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Abstract

Mildly acidic aqueous zinc (Zn) batteries are promising for large-energy storage but suffer from the irreversibility
of Zn metal anodes due to parasitic H, evolution, Zn corrosion, and dendrite growth. In recent years, increasing
efforts have been devoted to overcoming these obstacles by regulating electrolyte structures. In this review, we
investigate progress towards mildly acidic aqueous electrolytes for Zn batteries, with special emphasis on how the
microstructures (in the bulk phase and on the surface of Zn anodes) affect the performance of Zn anodes.
Moreover, effective computational simulations and characterization measurements for the structures of bulk
electrolytes and Zn/electrolyte interfaces are discussed, along with perspectives for the direction of further
investigations.

Keywords: Mildly acidic aqueous electrolytes, Zn metal anodes, electrolyte design, Zn/electrolyte interfaces, Zn
plating/striping processes

INTRODUCTION

Zinc (Zn) batteries have been regarded as one of the advanced large-energy storage systems owing to their
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huge natural abundance, low cost, and high theoretical capacity (820 mAh g and 5,854 mAh cm™) of
metallic Zn"?. In addition, compared with strongly acidic and alkaline electrolytes, using mildly acidic
aqueous electrolytes (pH ranging from 3 to 7) contributes to Zn batteries with excellent environmental
compatibility and inherent safety'*". However, the major obstacle to the implementation of Zn batteries is
the intrinsic thermodynamic instability of Zn metal anodes in mildly acidic aqueous electrolytes, which
involves H, evolution, Zn corrosion, and dendritic growth'”. These undesirable results will degrade battery
performance or even result in battery failure.

In recent years, many strategies have been proposed to develop highly stable Zn anode systems, such as
surface coating”*!, host materials design"”, separator alteration"*'”, and electrolyte optimization"*'.
Among them, the electrolyte optimization strategy is recognized as one of the most viable and effective
approaches to improve the electrochemical performance of the Zn anode due to the features of facile
preparation and cost effectiveness™. In parallel to developing novel electrolytes, research into the influence
mechanisms of the structural compositions of electrolytes on the performance of Zn anodes is in full swing.
Researchers have realized that the fundamental structures in electrolytes directly determine the bulk and
interfacial electrolyte properties and hence the Zn battery performance. Understanding the complicated
structures and their correlations with electrolyte properties is of great significance for achieving the rational
design of Zn battery electrolytes beyond conventional trial-and-error approaches®. Recently, some reviews
have introduced electrolytes and their development stages, which help to solve complicated chemical/
electrochemical issues of Zn anodes in aqueous media. However, a comprehensive and detailed review of
how electrolyte structures (in the bulk phase and at the Zn surface) affect the stability and reversibility of Zn
anodes has not been published so far.

In this review, we concentrate on investigating the microstructures of mildly acidic aqueous electrolytes and
their functional mechanisms in stabilizing Zn anodes. As shown in Figure 1, the principle models and
characterization techniques for the structures of bulk electrolytes and Zn/electrolyte interfaces are examined
in detail. We also present recent advances in mildly acidic aqueous electrolytes for Zn batteries. The effects
of electrolyte compositions, including the salt (with salt concentration), solvent, and additive, are
mentioned and critically evaluated. Perspectives on future research directions towards such electrolytes are
also outlined. We hope this review can provide a guideline for the rational design of advanced electrolytes
and boost the development of this field.

UNDERSTANDING THE MOLECULAR ORIGIN OF THE ENHANCED STABILITY OF WATER

IN BULK ELECTROLYTES

Two different water environments in controlling HER

Metallic Zn is a desirable anode material for aqueous batteries because of its high specific capacity, low
redox potential [-0.76 V vs. the standard hydrogen electrode (SHE)], low cost, good water compatibility,
and intrinsic safety™. However, in the charging process, except for Zn ion (Zn*) deposition
(Zn* + 2¢" — Zn), hydrogen evolution reaction (HER) inevitably occurs at the metallic Zn surface in mildly
acidic aqueous electrolytes, resulting in an increased local concentration of hydroxide ion (OH")"”. This
would promote Zn corrosion and the formation of zinc oxide (ZnO) passivation layer (Zn + 20H —
Zn(OH), + 2e — ZnO + H,0 +2¢) and alkaline Zn salts, eventually inducing the Zn dendrite growth caused
by the tip effect and the uneven distribution of Zn** flux [Figure 2]. Therefore, effective means are needed to
suppress HER and accompanied side reactions.

Solvated water
HER can be inhibited by regulating the compositions and structures of electrolytes. For example,



Miao et al. Energy Mater 2023;3:300014 | https://dx.doi.org/10.20517/energymater.2022.89 Page 3 of 31

i. Regulation of nucleation process

(6]
Decomposition

.x_

*_ @~ Desolvation

ii. Adjustion of surface texture

Zn* solvation sheath

6"@%% Migration
Oéc’qf/-/?é iii. Restriction of Zn? deposition site
iv. Construction of SEI
. Species interaction T — )

in Zn batteries

MD
FTIR
NMR jb’%
% /
Raman ﬁr
XAFS /@oﬁs@

Bulk eleclrolytes / \
Salt

* AFM
v |
'. ; SEM SEM
‘ XPS XRD concentration '
Znfelectrolyte interfaces COMSOL EIS Cosolvent Additive 4

Figure 1. Schematic outline of the review. This work will elaborate on the structures and mechanisms of bulk electrolytes and
Zn/electrolyte interfaces, introduce their characterization techniques, and summarize recent advances in electrolyte modifications.

Wang et al. developed a salt-concentrated aqueous electrolyte [1 m Zn(TFSI), + 20 m LiTFSI, TFSI:
bis(trifluoromethanesulfonyl)imide; m: mol kg'], which greatly suppressed HER™\. Their results suggested
that Zn*" is closely coordinated with anions, excluding highly reductive solvated water and rendering the
water in electrolytes inert. Reducing the amount of solvated water has become a pivotal criterion for
designing high-performance electrolytes for Zn batteries ever since. The solvation structure of Zn*" and its
associated reactions that occur on the Zn anode surface are illustrated in Figure 2A. When the solvated Zn**
migrates to the Zn/electrolyte interface during charging, electrons at the Zn electrode surface are transferred
to the Zn*, causing the Zn*" to desolvate and transform into Zn atom as well as being deposited on the
anode. Meanwhile, the remaining electrons are captured by solvated water, and then HER takes place.

Free water

As is known, water consumption occurs not only during the Zn deposition process
(2H,O + 2¢" — 20H + H,1) but also when the battery is at rest". Because Zn is an amphoteric metal, it can
react with proton (H) (Zn + 2H,O — Zn(OH), + H,1). In this case, no Zn salt is added to water solutions,
and hence no solvated water exists. Such a result poses a challenge to the viewpoint on governing HER
activity with the amount of solvated water. In 2020, Xie et al. proposed a new interpretation: Confining the
activity of free water can inhibit HER"". By using polyethylene glycol (PEG) as a crowding agent, the
electrolyte’s cathodic potential is fully 1.1 V lower than it would be without PEG. They presented that a
decrease in the activity of water is due to the fact that the water, mostly free water, is confined in the
network of PEG via forming a hydrogen bond (H bond) with PEG. Inspired by this example, the “H bond-
anchored” electrolytes begin to emerge in Zn batteries. In general, these electrolytes abide by the basic
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Figure 2. Overview of two water environments to interpret the mechanism of HER and the associated corrosion, passivation, and
dendrite growth of the Zn anode in mildly acidic aqueous electrolytes. (A) One view suggests that HER originates from solvated water
in the Zn* solvation sheath. (B) Another view claims that free water (without interaction with Zn>*) is the origin of HER.

principle that HER can be suppressed by disrupting the H-bond network of free water'”**. Figure 2B details
the structure of the H-bond network of free water. Differing from solvated water, free water refers to those
water molecules that do not coordinate with salt cations but interact with each other through H bonds to
form H-bond networks in electrolytes. Breaking the H-bond network of free water can effectively inhibit
HER since it can reduce and block the transport of H" and OH' through the Grotthuss diffusion

mechanism®.

