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ABSTRACT

To greatly improve the ecological environment and achieve the target of carbon neutrality
around 2050s, it is significant to develop a kind of low-cost convenient-eco-friendly-green
assemble-disassemble-recycle next-generation energy system. It is urgent to develop electrical
energy storage which could achieve discharge-charge quickly and effective long life-span of
advanced all-size devices and electrics. Rechargeable aqueous zinc batteries have been
considered as a promising candidate for large-scale energy storage due to the low cost,
intrinsic safety, low toxicity, the abundance of materials, and the unique features of zinc: good
conductivity (5.91 microohm), low redox potential (-0.7626 V vs. standard hydrogen
electrode, in acidic solution, 298.15 K), high gravimetric capacity (821 mAh g!) and high
volumetric capacity (5855 Ah L' compared to 2061 Ah L' for Li anode). Nevertheless,
state-of-the-art techniques of ZIBs are far from satisfactory of industry standard due to the
difficult ability to improve the poor reversibility (caused by evolution of hydrogen, the metal
dendrite and by-products, etc.) of Zn anode, matching with the dissolution of cathode
materials (such as shuttle effect), resulting in the obvious decline in battery performance.

In the acidic electrolytes, HER inevitably happens and limits the coulombic efficiency (CE)
of half-cell or full-cell, significantly influencing on the capacity. Further, the evolution of
hydrogen makes the environment instability and annoys the hydroxyl ion (OH") localized
concentration around the surface of zinc anode, which accelerates the corrosion reaction of
zinc and form the by-products (e.g., ZnsSO4(OH)s nH20). The compound acts as an isolation
between zinc anode and electrolyte, not only deteriorate the ability to ion-electron diffusion
but also have the side effects on the reversibility of zinc plating/stripping. And the evident Zn
dendrite growth has a close relationship with the Coulombic efficiency (CE) during battery
cycling and the battery lifespan. In the electrolytes, Zn>" ion could form the solvation

structure like a chelate structure, which is surrounded by six H>O molecules. These strong



bonds make the Zn firmly riveted from desolvation and deposition more difficult, like a high
energy barrier.

In conclusion, it is necessary to develop strategies for modulating the kinetics of Zn
electrodeposition so as to obtain a smoothly homogeneous reversible Zn nucleation. Therefore,
one of the strategies is to add the electrolyte additives to minimize the electrolysis of water
(e.g., electrolyte decomposition) while suppressing the dendrite growth and parasite reactions
as well as controlling regulation of the solvation structure which significantly affect the
aqueous Zn batteries.

In the first case, the effects of electrolyte additive, dimethyl sulfone or
(methylsulfonyl)methane (MSM) on the electrochemical performance of Zn/MnQO; was
studied. The results show the additive promotes the deposit pattern of Zn ion, intending the
dendrite-free Zn plating/stripping highly reversible reaction. Meanwhile, the hydrophilic
ability of metal face was optimized by introducing the additive, accelerating the Zn-ion
diffusion at the Zn anode/electrolyte interface. Benefiting from these effects, the capacity and
cycling life of Zn/MnO» batteries were improved to some certain degree.

In the second case, Zn metal plating/stripping mechanism was thoroughly explored in 2M
ZnSOy electrolyte, demonstrating that the poor performance was ascribed to the formation of
a by-product ZnsSO4(OH)s*SH2O flakes, hydrogen evolution reaction, and extremely grievous
pulverization dendrite growth. To suppress the dendrite growth and parasitic reactions, a kind
of rust remover and reactive organic diluent, Gamma-butyrolactone (CsHsO2, GBL) was
introduced to be a new electrolyte additive into ZnSOj4 electrolyte for dendrite-free ZIBs. A
small volume of GBL (1% solvent) in 2M ZnSO4 could markedly improve the performance of
Zn plating/stripping behavior under different current density (4200 h for I mAh cm? at 1
mAh ¢m?2; 1170 h for 10 mAh cm?at 10 mA ¢cm; and 140 h for 20 mAh cm2 at 20 mA cm™).
The high average CE of MnO,-cathodes and a high plating/stripping average CE of 99.7% for
Zn anodes demonstrate that the problem of MnO; dissolution and dendrite Zn growth have
been effectively suppressed. Experiment and theoretical calculations confirmed that GBL

could assist to help changing the solvation structure of Zn?*, alleviating the H,O activation
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and prohibit the by-product to some extent. Additionally, Zn metal surface was inclined to
absorb GBL other than H>O, which is in favor of hoisting the nucleation overpotential and
guiding the uniform deposition. It is noteworthy that 2M ZnSO4-GBL electrolyte is
nonflammable, and conveniently stable, which is promising for next generation green and
high-performance Zn-ion batteries. And the outstanding performance was attributed to the 1)
the nanoarchitecture that provides electrochemically large active sites, leading to the high
energy storing performance and ii) the enhanced ionic transport from the hierarchically
interconnected 2D-Zn nanostructures.

In the third case, an important chemical raw material, a-pyrrolidone, which can be used as
solvent and intermediate of organic synthesis. The effects of a-pyrrolidone on the
electrochemical performance of Zn/MnO; was studied. The results show the additive
promotes the deposit pattern of Zn ion, intending the dendrite-free Zn plating/stripping highly
reversible reaction. Meanwhile, the hydrophilic ability of metal face was optimized by
introducing the additive, accelerating the Zn-ion diffusion at the Zn anode/electrolyte
interface. Benefiting from these effects, the capacity and cycling life of Zn/MnQO; batteries
were improved to some certain degree.

In the future work, I would try more organic molecules as electrolyte additives such as
Aspartame, Betaine, and Glucurolactone, etc.

In summary, the chaos of low CE and terrible reversibility of Zn electrode cause of the
dendrite growth, hydrogen evolution reaction, by-products and metal corrosion in mild
electrolyte severely hinder the further development of aqueous Zn-based batteries at the
industry standard. I believe this doctoral research could provide a fundamental understanding
of Zn electrode interplay with aqueous-organic media and presents a potential and perspective
direction to develop and open up the electrolyte additives in purpose of making advanced

aqueous Zn-ion batteries more closely to be commercialized.
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CHAPTER 1 Introduction

1.1 Research background

To greatly improve the ecological environment and achieve the target of carbon neutrality
around 2050s, it is significant to develop a kind of low-cost convenient-eco-friendly-green
and assemble-disassemble-recyclable next-generation energy system. It is urgent to develop
an electrical energy storage system which could achieve discharge-charge quickly and
effective long life-span of advanced all-size devices and electrics, including the flexible smart

equipment.[1] (Figure 1.1)
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Figure 1.1 Icon collections of electric tools and equipment from the portable flashlight to the

rocket, even Metaverse.

Nowadays, lithium-ion battery (LIB) is the most advanced secondary battery, which
occupies a dominant position in the portable electronic product market. Unfortunately, the
increasing attention to its security and high cost limit its further development. In addition,

waste lithium-ion batteries containing flammable organic electrolytes and toxic elements



cause another huge environmental problem. Therefore, it is urgent to find safe, cheap and
environmental benignity alternatives to LIBS. Aqueous secondary battery has great
application potential in the field of large-scale energy storage because of its inherent rich
resources, safety, low cost, large capacity and environmental friendliness, which has triggered
an unstoppable literature upsurge. Among them, aqueous rechargeable zinc batteries have
been considered as a promising candidate for large-scale energy storage due to the low cost,
intrinsic safety, low toxicity, high energy density with high power density (Figure 1.2) and the
unique features of zinc: good conductivity (5.91 uQ), low redox potential (-0.7626 V vs.
standard hydrogen electrode, in acidic solution, 298.15 K), high abundance (300 times higher
than lithium), high gravimetric capacity (821 mAh g') and high volumetric capacity (5855 Ah
L' compared to 2061 Ah L' for Li anode), as well as the good insensitivity in oxygen and
humid atmosphere, which broadens the availability of electrolytes. Zn?* has a relatively small
ionic radius (0.75 A) and the size of hydrated Zn?* is also comparable with hydrated Li*,
which is beneficial for the intercalation/deintercalation of divalent Zn>" ions into/from the

crystal structures of cathode materials. (Table 1.1).[1)
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Figure 1.2 Ragone plot of some conventional commercialized batteries, typical metal ions
(including Li*, Na*, K*, Zn?*, Mg?*, Al**, and Ca®"), and non—metal ion charge carrier-based

ABs.[l



Table 1.1. Comparison of monovalent and multivalent metal electrodes.

Element
Specific Specific
Ionic  Hydrated Potential  abundance
Metal gravimetric ~ volumetric
radius ion radius vs SHE in the
electrode capacity capacity
(A) (A) V) Earth’s crust
(mAhg') (mA h cm?)
(%)
Li 0.76 -3.40-3.82 3860 2061 -3.04 0.0017
Na 1.02 2.76-3.60 1166 1129 -2.71 2.3
K 1.38 2.01-3.31 685 610 -2.92 1.7
Mg 0.72 3.00-4.70 2206 3834 -2.36 29
Ca 1.00 4.12-4.20 1337 2072 -2.84 5.0
Zn 0.75 4.12-4.30 821 5855 -0.76 0.0079
Al 0.53 4.80 2980 8046 -1.68 8.2

As a key component, the electrolyte provides a basic working environment, determining

the electrochemically stability potential window (ESPW), affecting Zn?" storage coulombic

efficiencies and storage behaviors, etc. Due to the characteristics and formation mechanism of

organic-functional modified (electrolyte electrode interface) EEI, it can solve or alleviate the

problems such as anode dendrite, corrosion, electrolyte decomposition (HER and OER),

dissolution, and structural collapse, etc. Considering the availability, cost and conductivity of

different kinds of salt electrolytes and simple or complexity producing process, we choose

mild zinc sulfate as the base electrolyte for AZIBs. (Figure 1.3)
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Figure 1.3 (a) Comparison of cost, abundance, and volumetric capacity of metal anodes. [ (b)
Comparison between Zn and other metal anodes in terms of redox potential and ionic
conductivity.’)  Copyright 2020, John Wiley and Sons. (c¢) Price comparison of
commonly-used salts in different batteries. The price is calculated based on the available
largest pack size from Sigma.B! Copyright 2021, Royal Society of Chemistry. (d) The three

criteria for the future road to commercialization of AZIBs.[!]

1.2 Objectives of the research

As mentioned above, aqueous zinc batteries with mild electrolytes (e.g., 2 M ZnSOs) as
reaction media have attracted a lot of research work in the past decade. However, the study of
cathode active materials and their zinc ion storage mechanism accounts for a great part. Until
recently, zinc metal anode has gradually begun to receive due attention. Due to the dendrite
growth and side reactions (including zinc electrode corrosion and hydrogen evolution
reaction), zinc anode continues to have low Coulomb efficiency and limited reversibility in
mild electrolyte. The poor performance of zinc electrode seriously restricts the effective
development of aqueous Zn-ion batteries. Therefore, the purpose of this study is to find the

effective method to inhibit zinc dendrites and side reactions to develop the advanced zinc



metal electrodes. In this doctoral thesis, the interfacial chemistry of zinc metal electrode in 2
M ZnSOs solution electrolyte with and without additives was studied, which shows that the
growth of zinc dendrite is the main potential factor leading to battery short-circuit fault. At the
same time, the freshly polished zinc metal is highly unstable in 2M ZnSOj electrolyte, which
is easy to form a loose and discontinuous overall disordered structure of hydroxyl zinc sulfate
hydrate structure. Moreover, there is no buffer layer between zinc ions and zinc electrode,
which cannot block the active water to protect the zinc electrode. At the same time, hydrogen
is generated, and the battery volume is easy to expand. In order to solve the problems of zinc
electrode, different strategies have been proposed to solve various problems, including the
introduction of electrolyte additives and the construction of artificial or in-situ SEI layer, so as

to effectively improve the performance of zinc metal electrode.

1.3 Thesis structure

The structure of this thesis work is briefly outlined as follows

Chapter 1 introduces the background for aqueous batteries and the background for the
Zn-ion batteries with electrolyte.

Chapter 2 presents a literature review on principals of AZIBs (reaction of water molecules,
Zn-MnOQ; reactions and Zn deposition process), electrolyte, as well as the issues of aqueous
Zn-ion batteries.

Chapter 3 illustrates the general experimental procedures including functional zinc sulfate
electrolyte preparation, the synthesis method of cathode material MnQO,, physical
characterization methods, the electrochemical measurements and the model settings of
theoretical calculations.

Chapter 4 introduces the electrolyte additive methyl sulfone effects on the Zn metal
electrode in aqueous Zn-ion batteries.

Chapter 5 introduces the adsorption and binding effect on Zn electrode surface towards

the dendrite-free and side reaction-free Zn anode for advanced aqueous Zn-ion batteries.
5



Chapter 6 introduces the electrolyte additive pyrrolidone effects on the Zn metal electrode
in aqueous Zn-ion batteries.

Chapter 7 summarizes the work in this thesis and provide some prospects for the
development of high current density and capacity, coupling with Mn-based cathodes, aiming
for more stable, higher rate, longer cycle life, wider potential range, wider temperature range

(-30 - 60°C) and high-power density AZIBs
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CHAPTER 2 Literature Review

2.1 Introduction

Aqueous Zinc-ion batteries (AZIBs) characterize high safety index, low-cost,
benign to develop and promising electrochemical storage property, thus are
considered as a potential energy storage method to be applied in large-scale energy
storage devices. However, AZIBs still face various pressing challenges and dilemmas.
The electrolyte is an essential part in the AZIBs. The mechanisms, equilibrium of ions
reflux, reaction kinetics, and the sides reactions of AZIBs would be affected by the
modulation of electrolyte systems to a great extent. The electrolytes and electrolyte
additives in AZIBs could be summarized and classified into different sorts of systems.
As to the liquid phase (Figure 2.1), the electrolyte systems were categorized into
aqueous (alkaline, neutral or mild acid, gel) and organic systems which containing
KOH, ZnSOs, Zn(CF3S04), Zn(TFSI), based on different mechanisms such as
in-stable Zn(OH)4> complex ions, half-hexagon dendritic seed, special solvent sheath,
interfacial ion flux mediation and solid electrolyte interface (SEI), etc.

Another way of classification is according to the solubility or the formation
method of additives (Figure 2.2), the electrolyte systems were categorized into soluble
(in H20), hydrated or deep eutectic solvent (HES or DES), miscible and immiscible
(with H>O) based on different mechanisms such as the absorption of Zn surface,
modulation of solvation sheath structure (including anion-coordinated,
organic-coordinated, and etc.), organic-H,O-hydrogen bonding network, in-situ

formation of SEI and phase separation, etc.
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Figure 2.1 Summary and classification of the as-developed electrolyte systems of

AZIBs with distinct compositions

and features related to the dendrite issue of the Zn

anode. Reproduced with permission.[1] Copyright 2020, John Wiley and Sons.
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2.2 Principals of Aqueous Zinc Ion Batteries

2.2.1 Reactions of Water Molecules

In the aqueous zinc ion batteries, water is of some helpful and unavoidable part which
not only ensures the safety and unique features for the aqueous electrolytes but also determine
the environment stability or exactly, the electrochemical stability of window (ESW). It should
be highly noteworthy that water molecules in aqueous would be liable to electro-reduced (H>
evolution reaction HER, Equation (3)) or electro-oxidized (O evolution reaction OER,
Equation (5)) at the anode or cathode thermodynamically, which could bring out the low and

unstable Coulombic efficiency, unreversible anode and low operating voltage of AZIBs. [3]

2H,0 +2¢” —H, +20H" 3)

2
RT Oq,0
Eyon =E®. . +iqn| 10
H,O/H, HOM, T (aéH-PHZ/POJ

- Egzo/Hz + 2.303R—;[10g(aH20) +14 - pH] 4)

H,0 - 2¢ — %02+2H+ (5)

EHZO/OZ = Ly,00, T F

o RT In[aiﬂ (Poz/po)l/zJ

RT | 1
= EI?ZO/OZ - 23037[510&0(0‘}120) + pH:| (6)

and the potential difference (AE ) between OER and HER would be defined as following.



RT RT
AE = EI—?ZO/OZ _Egzo/Hz —2.303X14)(7—2.3037‘:%10g10((11_120):| (7)

In the Equations (4, 6, 7), E® is the standard potential and E is the potential in different
conditions, a means the activity and for pure water o is 1. Pu2 / Poand Poa/ Py are the partial
pressure of hydrogen and oxygen gas and normally is 1 at the standard atmosphere. Besides, F,
R and T are standard for the Faraday constant, thermodynamic constant and temperature,

respectively.

Ideally, the activity of water molecules (0. () is 1, then the potential of HER and OER

is in a linear relationship with the pH value, as displayed in the Pourbaix diagram (Figure
2.3a), while the overall ESW of aqueous electrolyte keeps unchanged, irrelevant to the pH
value and the dependence of the ESW on the water activity can be revealed by Equation (7).
Meanwhile, the ESW is governed by the activity of water molecules in the corresponding
aqueous electrolyte, with the reduced activity of water molecules, the two potentials could be
shifted upward and downward for OER and HER, expanding the ESW. [4]

To understand the fundamental mechanism of According to the Pourbaix diagram of Zn
with H>O (Figure 2.3), the working environment of aqueous media is thermodynamically
unstable with different potential range in the pH value, which would change in real time.
Moreover, Zn is thermodynamically unstable and the redox potential for hydrogen evolution
reaction (HER) is climbing with a reducing pH of the electrolyte, which the potential
tendency line of oxygen evolution reaction (OER) is parallel and linear to the HER, the
equilibrium balance. As for the acidic conditions (pH < 4.0), Zn would be more soluble and to
be favorably transformed into Zn?>* ions during the cathodic process. As for the mild
conditions (5.0 < pH < 8.0), the dissolution of Zn would become the solvation sheath
structure Zn(H20)s>" in the electrolyte, which conforms a high energy barrier. This

conformation distinctly gives rise to the charge transfer resistance.
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Figure 2.3 (a) Pourbaix diagram of Zn-H>O system at 25 °C. Reproduced with permission.[3]
Copyright 2020, Elsevier. (b) Schematic illustration of four major issues that may occur on
the zinc electrode: insert label (a) dendrite growth, (b) shape change, (c) passivation, and (d)
hydrogen evolution. Reproduced with permission.[3] Copyright 2020, Elsevier. (c-d)
Schematic open-circuit energy diagram of (¢) aqueous and (d) organic electrolytes.

Reproduced with permission.[5] Copyright 2020, Royal Society of Chemistry.

Moreover, if the shell-layered H,O molecules near the zinc anode surface occurs easily
to form H> and OH- in the charging process, the dissolution of Zn would become relatively
slower due to the high overpotential and the lower corrosion activity compared with strong
acid solution. As for the alkaline conditions (8.0 < pH < 10.5), the dissolution of Zn decreases
could force the presence of Zn(OH),, which would subsequently transfers into the passivated
electrochemically ZnO precipitates, thus increasing significantly the interface resistance and
failing the battery property such as Coulombic efficiency. Additionally, the dissolution of Zn
decreases and more stable Zn corrosion products would be generated (e.g., Zn(OH)>).
Furthermore, as for the alkaline environment (pH > 11), Zn solubility increases again, which
the oxygen reduction reaction (OER) dominates the cathodic corrosion process. Different

11



from the electrochemical behaviors in neutral or mildly acidic solutions, the zinc electrodes
undergo a solid-solute-solid transformation in alkaline electrolytes (ZnO-Zn(OH)4*-Zn),
which inherently faces four major performance-liming phenomenon, which occur during
battery operations:

(i) the non-uniform dissolution and deposition of zinc would occur at random locations of
electrode surface, leading to severe electrode morphology change and dendrite growth after
continuous cycling.

(i1) the discharge product ZnO passivates on the surface of Zn, which lowers the utilization of
zinc active materials and increase the internal resistance.

The anodic reaction in alkaline media is expressed by the following equations:

7Zn(s) — Zn>" (aq) + 2¢ (3)
7Zn*" (aq) + 40H" (aq) — Zn(OH)4* (aq) 9)
Zn(OH)4* (aq) — ZnO (s) +2 OH" (aq) + H20 (1) (10)

Therefore, strategies to increase the overpotential and decrease exchange current density
for hydrogen evolution should be developed to improve the charging efficiency and reduce

the self-discharge rate of the zinc electrode.[6].

2.2.2 Zn deposition process

Addition to the reaction of H,O and Zn with H,O molecules, another phenomenon is also
very important which is the process of Zn deposition during the electrochemical
transportation. The process of electrochemical Zn deposition from an electrolyte to the

electrode is shown in Figure 2.4.
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line illustrating the concentration gradient during electrodeposition (gradually decreasing
from C, to C;). IHL and OHL is the inner and outer Helmholtz layer, respectively.

Reproduced with permission.[2] Copyright 2022, John Wiley and Sons.

First, under the action of electric field and the contact of electrolyte and electrode, the
solvated cations (charge carrier) of bulk electrolyte (Co initial high concentration) become
thermodynamically mobile diffusion toward another side (Cs low concentration). In another
words, along with the electrode, Zn** would be electro-reduced and quickly depleted at the
interface, and results in a concentration dilution arc that gradually decreases from C, in the
bulk electrolyte to Cs at the interface.[7]

The molecules and ions in the electrolyte (take zinc sulfate as an example, such as H>O,
Zn**, SO4*, OH" and etc.) would impact on the electrode surface due to the thermal motion
and the pressure from liquid phase. Meanwhile, during the collision or impact, the electrons
would be transferred between solid and liquid atoms due to the overlapping of the electron
clouds of atoms, and ionization reactions may also occur. Thus, electrons and ions would be
generated simultaneously on the surface, the charge carriers would be attracted by

electrostatic interactions and to form electric double layer. [8]
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Secondly, the ions would deep through the electric double layer, gradually evolve into
de-solvated states in the inner Helmholtz layer (IHL).

