-
rators with abundant polar groups (amino, carbonyl, and triazine) have
been designed in recent years to significantly improve the reversibility
of Zn deposition/stripping by inhibiting dendrites formation and
reducing side reactions [94,96,97,99]. However, most of the current
separator modifications still focus on addressing the issues at anode,
with few reports of separators capable of stabilizing both the cathode
and anode, and even fewer linking them to pH regulation. Hence, it is
worth giving due attention to functional separators with special func-
tional groups, such as —NHj;, —C=O0. The functional groups on sepa-
rator can coordinate with Zn?" ions and accelerate their desolvation
process. Consequently, electrons can directly transfer from Zn%* ions,
weakening of O—H bond and thus reducing HER and stabilizing inter-
face pH value for both sides.

Polyaniline (PANI), as a conductive polymer, has been widely used in
batteries [100-104] for example by compounding with cathode mate-
rials to increase the conductivity or improving the hydrophilicity and
zincophilicity of the metal interface, which results in higher discharge
capacity and more stable cycling performance [105-107]. However, so
far, polyaniline has only been able to solve the problems faced by a
single electrode. Zhao et al. improved both anode and cathode cycle
performance by in situ synthesis of a polyaniline-functionalized glass
fiber separator (PANI-GF) (Fig. 7a) [108]. PANI-GF demonstrated the
capability to simultaneously stabilize the pH value of the cath-
ode/electrolyte and anode/electrolyte interfaces through a protonation
process that inhibited the occurrence of side reactions at the anode
interface as well as the dissolution of the cathode. The inhibitory effect
of PANI-GF on the HER was attributed to its stronger Zn trapping ca-
pacity and higher free energy of hydrogen precipitation on the (002)
crystal planes (Fig. 7b). As a result of these synergistic effects, the Zn
electrode based on PANI-GF after cycling exhibited a neat and smooth
surface free of dendrites (Fig. 7c).

Yang et al. constructed N-modified graphdiyne (NGDY) interface on
a cellulose separator to inhibit the formation of interfacial dendrites
(Fig. 7d,e) [16]. Through real-time operando monitoring of the pH
changes at the Zn metal interface (Fig. 7f), it was observed this
NGDY-based interface successfully stabilized the pH in the range of 3.94
to 4.22 (Fig. 7g). This pH stabilization was attributed to the accelerated
NGI-mediated de-solvation of the hydrated Zn ion, facilitating the direct
electron transfer from the metal anode to Zn?* rather than to the co-
ordinated HyO, thus avoiding the breakage of the O—H bond, sup-
pressing HER and its resultant increase in pH.

3.3. Artificial interface protective layers

A common approach to protect and stabilize both electrodes involves
constructing a series of AIPLs on their surfaces. For example, the con-
struction of nanoporous AIPLs with an ionic confinement effect aim to
inhibit dendrites by homogenizing the Zn flux [45,109-112]. Beyond
the ionic confinement effect, some AIPLs with abundant zincophilic
sites, including metal-organic frameworks (MOFs), Cas(PO4)3(OH),
ZnSnO3 and some organic compounds with specific functional groups
(such as carbonyl [C—=0] and amino [—NH>] groups) [113-117], and
nitrogen-doped graphene [16], have been proposed to impede the
lateral migration of Zn?" along the electrode-electrolyte interface and
provide more nucleation sites, thus inducing uniform Zn deposition.

However, direct contact between the electrolyte and the metal anode
cannot be completely avoided for these loose AIPLs, allowing for the
occurrence of HER and corrosion reactions. To address this, dense SEI
layers, such as ZnS, ZnFj, Zn3(PO4)2, ZnSe, and polydopamine (PDA)
can be constructed in-situ on the Zn electrode, blocking the direct con-
tact between the electrolyte and the surface of the zinc metal, thus
inhibiting the occurrence of undesirable side reactions [118-124].
However, the high-energy barriers of these dense protective layers will
hinder the diffusion of Zn2*, leading to higher charge transfer
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impedance and polarization, which affects the electrochemical perfor-
mance of AZIBs. These AIPLs also usually lack mechanical elasticity, so
irreversible structural fractures will inevitably occur during cycling,
which will make the protection less effective. Therefore, various flexible
organic polymer AIPLs have been proposed as alternatives.

In summary, people have successfully inhibited dendrite formation,
HER and corrosion reactions at the zinc metal surface by AIPLs.
Considering that the pH value affects the Zn flux and leads to the for-
mation of dendrites, and further, HER, passivation, and corrosion of Zn
also have a certain relationship with the pH value, therefore, a number
of AIPLs with the function of pH modulation have been put forward in
recent years. These can be broadly categorized into two main groups:
inorganic and organic materials. Certain inorganic materials are capable
of self-dissolution within a specific pH range, functioning similarly to
electrolyte additives, thus enabling pH regulation. While organic sub-
stances can effectively regulate the localized concentration of H" and
OH™ at the anode interface by manipulating the Lewis acid-base in-
teractions, thus reducing HER and corrosion, and mitigating ZHS for-
mation at the metal anode surface.