Obviously, both of the two explanations only emphasize the influence of the electrolyte local structure on
HER, and it is still unclear which mechanism is in control of water activity. Very recently, Yang et al. delved
into the origin of HER and suggested that HER primarily originates from solvated water rather than free
water'”. They found that in ZnCl, electrolytes, an increase in the ZnCl, concentration will promote H,
evolution. The results of Fourier transform infrared (FTIR) and Raman spectroscopy reveal that the amount
of solvated water also increases together with the concentration of ZnCl,. Using the density functional
theory (DFT) calculation, the deprotonation energies of free and solvated water were computed at -0.49 and
-4.94 eV, respectively, which further underscores that deprotonation of solvated water is more energetically
favorable than for the free states. In addition, Chen et al. presented that cation-solvent complexes exhibit
much lower lowest unoccupied molecular orbital (LUMO) energy levels compared with pure solvents™'. In
theory, the solvent with a lower LUMO energy level is more easily reduced. Therefore, solvents decompose
more easily on metal anodes once they are complexed with metal cations in electrolytes. Zn**-H,O has a
more negative LUMO energy level than H,O (-2.54 vs. 2.46 eV), so solvated water is easier to be reduced
than free water. But even then, it still cannot be ruled out the role of free water. In contrast to alkaline and
neutral electrolytes, mildly acidic aqueous electrolytes contain a large amount of H' (the reactant for HER)
produced by hydrolysis. A majority of H' predominantly reside in the H-bond network of free water, and
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the free water structure has an important impact on their activity. In addition, electrolyte modification
usually alters the Zn* solvation structure and the H-bond network of free water simultaneously, so a more
trustworthy conclusion may require a combination of the two aforementioned mechanisms.

The correlation effects in bulk electrolytes

Understanding the underlying molecular interactions between electrolyte compositions provides a useful
framework for guiding the rational design of electrolytes with satisfactory performance. Here, we provided a
comprehensive survey of the interactions between each composition (including Zn salt (Zn** and anion),
water, and additives or cosolvents) in mildly acidic aqueous electrolytes. As shown in Figure 3A, these
interactions can be roughly categorized into three types at different levels of detail, including the cation-
anion interaction, the interaction between ion and water (cation-water and anion-water interaction), and
the interaction of additive/cosolvent with water or Zn salt (additive/cosolvent-water interaction or additive/
cosolvent-ion interaction).

The cation-anion interaction

For ions in solution, there are three aggregation states of ions, including solvent-separated ion pair (SSIP),
contact ion pair (CIP), and aggregate (AGG). As shown in Figure 3B, SSIP refers to the ion pairs which are
separated by more than one solvent. Each ion in the SSIP state holds its individual solvation shell and is
only slightly affected by the counterion. CIP is usually the closest-distance contact ion pair, which is formed
through the electrostatic forces between the cation and the anion. The AGG state corresponds to the
presence of ions in the form of clusters. Ionic aggregation states are influenced by the ion species, properties
of the solvent molecule, and the most influential ion concentrations””. Most ion complexes in aqueous
solutions are dominated by SSIP when the salt concentration is less than 1 mol L (M). As the salt
concentration increases, ions engage in each other’s solvation shells, resulting in CIP. AGG states are mostly
found in high-concentration water-in-salt electrolytes, where the solvation shell of cation/anion is entirely
surrounded by opposite-charged ions and contains almost no water. The occurrence of AGG has also been
observed for specific Zn salt with bulky anions, such as TESI'"* and trifluoromethanesulfonate (OTf)"..

The ion-water interaction

Salt dissolution can be considered as the process in which cations and anions in an ionic crystal overcome
the attraction force between each other, dissociate from the crystal lattice to become gas ions, and then enter
the water solution and combine with polar water molecules to form hydrated ions. As shown in Figure 3C,
the Zn* solvation structure is usually composed of Zn** and six water molecules. There are many different
kinds of anions (including TFSI,, OTf, SO,*, CI, ClO,, etc.) being used in Zn batteries. Compared with
Zn*, anions have different solvation structures due to their differences in sizes, shapes, and even charges. As
one of the few empirical endeavors toward the anion effects in water, Collins et al. introduced the concepts
of kosmotropic and chaotropic solutes: Smaller anions like Cl" are kosmotropes, meaning that they are water
structure makers™"; larger ions like OTf and TFSI are chaotropes, which emphasizes that these species have
to be considered as water structure breakers®**!. This theory well explains the promoted stability of Zn
anodes using bulky anionic salts such as Zn(OTf),"” and Zn(TFSI),"””. These bulky anions, as water
structure breakers, strongly disrupt the H-bond network of water, inhibiting HER and stabilizing Zn
electrodes.

The interaction of additive/cosolvent with water or Zn salt

Except for Zn salt and water, a common aqueous electrolyte in Zn batteries contains additional
compositions in terms of additives or cosolvents. As shown in Figure 3D, the additive/cosolvent can interact
with ions, water, and itself in electrolytes. At present, three concepts - chelation, electron acceptor/donor
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Figure 3. The correlation effects in bulk electrolytes. (A) Compositions of mildly acidic aqueous electrolytes and their interactions.
(B-D) Existing theoretical models which are presented based on three interactions: (B) the cation-anion interaction, (C) the ion-water
interaction, and (D) the interaction of additive/cosolvent with ion or water.

number (AN/DN), and hydrophilic and hydrophobic effect - are offered to describe the impacts of an
additive/cosolvent on the remaining species in electrolytes. Chelation is a chemical reaction in which two or
more coordination atoms of a multidentate ligand form a chelating ring with a cation. Chelating agents are
chemicals containing multidentate ligands, which can bind with cations to product chelates. Chelates
usually have high thermodynamic and thermal stability. Inspired by this, the di-2-picolylamine (DPA)
suggested by Geng et al. exhibits a strong affinity to Zn* and successfully controls random Zn** diffusion,
realizing highly reversible Zn plating/stripping with satisfactory coulombic efficiency (CE) at high current
settings™. To categorize solvents with respect to their cation solvation properties, Gutmann et al. developed
the so-called DN, which accounts for the electron-donating property of a solvent molecule®™. Generally, the
additives/cosolvents with high DN value are willing to participate in the Zn* solvation structure. For
example, Cao et al. have proposed that dimethyl sulfoxide (DMSO) is able to replace water in the Zn*
solvation sheath as it has a greater DN (29.8) than water (18)"”. AN, which contrasts with DN, explains the
electron-withdrawing property of a solvent molecule. It directly reflects a solvent’s propensity to donate
protons to create H bonds or salt bridges with anions. As mentioned above, however, there is little research
about the anion solvation structure. The function of solvents with high AN values is uncertain. Most
additives/cosolvents used in Zn batteries are organic. In light of their interactions with water, they can be
roughly divided into hydrophilic and hydrophobic organics. According to the empirical “like-dissolves-like”
rule, the hydrophobicity of a molecule is inversely proportional to its polarity, suggesting that a low-polarity
molecule exhibits a high hydrophobicity. On the contrary, the molecules containing polar groups have a
great affinity to water and exhibit hydrophilicity. Some polar organics, like alcohols””**, sulfones™*, and
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nitriles"”*”, are widely utilized as additives/cosolvents in Zn batteries. Their introduction can not only
maintain the homogeneity of electrolytes but also restrict water activity by breaking the H-bond network of
water. Theoretically, hydrophobic solvents such as most esters*”! have a strong mutual repulsion with
water, which makes them potentially feasible to significantly disrupt the H-bond network of water when
hydrophobic-aqueous systems are realized. Besides, once the hydrophobic additive/cosolvent coordinates
into the Zn*" solvation sheath, it would favorably diminish the solvation interaction between solvated water
and Zn*". However, due to the immiscibility of the hydrophobic organic with water, it is intuitive that
hydrophobic organics may not meet the demands of the homogeneity of electrolytes and are therefore
rarely used as cosolvents in aqueous electrolytes. Fortunately, Miao et al. successfully prepared a series of
hydrophobic carbonate-based hybrid aqueous electrolytes by coupling Zn(OTf),”". Their results show that
the amphiprotic OTf anion with hydrophilic -SO, and hydrophobic -CF, groups acts as a linker
interplaying with both water and carbonate to make them miscible. This work emphasizes how important it
is to consider the interactions between different compositions when designing electrolytes.

