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As one of the most promising electrochemical energy storage systems, aqueous batteries are attracting
great interest due to their advantages of high safety, high sustainability, and low costs when compared
with commercial lithium-ion batteries, showing great promise for grid-scale energy storage. This invited
tutorial review aims to provide universal design principles to address the critical challenges at the
electrode—electrolyte interfaces faced by various multivalent aqueous battery systems. Specifically,
deposition regulation, ion flux homogenization, and solvation chemistry modulation are proposed as the
key principles to tune the inter-component interactions in aqueous batteries, with corresponding
Received 17th May 2024 interfacial design strategies and their underlying working mechanisms illustrated. In the end, we present
a critical analysis on the remaining obstacles necessitated to overcome for the use of aqueous batteries
under different practical conditions and provide future prospects towards further advancement of
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Key learning points

sustainable aqueous energy storage systems with high energy and long durability.

(1) The interfacial challenges encountered by multivalent aqueous metal batteries, along with their underlying mechanisms.

(2) The overarching design principles tailored to address the relevant interfacial issues.
(3) The practical strategies and techniques that translate design principles into tangible solutions.
)

(4) The future prospects and potential avenues for the advancement of multivalent aqueous batteries.

1. Introduction

Electrochemical energy storage systems, as promising alterna-
tives to fossil fuels, have been developed and extensively used
in our daily life over the past several decades, ranging from
portable electronic devices to electric transportation and grid-
scale energy storage.* Alkaline batteries, a key class of primary
batteries, were invented and have been used since the last
century which mainly include nickel-cadmium batteries
(Cd//NiOH), mercury batteries (Zn//HgO), and zinc-manganese
batteries (Zn//MnO,).> Among them, alkaline Zn//MnO, bat-
teries are the most commonly used ones, with Zn as the anode,
MnO, as the cathode, and aqueous KOH as the electrolyte.
However, such aqueous batteries pose significant challenges on
environmental friendliness and user safety as they contain a
highly concentrated alkaline electrolyte and toxic heavy metals
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and therefore standard disposal and recycling of these batteries
are necessarily required.*

Lithium-ion batteries (LIBs), which are a class of secondary
batteries, have attracted considerable attention owing to their
high energy density, long cycling life (>1000 cycles), high
voltage (—3.04 V for Li'/Li vs. standard hydrogen evolution
(SHE)) and low self-discharge rate.” Current commercial LIBs
include graphite as the anode, lithium metal oxide as the
cathode, and organic electrolyte containing lithium (Li) salts.
LIBs can be considered as rocking-chair batteries, as Li ions
travel back and forth between the anode and the cathode
during battery operation. The Li-ion storage at the anode and
the cathode follows the intercalation/deintercalation mecha-
nism, which means that Li ions are inserted into the crystal
structure of the cathode/anode material and occupy the specific
sites inside. Such a highly reversible charge storage mechanism
ensures the stability of the material structure after repeated
cycling, making LIBs rechargeable for thousands of times.

Although current LIBs are regarded as the most promising
battery system adopted in electric or hybrid vehicles to replace
gasoline-powered vehicles,® the use of the organic electrolyte and
transition metal-based electrode materials increases significant

This journal is © The Royal Society of Chemistry 2024
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concerns mounting over their charging capability, safety, cost
effectiveness, and environmental friendliness.”® The increasing
market price of lithium and cobalt sources of the cathodes over the
past few years poses great challenges for the adoption of LIB packs
(~$150 per kW h for LIBs in 2023) in grid-scale energy storage."*
Furthermore, firing/explosion is possible for cell phones and
electric vehicles when the LIBs inside experienced a puncture or
a fast thermal runaway due to the use of flammable organic
solvent-based electrolytes.'”” Replacing the graphite anode with
the Li metal anode due to its high specific and volumetric
capacities (3860 mA h ¢g~" and 2061 mA h cm™?) could improve
the energy density of the cell (Fig. 1a); however, a dendritic issue of
the metal anode brings more safety problems."® Although solid-
state electrolytes have been proposed and developed to overcome
the firing issue when a short circuit occurs, the low Li-ion
conductivity in solid electrolytes and the poor physical contact at
the solid electrolyte-electrode interfaces remain to be resolved for
practical applications.'® The developments in post-Li battery sys-
tems, such as sodium (Na) and potassium (K) batteries, address
the critical cost concern due to their abundant sources in the
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Earth’s crust and large mining production (Fig. 1b), lowering the
price for Na-ion batteries (NIB) to ~$40 per kW h, while their
energy densities decrease due to the larger ionic radius and heavier
atomic mass of Na" and K" compared to those of Li"."”

In pursuit of batteries with the characteristics of high safety
and low cost for potential sustainable grid-scale energy storage,
aqueous batteries stand out as a suitable choice."® Aqueous
batteries have several merits that outperform the commercial
LIBs. First, the cost of electroactive materials and cell assembly
can be significantly reduced due to the exclusion of expensive
lithium/cobalt raw materials and oxygen- and water-free produc-
tion lines. For example, the prices of Zn and Al are $2.7 per kg
and $2.6 per kg, respectively, significantly cheaper than those of
Li ($14 per kg) and Co ($27 per kg). Furthermore, the production
and transportation of Zn/Al-based metal foils are much more
cost-effective compared to water-sensitive LIB electrodes. Sec-
ondly, water-based electrolytes are more environmentally benign
compared to volatile and flammable organic ester/ether-based
electrolytes. Furthermore, recycling is required to prevent the
improper processing and disposal of spent batteries which lead

Tianrui Zheng is an exchange
student at the University of Texas
at Austin, where he worked under
the supervision of Prof. Guihua Yu
on the development of advanced
energy storage systems, including
lithium batteries and beyond.

Guihua Yu is a Temple Foundation
Professor of Materials Science and
Mechanical Engineering at the
University of Texas at Austin. He
received his B.S. degree in chemistry
with the highest honor from USTC,
PhD degree from Harvard Univer-
sity, followed by postdoc research at
Stanford. His research has been
focused on creative design and
synthesis of functional
structured materials, particularly
organic and hybrid nanomaterials,
fundamental understanding of their
chemical and physical properties, and developing nanoscience-enabled
solutions to address global challenges in advanced energy, environment
and sustainability technologies.

nano-

Guihua Yu

Chem. Soc. Rev., 2024, 53, 8980-9028 | 8981


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00474d

Open Access Article. Published on 19 August 2024. Downloaded on 6/20/2026 9:39:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

View Article Online

Tutorial Review

a [

5~10000 0.0 16 8 Safety
£ © g
6 s 8 05
é £000 <A w LB % 12 — 6 : Cycling stability Sustainability
£ 0 © N @ < o N\ /
2> 6000 Bil,o | <1 g p S S
ksl R 52 8 S
© o = 0870 4 8 i
=% 3 20— S ° |
S 4000 \ io s o g
2 M it258 s |,5 N
k] iz ° 0.4 2 5
g 2000 302 T Power density Energy density
3 7
3 i
> 0 — 35 0.0 0

Zn Al Cost effectiveness

Metal anodes Commercial LIBs

108

Safety

<

2

2

Abundance in Earth's crust (ppm)

102 H
ol [

Cycling stability // N

y

Sustainability

B3

4

<

Power density Energy density

G

&S
=
©
P

Mg Ca Mn Zn Al
Element

Fig. 1

Cost effectiveness

5
Production (Million tonnes per year)

Multivalent aqueous batteries

(a) Comparison of the metal anodes in terms of the volumetric capacity, redox potential, ionic radius, and hydrated radius. (b) Comparison of the

element abundance in the Earth’s crust and production. The Na, K, and Ca production is estimated from the corresponding main sources of NaCl, KC|,
and CaCOs3z from mining. Source: USGS mineral commodity summaries 2023. (c) Radar plots of the access of commercial LIBs and multivalent aqueous
batteries regarding safety, cost effectiveness, sustainability, energy density, power density, and cycling stability.

to contamination of the soil, water and air, and in such a process,
the Zn recycling industry is well-established and provides about
one-third of its demand, while Li recycling is more uncertain and
in its infancy.'” In terms of cradle-to-gate environmental impacts,
aqueous batteries (Zn-based) show a much smaller global warm-
ing indicator (45 CO, equiv. per 1 kW h) compared to that of the
LIBs (120 CO, equiv. per 1 kW h), suggesting their positive effects
on global warming reduction.'® Thirdly, ions can move faster in
aqueous electrolytes compared to those in organic counterparts,
which is promising for high-power applications requiring a large
energy output within a short time. Last but not least, aqueous
batteries are more bearable to battery pack deformation, punc-
ture and electrolyte leaking. These advantages make aqueous
batteries competitive alternatives to LIBs for clean and safe
energy storage in the near future.

The charge carriers for aqueous batteries can be versatile
including monovalent alkali metal ions (Li*, Na*, and K"), multi-
valent alkaline earth metal ions (Mg”* and Ca®") and transition
or post-transition metal ions (Mn**, Zn>*, AP**, Fe*, etc.). It
should be noted that, for alkali metal-based batteries, metal
anodes, which possess higher gravimetric/volumetric capacities
compared to the traditional anode materials, cannot be used due
to their low reduction potentials (—3.04 V for Li'/Li, —2.71 V for
Na'/Na, and —2.92 V for K'/K), in which case a spontaneous
reaction will occur between the metal anode and the water
electrolyte. For alkaline earth metal ions with similarly low redox
potentials, the reaction between the electrolyte and the metal
anode is slower as hydroxide passivation layers (e.g., Mg(OH),
and Ca(OH),) would generate at the surface of the metal anode
and prevent the further reaction. Transition or post-transition
metals are typically more stable due to their relatively higher
redox potentials (—1.18 V for Mn**/Mn, —0.76 V for Zn**/Zn, and
—1.66 V for AI**/Al), although corrosion and passivation could

8982 | Chem. Soc. Rev, 2024, 53, 8980-9028

still occur at the metal surface. Due to the different redox
potentials and reactivities of these multivalent metals, state-of-
the-art aqueous Zn batteries (AZBs) can be stably cycled for tens
of thousands of times,"®** which significantly outperform com-
mercial LIBs, while Mg-, Mn-, or Al-based batteries can typically
be cycled for tens to hundreds of times suffering from severe
side reactions.>'** Apart from the stability issue in the aqueous
environment, the working voltages of these multivalent metal-
based batteries are lower than those of the typical organic LIBs.
For example, the voltages of most of the AZBs are in the range of
1.0-1.5 V, resulting in their corresponding energy densities of
80-150 W h kg~ ! in the current stage.>® Last but not least, it
should be emphasized that after long-term cycling, the degrada-
tion at the metal anode side could generate a significant
amount of hydrogen gas, which could seriously endanger the
battery safety even in the aqueous system.

The overall comparison of commercial LIBs and multivalent
aqueous batteries is shown in Fig. 1c. With the combined merits of
low cost and simultaneously high safety, power, and sustainability,
multivalent aqueous batteries are emerging as promising choices
for large-scale electrochemical energy storage. Although at present,
the energy density and cycle life of multivalent aqueous batteries
have not shown significant advantages, the future optimization of
battery components and interfaces can help overcome these two
weaknesses. In the following, we discuss the main challenges at
the interfaces in multivalent aqueous batteries, which are also one
of the critical reasons that limit their energy density and electro-
chemical stability, as well as the design rationale to address these
challenges. We believe that the interfacial design strategies in
these aqueous battery systems are highly universal, which means
that a successful solution in one battery case is likely to be applied
to another system, thus promoting the development of the entire
aqueous battery field to practical use.

This journal is © The Royal Society of Chemistry 2024
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2. Challenges at the electrode—
electrolyte interfaces

2.1. Interfaces of the metal anode side

There are three main challenges at the interfaces of the metal
anode side, including dendritic growth, the hydrogen evolution
reaction (HER), and corrosion/passivation. According to the
potential-pH diagrams of three commonly studied battery
systems (Zn, Al, and Mn), it can be seen that the potential for
hydrogen generation is always higher than that for metal
deposition (Fig. 2a-c). The difference between these two poten-
tials is small in the Zn potential-pH diagram (Fig. 2a) but huge
in the Al potential-pH diagram (Fig. 2b), which means that, in
the aqueous Al battery (AAB) case, the HER is prone to occur
due to the lower potential required for AlI** reduction. Another
issue related to these diagrams is that hydroxides or oxides
would generate causing surface passivation when the pH of the
electrolyte is alkaline, neutral, or even mild acidic. This is due
to the fact that, accompanying the HER, protons are consumed
at the metal anode side leaving the local electrolyte pH
increased. The passivation products are simple for the Zn and
Al cases, but more complicated for Mn owing to the different
reductive valence states of Mn.

2.1.1. Dendritic growth. In aqueous battery systems where
the deposition of a metal at the anode is evolved, dendritic
growth is a universal challenge that plagues the stability and
safety of a battery.>**° In electrodeposition, a dendrite refers to
an irregular tree-like or needle-like structure of an electrode-
posit that occurs on the deposition substrate (Fig. 2d). Such a
dendritic structure is extremely unfavorable and detrimental to
the stable functioning of a battery, primarily for three reasons.

Firstly, the sharp, needle-like dendrites are likely to pierce
the separator, coming in contact with the cathode, thus causing
an internal short circuit. The internal short circuit results in

View Article Online

Chem Soc Rev

immediate battery failure, and in some cases, even severe safety
hazards such as thermal runaway, fire, and explosion. Even if a
dendrite does not puncture through the separator thoroughly,
the stress it imposes can locally deform the separator, disrupting
the uniformity of ion flux and electric field distribution.?'??
Besides, a micro-short circuit can be another unwanted conse-
quence, which poses a latent threat to the stable performance of a
battery and even gives rise to catastrophic safety hazards.***
Secondly, upon stripping, due to weak adhesion, dendrites can be
detached from the substrate and lead to ‘dead’ metal deposits.
‘Dead’ metal deposits are in the form of isolated islands floating
in the electrolyte, which rarely participate in electrochemical
reactions, thus causing capacity loss.**® Thirdly, the specific
surface area of a dendrite is significantly larger compared to a flat
and planar deposit. This increased surface area exacerbates
undesirable side reactions and compromises the stability of the
battery.*

Dendritic growth can be attributed to multiple factors. Two
main factors, namely the electric field and the concentration
gradient, are often studied and referred to.*™*> The onset of
dendritic growth is usually associated with the uneven contour
of the metal anode surface where small protrusions induce the
tip effect. The tip effect describes the phenomenon of an
elevated charge density and enhanced electric field near the
tip region with a large curvature. Therefore, the small protru-
sions can alter the local electric field distribution and attract
more metal ions to be preferentially deposited, thereby result-
ing in self-amplified rampant dendritic growth. Additionally,
irregular nuclei as the product of uneven nucleation can also be
potential dendrite formation sites. After initiation, dendritic
growth predominantly takes place in the following plating
process where the as-formed nuclei grow larger spontaneously.
At this stage, in addition to the locally enhanced electric field, a
local concentration gradient also plays a key role in dendritic
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growth: a large extent of local ion depletion limits ion diffusion
and accelerates dendritic growth.

2.1.2. Hydrogen evolution reaction. The HER in aqueous
electrolytes is as follows:

2H,0 +2e~ — H, (g) + 20H™ (aq)

RT, 0

— 50 il
= En,opm, + oF n 2. Ph

Ey,0/n,

RT
= Eyyopm, +2.303[lg(an,0) + 14 — pH]

where E° is the standard potential, E is the potential under
specific conditions, a is the activity, and py /p, is the partial
pressure of hydrogen gas, which is equal to 1 in a standard
atmosphere. R, T, and F here are the thermodynamic constant,
temperature, and Faraday constant, respectively. It can be
noted that the HER potential is related to the pH of the
electrolyte. In practical cases, it is also related to the over-
potential for driving the reaction to occur.

In common aqueous metal battery systems such as AZBs,
AABs, aqueous Mn batteries and aqueous Mg batteries, the
metal anodes are all prone to the HER. This is because the
standard reduction potentials of these metals are all below the
potential of the SHE, with —0.76 V for Zn>*/Zn, —1.66 V for AI**/
Al, —1.18 V for Mn**/Mn, and —2.38 V for Mg>*/Mg (Fig. 2e).
Although, in real cases, the conditions may well shift away from
the standard ones, the standard reduction potentials still serve
as an indicator that reflects the susceptibility of the metal
anodes to the HER. Specifically, the lower the standard
reduction potential, the more likely is for the HER to occur.

The HER is an undesirable side reaction that should be
minimized. Firstly, the generation of H, builds up an internal
pressure of a battery which can potentially lead to bulge,
expansion and deformation, or even leakage, burst and explo-
sion, especially in the cases of pouch cells.**™** Secondly, H,
bubble formation exacerbates the uneven surface contour of the
metal anode, influencing the deposition behaviors and further
deteriorating the battery stability.*® Thirdly, the HER is a
competitive reaction with metal plating, which results in a
narrow electrochemical window. This limits the working voltage
and the energy output of a battery, reducing the energy density
and specific energy. Last but not least, the HER induces a series
of parasitic side effects that are detrimental to the battery
performance. The parasitic side effects are mainly corrosion
and passivation, which will be specified in the next section.

2.1.3. Corrosion and passivation. Corrosion in an aqueous
metal battery can be categorized into two types: chemical
oxidation corrosion and electrochemical hydrogen evolution
corrosion. Chemical oxidation corrosion dominates at an open-
circuit state (or a resting state) when no external voltage is
applied. The metal anode reacts with dissolved oxygen or
primarily other oxidizing agents present in the electrolyte. With
different pH values, the oxidizing agents vary.”” In an alkaline
electrolyte where the pH is well over 7, OH  is the main

8984 | Chem. Soc. Rev,, 2024, 53, 8980-9028
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oxidizing agent. For example, in AZBs, the Zn metal can be
oxidized by OH™ into Zn(OH),*>", and in AABs, the Al metal can
be oxidized by OH™ into Al(OH),” (AlO, ). Notably, Zn(OH),*~
can be transformed into ZnO eventually. The ZnO layer is usually
dense and compact and able to shield the Zn metal anode from a
direct contact with the electrolyte, hence circumventing further
corrosion.*® In a neutral or mildly acidic electrolyte where the pH
is around 7, H,O is the main oxidizing agent. Together with the
anion in the electrolyte, for example, S0,>” ina ZnSO, electrolyte,
the Zn metal is transformed into zinc hydroxide sulphate hydrate
Zn,(OH)SO4-nH,0 (ZHS).*® The ZHS generated by corrosion is a
loose and porous layer, which cannot inhibit further corrosion.”®
In an acidic electrolyte where the pH is well below 7, the
replacement reaction between the metal anode and H' causes
pure anode dissolution. This corrosion process occurs fast,
leaving the anode surface deeply corroded and greatly uneven.
Usually, a strong acidic electrolyte is avoided, and a neutral,
mildly acidic, or alkaline electrolyte is most commonly adopted.
In these two cases, the main harms of corrosion are the uneven
anode surface that undermines uniform deposition and the
unnecessary formation of by-products that lead to consumption
of metal ions and possible surface passivation (Fig. 2f). Electro-
chemical hydrogen evolution corrosion related to the generation
of H, takes place at a charging state. Its effects on the metal
anode, however, are similar to chemical oxidation corrosion.
Both corrosion mechanisms can lead to degradation of the metal
anode over time, as well as redundant and potentially detrimen-
tal by-products.