3.3.1. Inorganic materials

Some inorganic materials, such as ZnS,ZnFs, Zn3(PO4)2 and ZnSe, are
frequently employed as AIPLs due to their higher thermal stability,
chemical durability, and enhanced mechanical strength for safeguarding
electrode materials [119-122,125]. Considering the significance of pH
values in AZIBs, recently developed inorganic AIPLs play a crucial role
in regulating pH values [113,116]. These inorganic materials not only
enhance the HER barrier by physically isolating the zinc anode from
direct contact with the electrolyte or through specific atomic in-
teractions to modulate the electrolyte’s pH, but they also regulate the
electrolyte’s pH by undergoing self-dissolution within a certain pH
range, akin to electrolyte additives.

Qi et al. achieved pH modulation at the electrode/electrolyte inter-
face by constructing an enamel-like nanohydroxyapatite (E-nhap) layer
on the surface of the Zn [116]. This effectively suppressed the HER,
corrosion and passivation of the Zn anode (Fig. 8a). Nanohydroxyapatite
Cas(PO4)3(0OH) is a slightly alkaline material, and the soluble E-hap
layer released the weakly alkaline anion PO;  in weakly acidic envi-
ronments, which leads to the spontaneous formation of a
phosphate-based buffer solution with a buffer pair of HoPOy4 /HPOZ™ in
the electrolyte, regulating the concentration of Ht/OH ™, thus stabilizing
the pH in a mild environment (pH =~ 5.1). Here, the initial pH of the
electrolyte rises due to the addition of PO%‘, which reduces the tendency
of corrosion, HER, in addition to the pH buffering effect brought about
by the buffer solution so that the pH is always lower than the ZHS for-
mation threshold (pH>5.47), which in turn inhibits the production of
passivation products. E-nhap facilitated ion exchange between Ca®" and
Zn?* while the remaining crystal structure unchanged, thus providing
sufficient and uniform Zn-philic sites and realizing dendrite-free Zn
deposition. Ling et al. proposed a multiscale (electron-crystal-geometry)
structural design concept to accurately construct hollow amorphous
ZnSnOs (HZTO) AIPLs on the Zn anode surface (Fig. 8b) [113]. HZTO
was designed to suppress HER and inhibit the increase of pH at the
anode/electrolyte interface. The suppression of HER was mainly
attributed to the introduction of the Sn, which enhances interactions
between O and H atoms, thus increasing the HER energy barrier.

As a result, the pH of the HZTO@Zn/electrolyte interface was
consistently maintained at around 3.13, both during the operation of the
Zn-symmetric cell and during the stationary process in the strong acid
solution (Fig. 8c,d). In addition, the abundant Zn-friendly sites, excellent
conductivity, and thin-shelled hollow structure of HZTO favored uni-
form Zn nucleation as well as fast Zn?>" diffusion kinetics. DFT was
employed to better understand the mechanism of HZTO inhibiting HER.
As shown in Fig. 8e, the adsorption Gibbs free energy (A\Gy) of HZTO
(—2.07 eV) for hydrogen is lower than that of ZnO (—0.23 eV) and Zn
(0.5 eV), indicating enhanced hydrogen adsorption by HZTO, thereby



M. Liu et al. Energy Storage Materials 67 (2024) 103248

a
@ Low PH electrolyte By-products
& 0 0 g

- ¢ ()

o 8¢ O & °© O
] 2+
o * # Inhomogeneoug Zf2%* flux

4" - sf.'i= ‘ —>

v

Bare Zn Dendrites
© Zn?* == BareZn | | 2M ZnSO,

high mechanical flexibility

No by-products

E-nHAP@Zn

© Zn?* == Bare Zn E-nHAP layer Uniform surface
(] 2M ZnSO, with slightly soluble nano-HAP
(b)
Hydrated Zn?* Hydrated Zn?*

High HER

Severe HER
Barrier

[ Geometric
/ Structure
/

Abundant Random
Zincophilic Sites Nucleation
Rapid Zn?* Slow Zn2*
Migration Migration H °0 ®©zZn Osn
(c) (d)
SO Bare Zn
——Bare Zn
451 . HzT0@ZN 541 ——HzTo@zn
48
E 40 T2 r
35 36 |
e -
30 301, !Avpiedvoliage . . . .
) 50 100 150 200 250 0 50 100 150 200 250 300
Time (s) Time ()
e
(e) (f (9)
050 ¢ 08 1.0 < 08 - ——1.0
0.5 - S Zn plating/stripping g Zn plating/stripping
o 00 e =06 —o— Intensity of H, 05 = 06] —o— Intensity of H, 05
S i 5 o i =
205 E = s
q S ;: © °
-1.5 Y ; 5§ 0.24 g0y % °l05” 5 021 05
o7 i o0 e £ HZTO@2Zn||HZTO@Zn
-2.01— zn surface—220 2 ,/‘Eare Zn||Bare Zn 3 Pt Ko ook <l
— znOsuface _— HZTOsuface| 2 0.04e—%" S 0.0{e—0%"
25 ) T T T T T —-1.0 o YViT T T T T —-1.0
= 0 1 2 3 4 5 = 0 1 2 3 4 5
Reaction coordinate Time (h) Time (h)