Although mildly acidic aqueous electrolytes only contain Zn salt, water, and additives/cosolvents, electrolyte
microstructures are still intricate. This is primarily caused by the complicated interactions between ions and
molecules. These interactions are roughly divided into three types, including the ion-ion, ion-water, and
additive/cosolvent-ion (or water) interaction. Different ion-pair states, which can be roughly categorized as
SSIP, CIP, and AGG, are present in ion complexes. The occurrence of these states mainly depends on ion
concentrations. The proposed concepts of kosmotropic and chaotropic anions well elaborate on and
distinguish the effects of different anions on water. The molecular properties of additives/cosolvents,
including hydrophilicity and hydrophobicity, chelation, and AN/DN value, have significant influences on
electrolyte structural evolution. Although the universality of the effects above is still far from being achieved,
using these theories enables us to identify key principles and research guidelines for an enhancement of
electrolyte solutions for future Zn battery technologies.

Characterization techniques of bulk electrolyte structures

Computational methodologies

Computational simulations have been widely utilized to understand the principles behind electrolyte
modification strategies at the molecular level. According to previous reports, commonly used
computational techniques include DFT calculation, molecular dynamics (MD) simulation, high-throughput
virtual screening (HTVS), and machine learning (ML) [top of Figure 4]. DFT calculation is primarily used
to explore electronic structure properties and interactions between the compositions in electrolytes. For
example, the reducibility of chemicals can be discerned by computing the energy of molecular orbitals
(MOs) via DFT. According to MO theory""*, the lower the LUMO energy level of a molecule, the easier it
is to capture electrons and demonstrate reducing activity. In addition, it was reported that Zn** can induce a
decrease in the LUMO energy of water™. Thus, if the LUMO energy of Zn**-X (X: the modifier in
electrolyte regulation) is higher than that of Zn*-H,O, the modified electrolyte will have enhanced
reduction stability. DFT calculation is also able to understand the Zn*" solvation process. As is known, Zn*
forms a solvation structure with a hydration layer composed of six water molecules, namely Zn(H,O),*. As
mentioned above, these water molecules are solvated by Zn** and are highly reductive. Therefore, to expel
water from the Zn®" solvation sheath, the chemical used for electrolyte modification should be more
zincophilic than water; That is, it should have a higher binding energy to Zn*, so as to construct an altered
Zn** solvation structure with the lower solvation energy than Zn(H,0),>**. In addition, DFT calculation
provides insight into the electronic structure properties of electrolytes. Methods of wave function analysis,
including molecular surface electrostatic potential (MSEP) and deformation charge density (DCD), can be
used to visually describe the evolution of electrons before and after the interactions between the
compositions in the electrolyte. In addition, DFT calculation can also identify molecule shapes, electrophilic
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Figure 4. Computational simulations and experimental characterization techniques to understand the bulk electrolyte structure from a
microscale perspective. Theoretical calculating methods include DFT, MD, HTVS, and ML. Electronic structure characteristics and
interactions between the compositions in electrolytes are primarily investigated using DFT calculations. Electrolyte structures are
usually determined by MD simulations. HTVS is employed to hasten the search for optimal electrolyte materials. Building structure-
property relationships in electrolytes can be done quickly and affordably using the technique of ML. Experimental characterization
techniques include NMR, Raman, FTIR, XAFS, and SANS.

and nucleophilic characteristics, and other parameters related to solution chemistry, providing a wealth of
theoretical information for electrolyte modification. However, DFT calculation has its own shortcomings:
Even though DFT-based molecular dynamics can be used to model the molecular structure of electrolytes, it
is only capable of doing so at the atomic scale of 10°-10°, which is not enough to accurately describe the

electrolyte structure™.

In contrast, MD simulation can deal with a large-scale system of up to 10*-10° atoms, for which they are
popularly used to identify the electrolyte structure. The spatial distribution of species around Zn** can be
determined by computing radial distribution functions [RDFs, g(r)] using MD simulations. The result of
RDFs can be further used to calculate the coordination number [N(r)] of other electrolyte compositions or
even specific elements to Zn*', thus confirming the Zn*" solvation structure. In addition, MD simulation can
be used to determine the number of H bonds around each water molecule, which implicitly reflects the H-
bond network structure of water. The physical properties of solutions, such as density, viscosity, and
diffusion coefficient, can all be computed via MD simulations. Note that in MD simulations, the choice and
modification of the force field as well as the simulation time should be carefully considered as they
significantly influence the computational accuracy.

Recent developments in computer architecture and parallelization have made theoretical screening of
electrolytes possible, which saves time and high costs associated with traditional trial-and-error methods.
The process of utilizing a combination of high-performance computer architecture and theoretical models
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to screen through a large chemical database represents the idea of HTVS"®. The “computational funnel
approach” is the sequential scheme that HTVS commonly uses. It can be interpreted as follows: An
individual phase of the screening is assigned to each quantity of interest, and unsuitable electrolytes from
the candidate pool are eliminated at each step according to a certain criterion, leaving behind a substantially
reduced set of electrolytes as candidates for the following step. A sizable and effective database is required
prior to the execution of high-throughput screening. Despite the high accuracy of DFT and MD algorithms
in predicting material properties, these techniques are computationally expensive and fail to build material
databases with millions of molecules. The screening process can be sped up by using ML. By training a
reliable model using the current data, the low-cost computational prediction of specific properties of new
materials can be made. Combined with HTVS, it enables quick electrolyte design. To the best of our
knowledge, however, HTVS and ML have not been performed in developing aqueous electrolytes in Zn
batteries, which provides more room for further research in this field.

Experimental characterizations

In addition to theoretical calculations, spectroscopic techniques like nuclear magnetic resonance (NMR),
FTIR, and Raman spectroscopy can reveal the structural property of electrolytes [bottom of Figure 4]. NMR
is a significant and useful technique for examining the electrolyte structure, which can reveal details about
the geometry, chemical environment, and the number of nuclei. Especially for light elements (such as H, O,
and C), the strength of the interaction between atoms can be quantitatively determined. For instance, the
disruption of the H-bond network of water can be identified by '"H NMR spectra*’. When the H-bond
interaction in water weakens, it will lower the electron density of H atoms in water, leading to the 'H peak
shifting to a lower field with a larger chemical shift value. In addition, the evolution of the water H-bond
network can be illustrated by "O NMR*. The O chemical shift in water will experience a downshift (high
field) if the H-bond network of water is broken. This is because breaking the water H-bond network leads to
an increase in the electron density on O atoms in water, resulting in a stronger shielding effect to external
electric fields.

The aggregation states of water can be illustrated via FTIR as well. In liquid water, water molecules associate
with each other by H bonds. In order to reduce the system energy, water molecules tend to form large
clusters through strong H bonds, which is represented in FTIR as a redshift of the O-H stretching peak in
water. Otherwise, the FTIR peak gradually blueshifts as the H-bond interaction wanes"”. By analyzing the
evolution of the O-H stretching peak in water, the H-bond network structure of water can be identified.
According to Gaussian fitting”™”, the broad O-H stretching band (3,200-3,600 cm™) for water is usually
divided into three states: (i) “Network water” (~3,205 cm™) is the water molecules with about four strong H
bonds; (ii) “Intermediate water” (~3,410 cm™) corresponds to the water molecules with distorted H bonds
but unable to form a fully connected network; and (iii) “Multimer water” (~3,560 cm™) refers to the water
molecules that are poorly connected to their surroundings and exist as a free monomer, dimer, or trimer.
Raman spectroscopy is a complementary partner to FTIR in studying electrolyte structures. FTIR is
responsible for the detection of polar bonds, while Raman spectroscopy detects the vibration of non-polar
bonds. Raman spectroscopy can identify the aggregation states of ions by performing a deconvolution
analysis. In general, the Raman peak of anions gradually shifts to a higher frequency as ion aggregate states
from SSIP, CIP to AGG"".