Passivation, associated with the HER and corrosion, arises
from the by-product generated by those two reactions. Specifi-
cally, in the context of an aqueous metal battery, passivation, as
a challenge, should denote the formation of a layer on the
metal anode that is extremely low in both electronic and ionic
conductivities (Fig. 2g). Comparatively, this passivation layer
differs from other layers. While layers with high electronic
conductivity can serve as electrodeposition substrates and
layers with low electronic conductivity but high ionic conduc-
tivity can serve as solid-electrolyte interphases (SEIs) or inter-
layers through which metal ions pass and deposit beneath,
passivation layers block both electrons and ion flow, potentially
resulting in an open-circuit condition where electrochemical
reactions cease to proceed anymore. Typical examples include
Al(OH); or Al,O; layers in AABs, MgO, Mg(OH),, or MgCO;
layers in aqueous Mg batteries and Mn(OH), or other complex
Mn oxides (Mn;O,, Mn,0O3, and MnO,) in aqueous Mn bat-
teries. These passivation layers, if in a dense and compact form,
can passivate the anode and greatly impede the normal electro-
chemical reactions.>"*> A ZHS layer in an AZB, although often
unfavorable for its randomly loose and porous morphologies
that obstruct uniform deposition, is actually found to be
ionically conductive and hence cannot be strictly counted as a

passivation layer.”*?

2.2. Interfaces of the cathode side

The main issue at the interfaces of the cathode side is the
material dissolution. It usually occurs in V- and Mn-based

This journal is © The Royal Society of Chemistry 2024
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oxides. MnO, is a cathode material commonly used in various
aqueous batteries, and in a discharging process, it can be
reduced to Mn>". Mn>®" is not chemically stable in the aqueous
electrolyte due to the Jahn-Teller effect, resulting in its sponta-
neous disproportionation reaction to soluble Mn>* and insolu-
ble MnO,:**

MnO, (s) + e~ + 4H" (aq) —» Mn** (s) + 2H,0
2Mn** (s) + 2H,0 — Mn®>" (aq) + MnO, (s) + 4H" (aq)

This overall reaction consumes protons near the cathode
side, leveling the pH up and increasing the Mn** concentration
in the electrolyte. The transformation to soluble Mn>" may be
the main reason for the rapid depletion and capacity decay of
cathode materials. Furthermore, the phase instability of the Mn-
based host with the [MnOg] octahedral basic unit during cycling
can lead to the transition to a layered structure and subsequent
structural collapse, resulting in additional capacity loss.>

For V-based cathode materials such as V,0Os, they also confront
the severe dissolution issue in the aqueous electrolyte with a large
number of free water molecules. The generation of the soluble
species of VO,(OH),~ occurs in the mild acidic to neutral environ-
ment (pH: 4-8) due to the high polarity of the water molecules:*®

V,05 (s) + 3H,0 — 2VO,(OH),” (aq) + 2H" (aq)

The dissolved VO,(OH),  can further react with the active
cations such as Zn** in the electrolyte and produce
Zn3V,0,(0H),-2H,0, leading to considerable capacity degrada-
tion as a result of the material instability.

For organic cathode materials mainly dependent on the
carboxyl groups (C—=O0) as the redox center, it is also possible
to form the soluble (C-O") chemicals during reduction dis-
solved in the aqueous electrolyte.

Deposition regulation

Helmholtz double layer e
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Other challenges faced by the cathode materials include the
formation of the by-products (e.g., ZHS) and the nature of the
poor electrical conductivity of these popular cathode materials
(e.g.,, 107°-107° S em ! for MnO, and 10 >-10 > S ecm ™' for
V,05). Potential interface/interphase engineering strategies uti-
lized in overcoming these challenges can be categorized as
artificial interlayer design and cathode-electrolyte interphase
(CEI) construction. As the main research focus on multivalent
aqueous batteries is at the metal anode side, we will focus on
the design rationale at the anode-electrolyte interface and
supplement the cathode-electrolyte interface designs in the
relevant sections.

Given the aforementioned challenges at the interfaces in
multivalent aqueous battery systems, here we outline three
interfacial design concepts, including regulating metal deposi-
tion behavior, homogenizing ion flux, and tuning ion solvation
chemistry (Fig. 3), to alter the electrochemical behavior at
multiple interfaces/interphases and thus control the dendrite
morphology, suppress the side reactions, and enlarge the
electrochemical stability window of the aqueous batteries.

3. Plating/stripping behavior
regulation

3.1. Nucleation enhancement

Nucleation refers to the formation of a new solid phase on
anode surfaces when ions transport from the cathode to the
anode upon charging. In general, there are two types of
nucleation, namely the homogeneous one and the heteroge-
nous one. The case of metal deposition in aqueous batteries
belongs to the latter since metal anodes serve as nucleation
surfaces and provide nucleation sites. Energy barriers exist for
both homogeneous nucleation and heterogenous nucleation,
which can be characterized by AG(r), the Gibbs free energy
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change as a function of the radius of the nucleus (Fig. 4a). For For heterogeneous nucleation, AG(r) is given by:
homogeneous nucleation: 2~ 3cos0 + cos’ 0
4 AGhelero (1’) - 4 homo (V)
AGhomo(r) = —nr3Ag + 4o
3
and hence:

where r is the radius of the nucleus, Ag is the negative free 5 5

. . . 2 —3cos 0+ cos’ 0 l6ma
energy difference per unit volume between the stable and AG = ) 5
metastable phases, and ¢ is the surface tension between the 3|Ag|
nucleus and the electrolyte. The maximal AG(r) represents the
energy barrier for nucleation, which is denoted as AG*. AG* can
be expressed as follows:

where 0 is the contact angle between the nucleus and the
surface. AG* corresponds to the critical radius of the nucleus,
denoted as r* (when the overpotential # = 0), which is given by:
_ 167'[0'3 N 20

omo - r =

" 3|Agl? |Ag]
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Considering the overpotential, the thermodynamic critical

e e .
radius ry, is given by:

oo 20
o |zFnl + |Ag]

and the kinetic critical radius r{ is given by:

20

" ]

The critical overpotential for nucleation 7, can be given by:

el
0 zF

Kinetically, a nucleation and growth process can be divided
into five regimes: the nucleation suppression regime, long
incubation time regime, short incubation time regime, early
growth regime, and late growth regime. In the nucleation
suppression regime, the radii of the nuclei are below r;, and
the driving energy for nucleation is lower than AGj,...; hence,
the embryos are thermodynamically unstable. With a relatively
low 1 (7 < 21,), when the radii of the nuclei become larger than
req but lower than r{, the metastable embryos coarsen due to
the Gibbs-Thomson interactions, which corresponds to the
long incubation time regime. When 7 is relatively large (3 >
210), Teq and ri are rather close to each other, leading to
accelerated growth of embryos, which is identified as the short
incubation time regime. In the late growth regime, the growth
of nuclei is thermodynamically favorable, and the evolution of
the deposit is dominated by morphological instabilities and
localized electric fields.*®” The process of electrodeposition
can be characterized by a voltage-capacity curve, where nuclea-
tion first takes place with a relatively high nucleation over-
potential, and after reaching the critical sizes, nuclei grow with
a polarization/plating overpotential (Fig. 4b).

In practice, most studies consider low overpotential at a
certain current density as a sign of desired nucleation, while
there are also some studies that report that high overpotential
can lead to stable cycling as well.’®®° Considering that it is
possible to control the overpotential manually by controlling
parameters such as current density, in general, the guiding
principle for uniform nucleation mainly focus on lowering the
nucleation energy barrier AGj,.,,- By lowering the nucleation
energy barrier, the nucleation Gibbs free energy becomes closer
to the growth Gibbs free energy, hence enabling simultaneous
nucleation and growth, which leads to uniform deposition
rather than advantageous growth over new nucleation which
is likely to result in dendrites (Fig. 4c).°" In addition, a lower
nucleation energy barrier results in more nucleation sites,
which favors dense and uniform nucleation (Fig. 4d).

Based on this principle, the three strategies, including
alloying, metallophilic layers and 3D host design, can be
employed for interface and interphase engineering. In addi-
tion, a strategically charging protocol can also assist uniform

This journal is © The Royal Society of Chemistry 2024
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nucleation and growth as a generic method without the specific
context of specific chemistries.

3.1.1. Alloying. Introducing certain alloying elements can
increase the binding energy, hence increasing Ag and lowering
AGi ero- Alloying elements with high binding energy also
increase the number density of potential nucleation sites and
favor uniform nucleation.®” The rational selection of the appro-
priate alloying elements can be based on the density functional
theory (DFT) calculation that reveals the binding energy of a
certain element with the metal atom to be deposited, and further
experimental screening that selects out the alloy with low nuclea-
tion overpotential and high cycling stability (Fig. 5a).®*

There are various methods employed to obtain Zn alloys.
Based on the formation and the alloy structure, these methods
can be generally categorized into four groups: in situ formation,
ex situ formation, surface alloying and bulk alloying. Zhang
et al. introduced the AgNO; additive in the conventional aqu-
eous ZnSO, electrolyte, enabling the in situ formation of a
compact Ag layer via the replacement reaction between Ag" and
Cu.”® The Ag layer acted as zincophilic sites that lowered the
nucleation energy barrier, beneficial for nucleation and growth.
Du et al utilized the fusion method to ex situ synthesize a
Zn@Bi alloy anode.” The Zn@Bi alloy managed to guide uni-
form nucleation and deposition of zinc due to its zincophilicity
as well as to inhibit the HER and corrosion. Hong et al.
constructed a uniform and robust metallic Sb layer on the
surface of bare zinc via the replacement reaction between Sb**
and Zn.** The Sb@2Zn anode provides abundant zincophilic
sites for Zn nucleation and also acts as a protective layer against
the HER. Tao et al. prepared a zinc-amalgam Zn;Hg alloy anode
which represented bulk alloying.”> Not only was the binding
ability between the ZnzHg (002) surface and the Zn atom
stronger than that between the Zn (101) surface and the Zn
atom at all possible sites, the Zn;Hg anode also displayed a
unique synergistic zinc plating/stripping and alloying/dealloy-
ing reaction mechanism. Besides the cases above, there are a
number of other studies with alloying element selections such
as Sn,75 Ag,69,70,76 Bi,62 cu’67,77 ZI‘,65 Mn,” In,66,78,79 Ti’61 Ni,71
and Ga-In®® based on the general guiding principle that con-
tribute to uniform nucleation based on the basic principle of
lowering the nucleation energy barrier for uniform nucleation.

Apart from the perspective of binding energy, a lattice match
between the deposited metal and the substrate should also be
considered, as was stated by Zhou et al., who reported that
although Au had a higher binding energy with Zn than that
with Ag, the lattice mismatch between the Zn@Au alloy and Zn
led to higher overpotential and a less preferable nucleation
morphology (Fig. 5d).*® Moreover, the lattice mismatch
between the Zn@Au alloy and Zn resulted in allometric nuclea-
tion and hemispherical deposits, while the Zn@Ag alloy guar-
anteed favorable planar nucleation and (002) crystal plane
dominated deposition.

It is noteworthy that the alloying method is extensively
utilized not only in AZBs but also in AABs.*' " However, the
key objectives behind its use vary significantly. In AZBs, alloy-
ing vastly revolves around nucleation enhancement through
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of the Ag@Cu alloy. Reproduced with permission from ref. 73 Copyright 2023, Elsevier. (ii) Ex situ formation of the Zn@Bi alloy. Reproduced with
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(iv) Bulk alloying of ZnsHg. Reproduced with permission from ref. 72 Copyright 2022, Elsevier. (c) Schematic illustration of the lattice matching effect.

Reproduced with permission from ref. 69 Copyright 2024, Wiley-VCH.

the high binding energy of alloying elements, while in AABs,
where controlling rampant side reactions is a critical concern,
alloying primarily serves to inhibit these undesirable side
reactions. The rational selection of the Al-based alloy can
simultaneously achieve low nucleation energy barriers and
inhibit side reactions. Ran et al. reported eutectic aluminum-
copper (E-Alg,Cu;g) alloy lamellar heterostructures as anode
active materials, which realized dendrite-free Al deposition by
using periodic galvanic couplings of alternating monometallic
o-Al and intermetallic Al,Cu nanometric lamellas.®®> Wang et al.
utilized a Ga-metal anode for reversible alloying/dealloying
reactions between metallic Ga and Al, rendering high inter-
facial stability and low nucleation overpotential.*® Such a
design principle can be further extended to other aqueous
battery systems, e.g., Mg-metal batteries.®”

8988 | Chem. Soc. Rev., 2024, 53, 8980-9028

3.1.2. Metallophilic layers. Adopting surface modification,
or to be more specific, constructing a metallophilic layer can
increase Ag and lower AG},.... The construction of a metallo-
philic layer changes the nucleation sites from the original metal
anode to the top surface of the metallophilic layer. Therefore,
nucleation behaviors are dependent on the properties of the
metallophilic layer rather than the original metal anode and
can then be regulated via the design of the metallophilic layer.
A metallophilic layer is similar to the case of surface alloying
mentioned above, but with more varieties in terms of the
material selection. The appropriate materials should bear high
adsorption energy with the metal atoms to be deposited to
enhance nucleation. Additionally, to guarantee deposition on
top of the metallophilic layer, the layer should have sufficient
electrical conductivity.

This journal is © The Royal Society of Chemistry 2024
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In AZBs, a large number of zincophilic layer designs have
been reported. Based on the requirement of zincophilicity and
electrical conductivity, carbon materials are suitable candidates,
among which graphene and its derivatives have often been
selected. It should be noted that the pronounced zincophilicity
of graphene derivatives mainly stems from heteroatoms and
functional groups including carbonyl, carboxyl, hydroxyl, epox-
ide, pyrrolic N, pyridinic N, graphitic N, sulfonate, etc., while the

View Article Online
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underemphasized zincophilicity of graphene itself stems from
defects such as breakages, wrinkles and edges (Fig. 6a).**
Foroozan et al. grew monolayer graphene on the Cu substrate
via chemical vapor deposition (CVD) as the electrodeposition
substrate (Fig. 6b).”> The highly defective nature of CVD-grown
graphene facilitated the creation of sites with low nucleation
overpotential owing to the high binding energy involved. The
lattice match between graphene and Zn favored the preferential
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formation of (002)-facet-oriented planar nucleation. N-doped
graphene was introduced as a zincophilic layer by Xie et al
and characterized by both ex situ X-ray absorption spectroscopy
and in situ Raman spectroscopy.’® It was revealed that Zn>* was
bonded with pyridine sites to form Zn-N bonds, which further
induced the spacious nucleation of zinc (Fig. 6c). Besides the
utilization of carbon materials themselves, Wang et al. assisted
the zincophilic but poorly conductive Na;V,(PO,); (NVP) with
conductive carbon materials such as activated carbon (AC),
carbon nanotubes (CNT), and carbon black (CB) by exploiting
their good electrical conductivity (Fig. 6d).>> The carbon coated
NazV,(PO,); proved to be an effective zincophilic layer on the
zinc metal that induced uniform nucleation and deposition.

However, the potential problem faced by a metallophilic
layer is that although it can effectively enhance nucleation and
initial growth, it will be fully covered by the newly deposited
metal after further plating. In this case, new nucleation and
growth take place on the surface of the metal that is already
deposited, and their behaviors are no longer dependent on the
initial metallophilic layer. Moreover, the direct exposure of a
newly deposited metal to water can lead to the HER and
corrosion that impairs cycling stability. Therefore, it is unlikely
that a metallophilic layer itself is able to consistently regulate
the deposition behavior throughout the whole plating process.
To tackle such a problem, a more delicate and multifunctional
multilayer structure was achieved by utilizing a novel hydrated
eutectic electrolyte (HEE) composed of Zn(ClO,),-6H,0, ethy-
lene glycol, and InCl; solution.”* The HEE in situ formed a
zincophilic layer through the replacement reaction between
In*" and Zn on the Zn anode surface (Fig. 6€). Meanwhile, on
top of the plated Zn, a zincophobic layer was also formed which
acted as a barrier to prevent water penetration on the surface of
the Zn anode, hence inhibiting side reactions.

For AABs, Yan et al. designed an amorphous Al layer on top
of the crystallized one (Fig. 6f).°° It was found that the amor-
phous metals lacking the long-range ordered atomic arrange-
ment exhibited elevated reactivity than the crystalline ones with
long-range lattice periodicity, thereby demonstrating a higher
adsorption energy and a lower Al nucleation energy barrier.
Apart from nucleation enhancement, the reduced nucleation
energy barrier also promoted competitive Al deposition over the
HER, thereby minimizing side reactions. Meng et al. con-
structed an ultrathin platinum aluminophilic interface layer
(AIL) on Ti for reversible Al plating/stripping.”® Due to the
stronger binding energy between the Pt(111) plane and the Al
atom compared to that of the Ti(101) and Al(111) planes, the Al
nucleation barrier and nucleation overpotential could be low-
ered with such an AIL. For aqueous Sn batteries, Xu et al.
employed Cu as a stannophile layer due to the high adsorption
energy of Sn atoms on the Cu (111) plane.’” A low nucleation
overpotential of 3.4 mV was thus achieved, and uniform
nucleation as well as uniform deposition were realized.

3.1.3. 3D host design. The 3D host design can transform
the 2D planar nucleation and growth mode due to the hostless
nature of metal anodes themselves to a 3D nucleation and
growth mode. Such a design is effective in increasing the

8990 | Chem. Soc. Rev, 2024, 53, 8980-9028
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nucleation site density, thereby favoring the uniform distribu-
tion of nuclei and uniform deposition.

To confirm the relationship between the nucleation site
density and the deposition behavior, a brief theoretical analysis
can be conducted. It is generally known that an electrodeposi-
tion process goes from the formation of nuclei at nucleation
sites to the growth of nuclei through the continuous reduction
of metal ions in the electrolyte.”®® Assuming that nucleation
sites are randomly distributed with number density N,, nuclea-
tion and growth can be described by the following first-order
linear equation:

dN

— + AN = AN,

o N(©0) =0

where N and A denote the density of the nucleus and the nucleation
100101 According to different ratios of the charac-

(D and kg

rate, respectively.

kaNg

denote the diffusion coefficient and the charge transfer rate con-
stant, respectively), three different growth regimes can be distin-
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guished: kinetic control < < 1), mixed kinetic-diffusion

k k
control ( Gl = 1>,and diffusion control < Gl > 1).102 With
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transition to the kinetic control growth mode. While the diffu-
sion controlled growth is generally associated with dendrite
formation, the kinetic control growth mode favors the uniform
deposition.'®**°® Therefore, increasing the nucleation site den-
sity is an effective approach to achieve uniform nucleation and
deposition.

Apart from the advantage of augmenting the nucleation site
density, 3D hosts possess the following merits as well: (i) a large
surface area lowers the local current density, (ii) 3D geometric
structures offer sufficient buffer space to accommodate volume
changes, (iii) 3D scaffolds provide mechanical and chemical
stabilities during electrochemical cycling, (iv) the unhampered
pathways for ion transport lead to fast kinetics, and (v) the 3D
structures are capable of rendering local electric field homoge-
neity. Importantly, 3D hosts should necessarily be accompanied
with metallophilic modification, since the absence of metallo-
philic nucleation sites results in top-oriented nucleation,**®%°
and in comparison, 3D hosts with metallophilic modification
enable uniform nucleation on the inner surface of the whole
structures, thus inducing uniform deposition (Fig. 7a).

In AZBs, a vast array of 3D host designs featuring diverse 3D
geometric structures has been reported, and most of them
adopt zincophilic modification so as to fully exploit the advan-
tages of 3D hosts. Zhou et al. reported a composite anode based
on porous Cu foam with wires inside having a ZnO-Zn-CuZns-
Cu multilevel lamellar structure.'** The CuZns layer acted as
zincophilic sites to modulate Zn nucleation to achieve uniform
deposition. Although many other studies have also reported

This journal is © The Royal Society of Chemistry 2024
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Cu-based 3D hosts, it was pointed out that the prevailing 3D Cu
frameworks fell short of energy density due to their inferior
density and areal loading.'*® In response, Shi et al. developed a
novel lightweight 3D Cu architecture."™® A cross-linked polymer
scaffold was 3D printed, followed by Cu metallization. Based on
the pattern customizability enabled by 3D printing, geometrical
optimization was conducted, and the optimized 3D Cu struc-
ture was able to reduce around 80% of weight and Cu
consumption.

