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Abstract

Aqueous zinc-based batteries (ZIBs), characterized by their low cost, inherent safety, and environmental
sustainability, represent a promising alternative for energy storage solutions in sustainable systems. Significant
advancements have been made in developing high-performance cathode materials for aqueous ZIBs, which exhibit
enhanced lifespan and energy density. However, challenges associated with zinc anodes, such as dendrite
formation and side reactions, impede the practical application of ZIBs. This manuscript discusses the role of
electrolyte additives in the Zn electrodeposition process and comprehensively describes strategies to enhance the
anode stability through additive incorporation. It specifically focuses on the underlying mechanisms that regulate
the solvation structure and the electrical double layer. Finally, the manuscript concludes with future perspectives
on advancing Zn anode technology, aiming to provide guidelines for developing more robust Zn-based energy
storage systems.
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INTRODUCTION

The growing consumption of fossil fuels has prompted the necessity for sustainable energy sources, leading
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to exploring alternative options with minimal environmental impact”. Among the various energy storage
technologies, batteries, particularly lithium-ion batteries (LIBs), have emerged as the dominant choice for
electric vehicles and rechargeable devices, as they provide high energy density, long cycle life, and low self-
discharge”*. In response to the safety concerns associated with using nonaqueous electrolytes in LIBs,
researchers have been actively exploring the development of safer electrolytes and alternative battery
chemistries.

Aqueous electrochemical systems hold great promise for developing next-generation batteries, offering
notable advantages such as low cost, exceptional safety, and an environmentally friendly nature.
Rechargeable zinc-based batteries (ZIBs) are highly noteworthy due to the multitude of advantages
associated with zinc anodes, including their abundant nature, high theoretical capacity (820 mA h g*), low
electrochemical potential of (-0.763 V vs. the standard hydrogen electrode, SHE) and outstanding
reversibility when compared to other metal anodes, such as magnesium (Mg)”, calcium (Ca)", and

aluminum (Al)", in aqueous electrolytes™.

Despite the significant progress made in the development of high-performance cathode materials for
aqueous zinc-ion batteries (ZIBs), such as V,0."", MnO,"?, Prussian blue analogs (PBAs)"", and organic
materials"’, the commercialization of these batteries is still hampered by the limited lifespan of zinc anodes.
The morphology of the electrodeposited Zn and its cycling lifespan is greatly influenced by the properties of
the electrolyte and the evolution of electrical double layers (EDL)"*"". Electrolyte additives can adjust the
electrochemical environment directly during operation, often offering a more cost-effective solution
adaptable to various battery types. Therefore, the introduction of electrolyte additives has emerged as a
promising and effective solution to mitigate dendrite formation and side reactions in zinc anodes, showing
significant achievements, and holds great potential for further development.

This review explores the pivotal roles of electrolytes and electrodeposition processes in stabilizing Zn
anodes. Subsequently, the discussion addresses the primary challenges associated with Zn anodes, including
dendrite formation, hydrogen (H,) evolution, and issues related to the durability of ZIBs. Furthermore, this
manuscript elucidates strategies for enhancing the stability of Zn anodes through the strategic incorporation
of additives guided by diverse mechanistic insights. The roles of representative additives are
comprehensively analyzed, elucidating their stabilizing effects through regulating solvation and EDL
structures. Finally, a summary and future perspectives on potential advancements in Zn anode technology
through additive application are presented. This review aims to enhance the understanding of the
mechanisms of additives in Zn anodes, thereby paving the way for developing more robust Zn-based energy
storage systems.

INTRODUCTION OF ELECTROLYTE AND ELECTRODEPOSITION PROCESS

Electrolyte composition

The most common type in ZIBs, aqueous electrolytes, is typically composed of zinc salts [such as ZnSO,,
ZnCl, or Zn(CF,SO,),] dissolved in water. They offer high ionic conductivity, safety, and environmental
friendliness. However, they tend to suffer from zinc dendrite growth, hydrogen evolution, and side
reactions, which can shorten the battery lifespan. The electrolytes of ZIBs also include nonaqueous and
quasi-solid-state electrolytes. When selecting an electrolyte for ZIBs, several key factors must be considered.
Ionic conductivity is among the most important, directly influencing the battery's power capability.
Aqueous electrolytes typically excel in ionic conductivity but must also address challenges such as dendrite
formation and hydrogen evolution. The electrochemical stability window of the electrolyte is another
critical consideration. It must remain stable over the battery's voltage range to avoid undesirable side
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reactions. Aqueous electrolytes, for example, have a narrow voltage window of around 1.23 V due to water
decomposition, often requiring additives to extend their operational range. Some additives can induce the
formation of a thin, protective film on the zinc anode, which acts as a barrier to both corrosion and dendrite
growth. This protective film enhances anode longevity and contributes to stable cycling performance.

The electrolyte can be categorized into two regions: the bulk electrolyte and the EDL. The bulk electrolyte
refers to the region located farther away from electrode surfaces, consisting of a homogeneous solution
composed of ions and solvent molecules. The composition of the bulk electrolyte can influence various
physical and chemical properties, including pH, velocity, solvation structure, and ionic conductivity.

The EDL refers to the interface region between the surface of the anode and the bulk electrolyte, which
plays a crucial role in determining the electrochemical properties of the system"*". According to the
Bockris-Devanathan-Muller (BDM) model, the EDL consists of a diffusion layer, outer Helmholtz plane
(OHP), and inner Helmholtz plane (IHP) [Figure 1A and B]"*'. In the diffusion layer, cations are
surrounded by H,O molecules, forming solvation ions, and they are randomly distributed within the layer.
The IHP is composed of absorbed solvent molecules and anions. Due to the limited space within the IHP,
solvated ions would disappear in this plane. Additives can influence the EDL around the zinc anode,
promoting uniform ion distribution and minimizing dendrite formation.

In addition to directly measuring physical and chemical properties, the structure of the bulk electrolyte can
be characterized using various techniques. Some of the most commonly used techniques include Fourier
Transform Infrared Spectroscopy (FTIR), Nuclear Magnetic Resonance (NMR), and Raman Spectroscopy,
which can provide valuable insights into the molecular composition, bonding, and arrangement of ions and
solvent molecules in the electrolyte”™*. When it comes to the structure of the EDL, only a limited number
of advanced characterization methods, such as time-of-flight secondary ion mass spectrometry (ToF-SIMS),
can be utilized to reveal the molecular-scale dynamics of the EDL"".