X-ray absorption fine structure (XAFS) spectroscopy including X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS), as a potent technique for characterizing
the coordination environment and the atomic site structures of the absorbing center with high sensitivity,
can be used to reveal the solvation and electronic structure of Zn** in electrolytes™. In general, XANES can
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provide details on the geometry of the coordinating atom and the valence state of the absorbing atom. For
instance, in the Zn K-edge XANES spectroscopy, the larger white-line peak energy corresponds to the
higher Zn valence state™; The strength of the white-line peak reflects the N(r) of Zn*", where the N(r)
gradually declines as the white-line peak intensity increases from large to tiny'. The bond length
information of the coordination atom can be determined by examining the R space generated by EXAFS"*".
Wavelet transform is a new technique for identifying and visualizing EXAFS atomic contributions. It has
the advantage of simultaneously exhibiting the length of the coordination bond and the type of
coordination atom, with the peak’s position to the right indicating the bigger atomic number'*". Small-angle
neutron scattering (SANS) measurements are another effective method to understand the electrolyte
structure™. It has the ability to evaluate different RDFs in solution and validate the intermediate-range
electrolyte structures predicted by MD simulations.

In a nutshell, theoretical computation and experimental characterization complement one another by
allowing the former to explain the experimental data and the latter to verify computational accuracy. Each
calculational or experimental method has specific and irreplaceable strengths, and meanwhile, it has its own
limitations. Therefore, multi-method research is indispensable to achieving a full understanding of the
electrolyte properties in Zn batteries. In fact, we have not been able to actually observe the electrolyte
structure so far. The dynamic evolution of the electrolyte structure has not been directly examined yet.
Thus, there are still a lot of challenges and room for advancement in characterization techniques for viewing
and understanding the electrolyte structure.

UNDERSTANDING OF ZN/ELECTROLYTE INTERFACES

Interfacial structures and reactions

The Zn/electrolyte interfacial structure is another critical aspect related to the performance of the Zn anode.
The composition and behavior of the electrolyte at the Zn surface are completely different from that of the
bulk electrolyte!™”. Through physical electrostatic interactions or chemical adsorptions, the Zn electrode
captures molecules or ions from the bulk electrolyte to produce an electric double layer (EDL). The
structure of EDL determines the ionic solvation and desolvation process, the compositions and properties of
solid electrolyte interphase (SEI), Zn** transports crossing SEI, and the depositional mode of Zn*". Figure 5A
illustrates the electrochemical deposition process of Zn*" in the EDL, approximately divided into five
steps': (i) During the charging process, solvated Zn>* moves in the bulk electrolyte towards the Zn
electrode under an electric field; (ii) After crossing the outer Helmholtz layer (OHL), it gradually desolvates
to bare Zn*" at the inner Helmholtz layer (IHL); Then, bare Zn*" is adsorbed to the Zn anode surface (iii)
and acquires electrons to be reduced to Zn metal (iv); and (v) In order to lower the system energy, the
deposited Zn on the electrode may be self-diffuse at the same time. The surface morphology of the Zn
anode affected by the Zn deposition behavior depends on the chemical environment of the Zn surface,
which is sensitive to the electrolyte characteristics'”. The strategy of regulating Zn electrodeposition
morphology by electrolyte modification is thus proposed. Based on recent reports'**’, the mechanisms of
electrolyte regulation on Zn anodes include controlling the Zn nucleation process, adjusting the Zn surface
texture, and restricting the site of Zn deposition.

Regulation of nucleation process

The electrochemical deposition of Zn begins with the Zn nucleation process. The free energy diagram for
the Zn reduction reaction [left of Figure 5B] shows that the formation of Zn metal needs to overcome a
nucleation energy barrier'”. The nucleation barrier can be changed by adjusting the reduction reaction
overpotential. The nucleation overpotential is known as the difference between the tip potential and the
subsequent stable potential, which represents the thermodynamic cost of creating the initial Zn atomic
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Figure 5. The influence of electrolyte regulation on the Zn/electrolyte interfacial electrochemistry. (A) A schematic representation of
the energy storage mechanisms of Zn deposition. (B-D) Three strategies for facilitating the even Zn deposition: (B) the impact of
overpotential on the energy barrier of Zn nucleation as well as the size and density of Zn nuclei; (C) the influence of surface texture on
the Zn morphology, in which planar and non-dendritic Zn hexagons can be made by adsorbing functional additives/cosolvents; and (D)
the even Zn plating triggered by the mechanisms of zincophilicity and electrostatic shielding. (E) A schematic of SEl acting on Zn
anodes, including promoting the homogeneous Zn deposition and preventing HER.

cluster. Usually, an increase in the nucleation overpotential reduces the Zn nucleation barrier. The
nucleation overpotential is also an important factor influencing the nucleation size and the number of
nucleation sites: (i) The Zn nucleation size is inversely proportional to the overpotential; and (ii) The
number of nucleation sites is positively correlated with the overpotential [right of Figure sB]". As
demonstrated in the literature!"*”", these two rules only are appropriate for most electrolytes containing
organic molecules. For example, by increasing the Zn*" desolvation energy, some electrolyte additives/
cosolvents [e.g., ethylene glycol (EG)™, tetraglyme (G4)"*’, and hexaoxacyclooctadecane (18-crown-6)]"
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increase the Zn nucleation overpotential and promote the uniform deposition of Zn. However, the rules are
unfit for inorganic additives. Because compared with the baseline electrolyte, the Zn nucleation
overpotential is smaller in the electrolyte that contains inorganic additives””” and the reasons are still
unclear.

Adjustion of surface texture

The surface morphology of Zn anodes has been reported to be related to the Zn surface texture”””. The
texture reflects the desired orientation of the Zn anode, which controls the corrosion resistance of the Zn
electrode and the direction of Zn dendrite growth”. The growth of Zn dendrite is favorable when the angle
between the Zn anode surface and the growth direction of Zn crystal is large”’. The crystalline orientation
affects the crystal growth direction, which in turn influences the surface morphology and dendrite growth
direction. Figure 5C (left) depicts the Zn growth direction in different crystalline orientations. When the
Zn orientation index is (100) or (110), the angle between the Zn growth direction and the substrate is
70-90°. Such crystal growth directions are in favor of Zn dendritic growth; While the Zn orientation index is
(101), (102), (112), or (114), the angle between the crystal growth direction and the substrate exhibits 30-70°,
which shows the intermediate state; The angle between the crystal growth direction and the substrate is
0-30° as the Zn orientation index is the (002), (103), or (105), which generally exhibits no dendrite growth.
Both the crystalline structure of the substrate and the surface energy of the crystal plane have a significant
impact on the surface texture. In the former case, the epitaxial growth process plays a major part in
influencing the substrate crystal orientation, which allows the freshly nucleated metals to align with the
substrate and grow epitaxially parallel to the substrate to reduce the surface energy™. For the latter, the
surface energy, which is influenced by the coordination environment and the adsorption layer on the
surface, limits the thermodynamically favored exposed crystal plane'’. The introduction of additives/
cosolvents can alter the coordination environment of Zn surfaces, and therefore brings about a change in
the surface texture of Zn anodes [right of Figure 5C]. For instance, Yuan et al. proposed that OTf in the
electrolyte induces Zn*" to deposit along the Zn (002) facet, where the strong coordination ability of Zn**
and OTf plays a crucial part®..