Thirdly, the de-solvated Zn?** cations would absorb onto the surface of Zn electrode, and
simultaneously, the electrons would transfer from the electrode to the absorbed Zn?*, which
would be reduced to Zn metal, along with the self-diffusion.[2] Mass transport refers to the
diffusion of charge carriers and the charge transfer process contains the de-solvation,

absorption, and the spontaneous electron transfer.

2.2.3 Zinc Manganese-Based Reactions

Manganese-based oxides, because of their low cost, low toxicity and their relatively high
reduction potentials, have received widespread attention since the 1990s in the field of
electrochemical energy storage, such as supercapacitors, pseudo capacitors, primary batteries,
rechargeable metal-air batteries, and Li-ion batteries (LIBs) [9—12].

Generally, the batteries that consist of an aqueous Zn?*-containing electrolyte, a cathode
for hosting Zn?>" and a zinc anode are called aqueous zinc-ion batteries (AZIBs), which have
attracted particular interests in the recent years [13]. Especially, as the development of the
aqueous zinc ion batteries, it becoming hot-topic about manganese oxide (MnQO>) based
cathode coupled with Zn anode.

Seven kinds of manganese oxide were categorized by the different crystal phases and
atomic architectures, such as including a-MnO> (2 X 2 tunnels) [14-19], B-MnO: (1 x 1
tunnels) [20-22], y- or e-MnO; (1 x 1 and 1 x 2 tunnels) [23-26], todorokite (3 % 3 tunnels)
[27], 6-MnO> (layered structure) [28, 29], R-MnO, and other Mn oxides with different
oxidation states such as Mn,Os [30, 31], Mn3O4 [32, 33], and ZnMnyO4 [34] due to the

different two-dimensional (2D) layered or tunnel-type structure. [35]
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Charge:

2MnO,+ Zn*'+2¢~ — ZnMn,0, (11)
MnO,+ xZn*"+ 2xe~ — Zn, MnO, (12)
27n,,MnO,+ 2H,0 — Zn*'+ Mn*'+ MnO, + 40H - (13)
47Zn*+ 60H + SO’ "+ 5H,0 —Zn ,(OH)(SO,) -5H,0 (14)
Discharge:
Zn MnO, — MnO,+ xZn*'+2xe~ (15)
ZnMn,0, + Mn*"+ 6H,0 — ZnMn,O, -3H,0 + 6H "+ 4¢ (16)
Zn,(OH),(SO,)-5SH,0+6H" — 4Zn*+SO; + 11H,0 (17)
Mn** +2H,0 — MnO, +4H +2e~ (18)

So far, different kinds of transition metal oxides and compounds with a two-dimensional
(2D) layered structure or tunnel-type structure that enable the reversible insertion/extraction
of Zn?" into/out of the lattice have been investigated. Manganese (Mn) -based cathodes
usually would suffer from irreversible phase changes, structural collapse, and the Jahn—Teller
effect inducing Mn?" dissolution, resulting in rapid fading of capacity and undesirable
cyclability and stability.[36] To adjust lattice distance, form tunnels, and layered
configurations by choosing different bonding element, researchers also developed Na:Mn3O7,
ZnMn04, CaxMnOs, MgMn204, and other Mn-based materials as cathode materials for
ZIBs.[36]

For example, by using in situ X-ray absorption near edge structure (XANES) and in situ
synchrotron X-ray diffraction (XRD) techniques, Kim and co-workers elucidated that
intercalation-deintercalation mechanism of Zn?>' into/out of the orthorhombic tunnel-type

Y-Mn*O, (Figure 2.5) [37]. During the discharge process (corresponding to Zn?*
15



intercalation), the initial tunnel-type y-MnO» phase is successively transformed to spinel-type
ZnMn?**,Qs, tunnel-type y-ZnyMn?*O,, and layered-type L-ZnyMn>"O,, which is accompanied
by the reduction of MnO, from Mn*" to the Mn*" and Mn?*, respectively. Upon charging (as
7Zn?*" deintercalation), these Zn-intercalated manganese phases gradually revert back to the
original state of y-Mn*'O,, revealing a reversible Zn?" insertion/extraction mechanism for
v-Mn*"O,. For example, there are several equations of stages, including Hetaerolite formation
(Equation 11), Zn*" insertion (Equation 12), Disproportionation (Equation 13), ZHS formation
(Equation 14), Deintercalation of Zn?" (Equation 15), Chalcophanite formation (Equation 16),
ZHS dissolution (Equation 17) and H*/Zn?** co-insertion mechanism [38]. It is obviously that
most manganese-based cathodes including 8-MnOQO> exhibited two obvious discharge platform
stages (e.g., 1.1-1.3 V and 1.35-1.4 V vs Zn?"/Zn) in ZnSOs-based or Zn (CF3SOs),-based
aqueous electrolyte. [38-41] In the ionic liquid electrolyte, the manganese-based cathodes
such as spinel LiMn204 show a low capacity which is far less than that in the aqueous
electrolyte. [40, 42]

Some literature reported that H" insertion would form MnOOH during discharge may
occur simultaneously [43], or sequentially [44] with Zn?" insertion. Some studies have
suggested that the formation of MnOOH occurs first and is followed by dissolution of highly
soluble Mn?* by electrochemical reduction (Equation 19) [45] or chemical disproportionation
(Equation 20) and that there is no Zn?>" insertion. On the other hand, it has been reported that
Mn*" in MnQ; is reduced to Mn** upon electrochemical intercalation of Zn?" and the resulting
Mn** compound is disproportionated into Mn*" and Mn?* (Equation 21) [46]. The purpose of
this study is to investigate the mechanisms associated with the use of electrolyte manganese
oxide as the positive electrode in aqueous ZIBs. Cycled batteries are disassembled to
characterize the electrolyte manganese oxide electrodes at different potential stages using
X-ray powder diffraction (XRD), scanning electron microscopy (SEM) and
transmission/scanning transmission electron microscopy (TEM/STEM). The results are
compared with and supported by electrochemical measurements, including galvanostatic

charge—discharge and rotating ring-disk electrode tests. Briefly, there is reversible Zn?*
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intercalation into the tunnels of y-/e-MnO- (in electrolyte manganese oxide) in addition to

dissolution/precipitation side reactions.

MnOOH +H,O+e~ — Mn** +30H" (19)
2MnOOH — Mn** + MnO, +20H"~ (20)
27n, ,MnO, +2H,0 — Zn*" + Mn** + MnO, +40OH" Q1)

Continuously dissolved Mn?* ions can account for nearly 1/3 of the total amount of
manganese in a cathode, leaving abundant manganese vacancy sites in the electrode.[47]
Even worse, the original structure of the host materials would be destroyed, resulting in
significant capacity fading. A typical example is Mn dissolution resulted by the classic
Jahn-Teller effect. The manganese oxygen octahedron deforms, and the trivalent manganese is
prone to disproportionation reaction to generate divalent manganese ions, which will cause
interface dissolution, and gradually cause the internal structure of the material to collapse. [48]
Secondly, Cathode crystal structure collapse will result in the instability. On the one hand,
material dissolution may cause structural collapse; on the other band, divalent zinc ions have
a strong binding force with the host structure, which is easy to cause structural damage and
material shedding [49]; Thirdly, stress can also cause cathode instability [50]. the continuous
insertion and extraction of ions causes the expansion and contraction of the cathode material,
which eventually leads to the presence of the electrode material stress, which leads to capacity
decay. These undesirable issues can be effectively alleviated by electrolyte modulation. It has
been reported that the addition of Mn?" into an electrolyte is a useful strategy to balance the
equilibrium between the dissolution and recombination of active materials, and therefore
improve the electrochemical performance of manganese-based materials.[51], of which the

corresponding dissolution/oxidation reaction equation is shown in Equation (19).
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Figure 2.5 Schematic diagram of Zn>*-intercalation mechanism in y-MnO>. Reproduced with

permission [37]. Copyright 2015, American Chemical Society.
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Furthermore, according to the Equation (23), the solubility of Mn?" at equilibrium state
was calculated according to Equation (22). In addition, the content of Mn?* additives will also
affect the level of stability. For instance, in the 2 M ZnSOj electrolyte, as the concentration of
the Mn?" additive increases, the battery capacity and stability of a MnO,/C—Zn battery
increase correspondingly, and the performance is optimal when the concentration of MnSO4
reached 0.5 M. [52].

Although the positive role of Mn?** additive has been widely recognized, researchers
have made differing claims about the underlying mechanisms. They pointed out that the
continuously increased capacity and extended lifespan of Zn/MnO, cells is highly related to
the concentration of Mn?" additive. The more Mn?>' additive added, which could be
electro-oxidized, the more MnO> can be electrodeposited onto the cathode, and thus higher
capacity can be achieved.[53] It would be inevitable of capacity fading since it would be out
of Mn?" ions from additive due to the generation of inactive phase. Besides these
aforementioned effects, insoluble MnOy that is deposited on the surface of a ZnMnyO4
cathode could also serve as host material for Zn** insertion/ extraction, further increasing the
capacity of the cell. Soluble Mn?" from a suitable electrolyte is electrochemically deposited
onto the cathode in the form of solid MnO; during charging and it undergoes a reverse
reaction during discharging, achieving a highly reversible energy storage system.[54] Another
useful approach to solve the manganese dissolution issue is to form an interfacial inorganic
layer on the cathode. When 2 M ZnSO4 and 0.1 M MnSOs is used as electrolytes to couple
with a CaMnOs cathode, the sulfate from the electrolyte combines with calcium ions
extracted from the cathode and generates a high-quality calcium sulfate dihydrate
(CaS0O4-2H20) film on the surface of cathode. This layered SEI film is verified to
significantly suppress the dissolution of manganese and promote cyclability of the battery.[50]
Compared with the one-electron reaction based on the Mn*/Mn*" redox couple, this
two-electron redox reaction boosts the theoretical capacity of cathode material to 616 mAh
g'.[55] Besides these good features, the discharge voltage during MnO» dissolution process

can even reach a higher value than that of the insertion mechanism. However, this theoretical
19



state is hard to achieve because ZnsSO4(OH)s4H,O (ZHS) generated during the first
discharge process covers the surface of MnO» and impedes its further dissolution (Figure 2.6).
While, the situation would be mitigated in acidic solution. After adding a small amount of
sulphuric acid (H2SOs) into 1 M ZnSO4 - 1 M MnSOy electrolyte in an electrolytic Zn/MnO»
system, the capacity contribution of the high-voltage region at a stable output voltage of 1.95
V. [56] Although the acidic electrolyte could favor the reaction of MnQO,, it brings the risk of
hydrogen evolution and corrosion of the Zn anode. Because the alkaline electrolyte can
reduce the potential of the HER and the acid electrolyte can promote the potential of the OER.
It is an interesting design to operate the zinc anode in the alkaline environment and cathode in
the acid environment to enlarge the electrochemical stability potential window of the aqueous
electrolyte and gain a high energy rechargeable aqueous zinc-manganese dioxide battery.

[57-58]

IDischarge to 0.8V |

ZHS shell ”

ZHS shell —

Figure 2.6 Schematic diagram of the formation of Zn4sSO4(OH)s-4H.O (ZHS) at the first

discharge process.

Preintercalated metal ions can effectively solve the above problem by acting as pillars

that stabilize the framework. For example, a layered framework of MnQO; nanospheres with
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zinc-ion pillars as the cathode for AZIBs was prepared via a facile chemical reaction, [59]
which exhibited a high capacity of 124 mA h g at a current density of 3 A g' and an
outstandingly long lifespan of over 2000 cycles. Similarly, Ca ions were also verified to
stabilize layered 6-MnQO2 (Cao2sMn0O,-0.5H,0). [60]

Benefiting from the pinning effect of Ca®* ions, the structural stability was strengthened. Thus,
the cathode delivered a much higher capacity of 135 mA h g' at 1.5 A g after 300 cycles
than the 3-MnO2 cathode (54.9 mA h g') and manifested a significantly long cycle life of
over 5000 cycles. Cu**-intercalated layered MnO2 also exhibited long-term cycling stability
for over 6000 cycles. [61]

The high reversibility and durability of the cathode during cycling can be ascribed to the
redox reaction of the intercalated Cu?*. Cu?* was reduced to Cu during the discharge process,
which decreased the charge transfer resistance (Rc) during the redox reaction and ensured that
8-MnO; underwent a reversible phase transition from the dissolved state (Mn(OH)z) to the
initial state upon charging. In addition, preintercalated metal ions (K*) were also deemed to
play a critical role in alleviating manganese dissolution and preventing structural degradation.
[62]

Liang and coworkers found that the dissolution of Mn in MngO1s incorporated with K*
ions was effectively suppressed even after 50 cycles. As shown in the paper that the
intercalated K* ions bonded with oxygen atoms in the MnOg polyhedrons, which strengthened
the stability of the tunnel structure and suppressed Mn dissolution.

Based on the above discussion, we agree that Mn-based materials are the most promising
cathode candidates for Zn-based batteries, not only because of their environment friendliness
and low cost but also because of their controllable reaction mechanisms. For the conventional
insertion reaction, the effects of pre-adding Mn2+ into electrolytes are quite prominent in
enhancing the capacity and cyclability of batteries. However, its full functions are still in
dispute and need further investigation. Compared with the sluggish cation insertion reaction,
the deposition/dissolution reaction of MnO»/Mn?* can fully exhibit the merits of Zn/MnO,

batteries, in terms of theoretical capacity, output voltage, rate performance, and reversibility.
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Nonetheless, it is worth noting that the theoretical capacity calculation based on MnQO; is not
reasonable when it comes to practical application. In fact, the capacity is stored in the
electrolyte so its weight and volume should be taken into consideration when labeling the
energy density. In addition, some proposed battery systems would not use regular assembly
methods, such as coin cells or pouch cells, and therefore, the devices’ design and optimization
should be taken seriously to minimize the mass and volume of inactive materials.

Liang et al. [63] evaluated the electrochemical behaviors of manganese-based cathodes
in three types of conventional electrolytes including aqueous electrolyte, “water-in-salt”
electrolyte, and organic electrolyte. The activated electrochemical process in aqueous
electrolyte indeed originates from the de-solvation of Zn(H,O)s** at CEI (Fig. 3g). While in
the other two electrolytes, there is insufficient or no active water in the electrolyte. It is hard
to trigger the de-solvation of Zn?" with the high desolvation energy, so the cathode will

exhibit low capacity.

2.3 Issues, Mechanisms and Strategies

The properties of electrolyte, ionic conductivity, Zn?>* transfer number, and
viscosity are controlled by the interactions among the water solvent, Zn?* cations, and
anions. For zinc ion solutes, the difference is controlled by the anions. Normally,
bulky anions with electron-withdrawing groups can promote the dissociation and
increase the transfer of cations (Table 2.1), which explains the better reversibility and
faster kinetics of Zn deposition/dissolution with zinc trifluoromethanesulfonate
Zn(CF3S03)2 based electrolytes, compared to ZnSO4 based electrolytes.[64, 65] The
ionic conductivity is also influenced by the concentration and viscosity.[66, 67]
Generally, as the concentration increases, the ionic conductivity climbs before
reaching a peak value and then fades due to a detrimental viscosity increasement. [64,

68] The anions also influence the stability of the electrolyte and the pH value (Table
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2.1), [69-77] for instance, unstable CIO* and NO?* anions may first be decomposed

and generate dense layer on Zn. [69, 70]

Table 2.1 Properties of several aqueous Zn?" electrolytes.

Co G [mS

Solute Passivation layer Solvation structure pH Stability
M]  om']
49 (1 -1.06-1.18 v
2 56.9 Zn4(OH)6SO4-xH20 [Zn(OHy)6)**
M) (Ag/AgCl)
ZnSOq4
3 48.5 Zn4(OH)$S04:0.5H,0 =45
5 35 Zn(OH)2/ZnO [Zn(OH2)2CL]*[Zn(OH),)** 3.2 -0.3-1.3 V(SHE)
chlz
30 2.5 None [ZnCls)*[Zn(OH):Cl4]* 5.7 -0.5-1.8 V (SHE)
1 Protect layer 4.9 24V
Zn(Cl04). ZnsCI04(OH), and
4 17.66 [Zn(OH)s]** 2.4V (Zn/Zn*")
Zns(OH)xclz
Zn(BFs), 4 ~10 Zn(H20)4(BF4)2 2.0 V (Zn/Zn*")
Zn(Ac): 1 Zns(OH)s(CO3): 5.7
Zn(NO3),  0.09 Zns(OH)s(NO3)2-2H,0 2.85
Zn(OTF), 3 ~41 ZnO/Zn(OH), 3.6 2.5V (Zn/Zn*)

HER (0.16 V)
Zn(TESI), 1 35.9 [Zn(OHa)e]* 3
(Zn/Zn*")

In the table, C denotes concentration, Ac is CH3COO, OTF is CF3SOs, TFSI is NCF3SOs3, and o

denotes the ionic conductivity.
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The solvation structure and the interfacial stability are also affected by the electrolyte. As
shown in Figure 2.6, in traditional dilute electrolyte, the large amount of free water molecules
results in water molecules surrounded Zn** solvation sheath and intimate contact between the
water molecules and Zn surface. With the regulation of electrolyte, each Zn?* is surrounded
by both anions and water molecules, in which the anions possess higher activity than water
molecules, thus the interphasial chemistry on the Zn anode is altered. [71, 72] And the

schematic Figure 2.7 shows the most issues caused by the aqueous electrolytes.

Evaporation

Zn
Dendrites

. |Corrosion P
Passivation

Figure 2.7 Issues of electrolytes and interplay with Zn anode, cathode.

2.3.1 Electrochemical Stability Window

Cell voltage is ultimately confined by electrochemical stability window (ESW) of
electrolytes, as the operating voltage of a designed battery is decided by the potential
difference of redox reactions between cathode and anode, which should lie within the ESW of
electrolyte.[78] The ESW of aqueous electrolyte is governed by the decomposition reactions
of water molecules, which is only 1.23 V for pure water and no more than 2.0 V for
traditional aqueous electrolytes.[79] This narrow window of aqueous electrolyte disenables

the potential cathodes with higher charging voltage over 2.0 V and thus restrains the operating
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output voltage, leading to insufficient energy density. The side reactions in an AZIB are
heavily related to the undesired reactions of water molecules with/along the electrodes,
including Zn corrosion, surface passivation, and H2 evolution. [80, 81] Intensive previous
investigations have been dedicated to handling these Zn-related issues in recent years, mainly
include the following aspects: 1) constructing an artificial surface electrochemical interface,
[82, 83] 2) current collector selecting and structural engineering, [84] 3) designing
hierarchical Zn structure or Zn alloy, [85] 4) utilization of water-insalt electrolytes, [86, 87]
and 5) introducing additives into electrolytes. [88-90] Among these strategies, the simple
design of electrolytes with additives can effectively promote stable and facile Zn
stripping/plating from/on zinc electrodes, as the electrolyte is essential to a battery just like
blood for a human body. [91, 92] The electrolyte engineering with additives can lead to a
synergy effect to the ESW, anode side, and cathode, boosting the electrochemical
performance of the full battery, [80, 93] as the electrochemical reactions occur on the
interfaces is highly dependent on the electrolyte and the electrodes with a dynamic change
during cycling. It is a real devil that complicates the stability of the bulk electrolyte and
electrodes. [91, 93] Although these manipulations on the electrolyte have shown a remarkable
effect on raising the Coulombic efficiency, utilization, and cycle life, the underlying
mechanism on raising the battery voltage, the inhibition of undesired side reactions and Zn
dendrites, as well as enhancing the cathode stability has not been entirely understood yet. In
this review, through carefully figuring out the principle for the limited ESW, the detailed
processes along with the deposition/stripping of the Zn metal, the roots for the side reactions
and dendrites are profoundly discussed. With organic molecules as the electrolyte regulator,
after sorting out the roles and achievements in the advanced AZIBs, the beneath mechanisms
and effects are summarized. Due to the limited research on the cathodes via developing
organic molecules in electrolyte tuning, the focus is concentrated on the remarkable effect on
the Zn anode. Furthermore, the profits of expanded ESW and widen temperature adaptability

for the electrolyte are also included.
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Similarly, Zhang et al. [94] did not observe the formation of anode by-products in the
“water-in-salt” electrolyte with 30 M ZnCl,, in which the solvated structure will be converted
to [ZnCl4]*. The electrochemical stability window of the ZnCl, electrolyte was widened along
with the decrease in the hydrogen evolution potential due to the increase in concentration,
which improved the CE of Zn plating/stripping as well (Fig. 16k). However, in addition to the
increasing cost and reducing battery energy density, the electrolyte with an excessively high
concentration exposes the characteristics of high viscosity, poor wettability, and low ionic
conductivity, which limits the commercial development of Zn>* ion batteries. Nevertheless,
this strategy of applying high-concentration electrolytes still has a great practical effect. For
example, appropriately increasing the electrolyte concentration is beneficial to the
improvement in battery performance. We need to explore the appropriate concentration of

electrolytes to achieve the optimization of comprehensive benefits.