Fig. 8. Regulating electrolyte pH with inorganic AIPLs. (a) Comparison of the Zn deposition mechanisms between E-nHAP@Zn and bare Zn surfaces. Reprinted with
permission from Ref. [121]. Copyright 2022 American Chemical Society. (b) Schematic illustrations depicting the Zn anode’s deposition behavior with/without
AIPLs of HZTO. In situ pH changes were monitored in the interface region of the Zn anode under static exposure in diluted H,SO4 (c) and during cycling in ZnSO,4 at a
current density of 5 mA cm® (d). (e) Gibbs free energy diagram for hydrogen evolution on the surfaces of Zn (101), ZnO and HZTO. In situ measurement of hydrogen

evolution rate for (f) the bare Zn||Zn battery and (g) HZTO@Zn||HZTO@Zn battery at 5 mA cm~2 during the discharge/charge process. Reprinted with permission
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increasing the energy barrier of HER. Additionally, the hydrogen gen- passivation layer (Fig. 8g).
eration rate (Ry) in symmetrical cells with and without AIPLs was

quantitatively detected by gas chromatography. The results demon- 3.3.2. Organic materials

strated that for the pure Zn anode the HER rate increases rapidly due to Organic AIPLs possess enough polar groups to establish good inter-
the enlarged active Zn metal area caused by partial oxidation during facial contact with the Zn electrode compared to inorganic materials, so
cycling and uneven deposition of Zn?* (Fig. 8f). In contrast, HZTO@Zn they can provide a more uniform Zn?* flux. More importantly, organic

inhibits HER by impeding the diffusion of Zn?* through the corrosion materials featuring diverse functional groups (—NH,, —OH, —SOsH,
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and —COOH) can effectively regulate the localized concentration of H"
and OH™ at the interface of a modified metal anode by manipulating the
Lewis acid-base interactions. This, in turn, inhibits HER and corrosion,
while also preventing the formation of ZHS at the anode side.

Ke et al. constructed imidazolium polymer ionic liquids by in-situ
polymerization on the zinc metal surface (1-carboxymethyl-3-vinyl-
imidazolium bromide monomer, CVBr), forming a crosslinked acryl-
amide (AM) interfacial layer (Zn@CVBr|AM) to inhibit HER and the
formation of ZHS (Fig. 9a,b) [117]. The uniformly coated CVBr|AM
layer on the Zn surface led to a more stable pH change at the metal/-
electrolyte interface, maintaining the pH at around 3.54 (Fig. 9c). The

After long cycling
—

After long cycling
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lower pH value suppressed the formation of ZHS, as evidenced by XRD
patterns (Fig. 9d). The stabilization of the pH value was attributed to the
fact that the N atoms of imidazole complex with Zn?* and H* in the
electrolyte and inhibited HERs by impeding the transfer of the reactive
H0. In addition, the CVBr|AM layer had the effect of enhancing ionic
conductivity and homogenizing Zn deposition. The evolution of the
Zn@CVBr|AM gel coatings showed no Hy accumulation on the anode
surface, indicating effective protection. This observation aligned with
the morphology observed using SEM and the atomic force microscope
(AFM) (Fig. 9e-i). Li et al. developed a series of AIPLs based on
UiO-66MOFs with different functional groups (—NHy, —OH, —SOsH,
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and —COOH) [115]. These AIPLs aimed to regulate the localized pH
value of the anode interface and inhibit the formation of ZHS by
manipulating the Lewis acid-base interactions within the MOFs at the
molecular level (Fig. 9j). In addition, the AIPLs have the effect of opti-
mizing Zn?* diffusion and deposition behavior and accelerating des-
olvation process. The results showed that UiO-66-2COOH was able to
significantly reduce the electrolyte pH (pH=4.11-2.88) compared to
MOFs with other functional groups, which was attributed to the —COOH
groups. The acidic—COOH groups in UiO-66-2COOH are effective in
releasing protons to regulate the local pH environment at the anode
interface (Fig. 9k). This approach differs from acid-base pH regulators
(e.g., H2SO4), which use neutralization reactions for global pH regula-
tion of the electrolyte. The focus here is on regulating the local pH to
inhibit the formation of passivating ZHS.