3D scaffolds based on other matrix materials with low den-
sities, high electrical conductivities and sufficient mechanical
strengths have also been widely investigated. Carbon materials,
fitting all the criteria, are a common choice. Mu et al. developed
3D hierarchical graphene matrices consisting of N-doped gra-
phene nanofiber clusters anchored on modified multichannel
carbon converted from biomass wood (Fig. 7b)."*° The N-doped
graphene enhanced the binding between the matrices and Zn
atoms. In addition, two geometrical patterns, namely matrices of
a longitudinal direction and a radial direction were compared,
and it was found that the latter achieved more uniform deposi-
tion due to the shorter ion diffusion pathways and more open
space for Zn plating. Yu et al fabricated a 3D framework
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constructed from lotus root-like multichannel Zn/N-doped car-
bon nanofibers decorated with Zn/N-doped carbon nanocage
layers (Fig. 7c).""" The effect of host geometry on Zn nucleation
was specifically investigated. According to the dependence of the
nucleation energy barrier AG;.,, on the wetting angle 0 between
the substrate and Zn embryos, it can be deduced that a concave
surface requires smaller embryos to reach the critical size than a
flat or convex one, which lowers the nucleation barrier and
promotes nucleation at lower overpotential.'*® Because of this,
along with the zincophilic N-doped graphene decoration, nuclea-
tion and early deposition preferentially took place in the inner
side of a channel due to its concaveness compared to the outer
surface, hence being confined inside the channels and leading to
little overall volume expansion. In addition to the commonly
adopted Cu and carbon materials, some other materials have also
been utilized as the matrices for 3D hosts, such as stainless
steel"” and Ti.""®

Beyond materials selections, some studies specify specific
strategies unique to the 3D host design. One most commonly
investigated strategy is the gradient design. As mentioned
before, without sufficient metallophilic sites, especially without
metallophilic sites at the bottom, nucleation is highly likely to
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Fig. 7 3D host design. (a) Schematic illustration of different metal deposition behaviors on 3D hosts with/without metallophilic sites. (b) Schematic
illustration of two 3D hierarchically structured graphene matrices with different channel orientations. Reproduced with permission from ref. 110
Copyright 2023, Springer Nature. (c) Schematic illustration of lotus root-like multichannel carbon nanofibers. Reproduced with permission from ref. 111
Copyright 2024, Wiley-VCH. (d) Schematic illustration of Zn deposition on a 3D host with a triple gradient. Reproduced with permission from ref. 112
Copyright 2023, Wiley-VCH. (e) Schematic illustration of trapping-and-leveling deposition on arrays of hierarchical zincophilic nanorods. Reproduced
with permission from ref. 67 Copyright 2024, Wiley-VCH. (f) Schematic illustration of Fe deposition behaviors on pristine and defective carbon felts and
the corresponding adsorption energy. Reproduced with permission from ref. 113 Copyright 2024, Elsevier.
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take place at the top and then result in uneven deposition.
However, if the distribution of metallophilic sites is uniform
along the thickness direction, it is still likely that nonuniform
deposition predominantly occurred at the top under conditions
of high current density.*"**"**! To tackle this problem, the
construction of a metallophilic gradient along the height
direction is a solution. The upper part of a 3D host should
exhibit lower metallophilicity, whereas the lower part should
show higher metallophilicity. This design ensures nucleation
and growth from the bottom to the top, which to the largest
extent guarantees the spatially controllable deposition, accom-
modates the volume change and prevents the possible short
circuit caused by top dendritic growth."*?

In practice, control of the metallophilic gradient can be
achieved by controlling the gradient distribution of metallophilic
species. Lai et al. designed a 3D carbon fiber skeleton film with
gradient zincophilicity and reversed gradient hydrophilicity."*°
The two gradients were simultaneously realized by the gradient
distribution of Cu nanoparticles. The abundance of Cu nano-
particles at the bottom resulted in regionally higher zincophilicity
due to the highly zincophilic nature of Cu and lower hydrophili-
city due to the high surface energy of ultrafine Cu nanoparticles.
Such a dual-gradient design not only ensured the uniform
bottom-up deposition, but also gave rise to a favorable effect that
the top surface was accessible to the aqueous electrolyte while
water was gradually repelled from top to bottom to effectively
suppress side reactions. Moreover, Gao et al. proposed a more
delicate strategy to realize 3D hosts with triple gradients of
electrical conductivity, zincophilicity, and porosity (Fig. 7d)."*>
Ag was used as the bottom layer for its high conductivity and
zincophilicity, NiO was used as the top layer for its semiconduc-
tivity and poor zincophilicity, and Ni was used as the middle layer
for its moderate conductivity and zincophilicity between Ag and
NiO. In addition, the porosity gradient was constructed by tuning
the pore size inside each layer. The three gradients synergistically
facilitated the smooth transport of the Zn>" flux, optimized local
charge transport dynamics at the bottom of the anode and
promoted the desired bottom-up deposition behavior.

Another featured strategy in the 3D host design is ‘trapping-
and-leveling’. As a proof of concept, arrays of core-shell CusZng
nanorods coated with N-doped carbon layers were constructed
on Cu foam (Fig. 7e).®” Nucleation was guided by the zinco-
philic sites and preferentially took place within the interspace
among the nanorods. Further high-capacity Zn plating could be
tightly confined within the interspace, following a ‘trapping-
and-leveling’ deposition process.

Despite all the advantages, a major challenge faced by a 3D
host lies in the intensified side reactions due to the largely
increased surface area. Therefore, protective methods should
be applied accordingly to guarantee long stable cycling. It was
reported that the Zn-Cu alloy itself could have a decent anti-
corrosion effect due to the inactiveness of Cu.'*® Apart from
this, the ZnO outer layer could effectively inhibit the HER as
well, achieving the negligible and stable HER with only
1.8 mmol h™" em™? compared to 2.6-3.5 mmol h™' em™> of
the bare Zn anode.'™ In fact, most of the studies on 3D hosts
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have taken into consideration the suppression of side reac-
tions: the metallophilic materials can simultaneously present
sufficient protection. Specifically, a strategy based on the 3D
host design was proposed by Han et al. to target side reaction
inhibition."*® The Cu nanorod arrays with hydrophobic long-
chain alkyl groups in stearic acid provided ordered channels
with both zincophilic and hydrophobic properties, introducing
the ‘lotus effect’ to control water adsorption energy and thus
fortify the anode against water-induced side reactions.

In AABs and aqueous Mg batteries, however, the utilization
of 3D anode hosts is rarely reported, primarily due to the
challenge of intensified side reactions as previously mentioned.
Al and Mg possess lower reduction potentials than Zn, render-
ing them more vulnerable to the HER. Such susceptibility to the
HER represents a critical concern that overshadows the advan-
tages addressed by the design of 3D hosts.

In other aqueous battery systems, the 3D host design can be
seen as well, such as in aqueous Fe metal batteries."***** Song
et al. designed a modified carbon felt with abundant carbon
defects that increased the affinity with Fe atoms (Fig. 7f).""* As a
result, Fe could nucleate uniformly on defective carbon fibers
and evolved into uniform deposits on a modified carbon felt,
while nucleus clusters were present on pristine carbon fibers,
leading to mossy deposition morphologies.

The 3D host design is widely investigated and applied in
AZBs, while less common in some other aqueous battery
systems, especially AABs and aqueous Mg batteries. The design
strategies of a 3D host such as materials selection, gradient
design, and side-reaction inhibition, however, are universal in
various battery systems. With these strategies utilized, the 3D
host design can exhibit excellent efficacy not only in nucleation
enhancement, but also in the following deposit growth, thereby
benefiting uniform deposition and prolonged life span of
batteries.

3.1.4. Charging protocol. Applying strategical charging
protocols can optimize nucleation and pave the way for further
uniform deposition. Based on the previous analysis, it can be
inferred that with other conditions fixed, applying a higher
nucleation overpotential can reduce the critical nucleus radius
and increase the areal nucleus density. Quantitatively, the
critical nuclei radius is inversely proportional to overpotential

2
(r}j = ﬁ) , and the areal nuclei density is proportional to the

cube of overpotential (N oc #°). The resulting desired morphol-
ogy of the initial nuclei appears as dense and fine particles that
cover up the majority of the surface of the metal anode.'*® High
overpotential, however, is likely to result in nonuniform deposi-
tion and dendritic growth, the underlying mechanisms of
which will be discussed in the following section.

Based on the theoretical analysis above, a strategical char-
ging protocol can be proposed: a large overpotential is applied
for a short period of time at the beginning to promote uniform
nucleation, followed by a relaxation step with zero current to
offset the local concentration gradient. Afterwards, a low over-
potential is applied in the further plating process (Fig. 8a). In
practice, the control of overpotential can be achieved by

This journal is © The Royal Society of Chemistry 2024
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controlling the current density. The relationship between the
overpotential # and the current density J is given by: n oc logJ,
which is a simplification of the Butler-Volmer equation when # is
relatively low (Fig. 8b).">” Hou et al. further experimentally verified
this relationship.’*® The three steps in the proposed charging
protocol can be described as follows: high current density pulsed
charging, relaxation and low current density charging.

Garcia et al. utilized such a charging protocol in commercially
available Ni-Zn batteries to optimize the Zn electroplating
behavior.'*® Three different charging protocols were compared
(Fig. 8c). It was revealed that the continuous charging protocol
resulted in dendrites, and the pulsed direct current (DC) protocol
without nucleation optimization, despite dendrite prevention,
resulted in nonuniform deposition as discontinuities such as
empty gaps could be observed in the Zn film. The optimal
nucleation charging protocol, where a short nucleation pulse at
a high current density was introduced before the 2s-pulse-1s-break
DC protocol for further growth, led to an obviously smoother
deposition without visible discontinuities and dendritic growth.
The role of the initial pulsed charging at a high current density was
to promote dense and fine nucleation, while the role of the
following breaks was to eliminate the local concentration gradient,
which was critical in dendrite suppression.’**"*! To better under-
stand the effects of the initial pulsed charging on nucleation
optimization, Hou et al. characterized the morphologies of Zn
nuclei at different current densities via atomic force microscopy
(AFM) (Fig. 8d)."*® With the same deposition amount, the electrode
surface was fully covered by fine Zn nuclei at a high current density
of 5 mA cm™?, while at a low current density of 0.02 mA cm ™2, a
sparse and large nucleus was observed. Furthermore, Zn|Zn
symmetric cells with and without an initial high current density
were cycled at 1 mA cm™>/1 mA h em ™2, It was demonstrated that
the cell subjected to an initial high current density could maintain
ultra-stable operation for 2500 h, a significant improvement over
its counterpart which lasted only 300 h.

This journal is © The Royal Society of Chemistry 2024

Ideally, applying an optimized charging protocol is a uni-
versal approach towards nucleation enhancement and desir-
able deposition morphologies that could work in all battery
systems, such as AZBs, AABs and other aqueous ones. In
practice, the potential parasitic effects of pulsed current density
should be investigated in a specific system so as to minimize its
detrimental impact.

3.2. Growth regulation

After the size of a nucleus reaches the critical radius and
continues to grow, AG;,.., decreases and becomes negative.
Since then, the thermodynamically favorable growth takes place
spontaneously. A nucleation process typically occurs much
more rapidly than the subsequent growth process. Conse-
quently, while interfacial changes—such as the local concen-
tration, electric field, and ion flux—may be negligible due to the
relative instantaneity of nucleation, they become significant
factors influencing the evolution of the electrodeposit over time
during the growth stage. Thus, while the heterogeneous nuclea-
tion model suffices to describe the nucleation stage, those more
complicated factors gain importance in shaping the electrode-
posit’s progression during growth. Therefore, it is crucial to first
understand the growth process through theoretical analyses.

A common model used to describe a growth process is
Chazalviel’s space charge model.**>™*** In a dilute electrolyte,
when initial electrodeposition begins, metal cations start to
diffuse towards the anode. At this stage, no significant accu-
mulation of ions near the electrode is present, and the electric
field is relatively weak. As metal cations approach the anode
surface, they undergo a reduction reaction to form a solid
deposit. The consumption of metal cations can be compen-
sated by those extracted from the cathode. The anions, how-
ever, cannot be transferred to or from the electrodes. Thus,
anions will be piled up near the anode and depleted near the
cathode due to the limited mobility, which creates a space
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charge region. The presence of the space charge region alters
the distribution of the electric field, the current density, and
the ion flux. As a result of the space charge region, ramified
growth of the metallic electrodeposit occurs.’** In a symmetric
cell configuration with a small interelectrode distance, based
on the space charge model, the concentration gradient at the

oC
anode surface

(x =0) can be given by:

ac 7
eD ( 1+ &)
i,

where J represents the effective current density, e is the charge of
the electron, D represents the diffusion coefficient, and u. and p,
represent the mobilities of the cation and the anion,

135

. C o .
respectlvely. TO represents the initial average concentration,

where L is the interelectrode distance and C, is the initial
concentration of the electrolyte. If the concentration gradient at
the anode surface is lower than two times of the initial average

. oC Co - .
concentration, or 8—(,\' =0) < - the ionic concentration gra-

dient at the negative electrode evolves to a steady state with a

constant concentration gradient throughout the electrolyte and a

stationary electric potential, leading to a smooth electrodeposit

morphology.'*® While if the concentration gradient at the anode

surface is greater than two times of the initial average concen-
2Cy

. oC . .
tration, or 8—(x =0) > -7 the concentration will drop to zero
X

at the negative electrode and the electric potential will eventually
diverge (Sand’s behavior) both at a time t, which is called Sand’s
time."” The Sand’s time (z) is given by:

eC() 2
—np( =
e <2Jtu>

Y S R
My + He My + He

and in which

t, =1-1t

where t, is the anionic transference number and . is the cationic
transference number. A transference number is referred to as the
ratio of the electric current carried by a certain ionic species to
the total current carried by all ionic species. According to the
space charge model, when Sand’s time is reached, the ion
concentration in the vicinity of the negative electrode drops to
zero, resulting in the onset of dendritic growth."**

In addition, considering the dependence of E(x =0)onJ

. 2C o .
and the critical value of TO’ the limiting current density /* can

be given by:
Jt— 2€COD
tal
C 2Cy .
when J < J* or aY(x:0) <72 constant concentration

gradient can be obtained. When J > J*, Sand’s behavior occurs
and induces dendritic growth.
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Based on the analysis above, it can be inferred that prolong-
ing Sand’s time t delays the onset of dendritic growth and
increasing the limiting current density /* suppresses the for-
mation of dendrites. These can be achieved by decreasing the
anionic transference number ¢, (or increasing the cationic
transference number ¢.), increasing the diffusion coefficient
D, increasing the initial electrolyte concentration C,, or low-
ering the effective current density J. This provides insight into
the design principles for interface and interphase engineering
targeting dendrite-free growth during an electroplating process.

In addition to being dendrite-free, an ideal electrodeposit
morphology should also encompass traits such as being flat-
surfaced, compact, and dense, thus minimizing the destructive
effect on the separator and preventing the formation of ‘dead
metal’ deposits. Regarding the morphologies of electrodepo-
sits, it is widely reported that the second Damkohler number
Day, which governs the growth stability, can be used as an
important indicator."**** Da,; quantifies the relative rates of
the electrode reaction and diffusion, and can be expressed as
follows:

Jo
Dan = —

J*
where J, is the exchange current density.'*%'4*

current density J, can be given by:

The exchange

Jo = nFCky

where 7 is the number of electrons transferred, F is the faradaic
constant, C is the concentration of the reactant, and k, is the
reaction rate constant.

Given the dependence of j*on the diffusion coefficient D and
the dependence of J, on the reaction coefficient k, a nondimen-
sional electrochemical Damkoéhler number Da can be given in a
simple form as follows:'*®

Da = E

D

where Da describes the rate ratio of the reaction to diffusion. A
higher Da means a faster reaction than diffusion, which results
in rampant growth with mossy and dendritic morphologies. A
lower Da, in contrast, means faster diffusion than the reaction,
which facilitates the formation of planar, smooth and dense
deposition.'*>'**!*3  The relationship between Da and
morphologies can be understood by the previously mentioned
space charge model and Sand’s time.

In short, in order to achieve the uniform deposition, a low
Da is favored, which means that a lower reaction coefficient k, a
lower exchange current density J,, and a higher diffusion
coefficient are desirable.'** The requirement of a higher D
aligns with the previous analysis on the space charge model
and Sand’s time.

Accordingly, three interface and interphase engineering
strategies, including crystallographic manipulation, Helmholtz
double layer regulation, and artificial interlayer and SEI design
will be discussed based on the analyses of diffusion and

This journal is © The Royal Society of Chemistry 2024
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deposition. Moreover, it is necessary to account for side reac-
tions, which can significantly impact the morphologies of the
electrodeposit substrates. Side reactions may alter both the
original anode surface and the as-deposited metal surface,
thereby influencing the deposition behavior. Thereby, when
discussing the three aspects mentioned above, their effects in
inhibiting side reactions will also be included.

3.2.1. Crystallographic manipulation. Crystallographic
manipulation is a potent method for the regulation of growth
morphologies. It can facilitate the assembly of metal deposits
in precise, ordered arrangements, which yields an ideal flat,
dense and dendrite-free morphology, thus enhancing the sta-
bility of an anode.

In aqueous Fe metal batteries, for instance, it was reported
that by adding Znl,, Zn-doped Fe was obtained and it prefer-
entially formed homogeneous small particles with the (110)
plane parallel to the substrate, favoring uniform deposition."*>

For aqueous Sn batteries, it was found that the Sn(OH)s>/Sn
electrode naturally displayed smooth and dendrite-free deposition
morphologies.*® The underlying reason was the intrinsic low
surface-energy anisotropy of Sn. Sn adopts a body-centered tetra-
gonal crystal structure and exhibits relatively minor surface energy
differences between its various crystal planes (y(102) = 0.023 X Y(100) =
Yaor) = Yaz) = 0.024 X Vo) = Yei0) = 0.025 X Ypi1) = Yain =
0.026, €V A~%), which naturally results in the isotropic crystal growth
mechanism during Sn electrodeposition.

For Al electrodeposition, the Al deposits tend to form (111)
crystal facets during plating due to its lowest surface energy
(0.96 ] m~?), accounting for an equilibrium area fraction of 0.57
determined by the Wulff construction.’®” The second signifi-
cant facet is (100), with a surface energy of 1.05 ] m 2 and an
equilibrium area fraction of 0.17. Using a poor current collector
such as stainless steel, the Al deposits tend to form large
particles with a size of micrometers or classic dendritic
morphologies at high current densities."*® Enhancing the
interfacial interaction between the Al and the carbon fiber
substrate could effectively downsize the Al deposits and achieve
uniform deposition with enhanced (200) facet relative intensity.

Conversely, in AZBs, the more pronounced crystal plane-
surface energy anisotropy of Zn is a contributing factor to
dendrite formation. Consequently, a significant portion of
research efforts in this field is dedicated to manipulating the
crystallography of Zn. Therefore, the discussion on crystallo-
graphic manipulation herein will primarily focus on Zn.

Zn belongs to the Pg3/mmc space group and has a hexagonal
closely packed (hcp) crystal structure. The three most common
crystal planes referred to in the growth process of Zn electro-
deposition are (002), (100) and (101) planes. The respective
selective growth of the three crystal planes has all been
reported. Without specific manipulation, random growth
which involves all the three crystal planes is present, showing
an undesired mossy and dendritic morphology. In comparison,
the selective growth of a single crystal plane, regardless of
which one among the three, yields an ordered, compact, and
dendrite-free morphology. However, the determination of the
most favorable crystal plane remains in suspense.