2.3.2 Side reactions, corrosion and formation of by-products

Interestingly, the surface of Zn metal possesses different tolerance to corrosion and
activation energy for HER and Zn nucleation. Research reveals that, the activation energies
for HER increases in the sequence as the order of (110) < (002). [258] Therefore, the side
reactions along (002) surface is largely suppressed. Furthermore, the atoms on the (002) plane
are compactly arranged and have high binding energy. These contributes to the uniform
deposition of Zn on (002) surface. However, in ordinary dilute electrolyte, the poor
interactions between the water molecules and Zn surface induced the deposits with (100)
surfaces exposed, which further gave rise to side reactions and dendrite issues. Fortunately,
some organic molecules prefer to absorb on (002) crystal plane at a parallel state and tend to
induce Zn deposition on the (002) facet in a parallel orientation. [258-261]

The stable interfaces can be divided into thermodynamic stability and kinetic
stability. Thermodynamically stable interface, where there is no formation of

intermediate layer, is conductive to the stability of batteries. Thermodynamic criterion
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can be determined by the energy state difference between electrode and electrolyte
which is proposed by Goodenough’s group [262]. Thermodynamic stability requires:
the lowest unoccupied molecular orbital (LUMO) of the electrolyte is higher than the
Fermi level of the anode (ua), the highest occupied molecular orbital (HOMO) of the
electrolyte is below the Fermi level of the cathode (uc), as illustrated in Fig. 2.3c, d
(drawn with solid line). In other words, ua and uc locate within the E, of electrolyte,

which constrains the open circuit voltage Vo of a battery:

Zn MnO, — MnO,+ xZn*"+ 2xe~ (25)
ZnMn,0O, + Mn*'+ 6H,0 — ZnMn,O, -3H,0 + 6H "+ 4¢’ (26)
Zn,(OH),(SO,)-5H,0+6H" — 4Zn*'+SO;+ 11H,0 (27)
eVoe = Hy-H-SE, (28)
AE=AE, + n. +n, +1, (29)

where e is the magnitude of the electron charge.

And if LUMO energy level of A is lower than B that is E (LUMO)(A) < E

(LUMO)(B), then the electron would be easier transferred from A to B.
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Figure 2.8 Issues associated with aqueous electrolytes and Zn metal anode in aqueous
electrolyte. a) Side reactions on Zn anode in aqueous electrolyte; b) stripping resulted holes
and newly formed Zn deposits are not at the same positions due to the “hostless”
stripping-plating mechanism; c) uneven surface caused dendrite issues; d) concentration
polarization caused by slower diffusion compared with redox reaction at the interface, and the
resulted dendrites formation. Such concentration polarization gets severer at high current

density.

There are no spontaneous reactions on the interface, so that an intrinsic stable EEI
can be obtained. Intrinsic stable interfaces where only occurs transfer of charged ions
and charges are limited in real condition due to the complicated nature of aqueous
electrolyte. Pan et al. proposed a solid-state electrolyte of single-ion conductor in
ZIBs [263]. The microporous structure with nano-wetted interface forming fast
zinc-ion transport channels. A high Zn?*' ions transference number of 0.93 was

achieved. However, the electrode potential is generally outside the Eg of electrolyte.
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Electrons in the anode flow to the electrolyte when the pA of anode is higher than the
LUMO of the electrolyte, resulting in a reduction reaction of electrolyte and
formation of AEI film, as illustrated in Fig. 2.3c, d (drawn with dotted line). Similarly,
a lower nC of cathode than the HOMO of the electrolyte would lead to the oxidation
of electrolyte, and following CEI formation. Different from the decomposition of
organic electrolytes, the decomposition of aqueous electrolytes signifies the
production of gas (Hz or O2). Thermodynamically, the ESW of water restrained by the
inherent thermodynamic oxidation potential of OER and reduction potential of HER.
Though the actual ESW of aqueous electrolyte is expanded to ~ 2 V due to the exist of

overpotential (7). Typically, the practical ESW (AE) of water can be described as:

where 7c, 7a and 7o refer to cathodic, anodic and other overpotential. The risk of
water splitting suppresses the operating voltage, leading to insufficient energy density
of ZIBs. Recent efforts have successfully transplanted the concept of solid/electrolyte
interface (SEI) into aqueous media, achieving aqueous lithium-ion battery with an
output voltage of 4.5 V. Typically, a more durable interface can be formed by the
design of electrode and electrolyte. For instance, the novel water-in-salt (WiS),
water-in-bisalt electrolytes and hydrate-melt electrolytes are impressive in expanding
voltage window (Fig. 2c). A dense and protective layer formed under the
decomposition of salt anion, dissolved O2/CO; and H20, which kinetically stabilizes
electrolytes at potentials far beyond their thermodynamic stability limits.

The interface, an ionic conductor but electronic insulation, can be kinetically
stabilized, and the Zn?>* can be free to pass through. Additionally, cost-effective and
facile strategies have also been envisioned and implemented by the preconditioning of
electrodes and electrolytes. For example, an in-situ generated passivation film was
observed in Zn/Ca;Mn,QO4 batteries, which defended active materials from dissolution.
Electrolyte additives, for example, organic acids including tartaric acid, succinic acid,

citric acid, etc., can increase hydrogen overpotential and prevent dendrite growth. A
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stable SEI of polydopamine is constructed successfully on a Zn anode via an in-situ
electrochemical polymerization process of a dopamine additive, which regulated Zn
nucleation, Zn-ion conductivity and adhesion capability to achieve dendrite-free Zn
deposition, fast Zn?>* transport, and alleviated interfacial side reactions. The
electrochemical performance improved a lot by these dynamically stable modification
strategies. Such strategies focus on in-situ regulation without artificial coating, which
is an effective tactic to promote the interfacial stabilities based on kinetically
stabilization. The interfacial composition and structure are situated in the condition of
dynamic changes during the cycling process. Therefore, the stability of the in-situ
interfaces in ZIBs deserves a careful evaluation to obtain a thorough understanding

and accelerate the optimization of desired EEI.

For the unstable additive, the HOMO energy level of additives that aid the CEI film is
higher than the cathode chemical potential uc. This will cause the additive to have
higher oxidizability than the cathode, so the additive will preferentially get electrons
from the cathode to chemically react and deposit on the cathode surface to form a
stable CEI membrane. This CEI film can improve the interface compatibility by
protecting the cathode, reducing the interface impedance, and inhibiting further

decomposition of the electrolyte.

2.3.3 Zn dendrite

Dendrite traits, including origins, nucleation/growth kinetics, and topologies, are distinct
for different MBs (such as Li, [95] Al, [96] Zn, [97] Mg, [98] etc.) due to their respective
characteristics. This difference makes it difficult to address some metal dendrites, while it is
relatively facile to address others. Because Mg batteries are believed to be less affected by
dendrites due to their specific characteristics, we will only briefly discuss and compare Li, Al,

and Zn dendrites.
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Specifically, Li metal batteries (LMBs) demonstrate the most serious dendrite issue,
despite having the lowest Young’s modulus and being the most researched. [99, 100] The Li
dendrite emerges as a result of the surface roughness-triggered uneven electric field or the
inhomogeneous solid electrolyte interface (SEI) formed by the decomposition of organic
electrolytes.[101-103] In fact, the protective SEI can suppress the growth of Li dendrites to
some degree and rapidly cover the fresh surface of a newly formed Li dendrite, but Li
dendrites can still break the defensive SEI layer and further pierce the subsequent separator,
resulting in battery failure.[104] This is correlated with the 1D topology and ramified
structure of the Li dendrite. On the one hand, the 1D topology, possibly originating from the
body-centered cubic (bcc) matrix, manifests aggressive piercing capability (Figure 1a, d). On
the other hand, the ramification texture resulting from the large electric field near the interface
or space charge enables Li dendrite to invade the separator from multiple directions.[105]
Hence, it is very difficult to completely suppress the Li dendrite despite the possible rescuing
strategies, such as the adoption of solid-state electrolytes.

Aluminum metal batteries (AMBs) also suffer from the dendrite issue, which has been
widely evidenced in various electrolytes (such as AICI3-NaCl melts,[106] Al-containing ionic
liquids (ILs), etc.) [107] and been profoundly studied since 1990.[96, 108] It was uncovered
that the Al dendrite forms due to nonuniform Al deposition resulting from increased
nucleation sites, which originate from breaks in the Al,O3 passivation films.[109] Differing
from the SEI in lithium batteries, the Al,Os film is a completely inorganic phase and tends to
be anisotropically smashed in specific IL media under the relatively low redox potential of Al.
[107] It is worth noting that, rather than the ideal AI’*, a complex anion of AICI* dominates
the charge carrier system of IL electrolytes, which inevitably lowers the ion transfer efficiency
in both the bulk electrolytes and cathodic hosts (Figure 1b, ¢).[110, 111] Apparently, Al
dendrites are topologically ramified, while the branches appear to be 2D structures. This
moss-like dendrite is difficult to be addressed considering the complex topology and the
inferior ion supply capability due to the sluggish ion diffusion kinetics of anion-type charge

carriers such as AICI*".[112, 113]
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Zinc metal batteries (ZMBs) have inevitably encountered the dendrite issue.[114-118]
These Janus-type traits are correlated to aqueous electrolytes: 1) Zn stripping/plating proceeds
in aqueous media at a zenithally high yet electrochemically stable potential (-0.76 V vs the
standard hydrogen electrode (SHE)), which hence addresses the safety concerns and ensures a
high power density owing to the fast ion diffusion kinetics;[113-121] 2) microcosmical
irregular ion motions such as turbulence and convection can cause uneven ion distribution and
consequently trigger dendrite formation.[122, 123] Under the same category of dendrites, the
Zn dendrite is distinct from its Li and Al counterparts. Zn dendrites forming in neutral/mildly
acidic electrolytes were verified to be 2D hexagonal platelets (a result of a hexagonal
close-packed (hcp) crystalline structure) with varied edge sizes according to the adopted
cycling conditions and electrolytes (Figure 1c, f). [97, 124, 125] It should be noted that Zn
“dendrites” in different electrolytes exhibit different morphologies that will be discussed in
detail later herein. The invasive ramified and 1D topologies that are commonly seen in Li and
Al dendrites are absent in Zn dendrites in neutral/mildly acidic media, which remarkably
weakens the destructiveness in piercing separators that usually causes battery failure.
Zn-based batteries working in aqueous electrolytes undergo pH change as a result of the
anodic hydrogen evolution, which is thought to promote the formation of inert zincate on Zn
anodes and aggravate the Zn dendrite issue. Other metal anodes usually plate and strip in
organic electrolytes, where SEI will form as a natural protective layer to mediate the ion flow
to attain uniform diffusion.[126, 127] Regarding the formation of dendrites, another
pronounced advantage of the Zn anode against its Li and Al competitors is its higher critical
overpotential [111] () for dendrite nucleation, which can be numerically described as follows
where n represents the electron transfer number, D stands for the diffusion coefficient, 10 is
the exchange current density, o is the thickness of the diffusion layer, F is the Faraday
constant, R denotes the gas constant, T is the temperature, a is the charge transfer coefficient,
and CO refers to the ion concentration of the bulk electrolyte. This logarithmic relationship
can be explained as follows: 1) The superb Zn ion diffusion (D = 3.3 x 10-6 cm2 s-1, orders

of magnitudes higher than Li, Na, Mg, and Al, as shown in Figure 2) in aqueous electrolytes
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can directly elevate 1 due to the depletion of the kinetic hysteresis between ion consumption
(reduction at the electrode/ electrolyte interface) and ion supply (migration from the bulk
electrolyte);[128-132] 2) the multiple electron transfer (n = 2) of the Zn/Zn2+ redox couple
can also raise n by increasing the limiting current density; 3) hydrated zinc ions tend to
exhibit a thin diffusion layer compared with all other metals in organic/ ionic liquid media
due to the gigantic solvation sheaths.[133-137] Therefore, considering the unique topology
and high dendrite nucleation overpotential, it is of great scientific interest to systematically
investigate the issue of Zn dendrites.

Metallic Zn, which has a moderate redox potential (-0.76 V vs SHE) in neutral aqueous
electrolytes, has been directly utilized for anodes as Zn foils or electrodeposited Zn
nanostructures.[ 139, 163, 198] The removal of hydroxyl in neutral electrolytes has addressed
the notorious corrosion and Zn passivation issues, which diverts the attention of researchers
toward cathodes and electrolytes. However, the frequent sudden failures of current neutral
electrolyte-based ZMBs that usually happen during the charging procedure (corresponding to
Zn plating) have vigorously evidenced the existence of Zn dendrites, thus forcing a

reconsideration of the dendrite issues of ZMBs.[125]

2.3.3.1 Electrolytes and Zn Dendrites

There are remarkable differences among Zn dendrites in different electrolytes. In a strict
sense, the Zn dendrites in mild electrolytes are not dendrites because they do not have a
ramification texture, and the Zn dendrites in alkaline electrolytes are not even Zn (they are
usually zinc oxides). For simplification, we will use “dendrites” to represent all structures
formed on the Zn anode in any type of Zn battery and specify their different morphologies
and compositions if necessary. Zn dendrites in alkaline systems are related to the instability of
Zn(OH)4*", the special form of the zinc ion in alkaline electrolytes, which easily decomposes
into an inert ZnO layer and blocks uniform ion diffusion and deposition.[202] In addition, the
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rapid corrosion of the Zn anode that leads to the apparent shape change also aggravates
dendrite formation.[203, 204] These alkaline Zn dendrites show a 1D ramified cone-like
topology, which is likely to easily pierce the separators (Figure 5a,b).[125] They can form
even under moderate conditions of low capacity and current density, implying that their origin
lies in thermodynamic instability. In contrast, Zn dendrites in neutral/mildly acidic
electrolytes seem to be negligible in moderate conditions, while they are significant in
extreme conditions (large capacity and current density) (Figure 5c¢). This correlates the cause
of neutral Zn dendrites with the kinetics factor of zinc ion diffusion. Neutral Zn dendrites
were observed to show a 2D hexagonal morphology without ramification, remarkably
weakening their piercing capability and enabling relatively facile dendrite protection along
the physical shielding approach (Figure 5d). ZMBs using high concentration-salt electrolytes
(HCSEs) and organic electrolytes are free from dendrite issues due to the formation of SEIs

and the absence of free water molecules, respectively (Figure Se, f).

2.3.3.2 Accumulation Effect

The accumulation effect is defined here as the dynamically gradual growth of Zn
dendrites in both edge size and dendrite layer thickness during long-term stripping/plating. Zn
dendrite formation undergoes a dynamic and irreversible process. [205, 206]

Specifically, the electrochemical stripping proceeds not only at the dendrite sites but also
at the Zn metal substrate, generating a partially stripped state of the as-formed Zn
dendrites.[207] The subsequent plating step tends to preferentially occur at the residual Zn
dendrite sites where the large curvature radius will strengthen the localized electric field.[208]
This repeated stripping-plating process results in the apparent accumulation of Zn dendrites
(Figure 6).[209] This accumulation effect is proposed to originate from the irreversibility of
the Zn plating and stripping procedures. In detail, Zn plating involves ion diffusion directed
by the electric field, which proceeds at the electrode—electrolyte interface, while Zn stripping

refers to the intrinsically uniform electron loss at both the flat substrate and the dendrite sites
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(Figure 6). To eliminate the accumulation effect, more effort should be devoted to the

homogenization of ionic flow, which is necessary to ensure uniform Zn deposition.

Organic electrolyte

« Solvated Li*

Al,O, crack
Figure 2.9 The contrast of topologies and ion environments between Zn dendrite and its
counterparts (Li, Al). (a) SEM image of Li dendrite. (b) SEM observation of Al dendrite. c)
SEM image of Zn dendrite prepared by this work. (d-f) Schematic diagrams showing the

topologies of dendrites and the related ion environments for Li, Al, and Zn, respectively.

2.3.4 Advancements in Zn Dendrite Protection

2.3.4.1 Artificial Interface Layer

The artificial interface layer plays a significant role in dendrite protection, mainly
according to two strategies: spatial shielding [214] and multimode-guided ion homogeneous
diffusion.[215] A direct approach to physical shielding involves using the interface layer to
block dendrite growth, which in turn calls for robust mechanical properties in the protective
interface. The other method refers to guiding the uniform migration process of Zn** through
multiple steps, such as ion tunnel restraint, chemical adsorption, and electrostatic interaction.

Generally speaking, physical shielding functions after Zn plating, while homogeneous
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guiding happens during the Zn2+ diffusion process. It is important to identify the desirable
traits for an ideal interface layer. After summarizing recent advances, we will scrutinize four
crucial factors: conductivity, hydrophily, structure stability, and pore network. As for
conductivity, semiconductors or insulators are preferable for the interface layer because they
help to avoid surface Zn deposition and ensure that Zn?>" transfers through the artificial
interface before it is reduced. From the aspect of hydrophily, good hydrophilicity quantified
by contact angle (<90°) is beneficial because it lowers the ion interface transfer resistance and
thus decreases the overpotential or voltage polarization during Zn plating.[216, 217] Structure
stability pertains to the porous network and morphology and is another key factor influencing
long-term cycling performance, which compactly depends on the adoption of a binder in the
coating layer [218] and powerful enough chemical bonds (such as covalent and H bonds) [219]
and cross-linking degrees [220] for an all-in-one film. Later, the pore structure dispersed
among the interface layer serves as an ion migration tunnel with its forceful repression on the
ion inhomogeneous diffusion driven by the nonuniform electric field. The goal for pore
structure design may be directed at the concept of the molecule-level channel, which is
thought to exert enormous impacts on the future of dendrite protection in metal-based

batteries.

2.3.4.2 Inorganic Interface Layer

Inorganic interface layers were initially grafted onto the Zn electrode through the doctor
blade coating method.[221, 222] This interface fabrication technique features a simple
process and low cost with heavy dependence on binders (such as poly(vinylidene fluoride)).
For example, a nanoscale CaCO3 coating layer with a developed pore structure was reported
to favor position-selected Zn deposition and thus improved the symmetric cell lifespan by
sevenfold (Figure 8).[223] However, its low areal capacity of only 0.05 mAh cm™ needs
further improvement with the consideration of the tens of micrometers-level thickness. In

addition, a similarly coated active carbon interface was observed to suppress Zn dendrites
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well in both Zn—Na dual-ion and pure Zn-ion electrolytes.[224, 225] Nevertheless, this carbon
coating layer demonstrates remarkable dependence on thickness. In addition, high
conductivity may also encourage the surface formation of Zn dendrites and thus poses an
underlying threat to long-term cycling. Overall, the doctor blade coating strategy still has two
major challenges: one refers to lowering the interface layer thickness to improve the volume
energy density, and the other involves strengthening the deep coupling between inorganics
and binders to avoid structure pulverization. Regarding thickness manipulation and structure
maintenance, atomic layer deposition (ALD) represents a next generation technique to
simultaneously complete nanoscale film fabrication with ultra-accurate thickness control and
atom-level compactness.[226] In this respect, a TiO: interface layer was reported to have been
deposited onto a Zn electrode with both a super-low thickness of only 8 nm and a regular
texture along the 2D solid-solid interface (Figure 9).[227] This excellent ALD interface layer
is thus compact enough that it can decrease the exchange current density in aqueous
electrolytes, sustain a relatively pH-stable medium, and allow for homogeneous deposition
during the repeated cycling process. Despite these advantages, the ALD approach is still
challenged by the high cost. A cheap in situ chemically formed Pb film based on the interface
replacement reaction of Zn electrodes was proposed to tackle the dendrite issue.[228] This Pb
protective interface could polarize the hydrogen evolution side reaction and further prohibit
the corrosion of Zn electrodes, even in alkaline electrolytes. Anchoring deposition active sites
on Zn electrodes or current collectors is also an attractive method for addressing the dendrite
issue by decreasing the nucleation energy and thus guiding uniform Zn deposition. For
instance, isolated Au nanoparticles were employed as nucleation seeds to allow for
dendrite-free Zn deposition.[229] Interface deposition sites are a promising direction for
dendrite restraint that require further profound study ranging from the grafting method to the

type of deposition site (such as nanocrystals and functional groups).
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2.3.4.3 Organic Interface Layer

The organic interface layer is distinct from its inorganic counterpart. Specifically, the
organic interface is usually prepared by spin-coating and it is an all-in-one film compared
with the noncompact doctor blade-coating inorganic layer.[230] Rather than adopting binders
to sustain integrality, organic interfaces established on the robust covalent cross-linking
network demonstrate outstanding structure stability and thus are more likely to avoid
destructive structure pulverization during repeated cycling.[231] In addition, the highly
reversible shape change associated with their excellent viscoelasticity enables organic
interfaces to effectively direct the transverse (parallel to the separator) Zn deposition.[232]
Furthermore, the subtle interface coupling between the organic layer and Zn electrode enabled
by the rich surface chemistries can remarkably lower the ion interface transfer resistance.[233]
Various hydrophilic polymers have been utilized as organic artificial interface layers to
address the Zn dendrite issue. For example, an all-in-one polyamide (PA) membrane made
using a solving-casting-drying method was recently reported to reach a high coulombic
efficiency of 95% for Zn utilization and stable cycling up to 1000 times for a Zn—-MnO2
battery (Figure 10).[234] This was attributed to the ion immobility effect in which zinc ions
are prevented from free transverse diffusion along the electrode surface by the spatial
interaction of the PA network. In addition, this PA interface contributed to the de-solvation of
hydrated zinc ions and thus suppressed the side reaction of water splitting. The ion immobility
effect was also confirmed in the interface modification of the Zn electrode by poly (ethylene
glycol) (PEG). The PEG linear molecular backbones serve as nanofences to block ion
migration, as reflected by the apparently modulated exchange current densities.[235] These
works present us with an experimental direction with which we can feasibly tackle the Zn
dendrite issue by interdicting ion mobility on or near the electrode surface. Interface
chemistry has also been found to strengthen the dendrite protection of the Zn electrode. In this
respect, polyacrylonitrile (PAN) membranes cross-linked by Li»Ss3 introduced extra
S-containing groups to guide the homogeneous ionic flow to attain dendrite-free Zn
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deposition.[239] Nevertheless, the ultra large thickness of 500 um of this screen-printed PAN
interface needs to be decreased in comparison with the tens of micrometers-level Zn
electrode.