The advancement of computational simulations, particularly molecular dynamics (MD), has provided an
opportunity to investigate solvation and the atomic-level structure of the EDL™. Figure 1C and D illustrates
classical MD snapshots of the bulk electrolyte and EDL structure, respectively®”. Through MD
simulations, the corresponding radial distribution functions (RDFs) and coordination numbers (CN) of
various ion pairs (e.g., Zn*" and SO,”) can be calculated, providing insights into the first solvation shell of
Zn*. This information is instrumental in explaining the dynamics of ionic conductivity, variations in water
coordination, the formation of the solid electrolyte interphase (SEI) in aqueous ZIBs, and other related
phenomena. Furthermore, the spatial distribution of solvent molecules and ions along the vertical electrode
surface can offer detailed information about the structure of IHP and OHP [Figure 1E]®. In addition to
classical MD simulations, incorporating recently developed techniques such as ab initio molecular dynamics
(AIMD) and machine-learning MD enables the study of charge transfer processes, including bond breaking
and bond forming, while considering the polarization effects”.

Additives play a key role in shaping the physical and chemical properties of bulk electrolyte properties,
including pH, velocity, solvation structure, and ionic conductivity. At the EDL - the interface between the
electrode and electrolyte - additives further influence ion adsorption, charge distribution, and the local
electric field. In this interfacial region, additives can encourage uniform zinc ion deposition by balancing the
electric field and charge density, which helps reduce dendrite formation and improves electrode stability.
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Figure 1. Electrolyte composition and the electrodeposition process. (A) Schematic illustrations of the EDL structure for Zn electrode in
ZnSO, aqueous system. (B) Gouty-Chapman-Stern model depicting the EDL structure™. Copyright 2023 Elsevier B.V. (C) MD
snapshots showing the electrolyte containing 2 M Zn(OTF), and 0.7 M CH3COO'[26].C0pyright 2024 The Royal Society of Chemistry.
(D) MD snapshots showing the EDL structure of ZnSO, electrolyte. (E) Spatial solvent molecule and ion distribution along the vertical
electrode surface for different electrolytes”””. Copyright 2023 John Wiley & Sons. (F) lllustration of the typical electrodeposition
process?”. Copyright 2022 John Wiley & Sons. (G) Illustration of the charge transfer process™”.Copyright 2013 The American
Chemical Society.

Additive concentration is crucial in shaping the solvation structure of ions. At lower concentrations,
additives may partially modify the solvation shell, while at higher concentrations, they can establish a more
stable solvation environment that resists unwanted side reactions, such as hydrogen evolution. Depending
on the concentration, additives can either promote or inhibit ion pairing between zinc ions and anions,
influencing ion transport dynamics. Also, at higher concentrations, additives can alter the ionic
composition near the electrode surface, redistributing ions in the EDL. This redistribution affects the
deposition and stripping of zinc ions during charge and discharge cycles; optimal concentrations encourage
uniform deposition by smoothing the electric field across the electrode surface. Furthermore, electrical
conductivity typically increases with additive concentration initially but then begins to decrease beyond a
certain point. However, excessive concentrations may elevate viscosity, hindering ion mobility.
Additionally, the choice of additive concentration affects the battery's overall cost and environmental
impact, making it essential to balance performance gains with sustainable practices.
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ELECTRODEPOSITION PROCESS

The electrodeposition of metals involves a series of sequential steps, including diffusion, adsorption,
desolvation, electron transfer, and self-diffusion [Figure 1F]*. Initially, the solvated metal ions from the
bulk electrolyte would migrate towards the electrode substrate through diffusion and subsequently be
absorbed on the OHP. Following this, the solvated ions undergo a gradual desolvation process,
transforming into desolvated ions, which then transport to the IHP. Once the desolvated metal ions reach
the THP, the desolvated metal ions may gain electrons from the electrode, reducing the desolvated metal
ions and the subsequent formation of metal atoms. Finally, metal atoms migrate along the substrate surface,
forming strong chemical bonds at active sites, and then enter the crystal lattice!™”.

Another extensively studied theory in electrodeposition is the Marcus-Hush model, which proposes that the
reduction of metal ions occurs through an outer-sphere electron transfer reaction within the EDL
structure®’. According to this theory, the electron transfer initially occurs to the solvated cations in the
outer sphere, reducing these cations into metal atoms that subsequently adsorb onto the metal surface. In
this process, the solvated ions do not need to cross the interface, although their distance from the metal
surface may vary slightly"***°.

However, recent studies have revealed that the removal of the solvation shell and the reduction of effective
charge on metal ions occur through numerous small steps involving a mechanism of formation followed by
rupture””. When both mass and charge cross the interface, the charge must be carried by the ion species
rather than electrons due to the significant difference in timescales for electron and ion transfer™. As the
electrons transfer to the solvated cations, the solvation structure of the cations concurrently undergoes
reorganization to lower the system's energy [Figure 1G]"*. The solvated cations with lower valency
ultimately traverse the double layer and are reduced to metal atoms.

CHALLENGES OF ZN ANODES

Significant advancements have been made in ZIBs. However, several challenges still impede their
widespread application, particularly concerning the limited lifespan and low utilization efficiency of zinc
anodes™. In addition to addressing the cycling stability of ZIBs, it is crucial to consider the overall
durability of these batteries. Durability refers to their ability to maintain reliability under various operating
conditions, including calendar aging and overcharging, which is vital for practical implementation***. In
this section, we will focus on discussing the challenges related to the stability of the Zn anode and the overall
durability of ZIBs.

Dendrite formation

The fundamental cause of dendrite formation is primarily attributed to the slower mass transfer kinetics
compared to the rapid electrochemical reduction rate”. The ideal scenario would involve consistent mass
transfer of metal cations throughout the electrode surface to achieve uniform metal electrodeposition.
However, in practical situations, the movement of metal cations is influenced by various factors, including
diffusion, convection, and migration, leading to complex mass transfer phenomena [Figure 2A]"".