Restriction of Zn** deposition site

During the Zn nucleation stage, in order to reduce the nuclear energy barrier, Zn*" diffusing along the Zn
anode surface will aggregate together to form Zn nuclei. In the stage of crystal growth, due to the high
electric field density on these nuclei sites, the later Zn*" is attracted to these nuclei, which leads to the Zn
uneven deposition and dendrite formation'™. Regulating Zn** migration and uniformizing the Zn surface
electric field prevent the uneven Zn deposition, which can be achieved by adsorbing additives/cosolvents on
the Zn electrode surface™ ). For example, some polymers such as polyacrylamide (PAM)"*! and
polyethylene oxide (PEO)®™ are able to adsorb on the Zn surface. The polar functional groups of these
polymers have strong attractions to Zn* and show zincophilicity, which leads to the homogeneous
dispersion of Zn** on the surface and achieves the uniform Zn deposition [left of Figure 5D]. In addition to
zincophilicity, the uneven Zn deposition can be suppressed through the electrostatic shielding mechanism.
The cations (e.g., Na'™ and tetrabutylammonium ions (TBA*)"*”) which have a lower redox potential than
Zn** and highly polar organic molecules (e.g., diethyl ether (Et,0)"") can act as “electrostatic shielding” to
protect Zn anodes from the growth of dendrites. These materials adhere to the initial Zn nuclei and provide
a positive electrostatic shield around it. As two like electric charges repel each other, the later Zn*" will be
deposited elsewhere, thereby preventing the Zn growth on the initial tip and inhibiting Zn dendrite
formation [right of Figure 5D].
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To control Zn dendrite growth, constructing coating functional layers on Zn metal anodes is also an
efficient strategy since it is able to guide homogeneous Zn*" diffusion and shield water and anion to
suppress side reactions. The surface coating prevents the Zn dendrite formation can be categorized as
electronic regulators, ion regulators (including organic and inorganic ion regulators), and electronic-ionic
mixed conductive coatings. Coating electronic materials on the Zn surface is an effective approach to evenly
distribute charge to redirect uniform electrodeposition, such as metal nanoparticles (e.g., Au"” and Cu"")

and carbon-based materials (epitaxial graphene®, reduced graphene oxide'”

, etc.). Zn deposition on these
high conductive coatings is more uniform, but the inhibitory effect of Zn dendrite growth is not significant
because electronic regulators tend to nucleate on the coating surface as the cycle process. Therefore, some
electrically insulating but ionically conductive materials, including organic ion regulators (such as zeolitic
imidazolate framework-8 (ZIF-8)"* and metal-organic framework (MOF)"”)) and inorganic ion regulators
(such as CaCO,"” and TiO,")) as alternatives to electronic regulators have been coated on the Zn surface.
Among them, organic ion regulators usually have highly reversible shape changes, which can alleviate the
volume change caused by metal expansion. However, pure organic components are easily punctured by Zn
dendrite during the cycle process due to the brittle nature, thus impeding their application in Zn
batteries'**”. The inorganic ion regulators can provide space shielding to control the growth direction of Zn.
But this kind of material has poor plasticity, which inevitably results in serious structural pulverization
during the long cycling””. To alleviate the disadvantages of electron and ion regulators, the strategy of
constructing electronic-ionic mixed conductive coating is reported. For instance, Fan et al. introduced a
mixed electronic-ionic conductive coating layer which consists of Zn alginate gel (Alg-Zn) and acidified
conductive carbon black (AB) (Alg-Zn + AB@Zn) on the Zn surface””. This coating effectively prevents Zn
dendrite formation and enables Zn||Zn symmetric cells to exhibit a cycling life of up to 500 h with low
reversible deposition potential. Overall, introducing interfacial film between Zn anode and electrolyte is
indeed one of the most efficient strategies to stabilize Zn metal anodes. However, in contrast, electrolyte
regulation with the features of facile preparation and cost-effectiveness seems easier to facilitate the
commercialization of Zn batteries. Meanwhile, some modified electrolytes are decomposed to generate SEI
layers during cycling. Unlike the artificial coating layer, which is not self-repairable, the in-situ generated
SEI layer can continuously regulate the behaviors of electrons and Zn*" on the Zn surface, thus addressing
the Zn dendrite issue.

Construction of SEI

The interfacial reactions between the electrolyte and the Zn anode trigger the formation of the SEI layer.
The SEI layer is electrically insulating but ionically conductive. It is highly permeable to Zn** while limiting
the penetration of electrolytes. Most SEI layer is made up of an inorganic layer close to the anode from the
decomposition of ions and an organic layer exposed to the electrolyte side from the decomposition of
organics. The SEI layer plays an important role in stabilizing the electrode/electrolyte interface and
determines the battery performance. However, in initial aqueous electrolytes, the products of the reactions
between water and Zn metal are ZnO, Zn(OH),, and alkaline Zn salt, which have discrete structures and
cannot be regarded as the SEI. An effective SEI can be formed by optimizing the electrolyte composition,
such as by adding organic additives/cosolvents or inorganic additives that comprise C, F, and P**? into the
electrolyte. Unlike the artificial SEI layer, which is not self-repairable and gradually loses its protective
function, the SEI layer generated by in-situ electrolyte decomposition can continuously regulate the
behaviors of electrons and Zn™ at the Zn/electrolyte interface, thus promoting the uniform Zn
deposition™. Moreover, the SEI layer can prevent the electrolyte from directly contacting with Zn metal,
thus inhibiting interfacial side reactions [Figure 5E].
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Briefly, the electrolyte structure on the Zn anode surface has a significant impact on the performance of Zn
anodes. The side reactions on the Zn anode surface, like dendritic formation, corrosion, and H, evolution,
can be alleviated by modifying the interfacial electrolyte structure. Controlling the Zn nucleation
overpotential, adjusting the Zn surface texture, and introducing “electrostatic shielding” and zincophilic
additives/cosolvents, can all promote the uniform Zn* flux and the electric field distribution at the Zn
surface, leading to an even deposition of Zn. By preventing side reactions from directly contacting with
water and Zn metal, the in-situ formed SEI layer at the Zn/electrolyte interface can also help stabilize Zn
anodes.

Analytical methodologies of interfacial structures

A full understanding of the interfacial electrolyte structure, the Zn deposition behavior, and their internal
linkages is essential to guide the rational design of Zn/electrolyte interfaces. In order to qualitatively or
quantitatively assess the effectiveness of interface modification brought on by electrolyte design, various
characterization methods are utilized. These approaches make it possible to observe the surface morphology
evolution of deposited Zn, interfacial compositions and structures, underlying mechanisms, and
electrochemical properties.

Morphology

The electron microscope technology allows for the observation of the surface morphology of Zn anodes
[Figure 6A]. A camera, for example, gives the general profile of Zn plates. By using in-situ optical
microscopy, the processes of Zn deposition and dendrite growth are observed. Optical microscopy with
three-dimensional (3D) imaging can not only view the morphological changes of Zn electrodes in real time
but also quantitatively measure the Zn plating rates at different locations of 3D structures. The morphology
of Zn deposition is effectively examined using scanning electron microscopy (SEM). The SEM images of the
Zn surface can estimate the formation and thickness of an SEI layer. Transmission electron microscopy
(TEM) is another common tool to visualize the Zn deposition morphology at better resolution as well as its
lattice plane spacing. In addition, atomic force microscopy (AFM) has been used to directly monitor the
roughness of Zn surface and the Zn nucleation process.

Structure and composition

As shown in Figure 6B, the composition and structure of Zn/electrolyte interfaces can be characterized by
various spectroscopic techniques. For instance, Raman and FTIR spectroscopy can identify specific
functional groups that are present on Zn surfaces, allowing for inferring interfacial reaction products.
Moreover, the Raman mapping is performed to examine the distribution of these products on the Zn
surface. The apparent components of the SEI layer can be identified using solid-state NMR technology and
X-ray photoelectron spectroscopy (XPS). Especially in the XPS, the internal composition of SEI can be
determined as long as prolonging argon ion (Ar’) sputtering time. The X-ray diffraction (XRD) analysis
contributes to understanding the structural modifications and material transformations brought on by the
corrosion response of Zn metal in contact with electrolytes. The suggested corrosion mechanism is
supported by comparing the obtained XRD profile to the powder diffraction files (PDFs) of the Zn
corrosion byproducts (e.g., ZnO, Zn(OH),, and alkaline Zn salt).