The SEI, a crucial protective layer for LIB anodes, also plays a significant role in solving
the Zn dendrite issue. The SEI protection strategy originated from the use of HCSEs with
organic anions in Zn hybrid batteries and underwent further development in recent years.
Preliminarily, the HSCEs of Zn(TFSI) were reported to permit highly reversible Zn
stripping/plating as reflected by ideal cyclic voltammetry (CV) curves.[175] In addition, the
deposited Zn was also observed to be free from the hexagonal nanosheet topology exclusively
demonstrated by Zn plated in normal aqueous electrolytes. These highly desirable traits were
subsequently shown to benefit from the formation of a SEI consisting of fluorides and
sulfides, which originates from the decomposition of organic anion-type electrolyte.[128]
Under SEI protection, the as-assembled symmetrical cells deliver excellent cycling lifespans
without being affected by increased current densities despite the slightly increased voltage
hysteresis. More recently, a quasi-SEI interface was reported to be formed based on the
electrostatic interaction between the deprotonized carboxyls of sodium polyacrylate and
positively charged zinc ions (Figure 11).[240] This quasi-SEI promotes the localized
nucleation growth behavior of Zn deposition and thus eliminates the formation of Zn
dendrites. Currently, SEI layers form indirectly, according to the mutual effect between the Zn
electrode and electrolytes directly grafting like other interfaces mentioned previously.[241] In
general, despite the outstanding dendrite suppression capability permitted by their structural
and chemical stability, organic interface layers retain significant dependence on toxic volatile
solvents during the solving-casting-drying process. The use of these toxic solvents poses a
great threat to the green aqueous ZMBs. [242-244] In addition, the current thickness (30-500
um) of the interface layers needs to be decreased to less than that of the Zn anode with
consideration of the whole volume energy density. Combining the artificially grafted polymer
interface with the indirectly formed SEI appears to be a good choice for achieving overall

dendrite protection. Considering the trade-off between the cycling lifespan and rate capability,
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it is desirable to optimize the thickness to effectively guide Zn** flow and lower the diffusion
resistance as much as possible. Currently, several methods, including atomic layer deposition
(ALD), doctor-blade coating, spin-coating, and in situ interface synthesis, have been
developed to integrate different materials (inorganic metal oxides, organic polymers, etc.)
with the Zn anode. The optimal thicknesses are quite different in different methods. For ALD,
the atomic matrix is dense, so it is best if the thickness is less than dozens of nanometers.
Artificial interface layers prepared using other methods are thought to require a thickness of

less than 1 pm considering the porous structures of the layers.

2.3.4.4 Electrolyte Modification

The electrolyte modification strategy refers to adopting organic/inorganic additives,
designing gel, or all-solid-state electrolytes, and developing wholly organic electrolytes or
HCSEs to functionalize and substitute current dendrite permitted aqueous electrolytes. These
approaches enable the modified electrolytes to regulate ion migration in both bulk electrolytes
and the microspace near the electrolyte-electrode interface to attain homogeneous distribution
before Zn plating. After that, modified electrolytes can also supply spatial shielding to
mechanically guide the growth direction of Zn deposition. In addition, the modification
methods mentioned previously exhibit good compatibility with current cathodes: for example,
organic electrolytes benefit PBA-type cathodes, while they are bad for Mn-based cathodes.
This involves subtle H+ storage and desolvation behaviors that will be discussed in detail in
the following sections. Electrolyte modification with both bulk and interface interaction is

thus thought to demonstrate enormous potential in effectively solving Zn dendrite issues.
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2.3.4.5 Additives

Electrolyte additives devoted to attaining efficient dendrite protection without changing
the specific solvation sheath and H+ storage behavior are significant for maintaining the
advantages of high energy density and superior rate capability of aqueous ZMBs. The additive
family mainly consists of organic molecules, inorganic salts, organic cations, and organic
anions, with distinct dendrite suppressed mechanisms. [245, 246] Inorganic additives usually
depend on their high-redox-potential cations to electrostatically screen zinc ions at the
dendrite sites to realize even Zn deposition. In comparison, slight organic additives can
remarkably improve the interface wettability of aqueous electrolytes on lyophobic Zn metal
anodes and thus encourage uniform dispersion along the whole 2D electrode surface. Another
advantage of utilizing additives is to lower the freezing point of electrolytes to endow the
battery devices with antifreezing functionality. [203, 247]

Diethyl ether was adopted as an organic additive in a dendrite-free Zn—-MnO2 system
with both long lifespan and high capacity (near 300 mAh g').[192] This excellent
performance is attributed to the molecule screening of additives at the metallic Zn anode as
well as the unchanged dual-ion (Zn*" and H") storage at the MnO2 cathode. As described in
Figure 12a, however, diethyl ether is only adsorbed onto the dendrite sites rather than the
adjacent plate regions, which is thought to be a difficult process without any special stimuli.
Inorganic additives can easily address this concern by replacing molecule screening with
electrostatic shielding. For instance, ordinary Na>SO4 was added to aqueous electrolytes to
eliminate Zn dendrites based on the electrostatic shielding effect (Figure 12b).[248] This
electrostatic interaction utilizes high-redox-potential Na+, which is anchored on dendrite sites
triggered by the locally enhanced electric field intensity, to repel zinc ions so they
transversely move to the adjacent planar substrate to attain homogeneous deposition. This
inorganic additive was also asserted to inhibit the dissolution of the V-based cathode. Similar
to its inorganic counterpart, the organic cation is another electrolyte additive exploiting the

electrostatic shielding interaction to tackle the Zn dendrite issue. 1-Methyl-pyrrolidinium
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bromide, which was initially used as a bromine complex agent in a zinc-bromide flow battery,
was reported to exhibit desirable dendrite suppression even in alkaline electrolytes due to
organic cation-driven electrostatic shielding.[249]

Electrolyte additives can improve the intrinsic Zn deposition behavior by mediating the
crystallographic orientation. Specifically, the organic anion-type additive sodium dodecyl
benzene sulfonate (SDBS) was reported to strengthen the (100) lattice plane in comparison
with the (002) lattice plane.[250] This artificially directed change in Zn deposition behavior
transforms the loose hexagonal nanosheet topology into a compact smooth one. Additionally,
along this crystallographic orientation manipulation approach, other electrolyte additives such
as boric acid, indium sulfate, and tin oxide were also investigated to widen the additive
family.[251] However, a completely contrary hypothesis was proposed: Zn deposition toward
the (002) lattice plane is intensified to suppress the Zn dendrite, as evidenced by X-ray
powder diffraction (XRD) and scanning electron microscopy (SEM) observation. Despite this
conflict, using electrolyte additives to regulate crystallographic orientation represents a
promising method for inhibiting Zn dendrites, while the typical lattice plane associated with
the profound mechanism still needs further investigation.

Actually, during the Zn deposition process, the previously generated Zn nuclei also form
a large local electric field to affect subsequent nucleation and growth. Therefore, adjusting the
initial nucleation site is of great significance for realizing a dendrite-free anode. According to
the Sand’s time model (Equation 24), we could modify and regulate the configuration of

electrolyte to suppress the formation of dendrite.

D eC,(u, +uc)2
2Ju

a

T=7 (24)

7 : dendrite formation time, e: electronic charge, D: diffusion constant, Co: initial
concentration of the electrolyte, J: effective current density, ua: anionic mobility, uc: cationic

mobility.
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To extend the dendrite formation time 7 , the goal is to enable the high initial
concentration of Co, increasement of the diffusion constant D, improvement of the anionic
mobility u,, abatement of cationic mobility u. and decrease of the effective current density J.
Besides, Reza Shahbazian-Yassar have demonstrated non-dendritic Zn electrodeposition
process can be achieved by zincophilic monolayer graphene layer substrates with a strong
affinity to Zn (binding energy of 4.41 eV).

As present above, the organic molecules really show their significant roles in
suppressing the Zn dendrites. Uniform surface energy, electrical field, and ionic flux is ideal
state to eliminate the Zn dendrites. However, the irreversible stripping and deposition process
is potential to bring about the uneven surface after several cycles of deposition/stripping.[252]
So, the kinetic process should be tuned to guarantee more and smaller uniform nucleus in the
initial step of deposition, and planar deposits is highly desired. With the organic molecules
chemically adsorbed on the Zn surface, the enhanced zincophilicity increases the driving
force for nucleation to yield a uniform distribution of small metal nuclei. Based on this,
compact and uniform depositions form.[253, 254] For the solvation tuning, the incorporation
of organic molecules strengthens the Zn-organic interactions, and the high adsorption energy
of the organic molecules improves the interfacial Zn metal-organic molecule-Zn?* charge
carriers bonding, the both enhanced ionic transfer and electron transport significantly
promoted the uniform nucleation and growth.[255] However, charge-transfer barrier usually
gets aggravated due to the high de-solvation energy (bond cleavage of Zn-organic), although
the higher resistance can slow down the deposition process to smooth the deposits.[256] Note
that the output voltage will be accordingly lowered especially at a high current density. So, it
is advocated to build SEI to facilitate the de-solvation, and meanwhile this in situ formed
Zn*"-selectively conductive, hydrophobic, and electrical insulated SEI can further tune the

ionic flux and homogenize the nucleation sites.[257]
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CHAPTER 3 Experimental Sections

3.1 Overview

The advanced techniques to characterize Zn dendrites and the structural features of the

electrodes before and after battery operation were characterized by numerous techniques,
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including X-ray diffraction technique (XRD), scanning electron microscopy (SEM). The
structure features of the electrolytes were characterized by Fourier transform infrared (FTIR),
Raman spectroscopy, nuclear magnetic resonance spectra. The electrochemcial performance
was measured for the Zn electrode in AZIBs by Cyclic voltammetry, charge-discharge and
electrochemcial impedance spectroscopy (EIS).

In-situ characterizations such as Operando synchrotron XRD and in-situ optical
microscope were also conducted to investigate the structural changes of cathode and Zn
dendrite growth during electrochemical cycling. Advanced techniques to characterize Zn
dendrites and the as proposed protective approaches are important in obtaining insight into the
inherent dendrite behaviors and assessing dendrite suppression performance. These advances
are related to investigating the internal crystal and chemical structures of artificial interface
layers and modified separators/electrolytes to detect structural stability when running the
battery over long periods.

Visualization techniques such as optical microscopes vividly exhibit the topological
evolution of Zn anodes. In addition, micromechanical properties are effective in measuring
the tolerance of interface protections by physically shielding Zn dendrites. Furthermore, in
contrast with organic and ionic liquid electrolytes, aqueous electrolytes are faced with the
issue of pH change, which affects the surface properties of the Zn anode and the deposition
behavior of Zn**. The pH change comes from hydrogen evolution at the surface of the
metallic Zn anode. The generated OH™ reacts with Zn?>" and SO4*~ to form inert ZHS, which

attaches to the Zn anode and blocks the effective diffusion of Zn**. Hence, it is important to in
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situ monitor the pH value of the aqueous electrolytes and develop protective strategies to

sustain the pH stability of the electrochemical microenvironment.

The crystal and chemical structures of the material matrices are usually evaluated in a

reversible or irreversible way because of repeated ion shuttles. Generally, prohibiting Zn

dendrites requires mediating the ionic flow through spatial, electrostatic, or chemical

interactions within the protective layers (interface layers, electrolytes, or separators). The

possible distortion of crystal structures accompanies this ionic flow mediation because of

spatial squeezing on the pore networks or directly on the crystalline matrixes. Once the

threshold values have been surpassed, the originally robust chemical bonds will break down

irreversibly. In the following section, we will discuss the use of advanced techniques,

including operando/in situ XRD, Fourier transform infrared (FTIR) spectroscopy, Raman

spectroscopy, X-ray photoelectron spectroscopy (XPS), and X-ray absorption fine structure

(XAFS) in the field of dendrite protection.

Recent theoretical investigations into Zn dendrite protection mainly focus on simulating

the electric field distribution and calculating the chemical adsorption energy of zinc atoms on

substrates. These theoretical studies endeavor to reveal the origin of Zn dendrites from the

perspective of inhomogeneous electric fields, which has been accepted as a basic theory. For

further dendrite suppression, chemical adsorption computed by density functional theory

(DFT) indicates the delicate approach of surface functionalization. Despite existing

advancements, the only simulation of an electric field cannot directly reveal the fundamental

issue behind the inhomogeneous distribution of Zn ions, which implies a future direction for

the simulation methodology. Molecular dynamics (MD) are conducted to study the solvation
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sheath of zinc ions and the diffusion pathway at the electrolyte—cathode interface, while

applications emulating the ion diffusion process are still required.

3.2 Chemicals and materials

The chemicals and materials used in this work are listed in Table 3.1.

Table 3.1 Chemicals and materials used in this work.

Chemicals Formula Purity Supplier
2-Pyrrolidinone CsH7NO 99.9% Adams
Acetylene black C Super P TIMICAL

Copper foil Cu 99.99% Alfa Aesar

Gamma-butyrrolactone C4Hs0O2 99.9% Adams
Titanium foil Ti 99.99% Alfa Aesar
Manganese (II) Sulfate Monohydrate MnSO;-H>O 99.0% Adams
Methyl sulfone C2Hs0:S 99.9% Adams
Sodium alginate CsH704COONa 99.9% Adams
Zinc foil Zn 99.99% Alfa Aesar
Zinc sulfate heptahydrate ZnS04-7H20 99.0% Adams

3.3 Material preparations

Preparation of Electrolyte: 2M ZnSO4 aqueous electrolyte was prepared using ZnSO4- 7H,O
and DI based on molar ratio. GBL additive was introduced into the ZnSOs electrolyte at
volume ratios of additive to water. For example, ZnSO4-GBL electrolyte with volume ratio of
99:1, 97:3, and 95:5 were denoted as, respectively, 2MG1, 2MG3, and 2MGS5. Similarly, the
same additive content for GBL (GBL: H20O = 99:1 vol/vol) with different concentration of
zinc sulfate were prepared and denoted as yMG1 (y = 0.25, 0.5, 1 and 2). For electrolytes

used in the full batteries, 0.5 M MnSO4 was added to suppress dissolution of MnOs.
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Synthesis of B-MnO; ['l: 7.9 mg of KMnOjs in 20 mL DI water and 50.7 mg of MnSO4-H>O
in 10 mL DI water were mixed under stirring for 60 min at room temperature (22 °C). The
mixture was transferred into a 40 mL Teflon-lined autoclave and maintained at 140 °C for 24
h. The sediment was centrifuged, and washed thoroughly using water and/or ethanol several

times before vacuum drying overnight (24 h).
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Figure 3.1 (a) SEM image and (b) XRD pattern of B-MnO; as synthesized.

Preparation of binder ?!: The binder was prepared with CaCl, and sodium alginate (SA).
First, CaCl, was dissolved in deionized water to form a solution of 0.26 g L-'. Then sodium
alginate (SA) with a mass of 100 times of CaCl, was added and magnetic stirred overnight at

room temperature. Then the binder was dried in a vacuum oven at 80°C for 12 h.

Figure 3.2 Image capture of binder samples: Ca-SA and Ca-CMC.
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Cell configuration: Electrochemical performance was determined in CR2032-type coin cells
and three-electrode devices. Cyclic voltammetry (CV) curves were tested with voltage range
0.95 to 1.85 V at a scan rate 1 mV s!. Electrochemical impedance spectra (EIS) were
analyzed over frequency range 106 Hz to 10-2 Hz. Linear sweep voltammetry (LSV) was
performed at a scan rate 1 mV s-1 using a three-electrode electrochemical cell.
Electrochemical tests were conducted on an electrochemical workstation from CH
Instruments, Inc. Zn cycling tests were performed on Zn||Zn symmetric cells in electrolytes
with and without GBL additive. Coulombic efficiency (CE) was determined on Zn||Cu
asymmetric cells. Practical application was evaluated by full cells based on MnO2 electrode
and Zn-foil. Electrolyte was controlled at 150 puL. Symmetric and asymmetric tests were
determined on the LAND battery testing system CT3001A from Wuhan LAND Electronic

Co., Ltd.

S T R R Negative

Shrapnel

Spacer

Zn foil

Aqueous separator

GF/A separator

Cu/Ti/Zn foil

A oy e e S N Positive

Figure 3.3 The components structure of Zn symmetric, half and full cells.
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3.4 Characterizations

3.4.1 Fourier-transform Infrared spectroscopy (FT-IR)

FTIR spectroscopy based on the fingerprint adsorption of infrared signals due to certain
vibrations of covalent bonds can effectively reveal information about chemical structures.
FTIR is usually conducted at the external surface of electrodes or separators where the
electrochemical processes are more active or intensive and the signal loss is reduced
compared to the bulk phase. For dendrites, FTIR spectra at different discharging/charging
states can provide information about the adsorbent species and intermediate products at the
interface of the electrodes and electrolytes. [3, 4] Interface reactions such as gas generation
(generally in neutral electrolytes) and electrolyte decomposition (e.g., HCSEs) in Zn batteries
were determined by FTIR analysis to dramatically affect dendrite formation. [5-7] In addition,
FTIR was used to probe the dendrite alleviation of PEG as an electrolyte additive. By
observing the transmission intensity change during discharging/charging process, they found
that the PEG molecules adsorb on the Zn surface during charging and desorb during
discharging. This process is partially reversible with PEG accumulation during cycling. FTIR
spectra can also detect the aggregation manner of water molecules among the HCSEs, where
Zn plating proceeds in a dendrite-free way. The peak attributed to the hydrogen bond
gradually fades away with the salt concentration increase and almost disappears at a salt
concentration of 10 m. In another case, FTIR spectra were employed to characterize the
chemical binding between ZnO and PVA/PDDA networks.[8] This composite anode remained
the crosslink framework of PVA/PDDA with intensity changes in most functional bonds,
while some other bonds exhibited a slight shift. In summary, FTIR spectroscopy is a
serviceable tool for investigating the chemical interaction occurring on electrode/electrolyte
interfaces at a molecular level. To be specific, interface engineering for electrode coating and

electrolyte optimization can be profoundly understood using FTIR spectroscopy.
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3.4.2 Raman spectroscopy

Raman spectroscopy, established based on the Raman effect between lasers and chemical
bonds, reveals the chemical environments of materials. Both the chemical composition
evolution within the electrodes and chemical interaction between electrolytes and electrodes
can be monitored by the Raman spectroscopy.[9] Furthermore, Raman mapping, together with
operando spectra records, enables visualization of the 2D distribution of chemical bonds
along electrode surfaces.[10] With the sensitivity of the chemical bonds and composition,
Raman is also a good option to comprehend the electrode and interface activities in
optimizing the Zn anode. Typically, the leaf-like Zn dendrite was found to demonstrate
apparent Raman shifts attributed to ZnO (E2, 436 cm-1) and surface optical phonons (502
cm-1).[11] In addition, Raman spectroscopy was also used to verify the role of PAM as an
electrolyte additive to suppress dendrites.[12] It was found that acyl groups of PAM polymer
chains were adsorbed on Zn electrodes, which showed a more intensive Raman signal due to
surface-enhanced scattering. This surface-enhanced Raman technology was also applied for
evaluating the triethyl phosphate electrolyte, which demonstrates that the deposits in aqueous
electrolytes mainly contain Zn3(PO4)2 as a template for Zn uniform nucleation.[13] Raman
spectroscopy is essential for detecting chemical composition evolution and physical

adsorption behavior when studying the surface modification of a Zn anode.

3.4.3 2H nuclear magnetic resonance (NMR)

’H nuclear magnetic resonance could be applied to the study of the environment of
electrolyte system. The hydrogen bonding is analyzed by the ppm shift revealing the activity
of water. Reflecting the relatives between water and Zn, we could deduce that the free water

state and the evolution of [Zn?>*-6H,O] solvation structure.
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3.4.4 X-ray diffraction (XRD)

XRD is frequently applied to analyze the crystal structure of solid-state electrolytes,
which are also developed to address the dendrite issues faced by metal batteries.[14] In
contrast to previous ex situ ones, in situ XRD is established as a next-generation technique for
monitoring the crystal structure transformation happening among in-service cells. It was
initiated by detecting the structure/phase transformation of electrode materials and was
recently extended to investigate dendrite suppression such as electrolyte additives and
interphase engineering.[15, 16] In aqueous Zn batteries, Zn anodes are more easily studied
than Li anodes in ambient conditions without the typical protection. These XRD-assisted
studies imply a relationship between crystal transformation and dendrite morphology.
Typically, operando XRD was reported to monitor the evolution of Zn sponge anodes coated
with anion-exchange ionomers.[17] It revealed the gradual increase of the ZnO (002) peak,
which suggests apparent phase transformation behavior. When capillary-type cell was used, in
situ XRD recorded the real-time changes in the intensities of Zn (102) and ZnO (002) for
different depths of anodes below the interface. The depletion or transformation of the Zn
anode proceeded gradually from the surface to the bulk, while the reverse procedure of ZnO
transformation happened in a similar way. Furthermore, computed tomography (CT) scanning
was integrated into in situ XRD to study the transformation behavior of a leaflike Zn dendrite
during the discharging/charging cycles.[18] As shown in Figures 5 and 17d, the (112) and
(201) planes of the hexagonal Zn anode were drawn into an intensity-degree map in which the
ZnO signal appears and then disappears during the redox process with high rechargeability.
Despite intensive research using XRD to investigate the Zn/ZnO phase transformation, efforts
devoted to the relationship between the crystal phase and dendrite morphology have thus far
been insufficient. Many previous works suggest that the intensification of different
crystallographic planes can serve as signals for distinct dendrite behaviors, enabling an

indirect view of the surface morphology.
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3.4.5 Scanning electron microscope (SEM)

Scanning electron microscope (SEM) is usually analyzed by observing the morphology
of the active materials and the structure of the electrode. We usually could directly see the
change of the surface or cross-section area of anode and cathode before and after cycling
performance of symmetric, half and full batteries. Through this, we could conclude that the
binder or the electrode structure could endure metal corrosion or strong mechanical strength
during the electrochemical reaction if the structure was maintained even at high current
density. Sometimes, SEM is co-used with element mapping or tunnel electron microscope

(TEM) to confirm the inner structure and the element distribution.