As depicted in Figure 2B, prior to the deposition of metal ions, the cations migrate from the bulk electrolyte
towards the vicinity of the electrode*!. The diffusion coefficient influences the migration rate of metal
ions, while the electrochemical reduction rate is determined by the faradaic current density, as given in the
Butler-Volmer equation:"")
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Figure 2. Dendrite formation in the liquid electrolytes. (A) Schematic illustrations of the movement of metal cations with different
speeds under complex mass transfer, including diffusion, convection, and migration. (B) Schematic diagram of Zn electrodeposition
model combining mass-transfer and charge-transfer kinetics. (C) Effects of dimensionless Damkohler numbers on electrodeposition
morphology'**. Copyright 2015 The American Physical Society.

J = J [ - elvomm] (1)

where ], represents the exchange current density, o denotes the transfer coefficient, n stands for the number
of electrons transferred, f is the inverse of the thermal voltage, and n indicates the overpotential.

In general, the migration rate of metal ions is significantly slower than the electrochemical reduction rate,
particularly in situations with a “tip effect”, leading to a higher electric field intensity and faster reaction
kinetics“”. This rate imbalance results in the formation of strong concentration gradients on the zinc ion
surface, ultimately leading to dendrite growth. Consequently, based on Equation (1), a lower J, value would
result in slower electroreduction kinetics, thus alleviating the conflict between mass transfer and charge
transfer. This, in turn, promotes the formation of dendrite-free morphologies.

Another valuable model for quantifying the relationship between mass transfer and charge transfer is
through using a dimensionless Damkohler number, expressed as:

_ JoVm
@ 7 nFD/L @

where J, represents the exchange current density, n denotes the number of electrons transferred, D indicates
the mutual diffusion coefficient of the electrolyte, and L points to the distance between the two electrodes'*.

According to phase-field modeling, when the value of the Damkohler number is 0.1, it indicates fast
diffusion compared to the electrode reaction rate [Figure 2C]. This condition promotes the formation of a
flat deposition morphology in a 1 M zinc sulfate (ZnSO,) electrolyte. When the Damkohler number is
greater than 1, dendrite formation on the surface of the zinc anode is observed due to the slow diffusion of
Zn* ions in the electrolyte. The findings suggest that modifying the electrolyte to decrease the
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electrochemical reaction rate could be a successful strategy for controlling dendrite growth.

H, evolution

The driving force behind the evolution of H, is the thermodynamic instability of the zinc anode when
exposed to an aqueous solution. The hydrogen evolution potential in the neutral aqueous electrolyte
(-0.41V vs. SHE) is higher than the potential for Zn deposition, indicating a tendency for hydrogen
production in the electrolyte*. Furthermore, the corrosion of the Zn anode in a weak acid electrolyte can
also contribute to generating H, gas.

The hydrogen evolution can be directly observed using an in-situ optical microscope, where small bubbles
can be seen on the surface of the zinc anode after a certain deposition time in 1 M zinc
bis(trifluoromethanesulfonyl)imide [Zn(TFSI),] electrolyte [Figure 3A]"”. Similar phenomena have also
been observed in other commonly used electrolytes, such as 1 M ZnSO, and 3 M zinc
bis(trifluoromethanesulfonate) [Zn(OTF),] electrolytes*. Notably, using commonly employed electrolytes
with a weak acid nature can induce a reaction with the Zn anode. The reaction would lead to the generation
of H, gas under open circuit potential (OCP) conditions in addition to the H, production induced by
electrochemical processes, as demonstrated by the online differential electrochemical mass spectrometry
(DEMS) analysis [Figure 3B]"".

Besides the online DEMS technique, which allows for direct characterization of the relative amount of H,
during the electrochemical process, in-situ measurements can also be performed by connecting the batteries
to a gas chromatograph (GC)". This method enables qualitative assessment of the hydrogen content in
different electrolyte systems [Figure 3C and D]. An in-situ gas pressure detector was employed to quantify
the H, generated during the deposition process. This detector allowed for the measurement of gas evolution
within the designed cell*”. As shown in Figure 3E, the battery's pressure displayed an increasing trend
following the deposition of Zn, which could then be converted into the corresponding amount of H,
involved in the reaction process, utilizing the ideal gas equation.

The generation of H, gas during the electrochemical process can significantly influence the coulombic
efficiency (CE) of the batteries, owing to the reduced reversibility of the Zn anode and the consumption of a
portion of the charge. As a result, the overall efficiency of the batteries is compromised. Additionally, the
generation of H, gas from the decomposition of the electrolyte can lead to an increase in the pH values of
the electrolyte, particularly at the interfaces between the electrolyte and the electrodes [Figure 3F]®.

Consequently, a passive layer on the surface of the Zn anode occurs, resulting in a reduced utilization rate of

Zn [Figure 3G].

Challenges related to the durability of ZIBs

The durability of ZIBs refers to their ability to maintain reliable performance under diverse operating
conditions, including fluctuations in temperature, humidity, overcharge scenarios, and calendar aging
conditions®". The research on ZIBs has primarily prioritized prolonging the cycling lifespan, with limited
attention and understanding given to the durability.

Calendar aging conditions, extensively investigated in relation to battery durability, primarily cause capacity
deterioration due to degradation of the Zn anode. Figure 4A-F displays the scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images of the Zn anode before and after 24 h of aging.
These provide visual evidence that can help elucidate the underlying causes of capacity degradation in ZIBs
during calendar aging"*?. The Cu current collector surface appears free of residual Zn after stripping before
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Figure 3. Hydrogen evolution in the aqueous ZIBs. (A) In-situ optical microscope observing the formation of bubbles at the anode
surface. (B) Generation of H, gas under different charge-discharge states, demonstrated by DEMS™. Copyright 2019 Elsevier B.V. (C)
[llustration of in-situ GC measurement by connecting the pouch cell and the GC equipment. (D) H, generation detected by GC at
different cycles in different electrolytes™®. Copyright 2023 John Wiley & Sons. (E) In-situ gas pressure detection for the batteries, with
the evolution of gas generation converted to the amount of H, using the ideal gas equation™. Copyright 2022 The Royal Society of
Chemistry. (F) Evolution of pH at different charge-discharge states. (G) X-ray diffraction (XRD) measurements demonstrating the
generation of surface passivation of Zn anode in ZnSO, electrolyte after cycling®”. Copyright 2022 John Wiley & Sons.

calendar aging. In contrast, the current collector shows the presence of dead Zn and void formation due to
Zn corrosion.