This journal is © The Royal Society of Chemistry 2024
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The (002) crystal plane garners the most attention in
research, often being assumed as the most desirable crystal
plane.’**™*>* The selective growth of the (002) plane showcases a
planar structure parallel to the substrate with a hexagonal geome-
try, hence naturally favoring a flat and dendrite-free surface
contour (Fig. 9a—c). The selective growth of the (100) and (101)
planes, on the other hand, showcases a vertically aligned structure
and a slightly tilted structure, respectively. Their highly ordered
structures exhibit no dendrite growth either.

In addition to the direct visual examination of the morphol-
ogies, other assessments of the three crystal planes in terms of
their stability, the surface atom self-diffusion barrier and
corrosion resistance ability have also been investigated. The
(002) plane possesses the lowest surface energy and the highest
stripping energy, indicating its superior stability (Fig. 9d).">%1
The (002) plane also exhibits the lowest surface atom self-
diffusion barrier, suggesting a high diffusion coefficient at the
surface and consequently a low propensity for dendrite
formation,’® as supported by the previous analysis of the
second Damkdhler number Day; (Fig. 9e). For corrosion resis-
tance, although the (002) plane has the highest energy barrier
for the HER,"®'! the experimental results suggest that the
(100) plane is least prone to corrosion, evidenced by its most
positive corrosion potential E.., and lowest corrosion current
density I.or (@ more positive E,, indicates a lower tendency to
corrode, and a lower I, indicates a slower rate of corrosion)
(Fig. 9f)."° This is attributed to the fact that the (100) plane has
the lowest electrochemical active surface area: the electroche-
mical active surface area of the three crystal planes is in the
order of (100) < (002) < (101)."*°

Although many of the studies emphasize that the selective
growth of the (002) plane leads to superior cycling stability, some
others argue otherwise.">***”'%* Despite the controversy, a clear
conclusion that can be drawn from all the crystallography-
related studies is that the selective growth of any of the three
crystal planes outperforms random growth without specific
crystallographic manipulation in terms of cycling stability.
Therefore, the following discussion will focus on the detailed
methods to control crystallography: substrate texturing, lattice
match, selective shielding, and current density regulation.

3.2.1.1. Substrate texturing. Substrate texturing is a direct
method to manipulate crystallography. Usually, commercially
available Zn foil or Cu foil shows random polycrystalline
orientations. If such foil is used as the electrodeposit substrate,
the crystallographic orientation of the deposit is random.
Through texturing, the initial randomly textured electrodeposit
substrate can be transformed into a single-textured or even
monocrystalline substrate.

Annealing, recrystallization, and mechanical rolling are
effective ways to fabricate single-textured or monocrystalline
substrates. Mechanical rolling is a straightforward and scalable
way to obtain (002)-textured Zn substrates (Fig. 10a).'?716%164
Rolling creates severe plastic deformation and induces a slip
that occurs preferentially at close-packed planes along the
close-packed directions, such as the (002) plane along the
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(110) direction (Fig. 10b). The slip mechanism yields a char-
acteristic texture of (002)."%47%¢

Compared to mechanical rolling, annealing and recrystalli-
zation can fabricate a wider range of single-textured substrates.
Song et al. and Liu et al. fabricated single (002) and (101)
textured Zn substrates via annealing, respectively.’>”*®® Chen
et al. adopted a fast melting-solidification approach which
circumvented the influences of initial textures, grain sizes,
and residual stress to transform randomly textured Zn foils
with micrometer grain sizes to single (002)-textured ones with
millimeter grain sizes."”® Furthermore, Ren et al. revealed that
the orientation of Zn could be precisely controlled by the Wulff
construction prediction."* They first melted the polycrystalline
Zn foils and then carried out the recrystallization process by
cooling the samples. Different cooling rates were selected based
on the fact that a higher cooling rate benefited faster growth of
facets with a lower surface energy. As a result, a library of
monocrystalline Zn foils with (002), (100), (101), (102), and (110)
planes were obtained.

Notably, in both mechanical rolling and heat treatment,
residual stress exists inside the metal anode, which can result
in crystallization stress accumulation during deposition and
cause nonuniform deposition. Therefore, a stress-prerelease

8996 | Chem. Soc. Rev,, 2024, 53, 8980-9028

process can be adopted for metal anodes to reach sufficient
strain capacity and for crystallization stress relaxation during
deposition.'”*

Substrate texturing can also be achieved via electrolytic
treatment of substrates, such as electro-plating and electro-
stripping. Highly preferential crystal orientations can be
achieved by introducing crystal facet selectors as additives into
the electrolytes during electrolysis."’>'”® For instance, Chen
et al. constructed (002)-textured Zn by introducing KNOs in the
electrolyte."”* KNO; could preferentially adsorb on the (001)
and (101) planes, lowered their stripping energy, accelerated
their dissolution upon electro-stripping, and hence rendered
Zn with a dominant (002) exposure. In turn, without the use of
crystal facet selectors, Niu et al. demonstrated that based on the
highest stripping energy of the Zn (002) plane, applying an
external anodic oxidizing electric field could prioritize the
stripping of (100) and (101) planes, thus resulting in preferen-
tial exposure of the (002) plane."*®

Last but not least, selective etching can be employed for
substrate texturing as well.’”> Liu et al. fabricated (002)-textured
Zn foils by treating the original Zn foils in H;PO, solutions."”®
Since the (002) plane possessed lower reactivity to protons, a
(002)-textured surface would be left after etching.

This journal is © The Royal Society of Chemistry 2024
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3.2.1.2. Lattice match. A lattice match between the electro-
deposition substrate and a certain crystal plane of Zn can
induce Zn deposition with highly preferential crystallographic
orientations. This approach is mainly used to induce the
growth of the (002)-textured Zn deposit. Graphene is commonly
adopted for its rather low lattice mismatch with the Zn (002)
plane."”” Zn and graphene shared the congruent hexagonal
lattice structures, and their in-plane lattice constants are fairly
close, with that of Zn being 266 pm and that of graphene being
246 pm, resulting in a low lattice mismatch of mere 7.4%.°>'7®
Therefore, epitaxial growth is favored for the formation of the
(002)-textured Zn deposit. An even lower lattice mismatch of

This journal is © The Royal Society of Chemistry 2024

ssion from ref. 160 Copyright 2023, Wiley-VCH.

1.6% was found between Cu (111) and Zn (002) by Su et al., who
mass-produced single-crystal Cu (111) foils from commercial
ones through a temperature-gradient-annealing route.’”® The
ultralow lattice mismatch enabled unprecedentedly flattened
epitaxial lateral growth of Zn (002) and thereby guaranteed
stable cycling of symmetric cells under an extreme condition
of 50 mA cm %1 mA h ecm > By introducing the eutectic
Ga-In alloy (EGaln) on the Zn anode, Zou et al. found out
that the exposed (0016) plane of the spontaneously formed
epitaxial interface InGaZnsO, matched well with the (002)
plane of Zn, inducing horizontal and dense Zn deposition
(Fig. 10c)."®”
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Notably, Pu et al. emphasized the significant role of defect-
free single-crystal Zn in suppressing defect generation during
electrodeposition.'®® Due to the scarcity of grain boundaries,
the sole exposure of the (002) plane and the perfect homo-
epitaxial lattice matching (Fig. 10d), the defect-free single-
crystal Zn metal anode enabled reversible cycling at an unpre-
cedented 200 mA cm ™ >/8 mA h em ™2, and the cycling could be
maintained for over 1200 cycles at 50 mA cm /4 mA h cm 2.
Besides, other materials including Zn-Ag alloys®>'®° and
ZnSe™° have also been reported to be compatible with the Zn
(002) lattice and hence able to induce (002)-textured deposition.

3.2.1.3. Selective shielding. During the plating process, selec-
tive shielding blocks the growth of certain crystal planes while
promoting the dominant growth along a certain direction, thus
resulting in single-textured deposits. The shielding effect is
enabled by electrolyte additives that selectively adsorb on certain
crystal planes, hindering the deposition of ions onto those planes
and thus suppressing their growth. According to the Bravais law,
the orientation of a crystal plane is determined by the growth rates
of all crystal planes.”®'®"'%* For instance, if the Zn (002) plane is
adsorbed on and shielded by an electrolyte additive, its growth rate
is greatly reduced. Meanwhile, the (001) and (101) planes remain
exposed, with their growth rates unaffected (Fig. 10e). In this
sense, due to the significantly higher growth rates of the (001)
and (101) planes, growth along the [001] and [101] directions is
dominant, which leads to the epitaxial growth of the (002) plane.
Consequently, the (002)-textured deposition is realized in this case.
Based on this theory, several studies have adopted electrolyte
additives with the highest adsorption energy with the Zn (002)
plane to obtain (002)textured Zn deposits.>>3* 111817183 None-
theless, there are also studies that argue otherwise.'>®'>847186 por
example, Zhang et al. stated that the additive they applied was
preferentially adsorbed on the Zn (100) and (101) planes, forcing
the deposition onto the (002) plane, thus inducing the preferential
growth of the (002) plane and forming a flat (002) texture.'*®

3.2.1.4. Current density regulation. Current density is an
important independent variable that determines the texture of
the deposits. Yuan et al. used Cu as substrates and investigated the
transformation of the textures of as-deposited Zn as the current
density increases from 20 to 80 mA cm ™ %"*® It was revealed that
the increasing current density resulted in a gradually increase of
the (002) texture content and a decrease of the (100) and (101)
texture contents (Fig. 10f). Similar studies were conducted to study
a broader range of current densities.'**'**'®” It was found that at a
relatively low current density, nucleation and growth of electro-
deposits were highly dependent on textures of the substrates, and
textureless substrates could lead to mossy and dendritic morphol-
ogies. At a medium-high current density, the dependence of
nucleation and growth behaviors on the substrates was weakened,
and desirable (002)-textured Zn deposits could be formed at a
suitable current density. When the current density is further
elevated, however, the rampant growth, the diffusion limitation,
the intensified space charge effect and electroconvection result in
undesired dendritic morphologies.'***%”
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It should be noted that although primarily studied and
applied in AZBs, crystallographic manipulation is a generic
strategy in all aqueous metal batteries where the anisotropy of
crystal planes, especially the surface energy difference of crystal
planes in a metal, is significant. In this regard, although
crystallographic manipulation may not be critical for aqueous
Sn metal batteries due to the surface energy similarity of the
crystal planes as mentioned above, in aqueous Mg batteries and
aqueous Al batteries, crystallographic manipulation can be
rather important considering that the surface energy differ-
ences of crystal planes in HCP Mg and face-centered-cubic
(FCC) Al are relatively large."*” Studies on crystallographic
manipulation in these two systems can be carried out on the
premise that the major side-reaction problems of Mg and Al are
solved.

3.2.2. Helmholtz double layer regulation. A Helmholtz
double layer (HDL) describes the interface between an electrode
and an electrolyte, as illustrated in Fig. 11a. For instance, a
negatively charged electrode attracts positively charged species,
forming an inner layer. This layer then mainly attracts other
charged species, creating an outer layer. These two layers con-
stitute the double layer. Typically, ions in the inner layer are
tightly bound to the electrode surface, while those in the outer
layer are more loosely associated and can move rather freely,
often referred to as the compact layer and the diffusion layer,
respectively. The compact layer can be further divided into two
planes: the inner Helmholtz plane (IHP), located by the nearest
adsorbed metal ion, and the outer Helmholtz plane (OHP),
located by the nearest water-solvated metal ion, in the context
of an aqueous battery system. Upon charging, when the metal
anode becomes negatively charged, the inner Helmholtz plane
(IHP) primarily consists of adsorbed metal ions, water dipoles,
and electrolyte additive dipoles. Due to the confined space within
the IHP, solvated metal ions are unable to enter it and are instead
accommodated in the OHP. In a charging process, solvated metal
ions initially diffuse from the diffusion layer to the OHP where
they undergo desolvation. Subsequently, desolvated metal ions
are attracted to and adsorbed onto the anode surface, followed by
a reduction reaction and eventual deposition.

Although the HDL structure is often shrouded in oblivion,
its significant influence on the electrochemical reaction, or to
be more specific, the growth behavior of metal deposits, can by
no means be overlooked. Firstly, the desolvation process at the
OHP significantly impacts the transfer kinetics of the entire
battery, as the energy barrier for the desolvation of the metal
ion in the HDL is the primary contributor to the charge transfer
migration barrier in the whole battery.'®> Secondly, the
presence of abundant water molecules in the IHP can lead to
the undesired HER, especially when the redox potential of the
metal anode is low. Given these critical factors, a fundamental
principle for regulating the HDL emerges: minimizing the
desolvation energy barrier and controlling the amount of water
molecules in the IHP or creating a water-deficient HDL.

HDL regulation is primarily reported in AZBs, which is
mostly achieved through the introduction of electrolyte addi-
tives. To obtain a water-deficient HDL, an electrolyte additive

This journal is © The Royal Society of Chemistry 2024
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must be able to enter the IHP with high coverage on the Zn
anode surface and expel the original water molecules. Additives
such as polar organic molecules and positively or negatively
charged ions may be drawn into the IHP driven by electrostatic
forces.®®'%*'%* More importantly, electrolyte additives with high
adsorption energy on Zn can overcome electrostatic repulsion to
enter the IHP, be adsorbed on the Zn anode and replace the
original water molecules to create a water-deficient HDL and
thereby suppress the HER. For instance, Liu et al. introduced a
trace amount of maltose as the additive to dynamically regulate
the HDL."®® The maltose could be preferentially adsorbed onto
the Zn anode, provided the IHP with a low-level water content
and SO,>~ concentration and hence suppressed side reactions
(Fig. 11b). It was also revealed that the adsorption of maltose
followed a dynamic pattern, based on the MD simulations
conducted on three states: a non-electrochemical cycling state
(NECS) where the voltage is 0, a discharge state where the
voltage is +100 mV, and a charge state where the voltage is
—100 mV. At the charge state, adsorption of a high amount of

This journal is © The Royal Society of Chemistry 2024

maltose was observed, and the molecules near the Zn anode
were dominantly maltose, with only a small proportion of water
or SO,>". At the other two states, more maltose molecules
tended to self-aggregate due to the strong intermolecular hydro-
gen bonding, and although the majority of the maltose mole-
cules did not appear at the nearest surface of the Zn anode, the
contents of H,O and SO,>~ in the IHP were still greatly reduced
due to the steric hindrance effect of maltose. In fact, the HER is
naturally inhibited near the anode in the discharge process as
the electrons are flowing away from Zn, so the protective effect
of electrolyte additives at this state is less pronounced compared
to the NECS and the charging state.

Besides the sole adsorption of electrolyte additives, another
approach is to bring the electrolyte additive molecules into the
HDL by the solvation-desolvation effect. Luo et al. reported a
universal high donor number (DN) additive pyridine (Py) for
HDL regulation (Fig. 11c)."®® Additives with a high DN, such as
methanol (MeOH) and dimethyl sulfoxide (DMSO), have stron-
ger interactions with metal ions."*>'%® As a result, the metal
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ions coordinated with the electrolyte additive molecules could
first enter the HDL, and then, after desolvation, the free
electrolyte additive molecules can expel the water molecules.
Furthermore, MD simulations visualized the effect of the Py
additive in creating a water-deficient IHP.

Although most studies regard a water-poor HDL as favor-
able, a critical viewpoint was raised by Qi et al., stating that an
excessively water-poor HDL was likely to cause undesired dead
Zn formation.'®® They added different amounts of aspartame
(APM) additives to obtain a series of HDL structures ranging
from water-rich to water-poor and revealed the trade-off
between water-rich and water-poor HDLs (Fig. 11d). While a
water-rich HDL caused rampant water-induced side reactions,
nonuniform deposition and dendritic growth, an overly water-
poor HDL deteriorated the electrode-solvent contact and
impeded the solvation of Zn®" with water during stripping,
thus causing undesirable dead Zn formation. Therefore, a
moderate water-poor HDL should be adopted by tuning the
amount of the electrolyte additive.

When considering the reduction of the desolvation energy
barrier, however, a dilemma arises with electrolyte additives. If an
additive exhibits a high DN and thus possesses strong solvation
capabilities with metal ions, it inherently requires a higher energy
consumption for desolvation. Conversely, if an additive exhibits
low solvation abilities, although the desolvation energy would
decrease when metal ions were coordinated with it, the metal
ions tend to prefer coordination with water due to the additive’s
inferior solvation power. Therefore, the desolvation energy bar-
rier may not be lowered from the perspective of the tuning
solvation structure. An alternative way is to introduce an electro-
lyte additive that is capable of undermining the original water
hydrogen bonding networks. For instance, CI~ can bind water
molecules via weak hydrogen bonds and thus lowers the desolva-
tion energy barrier.””

Electrolyte additives aside, Xie et al. proposed novel HDL
regulation that lowers the desolvation energy barrier by Zn anode
modification.’®! It was demonstrated that the 3D nanoporous
ZnO coating on the Zn anode could lower the energy barrier of
Zn”* inserted into the modified anode almost eight times com-
pared to bare Zn, and this led to electrostatic attraction toward
Zn*" rather than solvated Zn”*, thereby reducing the desolvation
energy barrier in the HDL from 77.2 kJ mol ™" to 51.0 kJ mol™*
(Fig. 11e). The same regulation on the desolvation energy barrier
can be realized by an ultrathin ZnS SEI layer as well."*®

3.2.3. Artificial interlayers. An artificial interlayer is a layer
that forms on the metal anode surface when certain species in a
solution adhere to the anode, in situ or ex situ. It is a multi-
functional layer that not only inhibits water-induced side reac-
tions, but also enhances the diffusion and desolvation
behaviors of metal ions near the anode surface (Fig. 12a). The
functions of an artificial interlayer can be analogized to a cell
membrane that selectively passes through only the metal ions.

The multifunctionality of such a layer raises certain require-
ments on the adsorbed species involved. The suitable molecule
should contain a part with high binding energy with the metal
anode for firm adsorption and another part with high binding
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energy with the metal ion to capture the ion and promote
desolvation. A synergistic ‘“‘anchor-capture” process can be
used to describe the basic function of a typical adsorption
layer. Such an “anchor-capture” mechanism was illustrated by
Luo et al. using the amino acid glycine (Gly) as an electrolyte
additive (Fig. 12b)."*° The N atom of the amino group anchored
the Gly molecule onto the Zn surface, while the strong nucleo-
philicity of the carboxyl group captured Zn’*. It was further
demonstrated that the coexistence of both amino and carboxyl
groups enabled Gly to stabilize the Zn metal anode via the
“anchor-capture” mechanism, while, as a comparison, N-
acetylglycine (Ac-Gly), which only contained a carboxyl group,
and glycinamide hydrochloride (Gly-NH,), which only con-
tained an amino group, both failed to stabilize the anode.
Based on such a mechanism, other molecules with multiple
polar functional groups, such as glutamine,?® tannic acid,>*?
and o-p-glucose®®* could also construct organic interlayers on
the metal anode.

Moreover, the anchoring of some specific additive molecules
onto the metal anode, together with the steric hindrance, can
contribute to long-term water isolation protection. Such a
molecule usually has one end with a polar functional group
that adheres to the metal anode and a hydrophobic long chain
that repels water, such as perfluorooctanoic acid (PFOA).>*> In
PFOA, where C-F bonds are abundant, the substantially
negatively charged terminal F atoms not only repel water
molecules, but also generate strong ion-dipole interactions with
positively charged Zn>*, thereby facilitating rapid ion transport
among molecular chains forming a “Zn>* pump”.