3.4.6 In situ optical microscopy

The optical microscope, which performs magnification using visible light, is the oldest
form of microscope. By simply constructing planar glass cells in ambient conditions, an
operando optical microscope can monitor color and morphology evolution in situ at the
micrometer scale at a low cost. This includes Zn dendrite growth and gas generation.[19, 20,
21] For instance, in confirming the protection of the GBL interface on the Zn anode, operando
optical microscopy demonstrated outright that Zn protrusions appeared in an unprotected state
after 15 min deposition, while the GBL-protected electrode maintained a smooth surface
throughout a 30 min deposition.[22] In addition to the solid-state interface strategy, an optical
microscope was also applied to analyze electrolyte modification by additives.[23] The
operando optical microscope is the most accessible technique for the direct observation of the
shape changes on the Zn metal surface at a micrometer scale. It provides long-range

information instead of local morphology, which may change from location to location.

3.4.7 Contacting angle measurements

Contact angle measurement is used to affirm the distribution of the liquid phase on the

surface of electrode. Sometimes, it is hydrophobic or zincophobic, because the terminal
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groups are most of hydrogen or alkyl chains. Another side, if the terminal groups are most of
oxygen or other polar functional groups, the surface or binding energy would be changed,

contributing to the interface modification of electrolyte electrode interphase.

3.5 Theoretical calculations

3.5.1 Ab-initio (VASP) simulations

The computations for molecules adsorb on Zn-slab were carried out via Vienna ab-initio
simulation package (VASP) with projector augmented wave (PAW) potential for electrons and
GGA for exchange and correlation functional of Perdew-Burke-Ernzerhof (PBE) form [24].
An energy cut-off of 450 eV was used for the plane wave expansion of valence electron wave
functions. The simulated Zn supercell of 5 x 5 x 1 and Brillouin zone was sampled using a
k-point mesh of I'-centered 2 x 2 x 1 for structure optimization. A vacuum layer of 30 A was
introduced to avoid periodic interactions. The structures were relaxed with the atoms allowed
to move until the force on each was < 0.03 eV/A.

The chemisorption interaction between Zn atom and substrate functions as an
antagonistic factor of the inhomogeneous electric field to realize an even state for a Zn ion
concentration field.

The corresponding quantification of chemisorption is based on adsorption energy
computation using the DFT method. This chemisorption computation can effectively depict
the diffusion pathway and the accompanied energy-barrier distribution of zinc ions migrating
in the matrix of solid-state electrolytes and the artificial interface layer. [25, 26] Distinct from
the electric field simulation proceeding after the zinc nucleation step, chemisorption
computation is mainly employed at the ion diffusion stage before plating, at which point the
diffusion direction can be subtly guided. Recently, chemisorption energy calculations were
conducted to screen out appropriate conductive substrates from copper, CuZns alloy, brass,
nickel, graphene nanoribbon, zinc, and PAM chains for dendrite-free substrate design.[27]

The weak interaction between Zn atoms and the Zn substrate was determined to be as low as
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-0.68 eV, which was proposed to be one of the origins for dendrite formation. Despite being
different from previous hypotheses regarding lattice mismatch, this weak chemisorption
drives us to rethink the primary cause for Zn dendrite formation.[28] Different crystal planes
of the same substrates, including Zn metal, are thought to exhibit distinct chemisorption for
Zn atoms.[29, 30] In addition, the intensive chemisorption (-1.25 eV) from acyl groups of
PAM inspired us to mediate the zinc ion flow via introducing polar functional groups onto the
interface layer, Zn anode, or current collector.[31] Pure CFs were revealed by DFT
calculation to be unsuitable as Zn plating substrates owing to a limited binding energy of only
-0.34 eV.[32] This issue was addressed by heteroatom doping, which can regulate the
electronic structure and supply active sites for Zn nucleation.[33, 34] Specifically, CFs were
treated with concentrated nitric acid at 80 °C to functionalize the surface with N- and
O-containing functional groups to tune the surface binding energy of Zn on CFs. Remarkably,
the chemisorption energies were successfully increased up to 1.59 and 3.03 eV for N-doping
and O-doping CFs, respectively. These improved chemisorption interactions are accompanied
by the charge transfer between Zn atoms and the substrate atoms. Chemisorption energy
computation clarifies the desired properties of Zn anodes and the conductive substrates, which

indicates a clear route for designing advanced anodes of ZMBs.

3.5.2 Quantum Chemistry Calculations

Density functional theory (DFT) simulation was performed using Gaussian09 software
package. ZnSQs, organic molecules and H>O molecules were using the B3LYP functional.
Lanl2DZ basis set was used for Zn and 6-31+G(d, p) for other elements. HOMO and LUMO

orbits and electrostatic surface potential (ESP) were rendered using GaussView software.

3.5.3 Molecular Dynamic (MD) Emulations

Molecular Dynamics (MD) emulation of the two electrolyte-systems was determined

using Gromacs package.[35] OPLS-2009IL force field parameters were used for SO and
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C4Hg02.[36], and a charge scaling of 0.8 was applied to mimic polarization. SPC/E force field
was used for, respectively, water molecules, and amber force field parameter for Zn ions. The
box-size for simulation was about 25x25x25 A3 and the ratio of ZnSQ4, C4HsO, and H,O
300:15:5500, together with periodic boundary conditions that were applied in all directions.
The structures were relaxed by energy minimizing simulation, particle-mesh Ewald method
with a cut-off distance of 10 A applied to treat electrostatic, and van der Waals, interactions.
The velocity-rescale thermostat [37] was used to control temperature to 298.15 K. Berendsen's
barostat was used at NPT ensemble to control pressure [38]. An MD simulation for a total
time of 20 ns was performed with time-step set to 0.2 ps during simulation.

MD emulation exhibits enormous potential in simulating the ion diffusion process at the
micrometer scale to investigate dendrite formation and search for protection strategies. By
incorporating electric fields, force fields, spatial interactions, and electrostatic interactions
into the emulation system, MD is able to improve the simulation accuracy. [39-41] The
migration behavior of zinc ions emulated by MD thus represents vector interactions of spatial
confinement (pore structure and crystal matrix), localized electrostatic repulsion/adsorption
(surface charge), and external electric field (potential difference). Motivated by the above
advantages, MD emulation is thought to offer new technique for understanding the zinc ion
diffusion process across the electrolyte—artificial protective layer interface, the bulky artificial
protective layer, and the artificial protective layer—electrode interface. For ZMBs, MD
emulation initially focused on investigating the solvation sheath of zinc ions in the HCSEs to
elucidate the reason behind the highly reversible Zn plating/stripping behavior.[42] The
force-field-based MD simulations reveal the dynamic components of the solvation sheath of
zinc ions, which is determined by the competition between bulky anions (TFSI-) and water
when coordinating with zinc ions. Specifically, Zn2+ tends to coordinate with water
molecules (rather than TFSI-) under low electrolyte concentration (<5 m), while TFSI™ is the
dominant component of the solvation sheath when dramatically increasing the electrolyte
concentration to 20 m. This component evolution of solvation sheaths effectively illustrates

the reversibility of the Zn anode. However, the detailed desolvation manner of Zn>* before
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being reduced is still unclear [43] regarding where and how the desolvation happens or the
existence of any relationship between desolvation and the concentration distribution. MD
emulation is thought to play a significant role in solving these issues.

MD simulation was also reported to elucidate ion diffusion behavior and its dependence
on the solvents of Zn hybrid batteries.[44] The coordination process of water with ions is an
inverse process of the desolvation of Zn?*, which is an essential step before Zn deposition.
Thus, researchers can utilize MD simulation to investigate desolvation behavior and get an
insight into the dendrite-free Zn deposition. In addition, this MD simulation also provides
new information about dendrite suppression using electrolyte additives.[45, 46] Despite the
significant progress, the limited numbers of atoms in this MD simulation cannot efficiently
reflect the group behavior of zinc ion diffusion. The high flux computation capability desired
by researchers for MD simulations has been evidenced by our work regarding the
water-holding capacity of gel electrolytes in ZMBs.[47] In addition, MD emulation can also
visualize the ion diffusion driven by both localized electrostatic interactions and macroscopic
electrical fields.[48] This enables researchers to explore the ion migration behavior among
interconnected pores (positively/ negatively charged ion tunnels of gel electrolytes), adjacent

nanolayers (2D nanomaterials), and interstitial voids (ion superconducting type materials).

3.6 Electrochemical measurements

3.6.1 Cyclic voltammetry (CV)

Cyclic voltammetry method is applied to detect the redox reaction and the reversible
electrochemical reaction of various kinds of active materials such as MnO2 and V:0s etc.
Also we could get the specific capacitance (Cp, F g™!) through the integrated absolute area of
closed CV curves. By setting different scan rate (v, mV s') or we know the kinetics transfer
method, we could plot a series curves of CV curves which the position of redox peaks would
be shifted because the charge transfer and diffusion kinetics are different for various kinds of
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active materials. After linear fitting of peak currents and the square root of scan rates; log (i)
vs. log (v) at different potentials; plot of v!’? vs. I/'? at different redox states for obtaining

constant ki and k; capacitive and diffusion-controlled capacitive at different scan rate.

3.6.2 Galvanostatic charge/discharge curves

Galvanostatic charge/discharge curves is applied to affirm the electrode redox state or
crystallization phase of materials in half or full cells that reflects the Coulombic efficiency,
nucleation potential and also could modify the capacity through N/P ratio. To further study the
electrochemical process, the battery test system could be used together with X-ray diffraction
(XRD) (in-situ XRD) which could confirm the different crystalline phase corresponding to

different potentials.

3.6.3 Linear Sweep voltammetry (LSV)

Linear sweep voltammetry (LSV) method is applied to test the HER part

3.6.4 Polarization curve test

The polarization curve is divided into four regions, the active dissolution region, the
transition passivation region, the stable passivation region, and the overpassivated region. The
polarization curve can be measured experimentally. Analyzing and studying the polarization
curve is one of the basic methods to explain the behaviors of Zn metal corrosion, reveal the

mechanism of metal corrosion and explore the control of corrosion pathways.

3.6.5 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy studies the mechanisms of electrode material,
solid electrolyte, conductive polymer and corrosion protection by measuring the change of
impedance with the frequency of the sine wave, and then analyzing the electrode process

kinetics, double layer and diffusion.
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CHAPTER 4 MSM as Electrolyte Additives for aqueous

Zn-ion Batteries

4.1 Introduction

To achieve the target of carbon neutrality by 2050, it requires the massive deployment of
all available clean energy technologies — such as renewables, EVs and energy efficient
building retrofits. Energy storage plays a key role across almost all the energy sectors, from
consume electronics, transport and smart grid to industry. Li-ion batteries have dominated in
the energy storage field, but still suffers the high cost and low safety.[1,2] Aqueous
rechargeable zinc batteries (AZIBs) have recently attracted strong attention for large-scale
energy storage due to their advantages of high safety, low toxicity, abundance of materials,
and the unique features of zinc: low redox potential (-0.7626 V vs. standard hydrogen
electrode), high gravimetric capacity (820 mA h g-1) and high volumetric capacity (5585
mAh cm-3).[3-6] However, there are still critical issues related to Zn metal anodes, such as
Zn dendrites, corrosion, by-product and H2 evolution should be overcome to achieve high
reversibility and stability.

The electrochemical behavior of Zn metal is largely determined by the properties of
aqueous electrolytes and electrode-electrolyte interfaces, which are closely related to the
solvation structures of hydrated Zn2+ ions, anions, and hydrogen bonding network. Therefore,
simultaneously reconstructing the chemical bonding network and solvation structures of
cations and anions in aqueous electrolyte and optimizing the electrode-electrolyte interface on
Zn metal surface is an effective strategy to regulate the performance of Zn anodes. Several
electrolyte formulations including high concentration, [7-9] water-in-eutectic, [10-14] and
aqueous/organic hybrid electrolytes [15-18] have been proposed to tune the solvation
structure of electrolyte and improve the reversibility of Zn anodes. However, new problems

arise from these electrolytes including a high cost, low ionic conductivity and high viscosity.

75



In contrast, the introduce of organic additive has been considered as a promising approach,
because the organic species (liquids, solids) could interact with Zn2+ and H>O molecules to
modulate the solvated structure of Zn hydration and the hydrogen bonding network without
high concentration of slats or solvents.[19-29] However, the electrochemical performance of
Zn anodes in these reports still remains poor especially under the harsh condition of high
current density/capacity up to 10 mA cm? and 10 mAh c¢cm™2. In addition, some organic
molecules are highly flammable. Although the nonflammable nature of water undergirds the
overall safety of AZIBs, the hydrogen evolution reaction (HER) or oxygen evolution reaction
(OER) of water during battery cycling or idling not only lowers the Coulombic efficiency (CE)
and cycle life but also causes serious safety concerns over explosion. The solutions for AZIBs
must effectively suppress these parasitic reactions to the extent and do not cause a safety
concern. Therefore, seeking a nonflammable or low vapour pressure solvent is highly
recommended to regulate the solvation structure and interface for improving the reversibility
and stability of Zn anode under harsh test conditions.

Because methylsulfonylmethane (MSM) has a high boiling and flash temperature,
respectively, Tp = 240.9 + 8.0 °C and Tr=143.3 + 0.0 °C, and a high dielectric constant e =
47.39 and dipole moment 4.44 D, it is practically attractive as an electrolyte additive for
rechargeable batteries. MSM-based electrolytes have in fact been used in Li-ion batteries over
a range of temperature, [3031]

Here MSM was adopted as a new electrolyte additive to ZnSOs electrolyte. It was
postulated that through adjusting the mole ratio of MSM in MSM-based electrolytes, 0.9M
MSM (maximum of the solubility which was stirred at room temperature), in 2 M ZnSO4
would significantly boost Zn plating/stripping performance under different current density.
Experiment and theoretical computation confirmed that the functional MSM additive weakens
the bonding strength between Zn?>* ion and solvated H>O and rearranges the
*Zn**—H,0-S04*~MSM’ bonding-network to reduce water activity and suppress corrosion
and generation of by-product. The Zn metal surface absorbs MSM rather than H.O which

restricts uncontrollable 2D diffusion and gives rise to uniform deposition. Thus, the Zn-MnO>
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full cells using ZnSO4-MSM electrolyte exhibited superior performance to that using
MSM-free electrolyte. Importantly, because 2 M ZnSO4-MSM electrolyte is nonflammable it

makes AZIBs practically promising for large-scale application.

4.2 Results and Discussion

4.2.1 Stability of the Zn Electrode

The stability of the Zn electrode in aqueous electrolyte with and without MSM was
compared in Zn||Zn symmetric cells, Figure 4.1a-c (Figure 4.2). MSM addition resulted in
excellent stability of Zn in Zn||Zn in normal to harsh condition. With an optimized electrolyte
of 2 M Zn(SO4), with 0.9M MSM in amount (2MS0.9), the Zn symmetrical cell exhibited
highly stable cycling performance for over 1200 h at a current density of 1 mA ¢cm™ and an
areal capacity of 1 mA h cm?, significantly however, the 2M ZnSOs electrolyte failed
following 700 h, Figure la. Under harsh conditions of 5 mA ¢cm™ and 5 mA h ¢cm?, the Zn
electrode with 2MSO0.9 electrolyte remained stable and exhibited reversible Zn
plating/stripping for 456 h. Importantly, this is significantly longer than that in the blank
electrolyte of 70 h. These findings strongly evidence the significant boost in reversibility and

stability of the Zn anodes resulting from MSM addition.
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Figure 4.1 Zn|Zn symmetric cells containing 2M ZnSO, with different amount of MSM at the
areal capacity and current density of (a) I mAh cm? at 1 mA cm?; (b) 5 mAh cm™ at 5 mA

cm2.

4.2.2 Reversibility of the Zn Electrode

Reversibility of the Zn electrode in aqueous electrolyte with and without MSM was
compared in Zn||Cu asymmetric cells, Figure 4.2a-e. It was found that there are marginal
differences in the initial Coulombic efficiency, that increases with increasing ZnSO4 concentration
i.e. 2MS0.9 > 2MS0.7 > 2MS0.5 > 2M (Figure 4.2). The addition of less MSM, reduced the initial
Coulombic efficiency. The presence of 0.9M MSM boosted the initial Coulombic efficiency to
98 % at 1 mA cm? and 1 mA h cm?, and the average CE increased to 99.9 % for over 900 cycles
(1800 h), Figure 4.2a. In comparison, the 2 M ZnSOy electrolyte exhibited a low initial Coulombic
efficiency of 91.1 % and an average CE of 99.6 %, noticeably failing at the 222" cycle, Figures
4.2d, 4.2e.

Addition of MSM concomitantly tuned Zn deposition morphology and suppressed

corrosion. The scanning electron microscopy (SEM) images confirmed that following 50
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cycles with Zn||Cu cells, the Zn surface in the ZnSOj4 electrolyte become an apparent scattered
microporous structure, Figure 4.2b, whilst there remained a plain stage structure on the Zn
surface in the ZnSO4-MSM electrolyte; this formed a uniform planar stage for dendrite
formation, Figure 4.2c. A reduced hydrogen and oxygen evolution current obtained from
linear sweep voltammetry (LSV) curves confirm the impact on boosting reversibility and

stability via controlled manipulation with MSM additive (Figure 4.3).
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Figure 4.2 Zn|Cu half cells performance and properties. (a) Coulombic efficiency of the cells
in 2 M ZnSO; electrolytes with different amount of MSM. The half cells after 50 cycles at 1
mAh cm at 1 mA cm?. SEM images of the Zn foils in (b) 2M and (c) 2MS0.9 electrolytes
for half cells after 50 cycles. Charge/discharge voltage profiles of half cells with (d) 2M and
(e) 2MSO0.9 electrolytes at 1st, 50th and 200th cycles with magnified views of corresponding
cycles in the potential range between 0.4 and 0.6 V at a current density of 1 mA cm?. (f)

Cyclic voltammetry at 5 mV s,
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Figure 4.3 In-situ optical microscopic images for Zn deposition process at the current density

of 5 mA cm?2.
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Figure 4.5 ZnMnO; full cells performance. (a) Rate capability at 0.1, 0.2, 0.3, 0.5, 1 A g and

back to 0.5 A g'; (b) Galvanostatic Charge Discharge (GCD) profiles at different current

density 0.1,0.2,0.3, 0.5 and 1 A g''; and (¢) Cycle performance at 0.5 A g’

4.2.3 Chemical and physical properties of electrolytes

Judiciously combined experimental characterizations including Fourier transform infrared

spectroscopy (FTIR) and Raman spectroscopy were used to determine the underlying mechanism

for Zn metal in ZnSO4+-MSM. The addition of MSM weakens the solvation coordination between

Zn?" and water. This finding was confirmed via FTIR (Figure 4.7) and Raman (Figure 4.8) results.

Compared with pure MSM, the C-H stretching moves to lower wave number in ZnSO4-MSM

caused by interaction between MSM and water.
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Figure 4.6 Image captures of 1M /2M ZnSO, with different amount of MSM.
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Figure 4.7 pH value of 2M, 2MS0.5, 2MS0.7 and 2MS0.9 electrolytes.
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The strong interaction between MSM and H>O without interference of Zn?>* was evidenced

via findings from FTIR, Figure 4.7. It can be seen in the figure that compared with ZnSO4

electrolyte, the v (SO4*) vibration is shifted in 2MS0.9, Figure 4.8. This shift vibration is

evidenced in the Raman spectra, Figure 4.9, and is attributed to the impaired electrostatic coupling

between Zn?" and SO4* because of the presence of MSM.

The contact angle of the Zn electrode in ZnSO4-MSM was determined as 69.0°, less than

that in ZnSO4 of 75.0°, Figure 4.10. This difference aids practically in a uniform electric

distribution and production of homogeneous plating of Zn. The uniform deposition and

suppressed corrosion result in high reversibility and stability of Zn chemistry.
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4.2.4 Theoretical Calculation
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Figure 4.12 Comparison of adsorption energy of H>O and MSM molecules on Zn (002)

crystal plane, vertically and parallelly. Inset shows corresponding absorbed model.