Theoretical mechanism

The Zn/electrolyte interfacial structure and property can be examined at the atomic level using theoretical
simulations [Figure 6C]. Some physicochemical properties at Zn surfaces can be explored via DFT
calculation. For instance, DFT calculation is performed to simulate the Zn*" diffusion path at SEI, and the
resulting diffusion energy barrier is used to measure ion conductivity™™. In addition, the wettability of Zn
metal in electrolytes can be assessed by DFT calculation. The strong binding energy between the adsorbate
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Figure 6. Characterization techniques of Zn/electrolyte interfaces. (A) Information on the Zn morphology at different spatial scales,
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Electrochemical characterization methods with regards to Zn anodes, including LSV, CV, CA, EDLC, and EIS.
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(which is an electrolyte composition) and the Zn anode allows for the demonstration of the high Zn affinity
that the adsorbate exhibits in electrolytes. By using species density profiles from MD simulation, it is
possible to determine the distribution of electrolyte compositions perpendicular to Zn anodes, visualizing
the Zn/electrolyte interfacial structure. The local current density and the electric field distribution at the Zn
electrode surface can be simulated by multi-physical simulations, which contributes to explaining where Zn
is initially deposited and further extended during cycling.

Electrochemical properties

The evolution of working ions and electrons during the charge/discharge process can be demonstrated by
electrochemical testing [Figure 6D]. Methods for electrochemical measuring of the Zn/electrode interface
include linear sweep voltammetry (LSV), cyclic voltammetry (CV), chronoamperometry (CA), electric
double-layer capacitance (EDLC), and electrochemical impedance spectroscopy (EIS). Among them, LSV is
conducted to investigate the activity of HER that happens at the Zn/electrode interface. The potential
corresponding to the current density at 10 mA cm™ is usually regarded as the onset potential of HER". The
lower the onset potential, the better the electrolyte used inhibits HER. Not only can the reversibility of Zn be
assessed by CV testing, but it can also roughly estimate the Zn nucleation overpotential. Testing with CA
can reveal the Zn diffusion modes. An abrupt decrease in the current density represents the 2D diffusion of
Zn*". This process can easily lead to the formation of dendrites. When the CA curve becomes flat, the Zn**
transport switches to the 3D diffusion mode, which promotes uniform Zn deposition'””. The results of
EDLC in Zn||Zn symmetrical cells can determine whether the additives/cosolvents have priority over water
to adsorb on the Zn surface'™. In general, when the EDLC value decreases, more additives/cosolvents are
absorbed on the Zn surface. Interfacial conductivity can be observed in the EIS spectrum. Moreover, in-situ
EIS testing is capable of assessing the stability of SEI and Zn anodes.

In short, the Zn/electrolyte interfacial structure can be characterized using a variety of ways depending on
the requirements and goals. An in-depth understanding of the Zn/electrolyte interfacial structure and
reaction requires a combination use of the aforementioned methodologies. The Zn/electrolyte interfacial
structure is actually very complicated and only can be deduced or indirectly detected by the existing theories
and methods so far. In order to visually examine the Zn/electrolyte interfacial structure and its response, it
may call for the employment of in-situ techniques and their combinations, or the development of more
exact and new characterization instruments.

Characterization challenges for analyzing the structures of bulk electrolytes and Zn/electrolyte
interfaces

Although electrolyte modification is an effective strategy to optimize battery performance, there are still
some long-standing challenges that hinder the design of high-performance aqueous electrolytes, starting
with inadequate characterization techniques [Figure 7]. The traditional FTIR, Raman, and NMR spectra
characterization can obtain bulk electrolyte information. However, Raman and FTIR are not sensitive to
weak interactions between electrolyte microstructures, leading to incomplete insights into the electrolyte
mechanisms. In addition, Raman and FTIR also struggle to decipher the local electrolyte properties, such as
the electrolyte compositions at the Zn surface”. While NMR can sensitively detect structural variations at
the atomic scale, researches still focus on strong interactions between cation and solvent molecules. Anion-
solvent and solvent-solvent interactions are often overlooked.

DFT calculation provides insight into the interactions between molecules/ions in the electrolyte. But limited
by the power of computers, it is not capable of accurately describing electrolyte structures. Although MD
simulation can characterize electrolyte microstructures, the simulation time and the choice of the force field
have an impact on the computational accuracy; that is, the simulated electrolyte structure is significantly
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Figure 7. Characterization challenges for studying aqueous electrolytes as well as Zn anode surfaces.

affected by the anthropogenic factor. Analogously, multi-physical simulation technologies are heavily
perturbed by the parameter settings, which should be carefully considered. In addition, the study of HTVS
and ML in aqueous electrolytes for Zn batteries is a void at present, which presents opportunities and
challenges for researchers.

The morphological information of Zn anodes at different spatial scales can be obtained by cameras, optical
microscopes, SEM, and TEM. However, these techniques can only observe the morphology of the Zn
surface and the structure under the surface cannot be detected. In addition, some methods for
characterizing the surface composition of Zn anodes have their limitations. For example, using tools such as
XRD to study interface identification corrosion also has limitations, as peaks of different phases can overlap
and accurate identification becomes challenging®™'. In addition, various electrochemical testing techniques
are affected by factors such as the experimental environment, the test equipment, battery row materials, and
parameter settings, leading to the challenge of ensuring the repeatability of experiments.

THE ADVANCES IN MILDLY ACIDIC AQUEOUS ELECTROLYTES FOR ZN ANODES

In this section, we will systematically discuss recent advances in electrolyte optimization based on each
composition of mildly acidic aqueous electrolytes. The advantages and disadvantages of optimization
strategies for each electrolyte composition are examined, along with their future prospects. Then, we
analyze the functional principles of each electrolyte component modification strategy to improve the
performance of Zn anodes. Finally, the research status of mildly acidic aqueous electrolytes on extending the
cycling life and improving the utilization of the Zn anode are reviewed.
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Salt

Recent advances in mildly acidic aqueous electrolyte modification during the past few years are summarized
in Figure 8. Based on the electrolyte compositions, they are classified into three categories: salt (with salt
concentration), cosolvents, and additives. As an important component of electrolytes, Zn salt serves as a
current carrier in batteries. In addition, since different Zn salts have different solvation structures and
compatibility with Zn metal, the type of Zn salt has an important effect on the performance of Zn
electrodes. Issues of Zn anodes can be solved by changing the kinds of Zn salt. Zn salt, including ZnSO,"?,
Zn(NO,),", ZnCLF, Zn(OTf),", Zn(Cl0O,),", Zn(CH,CO0), (Zn(OAc),)", Zn(TFSI),*, and
Zn(H,PO,),"”, have recently been reported. Among these Zn salt, because NO, and ClO, are strong
oxidants, Zn(NO,), and Zn(ClO,), are able to oxidize Zn foil, which would result in severe Zn corrosion.
The most water-soluble Zn salt in water is ZnCl, (solubility of about 30 m), but it easily decomposes into
chlorine gas (Cl,) under high pressure, limiting its practical application. The ionic conductivity of Zn(OAc),
in water is relatively low, only a dozen mS cm™, which is not suitable for high-rate batteries. Zn(TFSI), is not
appropriate for large-scale applications due to its high cost of roughly 28,369 US$ kg'"”.. In contrast, ZnSO,
is the most widely used Zn salt because of the stable SO,* and good compatibility with Zn anodes. However,
it has a disadvantage: it is prone to produce detrimental byproducts like Zn,(OH),SO,xH,O during cycling.
As an organic Zn salt, Zn(OTf), has been extensively employed in recent years. By coordinating the bulky
anion OTf with Zn** and lowering the amount of solvated water, this salt has a strong ability to inhibit
HER. Besides, OTf can change the Zn surface texture, which causes the Zn atom to nucleate and grow
towards the Zn (002) facet, thereby suppressing Zn dendrites. The use of Zn(H,PO,), is mainly due to its
capacity to produce P-containing, uniform, and dense SEI on Zn anodes during the initial charge/discharge
process, preventing the interaction between Zn metal and water and reducing the possibility of side
reactions. In addition to altering anions in Zn salt, adding cations to the electrolyte can improve the
durability of Zn anodes. Some cations, such as the arginine cation (Arg")"”, Ce’*"*", tetrabutylammonium
cation (TBA")™, benzyltrimethylammonium cation (TMBA*)", and Na*®®/, can give rise to uniform Zn
deposition by electrostatic shielding. Inorganic cations like cholinium cation (Ch*)"*, Mg*"*, and Sc>"”
can form the solvation structure on their own, which affects the Zn* solvation structure and the Zn*
deposition process. Some organic cations, such as 1-ethyl-3-methylimidazolium (EMIm")*’, trimethylethyl
ammonium cation (Me,EtN")", and tributyl(2-methoxyethyl) cation (P,,,.o,")"", can induce the formation
of SEI to prevent side reactions between water and Zn anodes. Zn anodes can also be stabilized by adding
anions distinct from the original Zn salt into the electrolyte, such as citrate anion (Cit”)", ", OH ",
F) and etrakis (perfluoro-tert-butoxy) aluminate (TPFA")"*. The primary function of these anions is to
help produce beneficial SEI layers. Additionally, the electrolyte has lately been supplemented with some
unusual salt, such as lanthanum nitrate [La(NO,),]"”, NH,OAc"*, 1-methyl-1-ethyl pyrrolidinium
bromide (MEP-Br)"”, NH,I*Y, sodium lauryl sulfate (SDS)"", sodium lignosulfonate (SL)"", and
TMACI"”. These salts cover the beneficial effects of the cations and the anions mentioned above,
protecting Zn anodes in multiple aspects.