In addition, polymeric materials are frequently employed to
in situ build multifunctional interlayers. The cross-linking and
interpenetrating features have the potential to establish a protec-
tive layer that shields water and a percolating ion-conducting
network that facilitates rapid and homogeneous ion diffusion.
For instance, Meng et al. engineered a polyzwitterion protective
layer (PZIL) by polymerizing 2-methacryloyloxyethyl phosphoryl-
choline (MPC) in carboxymethyl chitosan (CMCS), where the
choline groups in MPC preferentially adsorbed on the Zn anode
to circumvent side reactions and the phosphate groups chelated
with Zn*" to promote ion transport (Fig. 12c).”*° Along with the
Hofmeister effect between ZnSO, and CMCS, a polymer network
with abundant Zn** transport channels was thus formed. Besides
the simple introduction of polymeric materials, Wang et al.
revealed the important role of the orientation control of the
functional groups in polymeric materials to optimize ion flux
homogenization and ion transport kinetics improvement.>*®

Apart from polymers, self-assembly of a supramolecular
framework is another approach to construct a multifunctional
interlayer. For instance, Fu et al. developed a supramolecular
organic framework through self-assembly based on H-bonds
and n-m stacking interactions between melamine (ME) and
cyanic acid (CA).>” This SOF exhibited triple functions: the
in-plane H-bond networks firmly trapped water molecules to
assist Zn>" desolvation and prevent interfacial side reactions, the
plentiful polar groups strongly interacted with Zn*" and improved
the ion transport kinetics, and the n-n stacked space-layout

This journal is © The Royal Society of Chemistry 2024
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In situ artificial interlayer design. (a) Schematic illustration showing interfacial challenges, different diffusion modes and the functions of an ideal

interlayer. (b) Schematic illustration of the ‘anchor-capture’ mechanism. Reproduced with permission from ref. 199 Copyright 2023, Springer Nature.
(c) Schematic illustration of an artificial interlayer of a polymer network. Reproduced with permission from ref. 200 Copyright 2023, Wiley-VCH.
(d) Schematic illustration of a dynamic corrosion inhibitor and its mechanism. Reproduced with permission from ref. 201 Copyright 2022, Elsevier.
(e) Schematic illustration of a proton filter. Reproduced with permission from ref. 95 Copyright 2022, American Chemical Society.

structure induced flat and smooth (002)-textured Zn deposition. The
other supramolecular framework design includes self-assembled
tannic acid/Zn>* complex interlayers®® and 3D continuous spindle-
shaped mesoporous chitosan frameworks.**®

Notably, for AABs, water resistance is largely highlighted over
other functions in terms of interlayer design, as water-induced
side reactions are a major problem plaguing the batteries’
stability. Choi et al. designed a polyvinyl alcohol (PVA) interlayer
on the Al metal anode by introducing PVA into the electrolyte for
an aqueous Al-air battery (Fig. 12d).>°* A dynamic corrosion
inhibiting effect was featured as the hydroxyl group-rich PVA
could be adsorbed on the Al surface to suppress corrosion in an
open-circuit state, and detached upon discharging, leaving the
Al surface exposed for a smooth stripping process. When
adsorbed onto the Al surface, hydroxyl groups in PVA interacted
with the surrounding water molecules by forming hydrogen
bonds, intervening in the reaction between Al and water and

This journal is © The Royal Society of Chemistry 2024

therefore inhibiting the HER and corrosion. It was shown that
the corrosion rate of Al in an open-circuit state with PVA was
around one-fifth of that without PVA, displaying an inhibition
efficiency of approximately 80%.

In aqueous Al metal batteries where a mildly acidic Al,(SO,);
solution was used as the electrolyte, Yan et al developed a
proton-filtering polymer film as a functional interlayer
(Fig. 12e).” Poly(vinylidene difluoride) (PVDF) and Nafion were
coated onto the Al metal anode as the polymer film.>*>*'® The
polymer film served as a proton filter that not only rendered
water molecules less accessible to the Al anode, but also pre-
vented the contact with active protons via the electrostatic inter-
actions between the polymer matrix and protons. The resultant
CV curve of the Al anode with a proton-filtering polymer film
showed no distinguishable hydrogen evolution peak in a sym-
metric cell configuration, indicating that an ultra-stable environ-
ment was enabled. Tao et al. reported the use of polyethylene
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glycol (PEG) as an electrolyte additive.”’" During galvanostatic
charging, polymerization of PEG led to the formation of a protective
interlayer on the Al metal anode. This interlayer could effectively
mitigate corrosion under acidic conditions with pH < 4 and render
a flat anode surface for uniform plating/stripping.

Despite the spontaneous in situ interlayer formation fea-
tured by adsorption or self-assembly, critical requirements of
the electrolyte additives involved may limit the materials selec-
tion. In comparison, ex situ methods such as spin-coating,
magnetron sputtering and binder-coating enable the use of a
wider range of materials, including cyanoacrylate adhesive (502
glue),>"* commercial weighing paper,”'® molecular sieves,*'*
TiO,,>"> and porphyrin-Zn (ZnTBPP).>'® Notably, the ZnTBPP-
based interlayer designed by Chen et al. suppressed the HER in
a novel way of interface redox potential modulation (Fig. 13a).>'®
Electrons at the Zn interface tended to migrate into the ZnTBPP
molecules, forming a charge transfer layer. Furthermore, the
electron cloud density of ZnTBPP was largely delocalized, which
led to the charge depletion of the Zn interface and an increased
redox potential of the Zn anode, hence suppressing the reduction
of H' into H,. The electron delocalization and electron with-
drawing effect in ZnTBPP was attributed to two factors: the large
n bond in the structural center, and the electron withdrawing -Br
functional groups. To illustrate the importance of -Br groups,
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ZnTMPP (meso-tetratolylporphyrin-Zn) with electron-donating
groups —CHj; replacing the -Br in ZnTBPP was used for compar-
ison. It was shown that the electron cloud density in ZnTMPP was
localized, and charge accumulation was observed on the Zn
interface. As a result, ZnTBPP@Zn showed a higher HER energy
barrier than ZnTMPP@Zn, and ZnTMPP@?Zn still exhibited a
higher HER energy barrier than the bare Zn due to electron
delocalization by the large © bond.

In addition to the previously mentioned materials for arti-
ficial interlayers, metal-organic frameworks (MOFs) and cova-
lent organic frameworks (COFs) are rather common choices,
primarily due to their inherent tunable pores. For instance, Guo
et al. designed a series of anhydride-based COFs with abundant
zincophilic groups and precise tuning of hopping sites for Zn**
transfer.”’” The special ABC stacking of the designed COFs
created specific zig-zag sites along the 1D channel that pro-
moted faster Zn>* diffusion than AA and AB stacking modes, as
confirmed by the MD simulation on the activation energy of
Zn** migration (Fig. 13b). In turn, Zhang et al utilized an
ethylenediaminetetraacetic acid (EDTA) grafted MOF as the
artificial interlayer.'>® EDTA served as tentacles that strongly
coordinated with Zn®", thus capturing the ions and facilitating
prompt desolvation (Fig. 13c). The MOF matrix offered direc-
tional channels for ion conduction and improve Zn*" diffusion
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kinetics. As a result, the MOF-modified substrate displayed a
uniform (002)-textured deposition.

Critically, although most of the reports on artificial inter-
layer design claim the improved metal ion capture and deso-
lvation behaviors, these two processes are actually coupled and
incompatible, as the hydrophobic functional groups favoring repul-
sion of H,O and desolvation of the H,O-coordinated metal ion are
actually adverse to the capture of metal ions. Moreover, the ion
transport pathways in most artificial interlayers are highly tortuous,
which may impair the diffusion kinetics. In response, Wang et al.
proposed a tandem chemistry strategy to decouple the capture and
desolvation processes and simultaneously boost the two within a
sophisticatedly designed Janus mesopore accelerator.>*® The accel-
erator had performative and aligned channels inside, with the upper
inner surface decorated with hydrophilic -OH groups and the lower
inner surface decorated with hydrophobic -F groups (Fig. 13d).
Zn(H,0)s>" clusters could be easily captured at the upper -OH-rich
region, and subsequently go through effective desolvation at the
lower —F-rich region.

The concept of the artificial interlayer can be further
employed in addressing the challenges for cathode materials.
The key functions of the artificial layer are to inhibit the material
dissolution and promote the electron transport at the cathode-
electrolyte interface. Shuai et al. reported using an atomic layer-
deposited ZnO layer to suppress the vanadium dissolution and
side reactions.*" Interfacial coating with conductive polymers and
carbon materials can be utilized to enhance the interfacial charge
transport. Huang et al. designed a phytic acid/polypyrrole (PA/PPy)
organic layer onto the Cay,,V,05-H,O cathode, which demon-
strated synergistic positive effects of boosting the electronic con-
duction, facilitating the Zn** desolvation at the interface, and
inhibiting the vanadium dissolution.*?°

3.2.4. Solid-electrolyte interphase (SEI) design. An SEI is a
layer that forms between the solid electrode and the electrolyte in a
battery. The term “interphase” suggests that such a layer represents a
distinct phase with unique physicochemical properties that emerge
upon contact between the solid electrode and the electrolyte.”*"
Therefore, strictly speaking, an SEI should be defined as an
interphase layer resulting from the interaction between the solid
electrode and the electrolyte in a battery. However, because a large
number of studies have developed layers with physical and chemical
properties similar to SEIs, even if their formation may be ex situ and
not necessarily a direct result of the electrode-electrolyte interaction, a
broader standard should be adopted that includes such intentionally
designed layers as SEI design. It should also be noted that in this
section, the discussion on the SEI design refers to the SEIs between
the anode and the electrolyte.

3.2.4.1. SEI design rationales. The basic requirement for an
ideal SEI should be low electronic conductivity, high ionic conduc-
tivity, water resistance and dendrite suppression (Fig. 14a).

Sufficiently low electronic conductivity guarantees that
deposition occurs below an SEI, rather than on top of it-—other-
wise an SEI would function as a substrate or a metallophilic
layer as mentioned before. High electronic conductivity also
leads to intensified interfacial redox side reactions, dendrite

This journal is © The Royal Society of Chemistry 2024
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formation and potential dead metal deposit formation inside
the SEI On the other hand, high ionic conductivity ensures fast
vertical and horizontal ionic diffusion, low polarization, uni-
form nucleation, and uniform growth. The positive effect of
high ionic conductivity in dendrite-free deposition aligns with
the previous discussion on the second Damkohler number Day,
as high ionic conductivity promotes fast diffusion and hence
lowering Day.

The common inorganic SEI compositions in AZBs
including ZnF2’169,2267235 Zn3(P04)2’169,176,228,232,2367239
ZnS’169,225,226,231,232,234,240,241 ZnCO3,227,231,234,2427244 Znsos’226,231,242
Zn0,226’241’244‘245 Zn4[OH)GSO4~nHZO,SO‘Z%’ZU ZnSe,150,169,248 etc. all
satisfy the requirement of decent ionic conductivity and electronic
insulation. Wang et al. performed a rational screening of SEIs
which included the dimensions of both electronic conductivity
and ionic conductivity.>** In terms of ionic conductivity, the
vertical diffusion through an SEI and the diffusion on the
surface on an SEI were both considered, as the former influ-
enced the transportation rate of Zn>" while the latter affected the
local distribution of Zn>* (Fig. 14b). As a proof of concept, the
two parameters above were calculated and compared between
Zn;(BOs), (ZBO) and other common SEI materials, revealing the
superior ionic conductivity of ZBO.

Besides the intrinsic electronic conductivity and ionic con-
ductivity of an SEI itself, the thickness factor should also be
considered. A thick SEI increases ionic resistance and may
result in sluggish ionic diffusion.”*®>*° A thin SEI not only
favors fast ionic diffusion but also may influence the electronic
resistance. Specifically, when the thickness of an SEI goes
below the 1 nm threshold, the electron tunneling effect
becomes significant.>*>*** Therefore, the thickness of an SEI
should be preferably thin, but at least of a nanometer scale or
greater. In AZBs, the reported thicknesses of SEIs usually fall in
the range of 100 nm to 1 pm,'?*?2228:232:238.249 with gome
ultrathin ones of tens of nanometers and some thick
coatings of several micrometers.>*>*** It should be noted that
the thicknesses of the in situ formed SEIs are hardly control-
lable, but usually much thinner, while ex situ methods such as
coating or hydrothermal reactions offer effective ways to control
the SEI thicknesses."”*?*®

An ideal SEI should also prevent exposure of the metal
anode to water so as to inhibit side reactions. This can be
achieved by the design of dense SEIs, or alternatively, porous
but functional SEIs. In AZBs, zinc hydroxide sulfate (ZHS), or
Zn,(OH)¢SO,-nH,0, is a by-product often considered harmful
due to its micrometer sizes and random stacking that forms a
loose layer on the Zn anode, which not only fails to protect the
Zn anode from water, but also results in nonuniform deposi-
tion. However, its low electronic conductivity and high ionic
conductivity, combined with its spontaneous formation, makes
it an SEI candidate. To transform ZHS into a suitable SEI, Wang
et al. realized in situ conformal growth of ZHS with the
dominating (001) facet on (002)-textured Zn.*° The formed
ZHS layer could serve as a dense, robust and uniform SEI
which simultaneously regulated deposition and suppressed
side reactions. In comparison, Xiang et al. constructed a porous

226,233,242
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ZHS layer derived from a ZIF-8 membrane (Fig. 14c).>** Inherit-
ing the porous feature and well-ordered structure from ZIF-8,
the ZHS layer provided ion transport channels which facilitated
swift Zn** diffusion that favored uniform deposition and effective
desolvation that inhibited side reactions. In AABs, a multilayer
SEI was designed by Sun et al., which ensured effective isolation
of water from the Al metal anode (Fig. 14d).*** The top layer of
the SEI mainly contained AlF;, with a minor amount of Al,O3,
and the subsequent layers contained Al,(SOs3); and Al,S;, all
derived from the Al(OTf);-containing solution, as was character-
ized by the XPS spectra. Apart from water isolation, the SEI layer
was also reported to be ionically conductive, which improved AI**
transport kinetics and facilitated uniform deposition.

Last but not least, an ideal SEI should be capable of
suppressing dendritic growth so as to guarantee safe and stable
cycling. A tough and stiff SEI with high mechanical strength
deformation resistance is usually considered the optimal

9004 | Chem. Soc. Rev,, 2024, 53, 8980-9028

choice. Wang et al. proposed the product of interfacial energy
(y) and Young’s modulus (E) of the SEI as an indicator of
dendrite suppression ability.”*> A higher yE indicates more
effective dendrite suppression, and a rational screening of yE
showed that ZBO had superior dendrite suppression ability
(Fig. 14€).>**> Nevertheless, some pointed out that SEIs with high
stiffness and hardness which could hardly adapt to the volume
change of the Zn anode during cycling were susceptible to
cracking.'**?°*?%* Therefore, Yan et al. introduced 1-glutamine
(Gln) as an additive to in situ produce a hybrid SEI consisting of
ZnS and Gln-related species (Fig. 14f).>*® This hybrid SEI
possessed a rather low modulus and hardness, as well as good
shape recovery capability, thus enabling topological adaptation
to volume fluctuations during plating/stripping.

3.2.4.2. SEI design strategies. In addition to the fundamental
SEI design principles outlined above, numerous studies have

This journal is © The Royal Society of Chemistry 2024
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identified advantageous SEIs with additional desirable traits
and featuring strategic fabrication methods. In situ construc-
tion of SEIs through the introduction of electrolyte additives is
a commonly employed strategy.>?*>*® The widely reported
ZnF,-containing SEIs can be produced by fluorine-containing
species, such as Zn(OTf),,>*>?**?'®  Zn(TFSI),,>*%>?32%>
Zn(BF,),,>*° etc, and similarly, Zn,(PO,),-containing SEIs can
also be produced in situ by electrolyte additives such as
Zn(H,PO,),,>*® triethyl phosphate (TEP),>** tris(2,2,2-trifluoro-
ethyl)-phosphate (TFEP),**® etc. Specifically, a novel fluorine-

View Article Online
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containing zinc salt Zn(DFTFSI),, which featured an asymmetric
anion group, bi-(difluoromethanesulfonyl)(trifluoromethanesul-
fonyl)imide (DFTFSI "), was proposed by Chen et al. (Fig. 15a).>*
DFTFSI was demonstrated to be more effective in forming a robust
ZnF, SEI compared to TFSI™, due to the easy decomposition of
DFTFSI stemming from its asymmetric structure and the presence
of an electrochemically labile CF,H moiety. Apart from anion-
derived SEIs, some cations can also participate in the formation of
SEIs.>****?% For instance, Cao et al combined Zn(OTf), with
trimethylethyl ammonium trifluoromethanesulfonate (Me;EtNOTY)

S
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Fig. 15 SEI design strategies. (a) Comparison of SEI formation processes based on two Zn salts. Reproduced with permission from ref. 235 Copyright
2024, Wiley-VCH. (b) Schematic illustration of a hybrid SEI and its formation mechanism. Reproduced with permission from ref. 242 Copyright 2021,
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and utilized the synergistic reactions between OTf  and Me;Et" to
synthesize poly-species SEI containing ZnF,, ZnCO; and ZnSO;
(Fig. 15b).>*

Organic-inorganic or polymer-inorganic hybrid SEIs repre-
sent a prevalent SEI design approach. In a hybrid SEI, the
organic or polymeric components serve as a matrix that con-
tributes to flexibility and ensures full coverage to repel water
ingress, while the inorganic components are embedded in the
matrix to provide sufficient mechanical strength and high ionic
conductivity. Liu et al. in situ built an endogenous organic-
inorganic hybrid SEI with the organic outer layer containing
N-H and -CHj; and the inorganic inner layer consisting of ZnO
and ZnCO;.>** The stable SEI with the complementary advan-
tages of high ionic conductivity, sufficient structural integrity
and toughness guaranteed a long lifespan for over 5500 hours
at 3 mA cm /3 mA h cm > A similar design strategy was
reported in aqueous manganese metal batteries by Yang et al.
(Fig. 15¢).>*® The inorganic interface containing the Mn, ,,Sn
alloy and Mn,SnO, was constructed through the replacement
reaction between Mn and SnCl,. The inorganic interface had
two layers: the upper layer containing vertically aligned flakes
guided uniform ion diffusion and the lower layer consisting of
dense particles physically isolated the Mn metal anode from
water. The organic interface was formed by the esterification
reaction between sucrose and NaClO, and served as a dense
protective layer against water.

Self-healing is another design feature of the SEI.
The self-healing ability can be fulfilled by introduction of
electrolyte additives which actively react with the exposed metal
anode when the as-formed SEI cracks, thus regenerating new
SEI layers to persistently guard the SEI integrity. Such electro-
lyte additives mimic the ‘early warning defense’ function of
dendritic cells in the biological immunization system.”*® Based
on this philosophy, Zhang et al. proposed the multifunctional
lithium bis-(oxalate)borate (LiBOB), which could not only
derive an SEI containing ZnC,0,4-2H,0O with high ionic con-
ductivity, but also preferentially adsorb towards and react with
the freshly exposed Zn to repair the damaged SEI when defects or
cracks of the previous SEI were present.”>® Similarly, other
chemistries with SeO, repairing ZnSe-containing SEIs**® and
sodium glycerophosphate C;H,Na,O¢P repairing Znz(PO,),-
containing SEIs®* have also been investigated. However, it
should be noted that the lifespan of such a repairing effect is
potentially limited by the amount of the electrolyte additive. Once
the electrolyte additive is depleted, a damaged SEI can no longer
be healed, and the metal anode is exposed to water unprotected.
In response to this problem, Wu et al. designed a PVDF-based
composite layer containing Zn(TFSI), which could continuously
integrate the naturally generated by-product ZHS into a compact
SEI film, thus achieving prolonged self-healability.**” To further
enhance the reversibility of self-healing, Zhang et al. introduced
nanosheet-like graphitic carbon nitride quantum dots (C;N,QDs)
as additives to construct a dynamic and self-repairing SEIL>®'
Upon plating, layered C;N,QDs assembled into an SEI from its
colloidal building blocks, exhibiting the ion-sieving effect of the
single sheets to assure Zn>* conduction while simultaneously

247,248,259-261
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suppressing the water-induced side reactions. Upon stripping,
the as-formed protective C;N,QD SEI spontaneously redispersed
into the electrolyte.