4.2.5 Mechanism Analysis

During Zn deposition, the hydrated [Zn(H>0)n]?" in pure ZnSO4 electrolyte brings significant
numbers of H>O molecules that are reduced to release Hz. The increase in local pH because of H»
evolution promotes formation of Zn?*-insulating hydroxide zinc-salt passivation on the Zn surface
and reduces Zn utilization and cycle life, and promotes Zn dendrite growth. In comparison with
addition of MSM, the average coordination number of Zn-H>O in the primary hydration layer is
reduced, and the bonding strength between Zn?>' ion and solvated H>O is weakened. This
additional interaction amongst MSM, Zn?', SO4* and H>O rearranges the ‘Zn**—H,O—

SO4~MSM’ bonding-network, reduces water activity and generation of by-product
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(Zn(OH)2)3(ZnS04)(H20)3. Moreover, MSM molecules absorb on the Zn surface, regulating the
homogeneous distribution of Zn?" flux and restricting uncontrolled 2D diffusion that results in
uniform and compact Zn deposition. Because of function in both electrolyte structure, and at the
electrode-electrolyte interface, the MSM additive boosts reversibility and cycling stability of Zn
anodes. Importantly, because ZnSO4-MSM electrolyte is non-flammable (Figure 5.21), it is
practically attractive for large-scale applications. Its high boiling and flash point contribute to

safety and reduced risk of explosion including, in electrolyte leakage and thermal runaway.

4.3 Conclusion

Relatively low content organic molecules, (MSM) can be used to controllably manipulate
typical ZnSQO4 electrolyte to give a highly stable and reversible aqueous zinc-ion battery
(AZIB). Combined experiment, including FTIR and Raman analyzes reveals that the
functional MSM  manipulates the electrolyte structure by rearranging the
‘Zn**~H,0-S04*~MSM’ bonding-network and altering Zn anode-electrolyte interface via
absorbtion of MSM on the Zn surface. This reduces the water activity, suppresses corrosion
and generation of by-product, and gives a uniform compact Zn deposit. The anode ran over
900 cycles (1800 h) with an average CE of 99.9 % under 1 mA ¢cm™ and 1 mA h cm?, and;
exhibited stable and reversible Zn plating/stripping cycling for 460 h under testing conditions
of 5 mA cm? and 5 mA h cm™. The reversibility and stability of the Zn anode was improved
outperformed that using ZnSOs electrolyte. The Zn-MnO, full cells using ZnSO4-MSM
electrolyte exhibited a high capacity of 272 mAh g! at 0.5 A g and an improved cycling
stability (125 % capacity retention following 700 cycles). These findings offer a quantitative
engineering strategy to boost reversibility and stability of Zn anodes in rechargeable AZIBs.
Importantly, because the 2 M ZnSO4+-MSM electrolyte is nonflammable, it makes AZIBs
advantageous for large-scale and low-cost application in electrical-grid storage and clean

energy storage.
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Table 4.1 Boiling point, flash point and solubility (25 °C) of selected rganic additives in

electrolyte of AZIBs.
Boiling point  Flash point Solubility in Viscosity

Organic additive

°0O) (°O) water (25 °C) (mPa-s)
AM (acrylamide) 231.7 79.0+19.8 Soluble
Amino acid Arg 367.6 +52 176.1 +30.7 Soluble
AN (acetonitrile) 63.5 5.6 Soluble 0.325-0.375
DME

84.5 0.0 Soluble 1.1
(1,2-dimethoxyethane)
DMSO (dimethyl

189.0+9.0 85.0 Miscible 1.1

sulfoxide)
Et (erythritol) 330.0 208.7+21.1 Soluble
EC (ethyl carbonate) 126.8 31.1 Insoluble 0.748-0.868
EMC (ethyl methyl

107.5 26.7+ 7.8 Immiscible 0.65
carbonate)
EG (ethylene glycol) 197.5 108.2+13.0 Miscible 10.38-86.9
Glucose 527.1£50.0 286.7+26.6  Freely soluble
Glycerol 290.0 160.0 Soluble 18-243
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Maltose 667.9+£550 357.8+31.5  Very soluble
Methanol 48.1+3.0 11.1 Miscible 0.5142-0.6405
Na;EDTA > 100 325.2 Miscible
PAM (polyacrylamide) 231.7 79.0 £19.8 Soluble
Slightly
Sac (saccharin) 4389+28.0 219.3+£24.0
soluble
SL (sulfolane) 285.6+ 8.0 165.6 Soluble 10.286
Slightly
SN (succinonitrile) 268.5+13.0 141.1+£13.7 2.591
soluble
TEP (triethyl phosphate) | 219.3 + 8.0 115.6 Soluble N/A
TFEP
(tris(2,2,2-trifluoroethyl) | 176.2+40.0  60.4+£27.3 N/A N/A
phosphate)
TMP (trimethyl
197.2 83.7+38.8 Soluble N/A
phosphate)
Urea 165.1£23.0 53.7+£22.6 Soluble
Slightly
MSM (This work) 240.9 £ 8.0 143 N/A
soluble

Table 4.2 Comparison of accumulative plated capacity with current density of selected

organic additives in electrolyte of AZIBs.

Current density

Accumulative plated capacity

Organic additive Reference
(mA cm?) (mAh cm2)
10 900
AM 2 380 7
1 340
Amino acid Arg 5 5500 8

91



10 4500
1 1475
1 650
AN 2 600 9
0.5 250
5 1500
BIS-TRIS 10
1 625
CT3G30 2 800 11
DME 2 375 12
DMSO 0.5 250 13
Et,O 0.2 25 15
EG 2 135 16
1 1000
Glucose 17
5 687.5
2 900
Glycerol 18
1 750
ILZE 2 1500 19
Maltose 1 600 20
Methanol 1 450 21
Me;EtNOTF 0.5 1500 1
5 5000
Na,EDTA 22
2 450
0.5 1600
P4441-TFSI 1 400 23
2.5 350
PAM 20 1100 24
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2 170
1 90
2 8000
PEG-400 1 4500 25
0.5 2000
PEO-4000 1 600 26
PEO-100000 1 1500 27
10 2750
Saccharin 28
40 1100
SDBS 0.5 375 29
SL 0.5 200 30
0.2 40
SN 31
0.05 20
10 2000
TBA>SO4 5 1125 32
2 300
5 1250
TC 1 1072.5 33
10 850
TEP 1 750 34
TEP-PC 0.5 650 35
TFEP 0.5 175 36
TMP-DMC/DMF 1 2500 37
Trisodium citrate 5 100 38
0.1 120 39a
Urea
1 350 39
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5 1350
MSM This work
1 600

Table 4.3 Comparison of Coulombic efficiency (CE) and cumulaltive plated capacity for Zn

half cells with selected organic additives in electrolyte of AZIBs.

Cumulative plated capacity CE Reference
Organic additive
(Ah cm??) (%)
AM 0.04 N/A 7
Amino acid Arg 0.325 98.3? 8
AN 0.3 99.32 9
BIS-TRIS 0.4 98.5° 10
DME 0.156 N/A 12
DMSO 0.2 99.5% 13
EG 0.12 982 16
Glucose 0.1 97.3? 17
Glycerol 0.5 98.3? 18
ILZE 0.3 99.36° 19
Maltose 0.032 99.7% 20
Methanol 0.45 99.7 21
Me;EtNOTF 0.5 99.8% 1
Na;EDTA 0.7 99.5% 22
P4441-TFSI N/A 98.17 23
PEO-4000 0.35 98.7° 26
PEO-100000 1.5 99.5% 27
Saccharin 0.5 99.6* 28
SL 0.05 98° 30
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SN 0.025 98.42 31
TBA2SO4 N/A 98° 32
TC 750 cycles at 1 mA ¢cm™ 97.7° 33
TEP 0.126 99.52 34
TEP-PC N/A 97.7° 35
TFEP 0.175 99.12 36
T™MP 5 99.57* 37
Urea N/A 96.2° 39a
MSM 0.85 99.92 This work

a average CE, ® reaches until stable CE, N/A: not available.[?]
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CHAPTER 5 GBL as Electrolyte additives for aqueous

Zn-ion batteries

5.1 Introduction

To achieve carbon neutrality by 2050, a significantly increased use of clean energy
technologies including, electric vehicles (EVs) and energy efficient building retrofits, will be
needed. Storage of energy is critical to underpinning sustainable consumer electronics,
transport and industry smart-grids. Li-ion batteries have been dominant. However, significant
drawbacks include relative high cost and low safety.'?! Aqueous rechargeable zinc-ion
batteries (AZIBs) have attracted research attention for large-scale energy storage because of
advantageous, high safety, low toxicity, abundance of materials and unique properties of zinc
including, low redox potential (- 0.7626 V vs. standard hydrogen electrode), high gravimetric
capacity (820 mA h g"), and high volumetric capacity (5585 mAh cm).[3¢] Drawbacks
however include, Zn dendrite formation, corrosion and by-product and H> evolution that
mitigate against sufficiently high reversibility and stability.

Electrochemical behavior of Zn metal is determined principally by the properties of the
aqueous electrolyte and electrode-electrolyte interface. These are closely related to the
solvation structures of hydrated Zn?* ions, anions, and hydrogen bonding-network. Therefore,
a reconstruction of the chemical bonding-network and solvation structure of cations and
anions in aqueous electrolyte, and optimization of the electrode-electrolyte interface can be
used to practically regulate the performance of Zn anodes. Proposals to tune the solvation
structure of electrolyte and boost reversibility of Zn anodes included, high concentration,”]
water-in-eutectic,['4] and aqueous/organic hybrid electrolytes!!>!8]. Drawbacks from these
electrolytes have included however, high cost, unwanted low ionic conductivity and high
viscosity. The addition of organics has been reported because these species, as liquids or
solids can interact with Zn?>" and H>O molecules to change the solvated structure of Zn

hydration and the hydrogen bonding-network without high concentration of slats or
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19291 However, the electrochemical performance of these Zn anodes remains poor,

solvents.
especially under harsh condition of high current density/capacity of up to 10 mA cm and 10
mAh c¢m?. Additionally, particular organic molecules are highly flammable. Although the
nonflammable nature of water assures safety of AZIBs, the hydrogen evolution reaction (HER)
and/or oxygen evolution reaction (OER) during battery cycling and/or idling, lowers the
Coulombic efficiency (CE) and cycle life and may cause explosions. Any application to
AZIBs must therefore suppress these reactions without reducing practical safety. A
nonflammable and/or low vapor pressure solvent is necessarily required therefore to regulate
solvation structure and interface so as to boost reversibility and stability of Zn anodes under
harsh conditions.

Because gamma-butyrolactone (GBL) has a high boiling and flash temperature,
respectively, Ty = 204 °C and Tr =97 °C, relatively low viscosity = 1.73 cP at 25 °C, good
ionic conductivity, and a high dielectric constant ¢ = 39, it is practically attractive as a
solvent/additive for rechargeable batteries. GBL-based electrolytes have in fact been used in
Li-ion batteries over a range of temperature. 303!

Here GBL was adopted as a new electrolyte additive to ZnSOs electrolyte. It was
postulated that through adjusting volume percent of GBL in GBL-based electrolytes a small
volume, ~ 1% solvent, in 2 M ZnSOs4 would significantly boost Zn plating/stripping
performance under different current density. Experiment and theoretical computation
confirmed that the functional GBL additive weakens the bonding strength between Zn?" ion
and solvated H,O and rearranges the ‘Zn**~H,O—-SO4*—GBL’ bonding-network to reduce
water activity and suppress corrosion and generation of by-product. The Zn metal surface
absorbs GBL rather than H>O which restricts uncontrollable 2D diffusion and gives rise to
uniform deposition. Thus, the Zn-MnQO, full cells using ZnSO4-GBL electrolyte exhibited
superior performance to that using GBL-free electrolyte. Importantly, because 2 M
ZnS04-GBL electrolyte is nonflammable it makes AZIBs practically promising for large-scale

application.
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5.2 Results and Discussion

5.2.1 Stability of the Zn Electrode

The stability of the Zn electrode in aqueous electrolyte with and without GBL was
compared in Zn||Zn symmetric cells, Figure 5.1a-c (Figure 5.2). GBL addition resulted in
excellent stability of Zn in Zn||Zn in normal to harsh condition. With an optimized electrolyte
of 2 M Zn(S04); with 1% GBL in volume (2MG1), the Zn symmetrical cell exhibited highly
stable cycling performance for over 4200 h at a current density of 1 mA c¢cm? and an areal
capacity of 1 mA h cm?, significantly however, the 2M ZnSO; electrolyte failed following
700 h, Figure la. Under harsh conditions of 10 mA ¢m? and 10 mA h cm™, the Zn electrode
with 2MGl electrolyte remained stable and exhibited reversible Zn plating/stripping for 1170
h. Importantly, this is significantly longer than that in the blank electrolyte of 70 h, Figure 1b.
At a high 20 mA cm and 20 mA h cm?, Figure 5.1c, the Zn electrode in the symmetrical cell
with optimized electrolyte exhibited stable cycling for > 140 h, whilst the Zn electrode in the
blank electrolyte exhibited a short-circuit in < 25 h. These findings strongly evidence the
significant boost in reversibility and stability of the Zn anodes resulting from GBL addition.
To confirm the highly significant impact of GBL addition, the cumulative plated capacity
(CPC) was compared directly with selected, representative published data, Figure 5.1d (Table
5.1). Significantly, it is seen in the figure (and table) that the ultra-high CPC of 5.85 Ah cm™
exhibited at current density 10 mA cm for the ZnSO4-GBL electrolyte exceeds that for many

published electrolyte additives.
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Figure 5.1 Zn||Zn plating/stripping and stability. Zn||Zn symmetric cells containing

differing concentration of ZnSO4 with same volume percent of additive at current density and

areal capacity of a) I mA cm?at 1 mAh cm?,b) 10 mA c¢cm? at 10 mAh cm and ¢) 20 mA

cm? at 20 mAh cm?. d) Cumulative plated capacity vs. capacity per cycle of 2MG1

electrolyte compared with selected others.
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5.2.2 Reversibility of the Zn Electrode

Reversibility of the Zn electrode in aqueous electrolyte with and without GBL was
compared in Zn||Cu asymmetric cells, Figure 5.3a-d (Figure 5.3 and 5.4). It was found that there
are marginal differences in the initial Coulombic efficiency, that increases with increasing ZnSO4
concentration i.e. 2MG1 > 2M > IMG1 > 0.5MG1 > 0.25MG1 (Figure 5.3). The addition of less
or more GBL, reduced the initial Coulombic efficiency (Figure 5.4). The presence of 1% GBL
boosted the initial Coulombic efficiency to 92.1 % at 1 mA cm™ and 1 mA h cm?, and the average
CE increased to 99.9 % for over 2720 cycles (5440 h), Figure 5.3a. In comparison, the 2 M ZnSO4
electrolyte exhibited a low initial Coulombic efficiency of 91.1 % and an average CE of 99.6 %,
noticeably failing at the 222" cycle, Figures 5.5a, 5.5b. As is shown in Figure 5.5¢ and 5.5d, the
addition of GBL increased the overpotential for Zn plating/stripping on the Cu surface at the first
cycle, but reduced it following cycling; a finding due to increased, or reduced interphasic

resistance as compared with blank electrolyte (Figure 5.5).

—_— 2M — 2MG1 —— 2ZMG3 — 2MG5

Voltage (mV)

1 maA cm?, 1 mAh cm?

0 500 1000 1500 2000 2500 3000 3500 4000
Time (h)

Figure 5.2 Additive effect: Cycle performance for Zn||Zn symmetric cells using 2M ZnSO4

electrolyte with differing volume percent of GBL at 1 mA cm?and 1 mAh cm™.

5.2.3 Scanning Electron Microscope

Addition of GBL concomitantly tuned Zn deposition morphology and suppressed corrosion.

The scanning electron microscopy (SEM) images confirmed that following 50 cycles with
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Zn||Cu cells, the Zn surface in the ZnSOs electrolyte become an apparent scattered
microporous structure, Figure 5.3e, whilst there remained a large-area connected
vertical-arrangement of sheet structure on the Zn surface in the ZnSO4-GBL electrolyte; this
formed a densely integrated binding network, Figure 5.3f. XRD findings for the Zn electrode
following cycling showed ZnisSO4(OH)s'5H>,O by-product in the ZnSOs electrolyte. The
peaks however for ZnsSO4(OH)s-SH>0 were significantly reduced in ZnSO4-GBL electrolyte,
confirming that Zn electrode corrosion was significantly suppressed, Figure 5.3g. These
findings were confirmed via a linear polarization test. As is seen in Figure 5.6a, the Zn
electrode in ZnSO4-GBL electrolyte exhibited a greater corrosion voltage of -0.933 V
compared with that for pure ZnSOj electrolyte of -0.922 V. This finding evidences a lowered
tendency for corrosion side reactions in ZnSO4-GBL electrolyte. A reduced hydrogen and
oxygen evolution current obtained from linear sweep voltammetry (LSV) curves confirm the
impact on boosting reversibility and stability via controlled manipulation with GBL additive
(Figure 5.7). The contact angle of the Zn electrode in ZnSO4-GBL was determined as 64.0°,
less than that in ZnSO4 of 75.0°, Figure 5.6b. This difference aids practically in a uniform
electric distribution and production of homogeneous plating of Zn. The uniform deposition

and suppressed corrosion result in high reversibility and stability of Zn chemistry.
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Figure 5.3 Zn||Cu half-cell performance and properties. a) Coulombic efficiency (CE) for

cells in 2M ZnSOs electrolyte with (2MG1) and without (2M) 1% GBL. b) Time-voltage

curves. Charge/discharge voltage profiles of half cell with ¢) 2M and d) 2MGl electrolyte at

15, 50" and 200" cycle with magnified view of corresponding cycles in potential range

between 0.4 and 0.6 V at current density 1 mA c¢cm™. SEM images of Zn-foil in €) 2M and f)

2MGT electrolyte for half cells following 50 cycles. g) XRD spectra for Zn-foil in 2M and

2MG1 electrolyte for half cells following 50 cycles.
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5.2.4 Chemical and physical properties of electrolytes

Judiciously combined experimental characterizations including, nuclear magnetic resonance
(NMR), Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy, together with
theoretical computations were used to determine the underlying mechanism for Zn metal in
ZnSO4+-GBL. 2H NMR spectra showed that the ?H peak in the electrolyte shifted from 4.683 to
4.697 ppm following addition of GBL, Figure 5.6c, evidencing a decreased surrounding electronic
density and a weakened shielding of protons in water because of interaction between GBL and
D>0. The addition of GBL weakens the solvation coordination between Zn?>" and water. This
finding was confirmed via FTIR and Raman results. Compared with pure GBL, the C-H stretching
moves to lower wave number in ZnSO4-GBL caused by interaction between GBL and water,
Figure 5.6d. The strong interaction between GBL and H,O without interference of Zn?" was
evidenced via findings from FTIR, Figure 5.6d (Figure 5.8). It can be seen in the figure that
compared with ZnSOys electrolyte, the v (SO4%) vibration is shifted in ZnSO4-GBL, Figure 5.6¢.
This shift vibration is evidenced in the Raman spectra, Figure 5.8f, and is attributed to the

impaired electrostatic coupling between Zn?" and SO4> because of the presence of GBL.

5.2.5 Molecular Dynamics (MD) Simulation

Molecular dynamics (MD) simulation was used to analyze the electrolyte structure of pure
ZnSO4 and ZnSO4-GBL. In Zn aqueous electrolyte, Zn?" is typically coordinated by 4-6 H>O
molecules, whereas SO4* anions mainly coordinate with hydrated Zn?* through the hydrogen
bonding-network formed by H>O molecules (Figure 5.9). There are additional interactions
amongst GBL, Zn**, SO4> and H,O that are present in the ZnSOs-GBL electrolyte, Figure 5.8g.
Corresponding radial distribution functions (RDFs) and average coordination number (ACN) were
obtained, Figure 5.6h (Figure 5.10). With addition of GBL, the peak for Zn-O pair in the RDF
curve shifted from 1.95 to 1.85 A, evidencing that GBL has a significant impact on constraining
water. The average coordination number for Zn-H>O in the first hydration layer was reduced from

5.2 in ZnSO4 to 3.9 for ZnSO4-GBL as shown by short dashed-line in Figure 5.8h, confirming that
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the interaction of GBL and H,O weakened the preferred coordination between Zn>* and H.O was
in aqueous electrolyte. Combined, the experimental findings from NMR, FTIR and Raman,
together with those from MD simulations, confirm that the GBL additive tunes the electrolyte
structure by rearranging the ‘Zn?"-H>O-SO4*-GBL’ bonding-network as a result of the additional

interactions amongst GBL, anions;-and cations in ZnSO4 aqueous electrolyte, with GBL additive.
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Figure 5.6 Chemical and physical properties of electrolytes. a) Polarization of corrosion
curve, b) Contact angle capure of electrolytes with Zn-foil and ¢) 2H NMR spectra for 2M and
2MGT1 electrolyte. FT-IR spectra for H.O, H,O-GBL, GBL, 2M and 2MG1. d) CH- and
OH-stretching, €) v (SO4*). f) Raman spectra for 2M, 2MG1 and GBL. g) 3D snapshot with
enlarged area of ZnSO4-GBL and h) RDF and coordination number for Zn?>*-O (H2O) from

MD simulations.
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5.2.6 Quantum Chemistry Computation

The interaction amongst Zn>" ion, H-O and GBL molecules was assessed via quantum
chemistry computation. Based on the binding energy results of Figure 5.11a, GBL molecules are
more preferred to Zn ions than H,O. The binding energies of both Zn?>*-GBL and Zn?**-H,O are
greater than for GBL-H»O. This finding is consistent with that for the electrolyte structure
simulated by MD. Figure 5.11b highlights that following replacing one H,O molecule with one
GBL molecule in the primary solvation shell of Zn?*-H,O, the regional value of the partial
electrostatic potential (ESP) decreases. This evidences that electrostatic repulsion around Zn?* is
impacted to give rapid transmission. This finding agreed with that from mean-squared
displacement vs. time where the diffusion coefficient for Zn?>" was increased following addition of

GBL (Figure 5.12).
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Figure 5.7 (a) Anodic and (b) cathodic LSV response curves for aqueous ZnSOs and

ZnSO4-GBL electrolyte at 1 mV s
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Figure 5.9 3D snapshot for (a) ZnSO4 and (b) ZnSO4-GBL determined from molecular

dynamics (MD) simulation.
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original Zn**-6H>O (Left) and Zn?>*-5H,O-GBL (Right) solvation structures. (¢) Comparison
of adsorption energy of H,O and GBL molecules on Zn (002) crystal plane. Inset shows
corresponding absorbed model. (d) LUMO and HOMO iso-surface (iso-value = 0.02 a.u.) of

H>O (Right) and GBL (Left) molecules.