Besides, the potential difference between the Zn and Cu collectors can further result in galvanic
corrosion”. The Cu side acts as the electron acceptor, receiving electrons from the Zn anode and causing
the generation of H, within the electrolyte, even when the system is operating under OCP. As shown in
Figure 4G, upon immersing the anode into the electrolyte of 2 M ZnSO,, a significant number of bubbles
rapidly form. Furthermore, the size of these bubbles increases over time during immersion. Figure 4H
illustrates the mechanism behind the capacity loss observed in ZIBs following calendar aging™”. In contrast
to LIBs, where continuous SEI forms on the anode surface in organic electrolytes, ZIBs with aqueous
electrolytes experience anode corrosion and the formation of dead zinc, leading to a relatively shorter
calendar life.

Another crucial aspect concerning the durability of ZIBs is the occurrence of overcharge conditions, which
has been extensively studied in LIBs but has received relatively less attention in the case of ZIBs"**.
Aqueous batteries are regarded as having the ability to tolerate overcharging through the utilization of the
“oxygen cycle”, in which the gas generated during the overcharging process is reduced and reintroduced
into the electrolyte [Figure 5A]". However, in the case of ZIBs, the oxygen cycle is not sustainable due to
the lack of pH-buffering capability in the electrolytes. As a consequence, overcharging not only diminishes
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Figure 4. Calendar issues influencing the durability of ZIBs. SEM images of (A) the Cu surface and (B) the Cu thickness without aging.
(C) TEM image of deposited Zn without aging. SEM images of (D) Cu surface and (E) Cu thickness after aging for 24 h. (F) TEM image
of deposited Zn after aging for 24 h. Insets in (A and D) are the corresponding optical images[52].Copyright 2023 American Chemical
Society. (G) Optical images of hydrogen evolution in (i) the initial state; (i) 10 h after electrode aging in the electrolyte; and (iii)
Hydrogen bubble observed in an in-situ optical microscope™. Copyright 2021 John Wiley & Sons. (H) lllustration of the mechanism for
the capacity loss in aqueous ZIBs during calendar aging™”. Copyright 2023 American Chemical Society.

the overall capacity of the battery but also poses safety risks. The generated H, and O, can cause the battery
to swell, potentially resulting in leakage or even explosion [Figure 5B]*".

To date, the investigation of overcharge behavior in batteries has been limited to batteries that employ an
iodine (I,) cathode'”. As illustrated in Figure 5C-E, several significant observations can be made when the
Zn||I, batteries are charged to potentials exceeding 1.6 V. Firstly, the CE of the batteries decreases,
indicating a reduced reversibility in the charge-discharge process. Additionally, the pH value of the batteries
increases, suggesting a shift towards a more alkaline environment. Finally, the capacity of the batteries
undergoes degradation, indicating a gradual decline in stability. The decrease in stability is attributed not
only to the irreversible conversion of I, to Zn(IO,), but also to the anode passivation associated with the
transformation of Zn to ZnO at the anode [Figure 5F]. Thus, achieving a stable Zn anode is crucial for
enhancing battery durability; however, this aspect has received less attention in research. Overcharging in
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Figure 5. Overcharge-related issues impacting the durability of ZIBs. (A) Schematic illustration of the oxygen cycle in sealed aqueous
batteries™. Copyright 2022 Springer Nature. (B) Optical images of battery swelling. Reproduced with permission under Creative
Commons CC BY license from Ref.["’”.Copyright 2023 Springer Nature. Evolution of the (C) CE, (D) pH, and (E) specific capacity of
Zn||l, battery under different operating voltages™. (F) Operando synchrotron XRD analysis of the Zn anode during the charging of
ZIBs. Reproduced with permission from Ref.®*”’. Copyright 2020 John Wiley & Sons.

ZIBs can result in several detrimental effects on the zinc anode. One major issue is accelerated dendrite
formation, where excessive charging encourages rapid and uneven zinc deposition, leading to dendrites that
can pierce the separator and cause short-circuiting. Additionally, overcharging increases the potential for
hydrogen evolution, as water splitting at the anode surface generates hydrogen gas, depleting the electrolyte
and creating internal pressure that poses safety risks. The decomposition of electrolyte components at high
voltages can also produce by-products that adhere to the anode surface, forming an unstable, resistive
interface. Furthermore, overcharging can exacerbate corrosion and surface degradation, especially when
side reactions create localized acidic conditions that corrode the zinc, compromising the anode's structural
integrity and reducing battery lifespan.

ADDITIVES REGULATING THE SOLVATION STRUCTURE

Reducing water activity

The solvation structure of Zn** plays a crucial role in the deposition behavior and reversibility of aqueous
ZIBs, as it directly influences the reactions occurring on the zinc anodes. In aqueous electrolytes, Zn*" ions
exhibit a strong affinity for H,O molecules. Consequently, each Zn*" ion coordinates with five or six H,O
molecules, forming the [Zn(H,0),]*"/[Zn(H,0),]** complex, which constitutes the first solvation shell of
Zn** [Figure 6A]”). Recent research suggests that the evolution of H, gas in aqueous ZIBs predominantly
arises from solvated H,0O molecules rather than water molecules not directly interacting with Zn** ions'*".

To prevent water-associated side reactions, replacing the H,O molecules in the first solvation shell with
other suitable molecules is crucial.



Yang et al. Energy Mater. 2025, 5, 500021 | https://dx.doi.org/10.20517/energymater.2024.169 Page 11 of 25

B Lot
2em2
swe
.
2o

2+
[Zn(H,0),(NMP)|
; g g - 30 12
X '}{-\;}fp‘ A5G o7 N\ % o ad ,?‘.' X Zn-0,,
N 0 A * 2 20 8
i A —
’,bg( S & ';9/ £ 83
¥ E 7 L - — —ZnAc,
. ; e & ; { 10 , g
X A ) s 2 —ISE
Py i s . \ 3 - o
[\ - v P ? g H S g
WY %5 2 b s ‘N4 Zn-1
L Z : RS [3
S g (B ( 20 .
PSS w4 « s e [,
. A { P .
/ e T A , Ly 10 o
-Y e ~a‘“~.!‘ SR A > ,,f sl { . ISE 1
RO AY 5 e W NG F N
’ - X
2 4 6 8 10
1M ZnAc, electrol 1M ZnAc, + 4 M NH,I electrolyte
nAc, slectolyte I-participating solvation structure (ISE) Distance (A)
2000
F [ ) ~===H-bond G_BE_J& H OHstretching  BE
2 1900 (\7\ };rﬁy C \?\‘(’\I‘ ; - - . - - / 1 +7mEC
3 -“L‘Wf"i{_,*\' '_\M +7mPC
5 1800 {32 L1 <! "~ s 3 +7mDMC
3 h;{ 3 Ca= z /\ c +7 m DEC
2 y-1 AN N 2 +7mPC = m
2 PC__ - z
70l BB @ +7mDEC 5 Z
3 760 i I - ; ; - 3 g
3 Se £ i7m DW ]
2 ‘e----e.
© 1600
g * g NG
e j " " y 478 476 474 472 470 468 y ¥ y y