In AABs, the role of SEIs primarily revolves around inhibit-
ing side reactions and passivation which pose primary chal-
lenges to an Al metal anode. Passivation in AABs is caused by
the spontaneous formation of an Al,O; or Al(OH); layer, which
is neither electronically conductive nor ionically conductive.
The removal of such a passivating layer and the subsequent
construction of an effective SEI is the guiding principle. Zhao
et al. proposed an artificial SEI formed on Al in contact with the
AlICL;-[EMIm]CI ionic liquid (IL)-eutectic electrolyte (denoted as
IL-ASEI).>** The IL-ASEI was mainly composed of AlCl; and
exhibited high ionic conductivity. It was declared that the IL-
ASEI was the tightly bound, IL-enriched film and capable of
eroding the passivating Al,O; oxide layer as well as protecting
the Al anode against subsequent formation of oxide. Some
other studies have also reported treatment of Al metals with
AlCl;-based eutectic solutions or ionic liquids.>**72%°

To further investigate the efficacy of an SEI obtained by such
treatment, Li et al. built an AlCl;-containing IL-ASEI by soaking
Al in AICl,/urea IL (Fig. 15d).>*” They then revealed that the IL-
ASEI actually promoted the corrosion of Al by providing CI,
rather than facilitating the transport of AI**. The remaining Cl1~
within the as-formed ASEI induced pitting corrosion and low-
conductivity Al(OH); was generated as a by-product on the
exposed Al surface during plating/stripping. Furthermore, H,
production was observed and the pits on the Al anode surface
after cycling were attributed to H,. The detrimental effect of C1~
was further confirmed by Dong et al. (Fig. 15¢).>*® They illu-
strated that the AICl; in an IL-ASEI dissolved instantaneously
from the initial SEI when immersed into the aqueous electro-
Iyte. The resulting Cl~ effectively lowered the pitting potential
and promoted pitting corrosion. The broken SEI, in turn, led to
gradual re-passivation. In conclusion, Cl-containing SEIs or the
equivalent addition of Cl-containing salts to the electrolyte
cannot be considered a sensible way to improve the Al electrode
performance. In response, Sun et al. obtained a Cl-free, AlF;-
rich SEI by the reactions between Al and OTf .*** Besides
abundant AlF; in the outer layer, this SEI also contained
Al,S;, Al,(SO;); and Al,0;. Coupled with a co-solvent acetoni-
trile which reduced the reactivity of water, the anode with the
AlF;-rich SEI was largely immune to corrosion and passivation.
However, the study on the SEI design in AABs is still insuffi-
cient, and the inferior cyclability of current AALBs remains an
unresolved problem that demands the construction of a stable
SEI that can effectively inhibit the HER, suppress corrosion and
circumvent passivation simultaneously.

Besides the SEI design at the anode side, the construction of
a CEI can further help overcome the cathode dissolution issue
and prolong the full-cell cycling stability. For example, Guo
et al. introduced PEG as a polymer additive into the electrolyte,
efficiently suppressing the water activity through hydrogen
bonding and material dissolution for stable sodium superionic
conductor (NASICON) cathodes.>*® Zhang et al. proposed an
in situ artificial CEI strategy by introducing strontium ions into

This journal is © The Royal Society of Chemistry 2024
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267 The strontium

the vanadium oxide layers as a sacrifice guest.
ions could precipitate onto the cathode surface once getting out
of the vanadium-based cathode, forming a CEI that could

suppress the vanadium dissolution.

4. lon flux homogenization

The poor reversibility of a metal anode in an aqueous battery,
apart from corrosion and side-reactions, mainly stems from
nonuniform deposition due to the tip effect. The tips may come
from the uneven surface of the pristine metal anode or the
formation of protrusions during deposition. Such tips can distort
the local electric field and attract more metal ions to deposit onto
them or near them, thus causing dendritic growth. Considering
obtaining an absolutely smooth and even surface is not practical,
tips will inevitably form during deposition. In order to prevent
the evolution from tips to dendrite, ion flux homogenizing
strategies are applied to offset the tip effect and guide relatively
uniform deposition in the presence of tips. Three approaches are
often adopted to homogenize ion flux, which are electrostatic
shielding, electric field modulation, and external stimuli.

4.1. Tip shielding

Tip shielding aims to prevent the dendritic growth of protruding
regions on the metal anode. With tip shielding, instead of being
drawn to the tips and then forming dendritic deposits, the metal
ions are driven towards flat regions and form even deposition. In
order to achieve this function, the key to tip shielding is the
response to the existence and evolution of protrusions.

Such a response can be based on the mechanical pressure
applied to a separator by the tips. Dong et al. designed a
mesoporous ferroelectric polymer membrane as the separator,
which could generate an internal piezoelectric field (Ep;) when
compressed by protrusions (Fig. 16a).>°® When the positive
polarization (Pp;) side faced the metal anode surface, the local
electric potential in the electrolyte (Vi) near the protrusions
was increased due to the presence of a piezoelectric potential
(Vpz), which was capable of repelling Zn** from migrating
towards the tips. Notably, these effects selectively acted on
the protruding regions, leaving the flat regions unaffected.

Other than the shielding mechanism above, tip shielding is
most often accomplished through electrostatic shielding,
wherein specific electrolyte additives are introduced. These
additives can selectively adhere to the protrusions, repelling
metal ions towards flat regions for deposition, thereby imped-
ing further dendritic growth of the protrusions. For example, Li
et al. introduced ammonium persulfate (NH,),S,0g as an
electrolyte additive, where NH,"  could preferentially adsorb
on the protrusions due to the electron-rich nature of the tips,
thus forming an electrostatic shield that guided Zn>* towards
the flat areas through electrostatic repulsion.”®® It was revealed
by CA curves that the electrostatic shielding could effectively
restrain the 2D diffusion process which was associated with
nonuniform deposition and promote the favorable 3D diffusion
(Fig. 16Db).

This journal is © The Royal Society of Chemistry 2024
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Common cations used for electrostatic shielding include
A13+,274 Na+’275—277 Sn2+’278 K+’z79 and NH4+,259,230 with their
radii being 0.53 A, 1.02 A, 1.2 A, 1.38 A and 1.48 A, respectively.
Zhang et al. compared the effects of cation radii on electrostatic
shielding (Fig. 16¢).?”° Rb", with a larger radius of 1.52 A, was
demonstrated to be more effective in electrostatic shielding
because Rb" was more efficient to occupy the tips and could
induce a larger electrostatic shield, thereby prompting the
lateral deposition of Zn** to form a well-regulated planar
deposition morphology. On the other hand, Cheng et al. used
Zr*" as the cation for electrostatic shielding and stated that a
higher valence could enhance the electrostatic shielding effect,
and the further decreased Debye length also favored the Zn
close-packed deposition.?®* Other rare-earth cations with high
valences such as Ce**, La*" and Y*" have also been investigated
as cations for electrostatic shielding.'?”>%

Specifically, using LiCl as the additive, Yuan et al. delved
into electrostatic shielding from a crystallographic perspective
(Fig. 16d).”" The rather small radius of Li* (only 0.60 nm) took
the electrostatic shielding effect to a crystallographic level,
where sharp edges of Zn crystals served as tips. Li* could
effectively adsorb to the edges and tips of the existing Zn
deposits due to the tip effect, thereby inhibiting secondary Zn
nucleation along the (100) edges and encouraging deposition
onto (002) facets instead, leading to a desirable dense and
block-like deposition morphology. In addition to cationic elec-
trostatic shielding, diethyl ether has also been reported to be an
effective electrolyte additive for electrostatic shielding."*

Apart from electrolyte additives, electrostatic shielding can
be achieved by the anode structure design as well. For instance,
Wang et al. adopted a eutectic Al-Zn alloy with an alternating
nano-lamellar structure as the anode, in which the insulating
Al,O; shell inhibited electron transfer from Al to Zn*' and
therefore prevented Zn deposition on the tips of Al/Al,O;
lamellas, enabling an electrostatic shield that guided uniform
Zn deposition onto the Zn lamellas (Fig. 16€).””> The same
strategy was also reported by Ran et al., who used a eutectic Ce—
Al alloy (E-Aly,Ce3) in situ grafted with uniform ultrathin MXene
as the anode in AABs (Fig. 16f).”” Due to the high reactivity of
Al and Ce, passivating and insulative oxide shells were in situ
formed on Al;;Ce; nano-lamellas, which generated positive
electrostatic shields that enabled directional Al deposition
along the 2D channels of Al lamellas and hence guaranteed
dendrite-free deposition.

4.2. Electric field modulation

A nonuniform electric field caused by protrusions or other
contour irregularities leads to a nonuniform ion flux and
eventually nonuniform deposition. In response to this, electric
field modulation is adopted to offset the nonuniform electric
field or guide a uniform electric field near the anode surface to
ensure uniform deposition.

Electric field modulation can be realized by electrode
design. For instance, Ren et al. developed a uniform concave
surface geometry on the Zn anode with nanometer-thick ZnO
coating (ZnO-Zn) (Fig. 17a).>*> Top-view SEM images showed

Chem. Soc. Rev., 2024, 53, 8980-9028 | 9007


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00474d

Open Access Article. Published on 19 August 2024. Downloaded on 6/20/2026 9:39:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

View Article Online

Tutorial Review

- <
S —
s~ <V o

a Charging g I—> Pus b N i
m 2D diffusion
v e 10 N & | ZS0-0.1 APS
S |- S, g -0 < £ 3D diffusion
° S ; B S-- D 5
3 o ® Voz . o 22 g: :& 0.".% 2
e 3 = F <3 = B e e
s 3 s F @ ) Ew Zn dendrites = 0N
g 3 g  Depletiom. |5 || & £ ', 9s%d
N S8BT || S S o se.
] V4 s - - - TPNONe
5 VF_L zs0 Uniform deposition
5 -50
. 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Separator/Electrolyte Time (s) Time (s)
CHE - - d No electrostatic shielding Electrostatic shielding
d b < - Dendrite Preferred

| il | @ = |
e Zn2t @ Na'/K* Partially uniform deposition Sharp edges

COHHTH

H .. @)
e sha s i
! ° A= p edges
i ,,
: . . w
\ @ .~ Random 115;
' “ nucleation v Y
4 Tip effect
Soamda T L

¢ @ Restricted ¢
nucleation ’ adsorption
sites
Blunt edges

Preferred adsorption

Metal anode

Electrostatic shield and guiding growth

7 lamella s Al,O, shell

Uniform deposition

Al,.C

: Qi 2, -

E-Al,Ce MXene/E-Al, Ce,

3

Fig. 16 Tip shielding. (a) Schematic illustration of tip shielding enabled by a piezoelectric separator. Reproduced with permission from ref. 268 Copyright
2024, American Chemical Society. (b) Chronoamperometry curves showing 2D/3D diffusion with/without electrostatic shielding. Reproduced with
permission from ref. 269 Copyright 2024, Wiley-VCH. (c) Schematic illustration of electrostatic shielding effects with different cations. Reproduced with
permission from ref. 270 Copyright 2023, Wiley-VCH. (d) The influence of electrostatic shielding on crystallography. Reproduced with permission from
ref. 271 Copyright 2024, Wiley-VCH. (e) Schematic illustration of electrostatic shielding in the eutectic Zn/Al alloy with a lamellar structure. Reproduced
with permission from ref. 272 Copyright 2020, Springer Nature. (f) Schematic illustration of electrostatic shielding in the lamella-nanostructured Al/Ce
alloy. Reproduced with permission from ref. 273 Copyright 2023, Wiley-VCH.

that the surface of the bare Zn was rough and bumpy, full of
irregular sharp edges, while that of ZnO-Zn displayed relatively
smooth bowl-like concave morphologies. Correspondingly, the
simulation demonstrated that the electric field in the ZnO-Zn
model was uniform, precluding the sites with high current
density due to the tip effect in the bare Zn model. Similarly,
surface patterning that endowed the anode surface with regular
microchannels was investigated by Wang et al. and proven to be
effective in regulating the electric field distribution and homo-
genizing ion flux.®® Besides surface contour, more studies report
the 3D electrode design for the uniform electric field distribu-
tion. Zhang et al. printed the 3D Ni-Zn anode with a highly
ordered multi-channel lattice structure (3D Ni-Zn) (Fig. 17b).>%
The simulations on the current density distribution from side
views highlighted the significantly high local current density
due to the tip effect in 2D Ni-Zn, while the relatively uniform
electric field distribution in 3D Ni-Zn facilitated homogeneous

9008 | Chem. Soc. Rev., 2024, 53, 8980-9028

deposition into the 3D microchannels. Various other 3D elec-
trode designs, such as carbon networks and carbon cages, along
with some cases mentioned before, all can contribute to electric
field modulation.”®*

A functional interlayer is also often utilized for electric field
modulation. Interlayers composed of carbon networks®® or
CNTs**® have been reported to redistribute the ion flux and
homogenize the electric field. The Cu,Te, interlayer proposed by
Li et al. presented an ‘intercalation-deposition’ mechanism where
Zn”* was first inserted into Cu,Te, and then uniformly deposited
on Zn at successive low potential, leading to a more uniform
distribution of the current density and ion concentration.>*® Apart
from these, the following cases featuring unique mechanisms
associated with the electric field will be focused on.

An ingenious dynamic microspace electric field regulation
strategy was proposed by Fan et al. by introducing trace addi-

tion of Co single atom anchored carbon (CoSA/C) (Fig. 17¢).>*®

This journal is © The Royal Society of Chemistry 2024
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Fig. 17 Electric field modulation. (a) Top-view SEM images and simulative electrical fields of Zn and ZnO-Zn. Reproduced with permission from ref. 245
Copyright 2023, Wiley-VCH. (b) Top-view SEM images and simulative models of the localized electric field for 2D/3D Ni—-Zn. Reproduced with
permission from ref. 283 Copyright 2021, Wiley-VCH. (c) Schematic illustration of microspace electric field regulation enabled by CoSA/C. Reproduced
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and work function, respectively). Reproduced with permission from ref. 286

Copyright 2024, Elsevier. (e) Schematic illustration of electric field modulation enabled by the BTO interlayer. Reproduced with permission from ref. 287

Copyright 2021, Springer Nature.

The empty 3d orbitals of Co accepted the lone-pair electrons of
the nitrogen molecule, which induced the charge redistribution
from the atomic-level and led to space charge polarization and
localization, hence influencing the microspace electric field
distribution. Upon charging, zincophilic micron-sized CoSA/C
sheets could selectively adsorb on the spacious concave regions
rather than the narrow convex protrusions. Such discriminative
adsorption behavior, also referred to as the super filling
phenomenon,**! combined with the charge polarization effect
of CoSA/C, contributed to the enhanced electric field and
current density on the concave surface. As a result, the electric
field distribution could be regulated adaptively. The occurrence
of self-amplifying protrusion growth induced by the tip effect
was significantly limited and restrained, leading to flat and

This journal is © The Royal Society of Chemistry 2024

dense deposition. Consequently, the symmetric cells with the
CoSA/C additive exhibited stable plating/stripping behaviors for
over 1600 hours at 10 mA cm ™ %/2.5 mA h cm 2.

Ohmic contact can be employed as it creates a built-in
electric field (BIEF), rearranges the energy bands, enhances
the electrical conductivity, and therefore modulates the electric
field and ion flux distribution. Ren et al. constructed a gradient
heterostructure interlayer consisting of conductive MXene
nanosheets and semiconductive ZnSe nanoparticles on the Zn
anode surface (MXene/ZnSe) (Fig. 17d).®® Density functional
theory (DFT) calculations showed that ZnSe exhibited a band-
gap of around 1.156 eV near the Fermi level, while the MXene/
ZnSe heterostructure displayed no bandgap, and its density
of state (DOS) intensity was higher than that of ZnSe.

Chem. Soc. Rev,, 2024, 53, 8980-9028 | 9009
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Furthermore, energy band diagrams of metallic MXene and
semiconductive ZnSe before and after contact illustrated that
electrons transferred from MXene to ZnSe and formed a BIFE.
The BIFE led to the charge redistribution and thus rendered the
electric field distribution on the MXene/ZnSe@Zn surface uni-
form, as confirmed by simulations. Similarly, Ohmic contact
interfaces could also be built by Ce0,.”**

Maxwell-Wagner polarization is another mechanism often
considered for electric field modulation for its ability to create
spatial charge separation and therefore contribute to the uniform
electric field and homogeneous ion flux as well as HER
inhibition.***?°* Maxwell-Wagner polarization refers to the charge
separation phenomenon at the interfaces of two materials with

. . . & .
different relaxation times t (r = 7), where ¢ represents the dielec-
o

tric constant and ¢ represents the electrical conductivity, and a
pronounced Maxwell-Wagner polarization is achieved with a large
relaxation time difference. Considering one of the materials is the
metal anode with high electrical conductivity and a low dielectric
constant, the interlayer should consist of materials with low
electrical conductivity and a high dielectric constant.”*> For exam-
ple, Zhang et al. built an interlayer containing defect-rich HfO, ,
polycrystals, which had a high dielectric constant of over 25 and a
low electrical conductivity of 3.4 x 10~® S m™*.**° In addition, the
defect rich HfO, , possessed strong zincophilicity due to the
oxygen valence sites. As a result, the interlayer could not only
induce Maxwell-Wagner polarization to regulate the ion flux,
but also efficiently capture Zn>* to improve the ion migration
kinetics. Other materials with the low electrical conductivity and
high dielectric constant including Zr0,,>******%” §i;,N,**® and
Nb,05>°° have also been reported to modulate the electric field
via Maxwell-Wagner polarization.

Another dielectric material, BaTiO3, due to its high dielectric
constant and switchable polarization under external electric
field, can be integrated in an interlayer for electric field
modulation.”®”*°® Wu et al. constructed a BaTiO; coating on
the Zn anode (Fig. 17¢).>®” Upon charging, the corresponding
external electric field induced deviation of Ti*" from its original
central position, causing polarization. The same phenomenon
occurred upon discharge, but with an opposite polarization
direction. As a result, a directional electric field could be built
near the Zn anode surface. In addition, The BaTiO; layer
physically provided uniform ion pathways. The two mechan-
isms combined, the BaTiO; layer significantly facilitated the
uniform electric field distribution and homogenous ion flux,
resulting in desirable smooth and flat deposition.

4.3. External stimuli

In addition to the material-specific ion flux homogenizing
approaches, some universal measures, namely external stimuli,
can be widely employed. Three external stimuli, such as mag-
netic fields, acoustic waves and external pressure, have been
commonly studied in various battery systems®°’°” and in
aqueous batteries as well.

Applying a vertical magnetic field can homogenize ion flux
and alleviate dendritic growth.**>'® In the early stage of
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dendrite formation, metal ions are drawn towards the tips due
to the tip effect. That is to say, a horizontal velocity component
is present, in addition to the vertical velocity component drifting
the ions from the cathode side to the anode side. A vertical
magnetic field, in this case, generates the Lorentz force that acts
on the metal ions being drawn to the tips. The direction of the
Lorentz force is perpendicular to the plane consisting of the
original vertical and horizontal velocities, inducing a new
velocity that is perpendicular to both the original vertical and
horizontal velocities. On the other hand, the magnetic field
leaves the ions which are not subjected to the tip effect intact,
as they exhibit no horizontal velocity components and hence are
not subjected to any Lorentz force. The resulting trajectories of
the metal ions subjected to both the tip effect and the Lorentz
force are spiral lines revolving around the tips. The swirling
motions of the metal ions can be referred to as the magnetohy-
drodynamic effect (Fig. 18a).>'® With this effect, the metal ions
that should be directly drawn to and deposited on the tips now
are deposited in the regions near the protrusions, forming a
relatively round deposit rather than a sharp dendrite. Such a
mechanism can effectively mitigate the problem of dendrite
formation and improve the reversibility of an aqueous metal
battery.