5.2.7 Ab-initio theoretical calculation

The adsorption ability between Zn slab and GBL or H>O in ZnSO4-GBL electrolyte was
studied and compared via ab-initio computation. The adsorption of H2O on the Zn slab ((002) or
(101) crystal plane) at possible sites was found to be relatively weak as is shown in Figure 5.11c
(Figure 5.13). There exists therefore stronger interplay between Zn and GBL on a parallel position
along the Zn surface (GBL (P)). These findings confirm that the GLB molecules are absorbed on
the surface of Zn so as to be parallel and to inhibit uncontrolled 2D diffusion and facilitate
uniform and compact Zn deposition as was seen in the SEM images. Following addition of GBL
the nucleation overpotential increased from 130.86 to 165.03 mV (Figure 5.14), underscoring a
slow zinc deposition. The Nyquist plots confirm that there is greater charge transfer resistance,
Figure 5.5, as is in agreement with the findings from theoretical computation. Electron gain and
loss of absorbed molecules on the Zn surface will impact the deposition behavior of zinc. As is
seen in Figure 5.11d, because GBL has a greater highest occupied molecular orbital (HOMO) than
that for H»O, respectively, -7.61 vs. -8.74 eV, electrons in GBL are more readily lost when
absorbing on the Zn surface. It is apparent from the 3D iso-surface models (Figure 5.15 for
ZSC-002 and Figure 5.16 for ZSC-101), together with corresponding 2D contours (Figure 5.17 for
ZSC-002 and Figure 5.18 for ZSC-101), that electrons transfer from GBL to Zn via adsorption,

therefore confirming strong chemical adsorption of GBL.
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Figure 5.12 MSD as a function of time under ZnSO4 and ZnSO4-GBL electrolyte.

5.2.8 Mechanism Analysis

The overall mechanism postulated for boosted Zn anodes via addition of GBL is given in
Figure 5.19. During Zn deposition, the hydrated [Zn(H.0)n]*" in pure ZnSOs electrolyte brings
significant numbers of H2O molecules that are reduced to release Hz. The increase in local pH
because of Hz evolution promotes formation of Zn**-insulating hydroxide zinc-salt passivation on
the Zn surface and reduces Zn utilization and cycle life, and promotes Zn dendrite growth. In
comparison with addition of GBL, the average coordination number of Zn-H>O in the primary
hydration layer is reduced, and the bonding strength between Zn?** ion and solvated H,O is
weakened. This additional interaction amongst GBL, Zn?', SO4* and H,O rearranges the
*Zn**-H>0—-S04>~GBL’ bonding-network, reduces water activity and generation of by-product
(Zn(OH)2)3(ZnS04)(H20)3. Moreover, GBL molecules absorb on the Zn surface, regulating the
homogeneous distribution of Zn?* flux and restricting uncontrolled 2D diffusion that results in
uniform and compact Zn deposition. Because of function in both electrolyte structure, and at the

electrode-electrolyte interface, the GBL additive boosts reversibility and cycling stability of Zn
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anodes. Importantly, because ZnSOs4-GBL electrolyte is non-flammable (Figure 5.20), it is
practically attractive for large-scale applications. Its high boiling and flash point contribute to

safety and reduced risk of explosion including, in electrolyte leakage and thermal runaway.
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Figure 5.15 Iso-surface model of charge density difference for ZSC-002 with (a) one H-O, (b)

one GBL in a parallel direction and (c) one GBL vertically (iso-value = 2.5 x 10 ¢ Bohr).
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Figure 5.16 Iso-surface model of charge density difference for ZSC-101 with (a) one H-O, (b)

one GBL in a parallel direction and (c¢) one GBL vertically (iso-value = 2.5 x 10 ¢ Bohr).
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Figure 5.17 2D contours for charge density difference for ZSC-002 with (a) one H>O, (b) one

GBL in a parallel direction and (c¢) one GBL vertically (iso-value = 2.5 x 10 ¢ Bohr?).
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Figure 5.18 2D contours for charge density difference for ZSC-101 with (a) one H>O, (b) one

GBL in a parallel direction and (¢) one GBL vertically (iso-value = 2.5 x 10* e Bohr?).

To assess the practical feasibility of GBL addition in boosting performance of the full
cells, Zn-MnO: full cells were assembled in which the B-MnO,. With limited GBL addition,
the performance of Zn-MnO; cells was boosted as was confirmed in cyclic voltammetry (CV),
rate performance from 0.1 to 1 A g!' and galvanostatic charge-discharge (GCD), Figure 5.23
(a-c). The Zn-MnO:;, full cells using ZnSO4-GBL electrolyte exhibited a high capacity of 287
mAh g'at 0.5 A g! and good capacity retention of 88 % following 400 cycles, Figure 5.23d.
Significantly, the cathode following 50 cycles was retained as the fresh electrode, confirming

the stability of MnO; in the ZnSO4-GBL electrolyte (Figure 5.24).
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Figure 5.19 Schematic mechanism of some reactions between electrolytes and electrode.

Figure 5.20 Ignition test for a pristine glass-fibre separator with saturated GBL, H,O/GBL

solution, 2M ZnSOs solution (2M) and 2M ZnSO4-GBL solution (2MG1).
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Figure 5.21 XRD pattern for -MnO: nano-rod.
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Figure 5.22 SEM image of f-MnO; nano-rod.
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Figure 5.23 Zn||MnO:; full cell performance. (a) Cyclic voltammetry curves for 1, 2" and
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Figure 5.24 XRD pattern confirms stability of MnO: electrodes in ZnSO4-GBL electrolyte

before and following 50 cycles in electrolyte at 0.5 A g!.

5.3 Conclusion

Trace low vapour pressure organic solvent, gamma butyrolactone (GBL), is introduced
into the typical ZnSO4 electrolyte to achieve highly stable and reversible AZIBs. Experiments

(NMR, FTIR, Raman) and theoretical calculations (MD, DFT) suggest that the functional
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GBL can not only manipulate the electrolyte structure by rearranging the
“Zn?>*—H,0-S04*—GBL” bonding network, but also alter the Zn anode-electrolyte interface
by absorbing GBL molecules on Zn surface. Both of the functions help in reducing the water
activity, suppressing the corrosion and the generation of by-product, and enabling the uniform
and compact Zn deposition. As a result, the Zn anodes run over 2720 cycles (5440 h) with
average Coulombic efficiency of 99.9% under 1 mA ¢cm™? and 1 mA h cm?. The Zn anodes
also present a stable and reversible Zn plating/stripping cycling for 1170 h under harsh testing
conditions (10 mA ¢cm™? and 10 mA h cm™). Such the reversibility and stability of Zn anodes
are far surpassing that using ZnSOs electrolyte. Moreover, the Zn-MnO> full cells using
ZnS04-GBL electrolyte can deliver a higher capacity of 287 mAh g-1 at 0.5 A g-1 and
improved cycling stability (87% capacity retention after 400 cycles) demonstrating the
effectiveness of the GBL additive. At higher current density (1A g and 5 A g'!), Zn-MnO; full
cells using ZnSO4-GBL also exhibited more stable and higher capacity cycling performance.

Importantly, the 2M ZnSO4-GBL electrolyte is nonflammable, which makes AZIBs

promising for large scale applications.

Table 5.1 Boiling point, flash point and solubility (25 °C) of selected rganic additives in

electrolyte of AZIBs.
Boiling point  Flash point Solubility in Viscosity
Organic additive
(°0O) (°O) water (25 °C) (mPa-s)
AM (acrylamide) 231.7 79.0+19.8 Soluble
Amino acid Arg 367.6 +52 176.1 +30.7 Soluble
AN (acetonitrile) 63.5 5.6 Soluble 0.325-0.375
DME
84.5 0.0 Soluble 1.1
(1,2-dimethoxyethane)
DMSO (dimethyl
189.0+9.0 85.0 Miscible 1.1
sulfoxide)
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Et (erythritol) 330.0 208.7+21.1 Soluble
EC (ethyl carbonate) 126.8 31.1 Insoluble 0.748-0.868
EMC (ethyl methyl
107.5 26.7+7.8 Immiscible 0.65
carbonate)
EG (ethylene glycol) 197.5 108.2+13.0 Miscible 10.38-86.9
Glucose 527.1£50.0 286.7+26.6  Freely soluble
Glycerol 290.0 160.0 Soluble 18-243
Maltose 667.9+55.0 357.8+31.5  Very soluble
Methanol 48.1+3.0 11.1 Miscible 0.5142-0.6405
Na;EDTA > 100 325.2 Miscible
PAM (polyacrylamide) 231.7 79.0+19.8 Soluble
Slightly
Sac (saccharin) 438.9+£28.0 219.3+£24.0
soluble
SL (sulfolane) 285.6+ 8.0 165.6 Soluble 10.286
Slightly
SN (succinonitrile) 268.5+13.0 141.1+£13.7 2.591
soluble
TEP (triethyl phosphate) | 219.3 + 8.0 115.6 Soluble N/A
TFEP
(tris(2,2,2-trifluoroethyl) | 176.2+40.0  60.4+£27.3 N/A N/A
phosphate)
TMP (trimethyl
197.2 83.7 +38.8 Soluble N/A
phosphate)
Urea 165.1£23.0 53.7+£22.6 Soluble
GBL (This work) 204 99.2 Miscible 1.7

Table 5.2 Comparison of accumulative plated capacity with current density of selected

organic additives in electrolyte of AZIBs.
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Current density

Accumulative plated capacity

Organic additive Reference
(mA cm?) (mAh cm2)
10 900
AM 2 380 7
1 340
5 5500
Amino acid Arg 10 4500 8
1 1475
1 650
AN 2 600 9
0.5 250
5 1500
BIS-TRIS 10
1 625
CT3G30 2 800 11
DME 2 375 12
DMSO 0.5 250 13
Et,O 0.2 25 15
EG 2 135 16
1 1000
Glucose 17
5 687.5
2 900
Glycerol 18
1 750
ILZE 2 1500 19
Maltose 1 600 20
Methanol 1 450 21
Me;EtNOTF 0.5 1500 1
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5 5000
Na,;EDTA 22
2 450
0.5 1600
P4441-TFSI 1 400 23
2.5 350
20 1100
PAM 2 170 24
1 90
2 8000
PEG-400 1 4500 25
0.5 2000
PEO-4000 1 600 26
PEO-100000 1 1500 27
10 2750
Saccharin 28
40 1100
SDBS 0.5 375 29
SL 0.5 200 30
0.2 40
SN 31
0.05 20
10 2000
TBA>SO4 5 1125 32
2 300
5 1250
TC 1 1072.5 33
10 850
TEP 1 750 34
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TEP-PC 0.5 650 35
TFEP 0.5 175 36
TMP-DMC/DMF 1 2500 37
Trisodium citrate 5 100 38
0.1 120 39a
Urea
1 350 39b
10 5850
GBL 1 2720 This work
20 1400

Table 5.3 Comparison of Coulombic efficiency (CE) and cumulaltive plated capacity for Zn

half cells with selected organic additives in electrolyte of AZIBs.

Cumulative plated capacity CE Reference
Organic additive
(Ah cm?) (%)
AM 0.04 N/A 7
Amino acid Arg 0.325 98.3? 8
AN 0.3 99.32 9
BIS-TRIS 0.4 98.5° 10
DME 0.156 N/A 12
DMSO 0.2 99.52 13
EG 0.12 982 16
Glucose 0.1 97.32 17
Glycerol 0.5 98.3? 18
ILZE 0.3 99.36° 19
Maltose 0.032 99.7 20
Methanol 0.45 99.7 21
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MesEtNOTF 0.5 99.8? 1
Na,EDTA 0.7 99.52 22
P4441-TFSI N/A 98.12 23
PEO-4000 0.35 98.7° 26

PEO-100000 1.5 99.5b 27
Saccharin 0.5 99.6* 28

SL 0.05 98° 30
SN 0.025 98.42 31
TBA2SO4 N/A 98> 32
TC 750 cycles at 1 mA ¢cm™ 97.7° 33
TEP 0.126 99.52 34
TEP-PC N/A 97.7° 35
TFEP 0.175 99.12 36
TMP 5 99.572 37
Urea N/A 96.2° 39a
GBL 2.722 99.9* This work

a average CE, ® reaches until stable CE, N/A: not available.[?]
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CHAPTER 6 Pyrrolidone as Electrolyte additives for

aqueous Zn-ion batteries

6.1 Introduction

To achieve carbon neutrality by 2050, a significantly increased use of clean energy
technologies including, electric vehicles (EVs) and energy efficient building retrofits, will be
needed. Storage of energy is critical to underpinning sustainable consumer electronics,
transport and industry smart-grids. Li-ion batteries have been dominant. However, significant
drawbacks include relative high cost and low safety.!') Aqueous rechargeable zinc-ion
batteries (AZIBs) have attracted research attention for large-scale energy storage because of
advantageous, high safety, low toxicity, abundance of materials and unique properties of zinc
including, low redox potential (- 0.7626 V vs. standard hydrogen electrode), high gravimetric
capacity (820 mA h g"), and high volumetric capacity (5585 mAh c¢m™).>¢] Drawbacks
however include, Zn dendrite formation, corrosion and by-product and H> evolution that
mitigate against sufficiently high reversibility and stability.

Electrochemical behavior of Zn metal is determined principally by the properties of the
aqueous electrolyte and electrode-electrolyte interface. These are closely related to the
solvation structures of hydrated Zn** ions, anions, and hydrogen bonding-network. Therefore,
a reconstruction of the chemical bonding-network and solvation structure of cations and
anions in aqueous electrolyte, and optimization of the electrode-electrolyte interface can be
used to practically regulate the performance of Zn anodes. Proposals to tune the solvation
structure of electrolyte and boost reversibility of Zn anodes included, high concentration, 7]
hydrate/deep-in-eutectic, ['%14) and aqueous/organic hybrid electrolytes '3-181. Drawbacks from
these electrolytes have included however, high cost, unwanted low ionic conductivity and
high viscosity. The addition of organics has been reported because these species, as liquids or

solids can interact with Zn** and H>O molecules to change the solvated structure of Zn

129



hydration and the hydrogen bonding-network without high concentration of slats or solvents.
(19291 However, the electrochemical performance of these Zn anodes remains poor, especially
under harsh condition of high current density/capacity of up to 10 mA ¢m? and 10 mAh cm™.
Additionally, particular organic molecules are highly flammable. Although the nonflammable
nature of water assures safety of AZIBs, the hydrogen evolution reaction (HER) and/or
oxygen evolution reaction (OER) during battery cycling and/or idling, lowers the Coulombic
efficiency (CE) and cycle life and may cause explosions. Any application to AZIBs must
therefore suppress these reactions without reducing practical safety. A nonflammable and/or
low vapor pressure solvent is necessarily required therefore to regulate solvation structure and
interface so as to boost reversibility and stability of Zn anodes under harsh conditions.

Because Pyrrolidone (Pr) has a high boiling and flash temperature, respectively, Ty =
250 °C and Tr =138 °C, it is practically attractive as an electrolyte additive for rechargeable
batteries. Pyrrolidone-based clectrolytes have in fact been used in Li-ion batteries over a
range of temperature, [3031]

Here Pyrrolidone was adopted as a new electrolyte additive to ZnSOs electrolyte. It was
postulated that through adjusting the mole ratio of Pyrrolidone in Pyrrolidone-based
electrolytes, 3% Pyrrolidone, in 2 M ZnSO4 would significantly boost Zn plating/stripping
performance under different current density. Experiment and theoretical computation
confirmed that the functional Pyrrolidone additive weakens the bonding strength between
Zn** jon and solvated H>O and rearranges the ‘Zn**~H>O—SO4>—Pyrrolidone’
bonding-network to reduce water activity and suppress corrosion and generation of
by-product. The Zn metal surface absorbs Pyrrolidone rather than H>O which restricts
uncontrollable 2D diffusion and gives rise to uniform deposition. Thus, the Zn-MnO; full
cells using ZnSOs-Pyrrolidone electrolyte exhibited superior performance to that using
Pyrrolidone -free electrolyte. Importantly, because 2 M ZnSQOs-Pyrrolidone electrolyte is

nonflammable it makes AZIBs practically promising for large-scale application.
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6.2 Results and Discussion

6.2.1 Stability of the Zn Electrode

The stability of the Zn electrode in aqueous electrolyte with and without Pyrrolidone was
compared in Zn||Zn symmetric cells, Figure 6.1a. Pyrrolidone addition resulted in excellent
stability of Zn in Zn||Zn in normal to harsh condition. With an optimized electrolyte of 2 M
Zn(S04)2 with 3% Pyrrolidone in amount (2MP3), the Zn symmetrical cell exhibited highly
stable cycling performance for over 1200 h at a current density of 1 mA c¢cm™ and an areal
capacity of 1 mA h cm?, significantly however, the 2M ZnSOs electrolyte failed following
700 h, Figure la. Under harsh conditions of 10 mA ¢m? and 10 mA h cm™, the Zn electrode
with 2MP3 electrolyte remained stable and exhibited reversible Zn plating/stripping for 456 h.
Importantly, this is significantly longer than that in the blank electrolyte of 70 h, Figure 1b. At
a high 20 mA c¢cm and 20 mA h cm™, Figure 6.1c, the Zn electrode in the symmetrical cell
with optimized electrolyte exhibited stable cycling for about 100 h, whilst the Zn electrode in
the blank electrolyte exhibited a short-circuit in < 25 h. These findings strongly evidence the
significant boost in reversibility and stability of the Zn anodes resulting from Pyrrolidone

addition.

6.2.2 Reversibility of the Zn Electrode

Reversibility of the Zn electrode in aqueous electrolyte with and without GBL was compared
in Zn||Cu asymmetric cells, Figure 6.2. It was found that there are marginal differences in the
initial Coulombic efficiency, that increases with increasing ZnSO4 concentration i.e., 2MP3 >=
2MP1 >= 2MP5 > 2M (Figure 6.2a). The addition of less or more Pyrrolidone, reduced the initial
Coulombic efficiency (Figure 6.2a). The presence of 3% Pyrrolidone boosted the initial
Coulombic efficiency to 98.5 % at 1 mA cm? and 1 mA h cm?, and the average CE increased to

99.9 % for over 2720 cycles (5440 h), Figure 6.2a. In comparison, the 2 M ZnSO4 electrolyte
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exhibited a low initial Coulombic efficiency of 91.1 % and an average CE of 99.6 %, noticeably
failing at the 222" cycle, Figures 6.2d, 6.2e¢.

Addition of Pyrrolidone concomitantly tuned Zn deposition morphology and suppressed
corrosion. The scanning electron microscopy (SEM) images confirmed that following 50
cycles with Zn||Cu cells, the Zn surface in the ZnSOs electrolyte become an apparent scattered
microporous structure, Figure 6.2¢, whilst there remained a planar stage structure on the Zn
surface in the ZnSOs-Pyrrolidone electrolyte; this formed a densely integrated binding
network, Figure 6.2f. A reduced hydrogen and oxygen evolution current obtained from linear
sweep voltammetry (LSV) curves confirm the impact on boosting reversibility and stability

via controlled manipulation with Pyrrolidone additive. (Figure 6.3)
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Figure 6.1 Zn|Zn symmetric cells containing 2M ZnSO4 with different amount of Pyrrolidone
at the areal capacity and current density of (a) 1 mAh cm? at 1 mA ¢cm?; (b) 10 mAh cm? at

10 mA cm? and (¢) 20 mAh cm™ at 20 mA cm™
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Figure 6.2 Zn|Cu half cells performance and properties. (a) Coulombic efficiency of the cells
in 2M ZnSOs electrolytes with different amount of Pyrrolidone. The half cells after 50 cycles
at 1 mAh cm? at 1 mA cm2. Charge/discharge voltage profiles of half cells with (b) 2M and
(c) 2MP3 electrolytes at 1st, 50th and 200th cycles with magnified views of corresponding
cycles in the potential range between 0.4 and 0.6 V at a current density of 1 mA cm?. SEM

images of the Zn foils in (d) 2M and (e) 2MP3 electrolytes for half cells after 50 cycles. (f)

Cyclic voltammetry at 5 mV s,
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Figure 6.3 In-situ optical microscopic images for Zn deposition process at the current density

of 5 mA cm2.
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Figure 6.4 (a) Anodic and (b) cathodic LSV response curves for aqueous ZnSOs and

ZnSO4-Pyrrolidone electrolyte at | mV s\,
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Figure 6.5 ZnMnO; full cells performance. (a) Rate capability at 0.1, 0.2, 0.3, 0.5, 1 A g'' and
back to 0.5 A g'; (b) Galvanostatic Charge Discharge (GCD) profiles at different current
density 0.1, 0.2, 0.3, 0.5 and 1 A g”'; and (d) Cycle performance at 1 A g*! (activation process:

0.1 A g'! for 10 cycles).

6.2.3 Chemical and physical properties of electrolytes

Judiciously combined experimental characterizations including Fourier transform infrared
spectroscopy (FTIR) and Raman spectroscopy were used to determine the underlying mechanism
for Zn metal in ZnSO4-Pyrrolidone. The addition of Pyrrolidone weakens the solvation
coordination between Zn?' and water. This finding was confirmed via FTIR (Figure 6.5) and
Raman (Figure 6.6) results. Compared with pure Pyrrolidone, the C-H stretching moves to lower

wave number in ZnSO4-Pyrrolidone caused by interaction between Pyrrolidone and water.
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Figure 6.6 FT-IR spectra of 2 M ZnSOy electrolytes without and with different amount of
Pyrrolidone at ATR mode. (a) 3900-2600 c¢cm™, O-H stretching and (b) 1500-950 cm!, v
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Figure 6.7 Raman spectra of 2 M ZnSO; electrolytes without and with different amount of

Pyrrolidone. (a) 500-4000 cm™! (b) 920-1180 ¢cm™! and (¢) 3050-3650 cm™'.