0?‘0 i chamial sk 3800 3600 3400 3200 3000 2800
chemical shift (ppm) Wavenumber (cm™")

| J =

100 nm

Poly-species

Figure 6. Electrolyte additive regulating the solvation structures of ZIBs. (A) Schematic illustration of the typical and the regulated Zn**
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Organic molecules with a higher Gutmann donor number than H,O are commonly used as additives in
ZIBs'*?. These additives preferentially form solvated ions with Zn*, repelling the H,O molecules in the first
solvation shell. Figure 6B shows the electrostatic potential (ESP) mapping of the N-methyl-2-pyrrolidone
(NMP)-modified Zn* solvation structures®. It can be inferred that the two H,O molecules in the solvation
shell are replaced by the NMP molecules, forming a new complex: [Zn(H,0),(NMP),]*". The reorganization
of the solvation shell not only leads to a reduction in solvated H,O molecules but also alleviates the
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repulsion force, thereby restraining the side reactions and facilitating the accelerated migration of ions. To
date, numerous organic additives, such as glucose, dimethyl sulfoxide (DMSO), methanol (MeOH),
glycerol, ethylene glycol (EG), triethyl phosphate (TEP), diethyl carbonate (DEC), hexamethylphosphoric
triamide (HMPA), and propylene carbonate (PC), have been successfully employed to regulate the solvation
structures and enable stable zinc anodes"™. These organic additives consist of functional groups, such as
C=0, P=0, or S$=0, that have a strong affinity for zinc ions and play a crucial role in regulating the solvation
structures.

Another additive that can tune the solvation structure of Zn*" is inorganic or organic salts containing
halogenated anions such as I or Cl. As an example, the introduction of NH,I into the electrolyte containing
1 M zinc acetate [Zn(Ac),] can regulate the [Zn(H,0),]*" solvation structure into a [ZnI(H,O).]" solvation
structure, which leads to a decrease in the CN of Zn*" and H,O pairs, as well as the observation of additional
Zn-1 coordination [Figure 6C-E]"”. Similar regulation of the solvation structure by halogenated anions has
also been observed with other electrolyte additives, such as ZnCl, and 1-ethyl-3-methylimidazolium
chloride (EMIMCI)“**. All these electrolyte additives aim to disrupt the strong coordination between Zn**
and H,O, thereby inhibiting hydrogen evolution and other water-related side reactions.

In addition to reducing the amount of bound water in the solvation shell, introducing additives to regulate
the solvation structure can also disrupt the hydrogen bond networks of water”. As illustrated in Figure 6F,
MD simulations demonstrate a decrease in the total number of hydrogen bonds in the electrolytes upon the
addition of DMC. The disruption of the hydrogen bond networks of water is further confirmed by NMR
[Figure 6G] and FTIR spectra [Figure 6H], indicating a reduction in water reactivity and an increase in the
stability of Zn anodes.

SEI formation

Traditionally, it was believed that the formation of a SEI layer in aqueous electrolytes did not occur until
recent research demonstrated the effectiveness of incorporating additive DMSO'. Since then, numerous
additive designs have been developed to promote the formation of an SEI layer on the Zn anode, providing
protection against direct contact with water while allowing the transport of Zn*"*"?l, A common feature of
the surface of a dense SEI layer on a Zn anode can be observed using TEM, which is several nanometers
thick and composed of organic compounds that contribute to mechanical properties and inorganic
compounds that facilitate ion conduction [Figure 61 and J]""7.

Numerous organic additives have been reported to possess the ability to promote the in-situ formation of
the SEI through their decomposition”". Additionally, the solvation environment of Zn** ions regulated by
additives typically includes anions such as TFSI and OTF. During the electrodeposition process, these
anions undergo decomposition and actively contribute to forming an SEI layer enriched with fluoride.
Another type of additive playing a role in the formation of the SEI is water-reactive additives, including
organic compounds such as fluoroethylene carbonate (FEC) and inorganic compounds such as KPF,"*"",

These additives can react with water, leading to the generation of active compounds such as HF and
phosphoric acid. Following this, the compounds react with Zn to produce an inorganic SEI layer, such as
Zn,(PO,), and ZnF.,.

Regulating ion transport

The introduction of most electrolyte additives, which effectively regulate the solvation structures, usually
results in a reduction in the ionic conductivity of commonly used electrolytes containing ZnSO,, Zn(OTF),,
or Zn(TFSI),”. The decrease in ionic conductivity can be attributed to the increase in the size of the
solvation shell surrounding the Zn* ions, which in turn hinders the migration of the solvated Zn*" ions. In
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general, an increased concentration of additives in the electrolyte solution can result in higher viscosity,
leading to lower ionic conductivity [Figure 7A]"\. Therefore, selecting an appropriate electrolyte additive
concentration is crucial to effectively stabilize the Zn anode while maintaining a high ion transportation
rate. Several additives, such as LiCl and sodium tartrate, have been reported to exhibit higher overall ionic
conductivity than the blank electrolytes®*'!. However, it should be noted that the diffusion of Zn** ions was
not specifically addressed in these studies.

Even though the electrolyte additives modifying the solvation structures may have a negative impact on the
ionic conductivities, the transference number of Zn** can be significantly increased by immobilizing the
anions within the electrolyte™. As shown in Figure 7B, incorporating p-cyclodextrin (8-CD) additives with
a hydrophobic inner cavity into the Zn(ClO,), system enables interaction with the CIO, ions, as evidenced
by the observed adsorption energy of -2.97 eV. Furthermore, the independent gradient model (IGM)
analysis indicates that the affinity between f-CD and the ClO, is primarily due to H bonding, with a minor
contribution from van der Waals forces [Figure 7C]. Consequently, including the additive effectively
impedes the association between the anion and cations, thereby enhancing the diffusion coefficient of Zn*"
and resulting in a significant increase in the transfer number from 0.457 to 0.878.