Salt concentration

Previous studies have suggested that altering salt concentrations can change the Zn*" solvation structure and
the SEI composition™. Electrolytes with high-concentration salt are known as water-in-salt electrolytes.
Anions coordinate with Zn* instead of water molecules in such electrolytes'>"*. With little solvated water,
water activity in such electrolytes is extremely low, which inhibits water-induced side reactions and results
|, Besides, such electrolytes induce the formation of SEI composed of the
anion decomposition products at the Zn surface during the initial cycling!**""". Sheltered by the SEI layer,

115

in an excellent CE for Zn anodes!

the Zn anode is protected from corrosion by electrolytes. Water-in-salt electrolytes provide novel routes to
highly reversible Zn anodes. However, excessive voltage polarization is a common issue with such
electrolytes. The increase in salt concentrations results in decreased ionic conductivity and increased
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Figure 8. Summary of electrolyte modification examples based on the compositions of mildly acidic aqueous electrolytes in Zn
batteries>"18732527:3133:36,37,39:5059:6169-75,83:9194-97,98:109.1127126130167] £y a1y example is marked with a point formatted in bold, and the
number within the square bracket to the upper right of the example corresponds to the reference label. Note that the abbreviation used
in the literature is adopted for each substance here. Due to space limitation, the full name of each substance is not provided.

viscosity of the electrolyte, which negatively affects the rate performance of batteries. In addition, such
electrolytes are more expensive than dilute electrolytes, which may make them difficult to be applied on a
large scale. To address the issues of water-in-salt electrolytes, researchers started experimenting with adding
diluents into the electrolyte. The function of diluents is to make the solution less viscous while promoting
the formation of a localized high-concentration salt structure in the electrolyte. Thus, the diluents must be
water-miscible but not dissolve Zn salt. Because of this property of diluents, it is challenging to explore
available diluents. To our best knowledge, solely trimethyl phosphate (TMP)"** and 1,4-dioxane (1,4-
DX)!"*I have been used as diluents in Zn batteries so far.

Solvent

In addition to the solute, the solvent in the electrolyte not only provides a residence for current carriers, but
also plays a vital role in stabilizing Zn electrodes”***l. Aqueous electrolytes have garnered tremendous
attention in Zn batteries due to their inherent benefits, such as affordability, safety, and environmental
friendliness. However, due to the high reactivity of water in electrolytes, water-induced side reactions
inevitably occur during the Zn plating/striping process, which results in low CEs and poor cycling
performance of Zn anodes™. Due to the relatively high cost and flammability of organic solvents, organic
electrolytes have drawn less attention. However, organic electrolytes enable a wide electrochemical stable
window and alleviate side reactions faced by aqueous electrolytes. In light of this, combining the merits of
aqueous electrolytes and organic electrolytes, researchers have developed organic/aqueous hybrid
electrolytes, where the organic solvents are regarded as cosolvents in aqueous electrolytes. Alcohols®**,
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V'are the currently known organic
cosolvents. Abundant carboxyl groups in alcohols can be seen as H-bond acceptors; these carboxyl groups
interact with water and break water H-bond networks, thereby reducing the activity of water. Different from
the mechanism of inhibiting HER by alcohols, carbonyl groups in ethers have strong affinities to Zn*,

which allows ether molecules to participate in the Zn* solvation sheath and inhibit HER by reducing the
amount of solvated water. In addition, these ethers have the ability to adsorb on the Zn metal surface, which
helps to control random Zn** diffusion and prevent the growth of Zn dendrites. Owing to the presence of
hydrophobic methyl groups, most ester solvents are not water-soluble. Therefore, it is often necessary to
add amphoteric anions, such as OTf and TFST, to make them soluble in water. These hydrophobic ester-
based aqueous electrolytes exhibited high inhibition of HER due to their superior ability to disrupt the H-
bond network of water. Sulfone solvents (with sulfonyl group), nitrile solvents (with nitrile group), and
amide solvents (with acyl group) all contain functional groups that can bind to Zn*, so they solvate with
Zn’" and exclude water from the Zn*' solvation sheath, preventing the occurrence of water-induced side
reactions. The hydrated eutectic electrolyte, which is another organic/aqueous hybrid electrolyte, has
recently been reported. This kind of electrolyte is a derivative of the deep eutectic electrolyte (DEE)"” ">,

The DEE is a eutectic mixture characterized by a solidification temperature lower than that of its individual
component. Owing to the numerous appealing properties, e.g., high electrochemical stability, ease of
synthesis, and low cost, such an electrolyte has gained significant study interest in Zn batteries. But because
of being nonaqueous, they have much lower ionic conductivity and are hence less attractive. Unlike this
kind of electrolyte, a hydrated eutectic electrolyte not only maintains most eutectic properties but also has a
high level of ionic conductivity as a result of the addition of water*"****. Water molecules in the electrolyte
are mainly confined to the internal interaction network of eutectic solvents by H bonds, so this kind of
electrolyte has low water freezing points, enabling it to be used in low-temperature batteries". Overall,
although organic/aqueous hybrid electrolytes significantly improve the performance of Zn anodes, there are
still safety issues caused by the addition of flammable organic solvents. In addition, most organic solvents
are toxic and not environmental-friendly, thus limiting their further development.

Additive

In contrast, adding a small number of additives (with total mass ratios lower than 5 wt%) into aqueous
electrolytes has been experimentally developed to enhance battery safety and achieve high CEs of Zn
plating/stripping. The additives used in Zn batteries can be divided into inorganic additives”” and organic
additives””7*7****¥| Qrganic additives have better water solubility than inorganic additives and are thus
widely studied. Organic additives can be further classified into organic small molecule additives””**" and
organic polymer additives”"****'**/. Compared with organic polymer additives, organic small molecule
additives have been more intensively studied due to their diversity, simple structure, ease of synthesis, and
pro-environment. At present, adding organic small molecule additives into aqueous electrolytes is a
promising commercially viable electrolyte modification strategy for Zn batteries.

The mechanisms of different electrolyte compositions

Interest in Zn batteries has been increasing recently, and some inventive electrolyte design strategies have
appeared. In order to clearly understand the rationale behind each one, different electrolyte modification
strategies are compared using a radar graph [Figure 9] which considers the Zn** solvation structure, H-bond
network of water, Zn nucleation process, Zn anode surface texture, Zn deposition behavior, and
construction of SEI. As depicted in Figure 9A, three mechanisms - constructing an SEI, modifying the Zn*
solvation structure, and modulating the Zn* flux at the Zn/electrolyte interface - are primarily used by the
salt modification to impact Zn anodes. There is no instance where the idea of controlling the Zn nucleation
process has been used for the salt regulation strategy. The only instance of an effect on the Zn anode
through the surface texture is the report about OTf mentioned above™. The impact of the salt
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Figure 9. Overview of the proposed mechanisms of different compositions of mildly acidic aqueous electrolytes on stabilizing
Zn anodes.

concentration on the Zn anode stability is depicted in Figure 9B. It is not difficult to find that the main
driver behind modifying the salt concentration strategy to support the Zn stability is a change in the Zn*
solvation structure. Similarly, the primary mechanism by which organic cosolvents improve the stability of
Zn anodes is to reduce water activity [Figure 9C]. Additionally, some organic cosolvents have the
propensity to decompose and form SEI layers on the Zn surface, upgrading the stability of Zn metal anodes.
The stabilizing mechanism of the additives to Zn anodes, as shown in Figure 9D, involves altering the Zn*
solvation structure to reduce HER and adsorbing on the Zn anode surface to uniformly distribute Zn*" flux
and the electric field. Some additives also have the ability to produce SEI, which can assist in extending the
cycle life of Zn anodes. Due to its modest concentration, it is challenging for additives to impact the H-bond
network of water.