The strong interaction between Pyrrolidone and H.O without interference of Zn** was
evidenced via findings from FTIR, Figure 6.5. It can be seen in the figure that compared with
ZnSOs electrolyte, the v (SO4%) vibration is shifted in 2MP3, Figure 6.6. This shift vibration is
evidenced in the Raman spectra, Figure 6.6.

The contact angle of the Zn electrode in ZnSO4-Pyrrolidone was determined as 69.0°, less
than that in ZnSO4 of 75.0°, Figure 6.7. This difference aids practically in a uniform electric
distribution and production of homogeneous plating of Zn. The uniform deposition and

suppressed corrosion result in high reversibility and stability of Zn chemistry.
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Figure 6.8 Contact angle 2M and 2MP3 electrolytes with Zn foil.

6.2.4 Mechanism Analysis

During Zn deposition, the hydrated [Zn(H20)a]*" in pure ZnSO4 electrolyte brings significant
numbers of H2O molecules that are reduced to release H». The increase in local pH because of H»
evolution promotes formation of Zn?*-insulating hydroxide zinc-salt passivation on the Zn surface
and reduces Zn utilization and cycle life, and promotes Zn dendrite growth. In comparison with
addition of Pyrrolidone, the average coordination number of Zn-H>O in the primary hydration
layer is reduced, and the bonding strength between Zn?* ion and solvated H,O is weakened. This
additional interaction amongst Pyrrolidone, Zn?*, SOs> and H>O rearranges the
‘Zn**—H,0-S04*—Pyrrolidone’ bonding-network, reduces water activity and generation of
by-product (Zn(OH)2)3(ZnSO4)(H20);. Moreover, Pyrrolidone molecules absorb on the Zn

surface, regulating the homogeneous distribution of Zn?" flux and restricting uncontrolled 2D
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diffusion that results in uniform and compact Zn deposition. Because of function in both
electrolyte structure, and at the electrode-electrolyte interface, the Pyrrolidone additive boosts
reversibility and cycling stability of Zn anodes. Importantly, because ZnSOs-Pyrrolidone
electrolyte is non-flammable (Figure 6.13), it is practically attractive for large-scale applications.
Its high boiling and flash point contribute to safety and reduced risk of explosion including, in

electrolyte leakage and thermal runaway.

6.3 Conclusion

3% organic additive, Pyrrolidone can be used to controllably manipulate typical ZnSO4
electrolyte to give a highly stable and reversible aqueous zinc-ion battery (AZIB). Combined
experiment, including FTIR and Raman analyzes reveals that the functional Pyrrolidone
manipulates the electrolyte structure by rearranging the ‘Zn>*—H,O—SO4* Pyrrolidone’
bonding-network and altering Zn anode-electrolyte interface via absorbtion of Pyrrolidone on
the Zn surface. This reduces the water activity, suppresses corrosion and generation of
by-product, and gives a uniform compact Zn deposit. The anode ran over 1100 cycles (2200 h)
with an average CE of 99.9 % under 1 mA cm™? and 1 mA h cm™, and; exhibited stable and
reversible Zn plating/stripping cycling for 456 h under testing conditions of 10 mA cm™ and
10 mA h cm™. The reversibility and stability of the Zn anode significantly outperformed that
using ZnSO4 electrolyte. The Zn-MnO, full cells using ZnSO4-Pyrrolidone electrolyte
exhibited a high capacity of 400 mAh g' at 0.5 A g' and an improved cycling stability
(350 % capacity retention following 1120 cycles). These findings offer a quantitative
engineering strategy to boost reversibility and stability of Zn anodes in rechargeable AZIBs.
Importantly, because the 2 M ZnSO4-Pyrrolidone electrolyte is nonflammable, it makes
AZIBs advantageous for large-scale and low-cost application in electrical-grid storage and

clean energy storage.
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Table 6.1 Boiling point, flash point and solubility (25 °C) of selected rganic additives in

electrolyte of AZIBs.
Boiling point  Flash point Solubility in Viscosity
Organic additive
°O) (°O) water (25 °C) (mPa-s)
AM (acrylamide) 231.7 79.0+19.8 Soluble
Amino acid Arg 367.6 52 176.1 +30.7 Soluble
AN (acetonitrile) 63.5 5.6 Soluble 0.325-0.375
DME (1,2-dimethoxyethane) 84.5 0.0 Soluble 1.1
DMSO (dimethyl sulfoxide) 189.0 £9.0 85.0 Miscible 1.1
Et (erythritol) 330.0 208.7+21.1 Soluble
EC (ethyl carbonate) 126.8 31.1 Insoluble 0.748-0.868
EMC (ethyl methyl
107.5 26.7+7.8 Immiscible 0.65

carbonate)
EG (ethylene glycol) 197.5 108.2+13.0 Miscible 10.38-86.9
Glucose 527.1+£50.0 286.7+26.6  Freely soluble
Glycerol 290.0 160.0 Soluble 18-243
Maltose 667.9+55.0 357.8+31.5  Very soluble
Methanol 48.1 £3.0 11.1 Miscible 0.5142-0.6405
Na;EDTA > 100 3252 Miscible
PAM (polyacrylamide) 231.7 79.0 £19.8 Soluble

Slightly
Sac (saccharin) 4389 +28.0 219.3+£24.0

soluble
SL (sulfolane) 285.6 8.0 165.6 Soluble 10.286
SN (succinonitrile) 268.5+13.0 141.1+£13.7 Slightly 2.591
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soluble
TEP (triethyl phosphate) 219.3+£8.0 115.6 Soluble N/A
TFEP
(tris(2,2,2-trifluoroethyl) 176.2+40.0 60.4+27.3 N/A N/A
phosphate)
TMP (trimethyl phosphate) 197.2 83.7 £38.8 Soluble N/A
Urea 165.1£23.0  53.7£22.6 Soluble
Pyrrolidone (This work) 250 138 Miscible N/A

Table 6.2 Comparison of accumulative plated capacity with current density of selected

organic additives in electrolyte of AZIBs.

Current density Accumulative plated capacity
Organic additive Reference
(mA cm?) (mAh cm?)
10 900
AM 2 380 7
1 340
5 5500
Amino acid Arg 10 4500 8
1 1475
1 650
AN 2 600 9
0.5 250
5 1500
BIS-TRIS 10
1 625
CT3G30 2 800 11
DME 2 375 12
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DMSO 0.5 250 13
Et,O 0.2 25 15
EG 2 135 16
1 1000
Glucose 17
5 687.5
2 900
Glycerol 18
1 750
ILZE 2 1500 19
Maltose 1 600 20
Methanol 1 450 21
Me;EtNOTF 0.5 1500 1
5 5000
Na;EDTA 22
2 450
0.5 1600
P4441-TFSI 1 400 23
2.5 350
20 1100
PAM 2 170 24
1 90
2 8000
PEG-400 1 4500 25
0.5 2000
PEO-4000 1 600 26
PEO-100000 1 1500 27
10 2750
Saccharin 28
40 1100
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SDBS 0.5 375 29
SL 0.5 200 30
0.2 40
SN 31
0.05 20
10 2000
TBA2SO4 5 1125 32
2 300
5 1250
TC 1 1072.5 33
10 850
TEP 1 750 34
TEP-PC 0.5 650 35
TFEP 0.5 175 36
TMP-DMC/DMF 1 2500 37
Trisodium citrate 5 100 38
0.1 120 39a
Urea
1 350 39
10 2280
Pyrrolidone 20 900 This work
1 600

Table 6.3 Comparison of Coulombic efficiency (CE) and cumulaltive plated capacity for Zn

half cells with selected organic additives in electrolyte of AZIBs.

Cumulative plated capacity CE Reference
Organic additive
(Ah cm?) (%)
AM 0.04 N/A 7
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Amino acid Arg 0.325 98.3? 8

AN 0.3 99.32 9
BIS-TRIS 0.4 98.5° 10
DME 0.156 N/A 12
DMSO 0.2 99.52 13
EG 0.12 982 16
Glucose 0.1 97.3? 17
Glycerol 0.5 98.3? 18
ILZE 0.3 99.36° 19
Maltose 0.032 99.72 20
Methanol 0.45 99.72 21

Me:EtNOTF 0.5 99.82 1
Na;EDTA 0.7 99.52 22
P4441-TFSI N/A 98.12 23
PEO-4000 0.35 98.7° 26
PEO-100000 1.5 99.5° 27
Saccharin 0.5 99.6* 28
SL 0.05 98° 30

SN 0.025 98.42 31
TBA>SO4 N/A 98P 32
TC 750 cycles at 1 mA cm 97.7° 33
TEP 0.126 99.52 34
TEP-PC N/A 97.7° 35
TFEP 0.175 99.12 36
TMP 5 99.57% 37
Urea N/A 96.2° 39a
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Pyrrolidone 1.1 99.9* This work

a average CE, ® reaches until stable CE, N/A: not available.?!
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CHAPTER 7 Conclusion and Prospects

7.1 Conclusion

To achieve the strategies of the European Commission’s (EC) green deal and recovery plan.
Rechargeable batteries are one of the most important technologies to store and transfer energy,
for large-scale application including the innovational electronics, such as autonomous
robotics, electric scooters, delivery drones, sensors, wearable devices, especially for medical
use and power tools.[1] Aqueous Zn-ion batteries have been regarded as the promising
alternative of LIBs for large-scale application due to their advantages of low cost, high
performance, safety index, and environmental benignity. However, the state-of-the-art
aqueous Zn battery is still far from meeting the ever-increasing large-scale energy demands.
In this doctoral thesis, recent progress on the aqueous ZIBs with mild electrolyte have been
comprehensively summarized, including the Mn-based cathode materials, Zn-ion storage
mechanism, electrolyte formulation, and Zn electrode. Zn metal electrode persistently suffer
from the poor reversibility and low CE in the mild electrolyte, which seriously restricted
further development of Zn-based batteries. To effectively enhance the Zn performance, we
proposed the strategy of strong absorption energy to suppress Zn dendrite and resolve other
issues, including adding the electrolyte additive, building the absorbed organic buffer layers
on protrusions of Zn electrode surface.

In the first case, relatively low content organic molecules, (MSM) can be used to
controllably manipulate typical ZnSO4 electrolyte to give a highly stable and reversible
aqueous zinc-ion battery (AZIB). Combined experiment, including FTIR and Raman analyzes
reveals that the functional MSM manipulates the electrolyte structure by rearranging the
‘Zn**-H,0-S04*~MSM’ bonding-network and altering Zn anode-electrolyte interface via
absorbtion of MSM on the Zn surface. This reduces the water activity, suppresses corrosion

and generation of by-product, and gives a uniform compact Zn deposit. The anode ran over

150



900 cycles (1800 h) with an average CE of 99.9 % under 1 mA ¢cm™ and 1 mA h cm?, and;
exhibited stable and reversible Zn plating/stripping cycling for 460 h under testing conditions
of 5 mA cm? and 5 mA h cm. The reversibility and stability of the Zn anode was improved
outperformed that using ZnSOs electrolyte. The Zn-MnO, full cells using ZnSO4-MSM
electrolyte exhibited a high capacity of 272 mAh g at 0.5 A g and an improved cycling
stability (125 % capacity retention following 700 cycles). These findings offer a quantitative
engineering strategy to boost reversibility and stability of Zn anodes in rechargeable AZIBs.
Importantly, because the 2 M ZnSO4-MSM electrolyte is nonflammable, it makes AZIBs
advantageous for large-scale and low-cost application in electrical-grid storage and clean
energy storage.

In the second case, trace low vapour pressure organic solvent, gamma butyrolactone
(GBL), is introduced into the typical ZnSO4 electrolyte to achieve highly stable and
reversible AZIBs. Experiments (NMR, FTIR, Raman) and theoretical calculations (MD, DFT)
suggest that the functional GBL can not only manipulate the electrolyte structure by
rearranging the “Zn?>*~H,0-SO4*—GBL” bonding network, but also alter the Zn
anode-electrolyte interface by absorbing GBL molecules on Zn surface. Both of the functions
help in reducing the water activity, suppressing the corrosion and the generation of by-product,
and enabling the uniform and compact Zn deposition. As a result, the Zn anodes run over
2720 cycles (5440 h) with average Coulombic efficiency of 99.9% under 1 mA c¢cm? and 1
mA h cm™. The Zn anodes also present a stable and reversible Zn plating/stripping cycling for
1170 h under harsh testing conditions (10 mA ¢m? and 10 mA h cm?). Such the reversibility
and stability of Zn anodes are far surpassing that using ZnSOs electrolyte. Moreover, the
Zn-MnOQ:; full cells using ZnSO4-GBL electrolyte can deliver a higher capacity of 287 mAh
g-1 at 0.5 A g and improved cycling stability (87% capacity retention after 400 cycles)
demonstrating the effectiveness of the GBL additive. At higher current density (1A g'and 5 A
g1), Zn-MnO; full cells using ZnSO4-GBL also exhibited more stable and higher capacity
cycling performance. Importantly, the 2M ZnSO4-GBL electrolyte is nonflammable, which

makes AZIBs promising for large scale applications.
151



In the third case, 3% organic additive, Pyrrolidone can be used to controllably
manipulate typical ZnSO4 electrolyte to give a highly stable and reversible aqueous zinc-ion
battery (AZIB). Combined experiment, including FTIR and Raman analyzes reveals that the
functional Pyrrolidone manipulates the electrolyte structure by rearranging the
‘Zn**—H,0—S04> Pyrrolidone’ bonding-network and altering Zn anode-electrolyte interface
via absorbtion of Pyrrolidone on the Zn surface. This reduces the water activity, suppresses
corrosion and generation of by-product, and gives a uniform compact Zn deposit. The anode
ran over 1100 cycles (2200 h) with an average CE of 99.9 % under 1 mA cm? and 1 mA h
cm2, and; exhibited stable and reversible Zn plating/stripping cycling for 456 h under testing
conditions of 10 mA c¢cm™ and 10 mA h cm™. The reversibility and stability of the Zn anode
significantly outperformed that using ZnSOs electrolyte. The Zn-MnO; full cells using
ZnSOs-Pyrrolidone electrolyte exhibited a high capacity of 400 mAh g at 0.5 A g!' and an
improved cycling stability (350 % capacity retention following 1120 cycles). These findings
offer a quantitative engineering strategy to boost reversibility and stability of Zn anodes in
rechargeable AZIBs. Importantly, because the 2 M ZnSO4-Pyrrolidone electrolyte is
nonflammable, it makes AZIBs advantageous for large-scale and low-cost application in

electrical-grid storage and clean energy storage.

Zn-Zn symmetrical cell Zn-Cu half cell Zn-MnO , full cell

Additive o
AmountiimollCY) Mechanism Battery type . .

or volume (%) Current Accumulative Cumulative

(BP, FP,
solubility at 25 °C) Current Capacity (mAh

density plated capacity plated capacity CE (%)

v 5
(mA cm?) (mAh cm2) (mAh cm?) densityl(Agr) g") @cycle

5 1350

Methyl Sulfonyl Methane
(358.8, 185, miscible) GO ; 00 850 999 272 @ 700

10 5850
Gamma butyrolactone Strong adsorption,
(204, 99.2, miscible) o change of solvation 2032
structure, buffer Coin-type 2 1400
layer on Zn surface

1 2720 2722 99.9 287 @ 400
0.5

10 2280

Pyrrolidone &
(250, 138, miscible) 3% 20 900 1100 99.9 400 @ 1120

Table 7.1 The summary of properties and battery performance of Methyl Sulfonyl Methane,

Gamma butyrolactone, and Pyrrolidone.
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7.2 Prospects for future work

Zn electrode: large number of reported aqueous ZIBs and Zn hybrid batteries directly use
commercial Zn foil as the Zn anode. However, it suffers from several irreversibility issues
during the cycling process in mild aqueous electrolytes, such as the dendrite growth,
corrosion, as well as hydrogen evolution, which will affect the cycling performance of
Zn-based systems. Until now, only limited work focused on the optimization of Zn metal and
the Zn electrode reversibility behaviour under the aqueous mild electrolytes is not well
understood. The effective methods to suppress the dendrite growth and achieve high CE
should be building a stable artificial layer (organic buffer layer or inorganic thin, compact and
high conductivity of SEI layer) on Zn electrode surface and optimizing the electrolyte
formulation. More progresses are desired to be achieved by learning from other metal anode
protecting technology such as Li/Li-S/Na metal batteries. Moreover, the strategies for
improving the performance of Zn electrode (proper thickness for N/P ratio) should be
demonstrated in full cells towards practical applications.

Electrolyte: The optimization of the electrolyte is critical for achieving high performance
batteries by enabling highly efficient Zn plating/stripping and stabilizing the cathode
materials, which are related to the Zn salts, salt concentrations, elements and additives.
However, batteries using ZnSQOs electrolyte still suffer from the rapid capacity decay due to
the formation and growth of Zn dendrites and electrode dissolution. In addition, the formation
and dissolution of hydroxide sulphate (Znis(OH)sSO4-xH20O) associated with ZnSO4
electrolyte still needs to be understood, as well as the effect on the electrochemical
performance. Batteries employing the Zn(CF3SOs3), electrolyte show superior electrochemical
properties compare to these using ZnSQOj4 electrolyte, the high price of Zn(CF3S03), severely
retards its wide application on a large scale, however. Thus, exploring the new Zn salts or Zn
composites with affordable price will be worthwhile to boost the potential of Zn-based
systems by enhancing the CE, cycling stability and rate performance, and more importantly
suppressing Zn dendrite growth. In addition, most of the aqueous Zn salt electrolytes are
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actually the mild acidic electrolyte (pH 4 ~ 6), where the issues of corrosion of the metal and
current collector should be considered and resolved. Moreover, the narrow electrochemical
window of aqueous electrolyte would trigger the water-based side reactions and limit the
operating voltage of cathode materials. Efforts are still highly desirable to research the new
additives or electrolyte concentration, aiming to explore the electrolyte additives from
working temperature range, thermal stability, cost, high ionic conductivity, viscosity, chemical
stability and bring more potential materials into Zn-based system. And we could analysis and
screen out the most reliable and valuable electrolyte-additive system by the characterization
including FTIR, Raman, NMR, DSC, EXAFS and simulation, etc.

Configuration: Currently, the vast majority of work about ZIBs and hybrid Zn batteries are
still conducted in the coin cell or pouch cell. To meet the different demands at the future
market, the different types of aqueous Zn-based technologies should be available in parallel,
including coin cell, pouch cell, cylindrical cell (18650) and prismatic cell. An additional
challenge is whether strategies suitable for coin cells will work in large-scale cells, for
practical application, materials should be demonstrated in large-scale cells. In addition,
wearable and flexible electronics with high flexibility and reliable electrochemical properties
is a vibrant and active research area for the large demand of portable applications. Benefiting
from its green and sustainable features, flexible aqueous or all-solid-sate Zn-based devices
may be a good choice for practical wearable applications. However, only few works focused
on flexible Zn-based batteries in neutral or mild acidic media was proposed until now due to
the limitations of stable electrode materials and appropriate electrolyte. Therefore, new
strategies are highly needed to develop new materials and electrolyte with both excellent
electrical conductivity and outstanding flexibility for the further development of

well-designed and safe Zn-based batteries.[1]
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EB Ethyl butyrate MB  Methyl butyrate TEP  Triethyl phosphate SL Sulfolane
MeOH Methanol G2  Diglyme DMF  N,N-dimethylformamide DMSO Dimethyl sulfoxide
DOL  1,3-dioxolane EG Ethylene glycol DES  Diethyl sulfite Gl Glycerol
AN Acetonitrile PG 1,2-propanediol DMC Dimethyl carbonate FEC Fluoroethylene carbonate
DEC  Diethyl carbonate PC Propylene carbonate EP Ethyl propionate SN Succinonitrile
EMC  Ethyl methyl carbonate y-BL 1,4-butyrolactone EC Ethylene carbonate

Figure 7.2 Comparison of different electrolyte design strategies and potential candidates as

solvents or additives/cosolvents for AZIBs that can operate at harsh temperatures. (A) Spider

chart for an itemized comparison of different types of electrolytes in AZIBs based on their

summarized performances. (B) The key parameters and in-depth analysis techniques for the

study of electrolytes intended for harsh temperature applications. (C) Liquid temperature

range, miscibility in water, and flash point of organic solvents that are promising to use in

AZIBs for harsh temperature application. (D) Liquid temperature range and DN of

water-miscible organic solvents that are promising candidates as additives/cosolvents for

AZIBs operating at harsh temperatures. [1]
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To go beyond the state-of-the-art the battery chemistry, more sustainable, more scalable,
and faster research approaches are required that simultaneously consider the need for novel
electrolytes and new concepts for faster exploration and scaling-up (experimentally and
theoretically). Moreover, we also could focus on the innovation in reinvent the way we invent

the batteries of the future.[2]
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