In addition to B-CD, several other additives have been reported to enhance the transference number in
electrolytes, such as xylitol®), D-arabinose™, cucurbituril®,and tris®. More recently,
tetraphenylporphyrin tetrasulfonic acid (TPPS), with the ability to form large molecule aggregates within
the electrolytes, has been reported to increase the Zn* transference number from 0.31 to 0.95
[Figure 7D-F]"™. The density functional theory (DFT) simulations uncover distinct interactions between
TPPS and various anions, which can be attributed to the differences in size, charge, and symmetry. The
charge densities of SO,*, ClO,, and BEF, are considerably higher compared to those of Cl" and acetate (Ac),
thus contributing to the higher interactions with TPPS and remarkably enhanced transference numbers
[Figure 7G]J.

ADDITIVES REGULATING THE EDL

By regulating the EDL, additives promote a more even distribution of Zn*" across the surface. This results in
a smoother, more uniform deposition that reduces the formation of needle-like dendrites, which can
otherwise lead to short circuits and degrade battery performance. In addition, the improved uniformity
helps prevent localized over-deposition, minimizing the formation of inactive "dead zinc" deposits. Overall,
additives not only lower the risk of dendrite formation but also enhance the cycling stability and efficiency
of the anode, thereby improving the utilization rate of the zinc metal.

SEl formation

As previously mentioned, including additive molecules in the solvation structure can result in the formation
of the SEI layer through the decomposition or reaction with the aqueous solution. However, altering the
solvation structure requires the additive to be present at a certain concentration, which can adversely affect
the migration of Zn*. In contrast, employing additives in trace amounts to modulate the EDL instead of the
solvation structure offers a promising solution'.

Figure 8A illustrates the molecular structures of various electrolyte additives, namely methanol (M1),
ethanol (M2), 2-propanol (M3), acetone (M4), dimethyl carbonate (M5), sulfolane (Ms),
N-methylpyrrolidone (M7), N,N-dimethylformamide (MS8), glycerol (M9), 1,2-dimethoxyethane (M10),
bis(2-methoxyethyl)ether (M11), 1,3-dioxolane (M12), ethylene carbonate (M13), propylene carbonate
(M14), and ethylene glycol (M15)"". The characterization using Raman spectra and differential capacitance
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measurements suggests that these additives primarily influence the EDL structure while having little to no
effect on the solvation structure [Figure 8B and C] with a minimal addition of 1 vol%. Consequently, only a
select few additives exhibit effective stabilization of the Zn anode, while their impact becomes more
pronounced with higher concentrations. Among these additives, Mé (sulfolane) and M11 [bis(2-
methoxyethyl)ether] have demonstrated the most promising performance. Further investigation through
DFT calculations reveals that factors influencing the structure, such as the lowest unoccupied molecular
orbital (LUMO), dipole moment, donor number, and adsorption energy, do not significantly affect the
system under minimal additive concentrations”. On the contrary, the additive's capacity to establish a SEI
layer is of paramount importance in ensuring the stability of the zinc anode [Figure 8D].

Furthermore, the variation in additive anions also contributes to forming a distinct SEI layer in addition to
the organic molecules®. As shown in Figure 8E, Acand trifluoroacetate (TFA’) anions, which possess
contrasting polarities, were incorporated into the baseline electrolyte of 2M Zn(OTF),. The elevated
adsorption energy of Ac” anions due to their stronger polarity contributes to forming a more compact
Helmbholtz layer, in contrast to the TFA" anions. This preference for Ac anions facilitates the formation of a
uniform and dense SEI layer, which in turn enhances the suppression of water-induced side reactions
[Figure sF-H].
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Figure 8. (A) lllustration of the molecular structures of various electrolyte additives. (B) Raman spectra and (C) differential capacitance
measurements suggesting the modification of additives on the EDL rather than the solvation structure with a minimal addition of
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anions and water molecules on the Zn(101) plane. (G) Three-dimensional (3D) reconstruction maps of Zn electrodes obtained from
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2F-07FA electrolytes®. Copyright 2024 The Royal Society of Chemistry.

SEI formation through the regulation of solvation often requires additives in high concentrations, which can
negatively impact properties such as ionic conductivity, thereby affecting overall performance. On the other
hand, SEI formation through EDL regulation typically needs additives in lower concentrations, resulting in
minimal impact on overall performance. However, most current reports are focused on the former, while
research based on the latter is relatively scarce.
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Surface adsorption

Some electrolyte additives have the ability to regulate the deposition of zinc without forming an SEI layer
but rather through adsorption on the surface of the anode. One typical mechanism for this phenomenon is
the modification of the electrocrystallization morphology™. As shown in Figure 9A, the
electrocrystallization morphology is related to the mass transfer, charge transfer, and adatom self-diffusion.
Theoretically, the Zn (0001) face, characterized by the lowest surface energy, should be conducive to
dendrite-free growth. However, due to the roughness of the anode surface, which results in non-uniform
electric field distribution (known as the tip effect), the growth of crystalline zinc does not occur under
equilibrium conditions. Dendrite formation occurs on the surface of the anode due to the slower mass
transport in the electrolyte compared to the electrochemical reduction rate [Figure 9B]. Considering these
factors, achieving a layer-like deposition of zinc can be facilitated by shifting the control from diffusion to
activation by introducing suitable additives at the EDL [Figure 9C].

The cyclic tetramethylene sulfone (TMS), with its ESP mapping revealing distinct electrophilic and
nucleophilic sites, tends to adsorb vertically on the Zn anode [Figure 9C and D]. Furthermore, the presence
of TMS molecules in the IHP significantly diminishes the interaction between the anode and solvated ions,
resulting in a reduction in the electrochemical reduction process [Figure 9E]. This shift towards activation
control ultimately influences the deposition process. Based on the X-ray diffraction (XRD) results, adding
TMS facilitates forming a preferred orientation along the (0001) plane [Figure 9F]. The (0001) pole figures
of the Zn anodes using different electrolytes provide further evidence that the decreased electrochemical
reaction rate promotes the formation of (0001) texture, resulting in compact and planar growth of the Zn
crystals [Figure 9G and H]J.