Zn cycle life and CE

We sum up the current states of mildly acidic aqueous electrolytes on stabilizing Zn anodes in terms of the
Zn cycle life and the CE, as shown in Figure 10. The cycle life of Zn anodes employing Zn||Zn symmetric
cells in various mildly acidic aqueous electrolytes is summarized in Figure 10A. We compared the Zn
lifespans of these data based on three testing parameters: the plating/stripping current density, a crucial
parameter reflecting the battery charge-discharge rate; the areal capacity of Zn plated during each cycle,
reflecting the Zn utilization (or depth of discharge, DOD); and the cycling life of Zn. Four takeaways can be
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Figure 10. (A) Summary of the cycle performance of Zn||Zn symmetric cells in various electrolytes. Three parameters - cycle time
(x axis), current density (y axis), and areal capacity (diameter) - are used to analyze the provided data. (B) Comparison of Zn
plating/stripping CE measurements with published electrolytes. The published data are analyzed in terms of three parameters: CE
(x axis), cumulative plated capacity (y axis), and areal capacity (diameter). The corresponding literature of each point is consistent with

Figure 8.

seen in Figure 10A. First, two-thirds of Zn||Zn symmetric cells are able to achieve the cycle life of over
1,000 h using the modified electrolytes. Second, the parameters chosen for these cycling life measurements
are highly dispersed and arbitrary. This could be a result of the fact that this field of study is still in its
infancy. Thirdly, the strategy of salt concentration modification is the least effective among the four
methods to improve the Zn anode performance. The other three strategies showed similar efficacy for the
Zn anode. Finally, the additive modification strategy enables Zn||Zn symmetric cells to achieve stable
cycling at larger current densities and areal capacities. For example, the additive-PEG300 (point 111)""
enables Zn||Zn symmetric cells to achieve a cycle life of 600 h at a super-high current density of 15 mA cm™
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with an areal capacity of 15 mAh cm”. In addition, the Zn||Zn symmetric battery can reach an ultra-long
lifetime of 8,000 h (333 days) thanks to the organic cosolvent-PEO400 (point 58)"*". To the best of our
knowledge, this holds the record for stabilizing the Zn anode with a mildly acidic aqueous electrolyte.

In addition to the cycle life of Zn anodes, another important metric for assessing the Zn anode performance
is the Zn plating/stripping CE. In order to attain a high energy density, the Zn mass should be kept to a
minimum, which calls for a high CE. The reported CE values for Zn plating/stripping obtained in the
above-mentioned electrolyte modifications from various test protocols and cell setups are summarized in
Figure 10B. We compare three test parameters for CE, including the cumulative capacity of the Zn plating
during short-circuit or excessive resistance formation, which is an important indicator of the battery life,
areal capacity, and CE value. Similar to Figure 10A for the cycle life of Zn anodes, the parameters chosen for
these CE measurements are highly dispersed and arbitrary. Two-thirds of newly published electrolytes claim
CEs > 99% in the literature. However, in terms of the cumulative plated capacity, less than a tenth of the
electrolytes can exceed 1 Ah cm™. To our knowledge, the salt-NH,OAc (point 33)"* is the record holder for
contributing to a cumulative plated capacity of 6.88 Ah cm™ The additive-gamma butyrolactone (GBL,
point 95)"* helps achieve the highest CE of 99.93% with a cumulative plated capacity of 3.1 Ah cm™. When
contrasting various electrolyte alteration strategies for Zn reversibility, the strategy of modifying salt
concentrations also has no advantages, and the results of the other three strategies are difficult to
differentiate.

CONCLUSIONS AND OUTLOOK

Large-scale energy storage with Zn batteries has bright futures. However, the side reactions and dendritic
growth on the Zn anode surface seriously obstruct the commercialization of Zn batteries. Recently,
electrolyte modification has drawn a lot of interest as a potential and efficient remedy for the issues of Zn
anodes. In this review, we have a systematic summary of mildly acidic aqueous electrolytes used in Zn
batteries. We emphatically discussed the relationship between the electrolyte microstructures and the
performance of Zn anodes. The relevant principles and characterization techniques are mentioned and
evaluated. Thereafter, recent progress on the manipulation strategy of each composition of mildly acidic
aqueous electrolytes for Zn batteries is systematically summarized. Although the Zn anode performance has
been improved thanks to the electrolyte modification, further effort is still needed to make progress
[Figure 11].

The structure-function relationship between electrolyte structures and Zn anode performance

So far, most theories about the impact of the electrolyte structure on the Zn anode performance are still in
the infancy stage. This is mostly due to the fact that although the electrolyte compositions in mildly acidic
aqueous electrolytes are only Zn salt, solvent, and additives/cosolvents, their interactions and
microstructures are complicated. It has been confirmed that altering the Zn** solvation structure and the
water H-bond network affects the probability of HER, but the effects of the Zn**-outer, anion-solvation, and
additive/cosolvent-anion structures are unknown. This results in difficulty in establishing a correlation
between the electrolyte structure and the Zn anode performance. Meanwhile, different compositions
interact with each other, and a comprehensive consideration of the interactions between different
compositions contributes to the design of better electrolytes. In addition, it is well known that due to the
influence of the Zn metal anode, the electrolyte structure on the Zn surface is obviously different from that
in the bulk phase. However, there are few studies involving the electrolyte structure on the Zn surface. In
fact, the interfacial electrolyte structure is worth studying, because it has an important influence on the Zn*
desolvation process, which in turn affects the Zn nucleation process.
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Figure 11. Schematic illustration of the future research on electrolyte design for high-performance Zn anodes.

Combinations and developments of characterization techniques

The key to providing guidelines for designing high-performance electrolytes is to understand the electrolyte
structure and properties. They can be analyzed using a variety of advanced characterization techniques. The
combined computational and experimental study can provide a more in-depth understanding of the
influence mechanism of the electrolyte structure on the performance of Zn anodes. However, most
characterization approaches can only perform static observation, making it impossible to understand
chemical reaction processes in real time. Hence the need for in-situ technologies. Additionally, it is unable
to directly observe the electrolyte structure either in the bulk phase or on the Zn anode surface at present. In
most cases, the electrolyte structure is only inferred from the signal generated by characterization
procedures. Therefore, in order to investigate the relationship between the electrolyte structure and the Zn
anode performance, it is important to develop and employ more advanced characterization techniques.

Synergistic impacts for enhancing Zn anode performance

Each electrolyte modification approach has merits and drawbacks. For instance, the Zn anode lifespan can
be prolonged without damaging the rate performance of the battery by altering the type of Zn salt in
electrolytes. However, this electrolyte regulation strategy is pricey. Particularly for the strategy to increase
salt concentrations, the cost increases significantly. Although adding organic cosolvents to electrolytes saves
cost, doing so will decrease ionic conductivity and increase voltage polarization. Moreover, the majority of
organic solvents are flammable, which presents security gaps for the battery. Currently, using additives to
stabilize Zn anodes appears to be the most promising approach. However, there is no clear advice on the
selection and design of additives. We speculate that the strategy of integrating the modification mechanism
of each electrolyte composition is a possible way to design optimal additives. In addition, the present
approaches for testing the Zn cycle life and CE have yet to be standardized, which poses an obstacle to
comparing the effectiveness of different electrolyte modification strategies. Thus, it is urgent to develop
universal testing standards.
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