Acoustic waves, or to be more specific, ultrasonic waves
can induce dual effects that favor uniform deposition (Fig. 18b).*"!
Firstly, ultrasonic waves with a relatively low frequency
(20-40 kHz) induce cavitation effects in electrolytes.>'*>*¢
Implosion of cavitation bubbles can release enough energy to
both increase the local flow velocity and destruct the dendri-
tic structure. Secondly, ultrasonic waves with a rather high
frequency (100 MHz) generated by a surface acoustic wave
device are able to generate acoustic streaming.?°’*'7318 The
acoustic streaming can efficiently replenish ions in the
boundary layer. At a high flow rate, a convective flow can
even overtake ionic diffusion as the dominating ion transport
and replenishment mechanism. Such effects can translate to
the increasing diffusion coefficient substantially, which
aligns with the previous analysis on the space charge model
and Sand’s time, significantly mitigating dendrite formation.

Finally, applying an external pressure is another plausible
external approach for dendrite suppression. Experimental
results suggested that as the applied stacking pressure
increased from 100 kPa to 600 kPa, both the deposited Zn
thickness and the porosity of the deposits decreased, along
with top-view SEM images displaying denser and flatter deposi-
tion morphologies. Besides, Zn-Ti cells displayed higher Cou-
lombic efficiency (CE) values with increasing pressure, and the
average CE reached 88.9%, 91.2%, 94.3%, and 95.9% at 100,
200, 400, and 600 kPa, respectively. This indicated that applying
the external pressure was capable of alleviating side reactions
and preventing the dead Zn formation (Fig. 18c).*'> Another
study applying the reactive molecular dynamics (RMD) simula-
tion with a reactive force field on the Zn electrode and the
aqueous ZnSO, electrolyte revealed that the addition of moder-
ate pressure led to improved diffusion and reduction kinetics,
regulating electrode crystallographic orientation towards the

This journal is © The Royal Society of Chemistry 2024
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Fig. 18 External stimuli. (a) (i) The effects of the external magnetic field on ion transport and deposition. (i) Simulation of ion trajectories with/without
the external magnetic field. Reproduced with permission from ref. 310 Copyright 2022, the Royal Society of Chemistry. (b) The effect of the acoustic
wave on the ion transport and deposition. Reproduced with permission from ref. 311 Copyright 2024, Elsevier. (c) (i) Experimental results showing the
effects of external pressures on deposition morphologies. Reproduced with permission from ref. 312 Copyright 2024, the Royal Society of Chemistry. (ii)
The effects of the external pressure field on ion transport kinetics. Reproduced with permission from ref. 313 Copyright 2024, Wiley-VCH.

planar (002) texture, as well as a smaller solvation sheath with
lower water coordination numbers, all of which favored den-
drite suppression and uniform deposition.*'?

5. Solvation chemistry modulation

Often, multivalent ions are surrounded by the water molecules
or ligands with counter-charged sites via the coordination
interaction in the aqueous electrolyte. For those directly
attached to the metal ions as the primary solvation shell, it
will have the formula of [M(H,0),(ligand),]"" where x + y is
equal to 6 for most elements in periods 3 and 4 of the periodic
table. The solvated structure of the ions is dependent on the
interaction between the ligands (molecules, anions, etc.) and
the metal ions. A strong ligand could repel the water molecules
from the primary solvation shell, while a poor ligand would
leave the solvated ion to fully hydrate as [M(H,0)s]"". In the

This journal is © The Royal Society of Chemistry 2024

electrochemical deposition process, the solvated ions diffuse
and approach the metal anode along the electric field, and then
are desolvated at the surface for the following reduction reac-
tion with charge transfer. In such a process, side reactions,
such as the HER, could occur if the coordinated water number
is high, while the desolvation kinetics would be slow if the
metal ions are highly solvated by the ligands. In this part, the
rational selection of ligands (anions from salts, organic addi-
tives, and polymer chains) and their functions in shaping the
primary solvation shell and affecting the redox kinetics and
side reactions will be introduced in multiple aqueous multi-
valent batteries.

5.1. Deep eutectic electrolytes

The solvation chemistry of the metal cations can be controlled
by adjusting the compositions and molecular chemical moi-
eties of the electrolytes. Deep eutectic electrolytes, mainly

Chem. Soc. Rev,, 2024, 53, 8980-9028 | 9011
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consisting of hydrogen bond donor/acceptor pairs or Lewis
acid/base pairs, have attracted broad attention in various
electrochemical energy storage systems due to their good
thermal and chemical stability, high tunability, and low vapor
pressure.’’®?*°® The hydrogen bond donors or Lewis bases
interact with the metal cations, which repels the water mole-
cules from their inner solvation sheath and suppresses the HER
and passivation at the metal anode.**" One thing that should be
noted is that there is a balance between the proportions of the
solvated anions and water molecules, as too many solvated
anions would decrease the ionic conductivity resulting in poor
kinetics. The eutectic electrolytes can be mainly categorized
into three classes: cosolvent eutectic electrolytes, hydrated
eutectic electrolytes, and salt-additive eutectic electrolytes.
Cosolvent eutectic electrolytes typically use organic solvents
which are miscible in water and with a high donor number to
change the first solvation shell of the metal ions. Commonly
used solvents include dimethylformamide (DMF), dimethyl
carbonate (DMC), DMSO, dimethylacetamide (DMA), dioxolane
(DOL), Ch;CN, etc. For hydrated eutectic electrolytes, coordina-
tion agents, usually organic salts, are utilized to bond with
metal ions and restrict the majority of water molecules inside
the solvation structure. Although the water content is highly
limited in such electrolytes, they could retain fluidity with a
‘water-in-eutectic’ status. The concept of salt-additive eutectic
electrolytes is similar to the highly concentrated electrolytes, in
which case, salt additives are added to the high-concentration
electrolytes to further increase the salt concentration and
decrease the hydrogen bonds formed with water molecules.
For AZBs, Chen et al. reported a comprehensive study on the
Zn(OTf), electrolytes with ethylene glycol (eg).** The optimized
binding configurations of different electrolytes were calculated
by DFT calculations (Fig. 19a). Different from the normal
solvation structure of [Zn(H,O)s]**, the deep eutectic solvent
(DES) showed the coordination with anions of OTf™ and eg.
When the water content in the DES increased to form hydrated
DESs (HDES), the proportion of the coordinated anions
decreased while the coordinated water increased. It should be
noted that the anion-involved solvation structure in the DES is
due to the weaker solvation capacity of eg compared with H,0,
which results in low ionic conductivity and low binding energy.
Simultaneous good ionic conductivity and low binding energy
and overpotential could be realized in the electrolyte with a
moderate water content, HDES30. The proportions of free
anions (FA), loose ion pairs (LIP), and intimate ion pairs (IIP)
in these HDES electrolytes were revealed by Raman spectro-
scopy (Fig. 19b). Among them, HDES30 showed a dramatically
decreased LIP (Zn>*-OTf ") ratio, increased FA ratio, and mod-
erate strong-H bond ratio, indicating a significantly improved
ion dissociation degree and limited free water molecules
(Fig. 19¢). Wang et al. introduced a polar solvent, sulfolane,
to constrain water molecules inside the reverse micelle nano-
domains of the eutectic electrolyte, which limited the proton
transport and suppress the HER.**® The sulfolane molecules
not only form abundant hydrogen bonding with the water
molecules through their strongly polar and hydrophilic group
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(O =S = 0), but also coordinate with Zn>* strongly forming the
sulfolane-rich solvation shell.*** Other widely reported organic
molecules used in eutectic electrolytes include acetamide,>>3:*2¢
ethylene glycol,®***® succinonitrile (SN),**” tetramethylene
sulfone,**® urea,***3%° etc.

The design rationales of eutectic electrolytes that explored in
AZBs can be further employed in various multivalent aqueous
battery systems as they share the similar solvation chemistry
and mechanism. Meng et al. reported a new hydrated eutectic
electrolyte with Al(ClO,4);-9H,0 and a neutral ligand (SN) for
AABs.*' It was found that Al(Cl10,);-9H,0 is the best compared
with other Al-based salts to form the hydrated eutectic electro-
Iyte due to the strongest intermolecular interaction between
Al(Cl0O,4)3-9H,0 and SN, which retained the liquid state even
with a salt:ligand molar ratio of 1:20 (Fig. 19d). The coordi-
nated SN (-C=N- - -AI**) could be detected by Raman spectro-
scopy, distinguished from the free -C---N, with the highest
coordination number of ~5 when Al:SN is equal to 1:16 and
the coordinated structure of [Al(SN)5(H,O)]>" (Fig. 19€). The use
of acetamide was also widely investigated in AABs. Chu et al.
reported to use AlCly/acetamide as the low-cost deep eutectic
solvent for the Al-S batteries.*** Via the coordination reaction,
Al-Cl bond cleavage occurred and AICI**-coordinated cations
and Al,Cl,” (AICl,~, ALCl, ", etc) anions formed.>** These
newly formed anions could serve as the active species to help
the reversible Al plating/stripping. Later, Chu et al. found that
the use of a fluorine-substituted acetamide additive enabled an
F-rich interphase layer which could further stabilize the Al
plating/stripping.**> A large number of urea-like organic mole-
cules, such as urea,®**3*3%” methylurea,**® and thiourea,**°
were reported for the formation of the deep eutectic electrolytes
with Al salts. A hybrid Fe-Al liquid battery was reported by
Zhang et al. using the AlCl;/urea deep eutectic electrolyte, which
changed the coordination environment and the solvated struc-
ture to [AIC],(urea),]" rather than Al,Cl, .**® Luo et al. achieved
a less-water-solvated structure, [Al(AN),(TEP)(OTf),(H,O)]**, by
using a combination of triethyl phosphate (TEP) and acetoni-
trile (AN) to prepare the hydrated eutectic electrolyte, which
could inhibit the side reactions, lower the freezing point, and
expand the electrochemical stability window.**°

A hydrated eutectic electrolyte with acetamide and Mg(NO;),-
6H,0 was used for aqueous Mg-ion batteries by Zhu et al.*** The
electrolyte remained in a liquid state with a Mg**:acetamide
molar ratio of 1:8 (Fig. 19f). Differential scanning calorimetry
(DSC) curves revealed that high liquid temperatures (7j) could
be achieved when the molar ratio was too high or too low
(Fig. 19g). Furthermore, the lowest melting point (Ty,) at —76 °C
could be obtained at a molar ratio of 1:8 due to the charge
delocalization between the components. The bonding proper-
ties of the hydrated eutectic electrolyte could be further inves-
tigated by Fourier-transform infrared (FT-IR) spectroscopy,
which suggested the break of hydrogen bonding in water
clusters when increasing the acetamide (Fig. 19h). With the
MD simulation, it showed that a low acetamide content (1:2)
resulted in a well percolated hydrogen bonding network, while a
high acetamide content (1:12) caused sluggish ionic transport

This journal is © The Royal Society of Chemistry 2024
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RDF plots of Mg?*~0 and the corresponding coordination environments of the Mg?* ion in the electrolyte with a molar ratio of 1: 8. Reproduced with

permission from ref. 332 Copyright 2022, the Royal Society of Chemistry.

due to the acetamide cluster (Fig. 19i). A ternary deep eutectic
Mg-ion electrolyte was later reported by Song et al. using the
mixture of Mg(Cl),-6H,0, acetamide, and urea with the high
ionic conductivity and enlarged working voltage.**!

It can be seen that, in various aqueous battery systems,
hydrated eutectic electrolytes are a promising design direction
to alter the solvation chemistry of metal ions. More impor-
tantly, the introduced organic molecules, such as urea and
acetamide, are universally effective in these cases. With a well-
controlled solvated state, using eutectic electrolytes can sup-
press the side reactions, improve the ionic conductivity, and
extend the electrochemical stability window simultaneously.

5.2. Organic polymer/chelating additives

Introducing electrolyte additives is a feasible and economical
approach to control the dendrite growth, suppress the surface
passivation, form stable protective SEI layers, and alleviate the
dissolution of cathode materials in various aqueous battery
systems.**>?*? Inorganic additives, such as soluble salts and
acids, are typically added to play the electrostatic shielding
effect on suppressing the dendrites,****** involve in the elec-
trochemical reduction to prevent the anode surface from the
HER,*****” and hinder the passivation layer formation by

This journal is © The Royal Society of Chemistry 2024

increasing the electrolyte acidity.>*®>** Organic additives that are

soluble in water can be categorized into surfactants, polymers,
chelating agents, and organic salts. Surfactants, such as SDS*?*>!
and SDBS,*> show a strong tendency to enable the chemical
adsorption on the metal surface and then alter its surface energy
due to the interactions between the polar ends of the surfactant and
the metal surface. The covering surfactants can homogenize the
surface energy even with dendrite tips and its tail’s hydrophobic
nature can sterically hinder the approaching ions and redistribute
the local ionic flux. Polymers with the strong polar ends (e.g., -NH,
and -OH) can also be absorbed onto the metal surface for tuning
the interfacial properties.***>® Furthermore, the interaction
between the polymers and cations is able to reconstruct the solva-
tion sheath as the chelating agents, which would be our focus in
this section.***

Jin et al. reported the in situ formation of nanometer-thick
ion-oligomer interphases on a Zn metal anode for the
chemical, morphological, and hydrodynamic instabilities."*®
The structures of ion-oligomer complexes in aqueous electro-
lytes formed between Zn**-halide ion complexes and PEG
oligomer (300 Da) were studied with different zinc halide salts.
The initial ion-oligomer complexes in aqueous media vary
substantially as revealed by Raman vibrational spectroscopy,
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as shown in Fig. 20a. Octahedral [Zn(H,0)s]** and tetrahedral
[ZnCl,(H,0),] are the main ion states in the ZnSO, and ZnCl,
electrolytes, respectively. In the Znl, electrolyte, besides the stable
complexes [ZnL,]*~, several unstable complexes [Znl;] ", [Znl,] and
[znI]" also exist in a large proportion, while in the ZnBr, electrolyte,
[ZnBry(H,0),], [ZnBr,]*~, [ZnBr;]~, [ZnBr,] and [ZnBr]" coexist.
Such complexity suggests that the solvation structure of the Zn>*
in electrolytes is highly related to the steric structures and electro-
negativity of the anions. It is noted that in the case of Znl,, no
water molecules are involved in the complex formation, which is
probably due to the lower electronegativity and higher polarization
of iodine atoms. PEG with different molecular weights has also
been reported effective in solvation regulation in other electrolyte
systems.*””*° The chelating agents, such as 2-bis(2-hydroxyethyl)-
amino2-(hydroxymethyl)-1,3-propanediol (BIS-TRIS),**® trisodium
citrate,’®* triethanolamine,® ethylenediaminetetraacetic acid
(EDTA),** and glucose,*** were reported to tune the solvation
structures. Sun et al. introduced a small amount of glucose
(10 mM) in the 1 M ZnSO, electrolyte as the chelating agent
to achieve highly reversible Zn plating/stripping.*** In contrast
to the coordination structure of Zn** with six water molecules in
the ZnSO, electrolyte, one glucose molecule can enter the
primary solvation shell to replace one water molecule there
thus changing the solvation structure. Meng et al. proposed the

9014 | Chem. Soc. Rev., 2024, 53, 8980-9028

use of the equilibrium constant of the complexation reaction
(K), which affects the corrosion current density and nucleation
overpotential, to evaluate the properties of the chelating agents
to stabilize the anodes by comparing several Zn-ligand
complexes.”'® EDTA, with a superhigh K, was found to be the
most effective chelating agent due to the highest energy barrier
of Zn-EDTA for producing the Zn,SO,(OH)s corrosion product in
the ZnSO, electrolyte.

Wang et al. demonstrated the molecular crowding effect of
the glucose-containing electrolyte in aqueous Al metal-air
batteries.*® Different from the [Al(H,O)s]>" structure in the normal
electrolyte, free water molecules were found surrounded and con-
fined by glucose molecules via the hydrogen bonds after introducing
glucose (Fig. 20c). The potential for hydrogen evolution in the 4.5 M
glucose electrolyte was —0.13 V more negative compared to the 0 M
glucose electrolyte, which indicates the suppression of the hydrogen
evolution reaction (Fig. 20d). Zhao et al used polar pyridine-3-
carboxylicacid (PCA) as the additive in the Al(OTf); electrolyte to
alter the Al**-solvation structure and restrain the corrosion and
water activity.*®” It was found that one PCA molecule can enter the
primary solvation shell and replace one bounded H,0O molecule and
the adjacent AI’* cations are connected by O, which differs signifi-
cantly in the Al-centered solvated structure of [Al(H,0)s(OTf-H,0);]
in the electrolyte without the PCA. Such a solvation structure makes

This journal is © The Royal Society of Chemistry 2024
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water decomposition thermodynamically unfavorable and enlarges
the electrochemical stability window.

For AMIBs, Fu et al. reported an aqueous Mg-ion electrolyte
with PEG and low-concentration salt of Mg(TFSI), with a wide
ESW of 3.7 V.*°® It was reported in the Mg(TFSI), electrolyte that
Mg>* tends to coordinate with the oxygen atoms of TFSI™ ions
and water with an octahedral arrangement, [Mg(H,0)¢]*" and
[Mg(TFSI);(H,0);] .**® PEG could directly coordinate with the
Mg”* cations and TFSI™ anions, and thereby influence the
solvation structure of Mg>* ions in the electrolyte (Fig. 20e).
The simulated geometrical structure of the Mg(TFSI),-H,O
electrolyte with and without PEG both showed a peak located
at 0.20 nm, corresponding to the first solvation shell of Mg>"
(Fig. 20f). With PEG, an additional peak at 0.19 nm could be
observed, which represented the coordination of Mg>"-PEG.
Furthermore, the decreased integrated coordination number
(ICN) with PEG indicated a decrease of the Mg”>*~H,0 coordina-
tion, implying that 36% of the solvated water in the first shell
was replaced by two PEG molecules. Sun et al. also revealed that
in the MgCl,-H,0-PEG electrolyte, four water molecules were
coordinated with Mg** rather than six coordinated molecules in
the MgCl,-H,0 electrolyte.**

Overall, the introduced organic polymers or chelating agents
could alter the solvation structure of the metal ions in the
electrolyte, as showcased in different battery systems, via the
coordination with the cations and the hydrogen bonds formed
with water molecules and anions. Besides the effects on solva-
tion, these additives often play the additional roles of restricting
the activity of water molecules and constructing an organic
interlayer on the metal anode, which synergistically benefit for
the suppression of the HER and the free of corrosion/passivation.

5.3. Highly concentrated electrolytes

The concentration of the electrolyte can further significantly
affect the solvation structure at the molecular level due to the
change of the local environment for coordination, as well as the
activity of water molecules in the aqueous electrolyte. When the
salt concentration increases in the electrolyte, the IIP between the
multivalent cations and anions from the salt would form, leaving
the water molecules less coordinated but restrained in the local
place. Such highly concentrated electrolytes with lean water are
also called water-in-salt electrolytes when the salt outcomes the
solvent by weight and volume. The desolvation behavior of the
intimate ion pairs in WIS electrolytes is different from that of the
common hydrated ions, which would promote the uniform
deposition at the interface/interphase by regulating the interfa-
cial properties. Furthermore, with the restrained activities of the
water molecules, the hydrogen evolution and passivation
occurred at the metal surfaces can also be suppressed.