Furthermore, electrolyte additives with a high donor number can effectively eliminate H,O molecules from
IHP, in addition to regulating electrocrystallization®. This process reduces the solvated H,O density and
promotes the homogeneous deposition of Zn [Figure 9I]. Pyridine (Py), with its higher donor number than
dimethylformamide (DMF) and MeOH [Figure 9]], exhibits a stronger coordination capability towards
Zn*". The distinctive architecture of the IHP prevents the inclusion of solvated H,O molecules within the
solvation shell of Zn*, even with introducing a small proportion of Py into the electrolytes. Consequently,
adding the electrolyte additive enables effective suppression of H,O activity without compromising ion
migration within the bulk electrolyte.

Electrostatic shielding

The concept of employing an electrostatic shielding stabilized anode, in which Cs' and Rb* were used as
electrolyte additives, was the earliest reported in LIBs”". In order to achieve planar Zn morphology, several
inorganic additives, such as Y%, Li*®”, Na**, Ce**"”, Mg***, and Mn*""”), have been employed based on
the mechanism of electrostatic shielding. Furthermore, organic cations, such as 1-ethyl-1-methyl
pyrrolidinium (EMP")®, 1-ethyl-3-methylimidazolium (EMIM®)"*", and positively charged chlorinated
graphene quantum dots (Cl-GQDs)™, have also been reported to exhibit electrostatic shielding properties.

The mechanism of electrostatic shielding is illustrated in Figure 10A and B. In the absence of electrolyte
additives, the growth of zinc atoms would occur randomly, leading to the formation of dead zinc and
dendrites”. After introducing cations into the electrolyte with lower reduction potentials than Zn*"/Zn,
they would preferentially accumulate around the tips of the zinc electrode due to the higher electric field
strength. This process prevents Zn* ions from depositing near the tip regions and protects the Zn anode
from direct contact with water, thus helping to restrict side reactions and dendrite formation.
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TMS molecules on the Zn (0001) plane, along with their corresponding adsorption energy values. (E) Adsorption energy values of
solvated Zn** on the Zn (0001) plane with adsorbed molecules. (F) XRD patterns of deposited Zn in different electrolytes. Pole figures
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Schematic representation of the IHP regulated by additive with high donor number. (J) Summary of the coordination power of the
different additives”””. Copyright 2023 John Wiley and Sons.

Using locally magnified in-situ microscopy images provides visual evidence of the distinct deposition
behaviors observed with different electrolytes. As depicted in Figure 10C, zinc atoms tend to aggregate at
the tip region of the anode in the ZnSO, electrolyte, leading to rapid growth and an uneven surface under
the influence of the electric field. In contrast, the Y** ions demonstrate dynamic and self-regulating behavior
during deposition. Their occupation of the top site effectively excludes Zn ions, allowing the Zn ions to
grow at the bottom positions. Furthermore, alongside experimental results, finite element modeling (FEM)
simulations offer supplementary evidence to elucidate the mechanism of the electrostatic shielding effect
[Figure 10D-F]"**.. The Zn anode initially exhibits a semi-elliptical shape, with a higher deposition of Zn
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shielding effect™. Copyright 2024 John Wiley and Sons.

around the cusps rather than the flatter regions of the anode in the ZnSO, electrolyte. Upon the
introduction of cations into the electrolyte, the enriched cations at the top region exert a pronounced
electrostatic shielding effect on Zn™, facilitating the deposition of Zn** on the smoother regions of the

anodes.

More recently, a novel Electrostatic Shielding Mechanism has been proposed according to the observation
of operando electrochemical TEM [Figure 10G and H]"*. Contrary to the previously proposed theory of
preferential adsorption at sharp edges, the authors highlight that the electrostatic shielding effect prevents
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secondary Zn nucleation on Zn (100) faces. Instead, it promotes deposition on Zn (002) faces, resulting in
blockier morphologies and ultimately leading to a denser and smoother anode surface after charging. The
electrodeposition of metals involves a series of sequential steps, including diffusion, adsorption, desolvation,
electron transfer, and self-diffusion [Figure 1F]®. Initially, the solvated metal ions from the bulk electrolyte
would migrate towards the electrode substrate through diffusion and subsequently be absorbed on the OHP.
Following this, the solvated ions undergo a gradual desolvation process, transforming into desolvated ions,
which then transport to the IHP. Once the desolvated metal ions reach the IHP, the desolvated metal ions
may gain electrons from the electrode, reducing the desolvated metal ions and the subsequent formation of
metal atoms. Finally, metal atoms migrate along the substrate surface, forming strong chemical bonds at
active sites, and then enter the crystal lattice”".

Another extensively studied theory in electrodeposition is the Marcus-Hush model, which proposes that the
reduction of metal ions occurs through an outer-sphere electron transfer reaction within the EDL
structure™. According to this theory, the electron transfer initially occurs to the solvated cations in the
outer sphere, reducing these cations into metal atoms that subsequently adsorb onto the metal surface. In
this process, the solvated ions do not need to cross the interface, although their distance from the metal
surface may vary slightly"*>*°.

However, recent studies have revealed that the removal of the solvation shell and the reduction of effective
charge on metal ions occur through numerous small steps involving a mechanism of formation followed by
rupture®”’. When both mass and charge cross the interface, the charge must be carried by the ion species
rather than electrons due to the significant difference in timescales for electron and ion transfer. As the
electrons transfer to the solvated cations, the solvation structure of the cations concurrently undergoes
reorganization to lower the system’s energy [Figure 1G]"**. The solvated cations with lower valency
ultimately traverse the double layer and are reduced to metal atoms.

As mentioned above, hydrogen evolution can be inhibited by adjusting the solvation structure or regulating
EDL. Combined with gas chromatography experiments and calculations, Yang et al. demonstrate that by
reducing solvated water with glycine additives, hydrogen evolution and “parasitic” side reactions on the Zn
anode are inhibited®. Li et al. use a small amount of sodium 4-aminobenzenesulfonate (SABS) to induce
uniform Zn** deposition and suppress side reactions"*". The adsorption of SABS facilitates the formation of
an THP lacking H,O molecules, which inhibited hydrogen evolution and corrosion from free H,O molecules
on the Zn anode"".