4. Conclusion and perspectives

In summary, the pH value of aqueous electrolytes is closely linked to
the electrochemical performance of AZIBs, including the reversibility of
metallic zinc anode and the charge/discharge mechanism of cathodes.
Therefore, to maximize the potential of AZIBs it is essential that the
optimal electrolyte pH environment for both the cathode and anode is
quickly established and maintained throughout the full cycling life of
the cell.

Since most of the issues on the metal anode, including HER, corro-
sion, passivation, and dendrites, are closely related to electrolyte pH, pH
regulation strategies can solve the problems more fundamentally
compared with other strategies to improve the zinc storage perfor-
mance. Additionally, pH modulation strategies based on electrolyte
engineering, separator modification, and AIPLs can be used in concert
with other protection strategies to synergistically improve the electro-
chemical performance of full cell. However, unsuitable pH control
strategies and excessive electrolyte additions may bring additional un-
desired side reactions and thus degrade the electrochemical perfor-
mance of the battery.

In addition to further optimization of the methods discussed above,
we believe that the following research directions related to electrolyte
pH regulation should be considered as priorities for future AZIBs stabi-
lization strategies:

(1) When improving the electrolyte environment of different com-
ponents, most published studies focus on addressing the issues
occurring on the metal anode side and a comprehensive under-
standing of the underlying mechanisms of additives on cathode
materials remains insufficient. Although existing literature
demonstrated good compatibility of additives with both the
anode and cathode, there are still few studies systematically
addressing the simultaneous enhancement of the operational
environment for each component of AZIBs through electrolyte
regulation strategies. Consequently, there is a discernible gap
necessitating further investigation, particularly through the
adoption of a holistic "whole-cell" approach to comprehensively
elucidate the intricacies of the interplay between the anode,
cathode, and electrolyte within AZIBs.

(2) According to the control mechanism, HER inhibition strategies
are mainly divided into two types: reduction of HER potential and
control of H" concentration, but neither control mechanism can
currently overcome all of the problems of the zinc anode. For
example, buffer solutions can stabilize H' concentration, thereby
inhibiting the pH change of the electrolyte, but it does not
directly inhibit the occurrence of HER. Similarly, the strategy of
inhibiting HER does not directly participate in the regulation
process of H" concentration, so the pH regulation effect is
limited. At the same time, there are factors that affect the pH
value of the electrolyte during battery operation, and this strat-
egy cannot prevent it. Therefore, synergistic stabilization of pH
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fluctuations and inhibition of HER through paired regulatory
mechanisms should become a primary research focus.
Summarizing and comparing the advantages and disadvantages
of different buffer systems and choosing the optimal buffer pair.
Buffer solutions are typical AZIBs electrolyte additives that sup-
presses pH changes by regulating H' concentration. Current
research mainly focuses on acetic acid series, but rarely the
phosphoric acid series, and other types of buffer solutions (such
as oxalates, tartrates) have yet to be studied widely, despite their
promise for AZIBs stabilization. Furthermore, the buffer ratio and
total buffer concentration of the buffer solution determine the
buffering effect of the buffer solution, but if this concentration is
non-ideal buffers may also produce more side reactions, causing
the buffer system or the battery to fail, even if excess buffer so-
lution additives can theoretically achieve a better buffering ef-
fect. Additionally, environmentally friendly pH regulators should
be prioritized, such as some biodegradable substances, to reduce
the adverse impact of regulators on the environment, especially
in the context of the push for carbon neutrality. Therefore, further
systematic research and inter-comparison of the selection and
preparation principles of AZIBs battery buffer solutions will be of
great importance.

Real-time pH monitoring and feedback control in a real battery
environment remains a priority. Literature reports show that
when testing the pH changes of electrolyte in real time, two test
systems are often used, one is a self-made open beaker battery,
and the other is a button battery with holes. Both open test sys-
tems are very different from the actual battery environment.
Therefore, developing systems to integrate pH sensors into truly
representative battery systems will more effectively enable the
impact of pH regulation in the electrolyte, enabling the moni-
toring the pH value in real time and continual feedback control
measures. This will provide valuable evidence to inform onward
design strategies.

Studies to date have shown that among all regulating strategies,
the electrolyte decoupling strategy is the most promising way to
regulate electrolyte pH, as it can accommodate the different
operating environments of both cathode and anode. However,
additional efforts are required to approach the practical appli-
cation of high-energy-density AZIBs, focusing on cost-
effectiveness and achieving excellent cycle stability.

3

(C))

5

-

Overall, although the industrialization of aqueous batteries remains
a formidable challenge, the current research progress suggests that they
hold considerable promise as prospective candidates for future appli-
cations. This work summarizes the current research advances on pH
regulation and aims to build a robust foundation for the development of
scalable and sustainable energy storage technologies.
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