The concept of the WIS electrolyte was first introduced in
the aqueous lithium-ion battery to overcome the water splitting
issue in 2015.>”° Suo et al. proposed to use the 21 m LiTFSI to
broaden the electrochemical window to ~3.0 V due to the
evolution of the Li" primary solvation sheath. Such WIS elec-
trolyte design was also utilized in battery systems beyond Li,
such as Na.*”* Due to the high solubility of LiTFSI in water
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(>20 m) at room temperature, LiTFSI is a promising additive to
form the WIS electrolyte combining with other redox active
salts for multivalent aqueous batteries. Wang et al. used a
mixed highly concentrated Zn-ion electrolyte (HCZE), 20 m
LiTFSI and 1 m Zn(TFSI), for reversible Zn deposition and
enlarged electrochemical window.?”> As shown in Fig. 21a, the
deposited Zn showed a dense and dendrite-free morphology
after 500 cycles and no passivation product ZnO can be
observed from XRD patterns. The highly reversible Zn plating/
stripping can be attributed to the unique solvation sheath
structure of Zn*" in the HCZE, where anions are accumulated
at the vicinity of Zn** and form (Zn-TFSI)’, rather than
(Zn(H,0)e)*" in the common electrolyte. Such coordination
structures were revealed by MD simulations, which showed
that Zn>* coordinates with six water molecules with 5 m LiTFSI,
and the structure evolves to coordinate with six oxygen atoms
from the TFSI™ anions when LiTFSI increases to 20 m (Fig. 21b).
A large number of highly concentrated electrolytes were
explored with different salt combinations showing the proper-
ties of suppressing the water decomposition and expanding the
electrochemical stable window. Zhao et al. designed the WIS
electrolyte of 21 m LiTFSI and 0.5 m ZnSO, demonstrating a
high-voltage aqueous Zn/LiMn, gFe,,PO, battery (>1.8 V).>”?
Hu et al. used 21 m LiTFSI with 1 m Zn(OTf), to make an
aqueous hybrid-ion Zn/V,0s battery with an improved dis-
charge voltage platform of 1.0 V.>’* Wan et al. further used
the same WIS electrolyte to achieve an operating voltage of
~1.6 V.*”> Considering the high cost of the TFSI salts, the
potential for using other cheap and commonly used salts for
preparing WIS electrolytes has also been widely explored. For
example, 30 m ZnCl, can work as the WIS electrolyte due to the
coordinated [Zn(H,0),Cl,]*>~ and [ZnCl,]>” ions for preventing
hydrogen evolution.?”® Also, 3.3 m ZnSO,, forming [Zn(H,0)s""-
(S0,>7)] in the electrolyte, was reported to use with a MOF-
based protection layer to synergistically suppress the water
activity and reduce the corrosion of the Zn anode.?””

The WIS electrolyte design concept can be further used in Al-
based aqueous battery systems. Compared with the redox
potential of Zn/Zn*" (—0.76 V vs. SHE), the redox potential for
Al/AP’* (—1.66 V vs. SHE) is much lower, which means that the
hydrogen evolution issue at the metal anode side would be more
severe. Zhou et al. reported that the 5 m Al(OTf); electrolyte,
which is close to saturated, was effective to widen the electro-
chemical window as well as alleviate the dissolution issue of the
Prussian blue cathode.?”® As shown in Fig. 21c, compared with
the electrolytes of 1 M Al (NO;); and 0.5 M Al,(SO,);, with
stability windows of 1.81 V and 1.40 V respectively, the WIS 5 m
Al(OTf); electrolyte showed a broadened electrochemical win-
dow of 2.65 V. The suppressed water activity can be attributed to
the formed LIP and intimate ion pairs in the WIS electrolyte due
to the lack of water molecules to form two hydrated shells with
APP*, which is the case in dilute aqueous solutions (Fig. 21d).**
From the Raman spectra, in a dilute electrolyte of 1 m, the free
anions (FA) are dominant species while an increasing propor-
tion of the IIPs can be observed when the concentration of the
electrolyte increases from 1 m to 5 m (Fig. 21e). However, Pastel
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et al. pointed out that the Al(OTf); electrolyte did not show
obvious positive effects even with a concentration of 3.6 m, and
the overpotential for hydrogen evolution was decreased in this
case.”® It also should be noted that the Al(OTf);-H,O system
exhibited a much lower pH compared to the Li(OTf)-H,O system,
which suggests that Al(OTf); could increase the proton activity
and affect the cathode stability®®! due to the existing hexa-aqua
ion [Al(H,O)e]*" although there are few unbound water mole-
cules. Besides the use of Al(OTf);, AlCl; was selected as the salt
due to its high solubility in aqueous solutions.*® With the AIC;-
based WIS electrolyte (4:1:1 of AlCl;-6H,0, MnSO,-6H,0 and
water in weight), a high discharge voltage of 1.9 V and a high
discharge capacity of 285 mA h g ' could be achieved for the
MnO,/Al battery.>** Other advanced WIS electrolytes include the
mixed salts, for example 1 M Al(OTf); and 15 M Li(OTf), which
changes the AlI**-solvation sheath from the traditional octahedral

9016 | Chem. Soc. Rev.,, 2024, 53, 8980-9028

Al(H,0)s>* configuration to mixed octahedral Al(OTf),(H,0)s_
(x > 0) and tetrahedral Al(OTf);OH" ion pairs, and thus extends
the electrochemical stability window up to 4.35 V.>%?

The use of WIS electrolytes has also been exploited in other
multivalent (e.g., Mg,*”*3%438% and Ca*** %) aqueous batteries.
The fundamental working principles of these WIS electrolytes
are similar to those of the Zn and Al ones, which reshape the
cation-solvation sheath structure and regulate the water bond-
ing conditions. Wang et al. reported to achieve an enlarged
electrochemical window with the WIS electrolyte of 4 m
Mg(TFSI),, which is noncorrosive and safe (Fig. 21f).>”° Com-
pared with the dilute 1 m MgSO, electrolyte, whose electro-
chemical window is governed by the hydrogen and oxygen
evolution potential, the WIS electrolyte exhibited a broadened
window of 2.0 V (Fig. 21g), which is higher than most nonaqu-
eous Mg-ion electrolytes.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00474d

Open Access Article. Published on 19 August 2024. Downloaded on 6/20/2026 9:39:26 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

Although there have been a decent number of studies on
WIS electrolytes over the past decade, research thrusts can
further be focused on developing novel WIS systems with
multifunctional properties, for example, stabilizing the cathode
materials during the electrochemical process. Also, exploring
promising salts with large abundance and low cost is required
to lower down the price for the electrolyte, making the WIS
electrolyte-based aqueous batteries mass-produced for large-
scale applications.

5.4. Hydrogel electrolytes

Hydrogel electrolytes have attracted broad attention in versatile
electrochemical energy storage applications thanks to their high
tunability in the surface functional groups and cross-linking
status.*®® The functional groups on the polymer chain determine
its affinity with the water molecules in the aqueous electrolyte and
the cross-linked polymer network constructs the pores with various
sizes to hold water molecules inside. There are three main statuses
for water molecules inside a hydrogel: free water, intermediate
water, and bounded water.>*® Free water molecules show a high
degree of freedom, forming hydrogen bonds with the adjacent
water molecules. These water molecules often have a high possi-
bility to participate in the side reactions in the electrochemical
process, e.g., the HER, causing detrimental effects on the cell cycle
life. Bounded water are the water molecules at the vicinity of the
polymer chain and forming hydrogen bonds with it and it is less
likely for these water molecules to travel a long-range distance in a
hydrogel electrolyte. By tuning the properties of the hydrogels,
aqueous batteries with various features for different practical
applications could be realized.

Zwitterions, or ‘inner salts’, represent a unique class of small
molecules in which cationic and anionic species are covalently
bound, which typically exhibit high water retention abilities and
solubilities. Polyzwitterions have been widely used in energy storage
applications due to several advantages.*** Among them, the most
important one is that, under the electric field, the cationic and
anionic counterions on the polymer chains can be separated, which
could facilitate the ion transport inside the channels due to the
strong electrostatic interactions between the charges on the chains
and cations in the electrolyte.**> Furthermore, the high polarity of
the charged polymer chains generates a strong interaction between
the hydrogel electrolyte and the metal anode. Fu et al. developed a
supramolecular zwitterionic hydrogel electrolyte (SZHE) with cross-
linked carbon nanofibers (CNF), polyacrylic acid (PAA), and zwitter-
ionic betaine, which exhibited high ionic conductivity and self-
healing properties due to the fast ion shuttles and high mechanical
robustness of the hydrogel network (Fig. 22a).**> Mo et al. also
constructed the fast ion migration channels via cross-linking [2-
(methacryloy-loxy)ethyl]diethy-(3-sulopropyl) (MADES), a zwitterionic
sulfobetaine monomer, in the cellulose nanofibril matrix
(Fig. 22b).*** Separated ion migration channels for Zn** and SO,>~
ions could be achieved due to the zwitterionic groups on sulfobe-
taine chains in the zwitterionic sulfobetaine/cellulose (ZSC) hydrogel
electrolyte.

Anti-freezing is a critically important feature for practical
applications that could be realized via using the hydrogel

This journal is © The Royal Society of Chemistry 2024
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electrolytes, as the water molecules bound to the polymer chain
show a low degree of freedom and a lower temperature below
the freezing point of water is required to freeze them. A
poly(vinyl alcohol) (PVA)-based hydrogel electrolyte was fabri-
cated via the integrated effects of co-nonsolvency and ‘salting-
out’ with a DMSO/water mixed solvent (Fig. 22¢).>*> The PVA
polymer chains were highly aggregated, forming the porous
structure inside, and the hydrogen bonds among free water
were disrupted, resulting in a high freezing tolerance of —77 °C.
Shi et al. developed a Zn(BF,), and polyacrylamide (PAM)-based
anti-freezing electrolyte by replacing the O-H---O bonding
between water molecules with O-H---F due to the higher
electronegativity of F atoms.*®”

Electrochemical stability windows can further be enlarged
via rationally designing hydrogel electrolytes to reduce the free
water content or generate a polymer electrolyte-metal interphase.
A Ca*"-based hydrogel electrolyte with PVA was used for the
protection of the SEI on the anode and suppressing both the
HER and the OER for reversible Ca plating/stripping (Fig. 22d).>%°
For a 1 m Ca(NO;), solution, Ca** was solvated by six water
molecules at the primary solvation sheath, while most of other
water molecules freely formed hydrogen bonds, which would
trigger the HER. When PVA was introduced in a saturated
Ca(NOs),, a polymer-like aggregation was exhibited, suggesting
that water molecules were immobilized by the highly concen-
trated salt and the polymer chain. PEG was utilized as another
skeleton for polymer electrolytes which could generate an Al
electrolyte interface during charging (Fig. 22€).>'" Such a protec-
tive layer not only inhibited the side reactions and avoided
corrosion after repeated cycling (Fig. 22f), but also disrupted
the hydrogen bond and increased the working temperature of the
battery.

Generally speaking, hydrogel electrolytes are highly tunable
by choosing different salts, polymer chains, and polymerization
conditions for achieving various capabilities, such as high ionic
conductivity, wide working temperature and voltage, and sup-
pressed side reactions and corrosion. The fundamentals of the
hydrogel electrolyte design are based on altering the interac-
tions between the polymer and water and between the polymer
and cations. Achieving aqueous electrolytes with multiple func-
tions is highly promising through playing the interfacial chem-
istry among water, salts, and polymers.

6. Conclusions and outlook

To conclude, we explored the interfacial chemistry of multi-
valent aqueous batteries via the integration of fundamental
working principles, dominating challenges at the interfaces,
and rationale design strategies for regulating the interfacial
properties. Specifically, aspects of regulating metal deposition,
homogenizing ion flux, and tuning ion solvation chemistry
were introduced to address the key interfacial problems at
the metal anode and cathode, such as dendritic growth, side
reactions, gas generation, and material dissolution. While
considerable research has been focused on AZBs, other
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aqueous metal batteries have received comparatively less atten-
tion. Such disparity and imbalance present an opportunity to
adapt and implement successful strategies developed for AZBs
in other aqueous battery systems, as we have showed that the
interfacial design strategies are actually highly universal in
these multivalent aqueous battery systems. For example, alloy-
ing has been extensively studied and applied in AZBs, with its
functions of nucleation enhancement as well as corrosion
resistance both investigated. However, in AABs and other
aqueous battery systems, alloying has not yet been fully stu-
died. On one hand, alloying is a common and effective strategy
in general metal corrosion prevention, the as-existing experi-
ence of which can be used as the reference for metal anode
anti-corrosion. On the other hand, the nucleation enhance-
ment effect of alloying has rarely been exploited in AABs and
other aqueous battery systems. Similarly, other strategies such
as metallophilic layers, crystallographic manipulation, tip
shielding, electric field modulation, etc. can also be studied
and applied in aqueous battery systems. It should also be noted
that the metal anodes (e.g., Al, Mn, and Mg) are typically more
susceptible to the HER and passivation/corrosion due to their
intrinsic chemical and electrochemical properties. Therefore,
employing the methodologies in Zn-based batteries in other

9018 | Chem. Soc. Rev., 2024, 53, 8980-9028

after cycling with and without PEG. Reproduced with permission from ref. 211

metal-based batteries should carefully consider multiple
aspects of anti-corrosion/passivation and anti-dendrite for
achieving long battery lifetime.

Despite the significant achievements in aqueous batteries, we
summarize some key aspects that have not been well explored in
current research, which would enable cost-effective, high-energy,
long-duration multivalent batteries for various practical applications:

(1) High-voltage stability and wide-temperature properties.
Other than the predominant emphasis on stability highlighted
in numerous papers, it is imperative to consider several other
dimensions when evaluating the performance of aqueous bat-
teries. Two pivotal aspects warranting attention are high-
voltage stability and wide-temperature performance, as they
represent critical factors dominating the batteries’ stability and
energy/power density and impeding the practical application of
aqueous metal batteries. Current aqueous metal batteries are
frequently plagued by side reactions, notably the electrolysis of
water at high voltages. The constrained working voltage, typi-
cally around 1.5 V, is considerably lower than the average
working voltage of lithium-ion batteries, which easily surpasses
3.5 V. The consequent low energy density and power density
constitute significant drawbacks of aqueous metal batteries.
Furthermore, the low-temperature performance of aqueous

This journal is © The Royal Society of Chemistry 2024
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metal batteries is often compromised by diminished discharge
capacity, reduced power density, and the susceptibility of electro-
lytes to freezing. Current state-of-the-art aqueous batteries with
an anti-freezing electrolyte can operate at —85 °C**®* and some
others can work at —70 °C.>**°° However, the decrease in energy
density is still inevitable due to the slow charge transport kinetics
at such low temperatures. For high-temperature applications, the
side reactions such as the HER will be more severe due to the
high water molecule activity. With the advanced WIS electrolyte
design, aqueous batteries can withstand the wide temperature
range between —60 °C and +80 °C, while maintaining high
stability and power density.*® However, more efforts are still
required to advance the wide-temperature applications of various
aqueous battery systems. The aforementioned limitations con-
strain the potential large-scale application scenarios of aqueous
metal batteries and necessitate concerted efforts towards their
resolution to propel advancements in the field.

(2) Discerning and understanding the underlying mechanisms.
Despite numerous papers reporting research findings on aqueous
metal batteries, many fail to delve into the fundamental mechan-
isms underlying the challenges that they aim to address or the
rationale behind the proposed designs. Phenomenological evalua-
tions merely answer whether a design is effective, without eluci-
dating the underlying mechanisms or providing a logical and
constructive framework. For example, in terms of electrolyte
additives, interlayer design and SEI design, the choices of mole-
cules and materials are miscellaneous. Although in general they
may follow some overarching principles, the failure to sensibly
discern different working mechanisms, the absence of systematic
deduction and the lack of rational screening, to some extent,
underscores the randomness of related materials selections. This
calls for the unequivocal understanding of various mechanisms
and in-depth comprehension via the integration of advanced
characterization and simulation/modeling, instead of merely rely-
ing on electrochemical performance, to facilitate systematic and
rational screening processes.

(3) Convincing and standardized characterization studies. In
the calculation and experimental aspects, inconsistency exists
among various studies. For instance, in DFT calculations,
variations under simulation conditions lead to vastly fluctuat-
ing outcomes, such as reported surface energies of Zn and
binding energies with alloying elements. This highlights the
need for alternative experimental characterization to elucidate
underlying mechanisms, as reliance solely on DFT calculations
may lack persuasiveness. Similarly, the measurement of contact
angles yields conflicting interpretations. While some take a
decrease in contact angles as a sign of enhanced metallophili-
city and improved electrolyte wettability that appears beneficial,
some argue that a decreased contact angle indicates hydrophi-
licity which intensifies water-induced side reactions. Such a
disagreement implies the intricacy of certain characterization
methods, calling for rigorous interpretation and comprehensive
analysis. Last but not least, there is a lack of a standardized
baseline for the metal anode utilized in various studies. The
stability performance of the metal anode may significantly
depend on factors such as its initial surface morphology,

This journal is © The Royal Society of Chemistry 2024
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composition, processing methods, and more. Therefore, the
selection of characterization techniques should be standardized
to ensure decisive and unambiguous insights into specific
parameters or performances. For example, when evaluating
corrosion resistance, priority should be given to techniques
such as the Tafel plot, which provides critical information on
corrosion potential and corrosion current density. Other char-
acterization methods such as the theoretical calculation of
hydrogen evolution energy barriers and the measurement of
hydrogen generation rates could be auxiliary. In conclusion,
convincing and standardized characterization studies, along
with benchmarking studies, collaboration, and data sharing,
are vital to enhancing viability, reproducibility, comparability,
and scalability in electrochemical research.

(4) Exploring novel chemistries for cathodes. The current
commonly used cathode materials in aqueous metal batteries
are V- and Mn-based oxides, which suffer from the severe
material dissolution issue, resulting in serious performance
deterioration. Heteroatom doping has been utilized to optimize
the interface of the cathode by means of forming a protective
layer to suppress the dissolution. Other strategies include
electrolyte modification such as the high-concentration design.
However, there are not many simple, yet effective strategies
developed so far to address such an issue. One possibility is to
explore cathode materials with new chemistries beyond the
insertion/extraction mechanism, and thus overcome the mate-
rial dissolution. For example, organic materials, with the
mechanism of the coordination reaction with the cations, could
be potential cathodes for various aqueous batteries. The func-
tional groups and steric structures of the organic materials
could be highly tunable to meet the charge storage require-
ments for cations with different charges and hydrated sizes.
Furthermore, the use of organic materials can take advantage
of the ‘co-insertion’ of metal cations and protons to reach a
high specific capacity and working voltage, and thus making
the energy density of aqueous batteries more competitive.

(5) Artificial intelligence-guided fast screening and predic-
tion. Traditional ‘trial-and-error’ processes require a vast num-
ber of tedious experiments, causing a dramatic waste of
manpower and material resources. It is quite challenging
especially when exploiting aqueous electrolytes, as their proper-
ties can be largely affected by the type of anions from the salts,
electrolyte additives, and concentrations. Artificial intelligence
or machine learning (AI/ML) has emerged as a powerful tool to
unveil the material working/failure mechanisms and accelerate
the discovery of battery materials and chemistries. The pre-
requisite of ML is the sufficient and solid dataset collected by
simulations, advanced microscopies, and electrochemical char-
acterization studies. Accordingly, ML algorithms that can learn
complex correlations and patterns from the existing dataset
provide a solution to the unresolved problems. The use of Al/
ML would be very suitable for unlocking the solvation structure
of metal ions with different anions, solvents, and ligands, given
the large quantities of solvation structures that have been
explored with MD simulations. Furthermore, with the dataset,
it is promising that the AI/ML can help to predict the potential
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additives which can help regulate the solvation shell and guide
the experimental research in a more time-efficient way.
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