It is worth mentioning that additives play a crucial role in improving the performance of solid-state ZIBs,
including hydrogel-based systems. The current solid-state zinc batteries typically still contain small amounts
of water or organic solvents. Ion transport is particularly important given the challenges of ion movement
in solid-state and hydrogel electrolytes compared to liquid systems. Similar to the aforementioned functions
in an aqueous system, additives can also regulate the solvation structure and the EDL of quasi-solid ZIBs.
The introduction of certain additives can also help mitigate cathode dissolution, such as Mn(CF,SO,),"",
MnSO,, and CoSO,". In hydrogel-based solid electrolytes, additives also contribute to increased
mechanical stability and flexibility, making them ideal for wearable or flexible battery applications where
resilience is essential"*. Finally, we summarize and compare the performance of aqueous ZIBs with
additives, particularly at low N/P ratios [Table 1]. Currently, achieving long cycle life remains a challenge
under low N/P ratios.
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Table 1. A summary of recently reported electrolyte additives and representative electrochemical performances in ZIBs with a low N/P ratio

Additive name Electrolyte Effects Performances (capacity/lifespan/retention) :‘a/t::) Ref.

N-methyl pyrrolidone (NMP) 5% NMP +2 M ZnSO,, Regulate solvation MnO,||Zn 5.05 mAh cm™?100 cycles (82.6%) 2.3 [105]
structures

SeO, 2mM SeO, +2MZnSO, Induce the formation of SEI MnO,||Zn 1.21 mAh cm” 60 cycles (105.6%) 4.2 [106]

2-hydroxy-4'-(2-hydroxyethyl)-2 2MZnSO, +0.44mM/0.1g L irgacure2959 Induce anode morphology  VS,||Zn 151 mAh g'1 500 cycles (89.1%) 25 [107]

Methylpropiophenone (irgacure2959)

Propylene glycol 2 M ZnS0O,-50 vol% propylene glycol Induce anode morphology  MnO,||Zn 114.7 mAh g'1 300 cycles (84.6%) 83 [108]

Sodium tartrate 1M ZnSO, + 0.01 M sodium tartrate Induce anode morphology  MnO,||Zn 122.4 mAh g'1 1,000 cycles (37.9%) 10 [109]

Azithromycin 2MZnSO, + 0.1 M azithromycin Regulate solvation V,04||Zn 338.1 mAh g4 500 cycles (83.5%) 3.6 [110]
structures

Dimethylacetamide/trimethyl phosphate 1M Zn(OTf), in (5:3:1 volume ratio) Regulate solvation NaV;041.5H,0]|Zn 187.3 mAh g"3,000 cycles 5 [

(DMAC/TMP) DMAC/TMP/H,0 structures (65.1%)

1,2-dimethoxyethane (DME) 1M Zn(OTf), in DME + H,0 (0.15:1 molar ratio) Regulate solvation V,04/1Zn 186.2 mAh g'1 50 cycles (91%) 3.56 1121
structures

CONCLUSION

In summary, this review has provided a comprehensive analysis of the up-to-date strategies for enhancing the stability and extending the lifespan of Zn anodes
in aqueous ZIBs by strategically introducing appropriate additives into the electrolyte. Through detailed discussions on the roles of various additives, this
review has highlighted how the electrolyte additives influence the solvation and the EDL structure of the electrolytes, thereby mitigating detrimental dendrite
formation and side reactions. Significant achievements have been realized in the development of zinc anodes, with lifespans extending to several thousand
hours and cumulative plated capacities surpassing 5,000 mAh cm™. Despite the significant progress achieved, several issues still exist and require further
exploration.

Firstly, most research concerning electrolyte additives for Zn anodes is conducted using coin cells. This approach may not accurately represent the
performance of zinc anodes in larger or more practical battery systems. Some investigations have reported the preparation of pouch-type full cells; however,
most of these studies are based on thick zinc configurations with limited zinc utilization. Additionally, the reported pouch cells typically deliver relatively low
overall capacities of around 100 mAh and low areal capacities, which fall short of the practical requirements for batteries in terms of energy density.
Furthermore, the degradation mechanisms of zinc anodes in pouch cells, particularly when employing ultrathin zinc metal anodes, may exhibit considerable
differences at an expanded scale, necessitating comprehensive analysis.
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Secondly, issues related to enhancing the energy density of ZIBs require careful consideration for Zn
anodes. The energy density of ZIBs is influenced not only by the mass of cathode and anode materials but
also by other essential components contributing to overall energy densities. For instance, the performance
evaluation of Zn anodes typically involves thick glass fiber separators with a thickness of approximately
1.0 mm, which significantly exceeds the thickness of separators used in commercial LIBs, typically less than
40 um. Therefore, factors such as depth of discharge, the capacity ratio between anodes and cathodes,
electrolyte volume, and the properties of separators must be meticulously evaluated during the development
of the appropriate electrolyte additive for a stable Zn anode.

Lastly, although substantial focus has been placed on the stability of batteries, specifically the cycling
stability, research concerning the durability of these systems has been relatively lacking. Durability is
essential for practical applications, as the ability to maintain the reliability of ZIBs under calendar aging
conditions, mechanical vibrations, overcharge scenarios, and fluctuations in temperature and humidity is
crucial for the storage, transportation, and utilization of these batteries. Previous research indicates that the
evolution of Zn anodes during operation is a significant factor in the degradation of battery durability.
However, related studies have primarily focused on calendar aging conditions and overcharge scenarios.
Therefore, investigations into the durability of Zn anodes under various conditions are highly valuable and
notably overlooked. Furthermore, developing appropriate electrolyte additives to enhance the durability of
Zn anodes is highly beneficial for the durability of ZIBs. However, current research in this area is lacking,
making it a valuable and promising direction for further study.

Ideal properties for electrolytes in ZIBs include high ionic conductivity for effective Zn** transport, wide
electrochemical stability window to withstand high operating voltages without degradation or gas evolution,
and low reactivity with Zn anodes to minimize side reactions, thereby extending the cycle life of the battery
and enhancing overall performance.

Strategies for electrolyte modification can include not only the introduction of additives but also
adjustments to the type of salts, their concentration, and the solvent composition. Exploring new types of
electrolytes could potentially introduce unique properties to ZIBs, including molecular crowding
electrolytes, water-in-salt solutions, eutectic salts, efc. Reducing the content of free water within the
electrolyte is a significant focus, as it can suppress water activity, effectively minimizing parasitic reactions at
the electrolyte/Zn interface.

The potential for additives in practical industrial applications is considerable and deserves attention.
Additives can boost battery performance by enhancing electrolyte stability, increasing ion transport
efficiency, and minimizing unwanted side reactions. These improvements contribute to longer battery
lifespan, higher energy density, and enhanced safety - all crucial for commercial success.
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