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Abstract

Zinc-ion batteries (ZIBs) have emerged as promising energy storage systems owing to
compatibility of zinc anodes with aqueous electrolytes. While aqueous electrolytes provide
advantages in safety, they also introduce critical challenges at both electrodes. At the zinc
anode, parasitic side reactions and dendritic growth compromise reversibility, while Mn-based
cathodes suffer from Mn dissolution, limiting cycle life. Together, these interfacial instabilities
hinder the practical deployment of ZIBs in large-scale applications.

This thesis develops an understanding of degradation mechanism and proposes strategies to
overcome them. Firstly, the zinc anode—electrolyte interface is investigated. While high
current densities can promote planar Zn growth, they are incompatible with cathode
operation. To resolve this, an approach using uniaxial mechanical pressure is introduced,
enabling stable zinc plating/stripping under practical current densities.

Secondly, the focus shifts to the MnO» cathode—electrolyte interface. Using operando analysis,
it is shown that the primary charge storage mechanism proceeds via reversible Mn dissolution
and redeposition. Furthermore, the role of Mn?* additives is found to act as a soluble redox
reservoir, supplying additional active material during charging. These findings highlight the
strong coupling between battery electrochemical performance and electrolyte composition.

Thirdly, recognising that many challenges are inherent to aqueous environments, zinc-metal-
free cell architectures are explored. A new zinc-containing disordered rocksalt (DRX) cathode,
ZnMnQO;, is developed to pair with a zinc-free current collector. This anode free cell
demonstrated promising electrochemical performance, offering advantages such as extended
shelf life and higher energy density.

Finally, to further mitigate side reactions, non-aqueous ZIBs are explored. To unlock efficient
Zn?* diffusion in DRX cathodes under non-aqueous conditions, cation vacancies are
engineered by delithiating Li-based DRX precursors, leading to improved Zn?* transport and
enhanced battery performance.

These insights provide guiding principles for the rational design of next-generation ZIBs with
improved stability and performance.
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1.1 The Broader Context of Battery Technologies

The accelerating threat of global warming, largely driven by anthropogenic CO;
emissions, demands urgent and sustained action. Achieving net-zero carbon emissions has
become a global imperative to mitigate climate change and reduce the environmental
footprint of human activity. Among all sectors, transportation stands out as a major
contributor to greenhouse gas emissions, making its decarbonisation a critical component of
the broader transition to sustainable energy systems. Over the past decade, the widespread
deployment of electric vehicles (EVs) has emerged as a viable and rapidly evolving solution to
this challenge. At the centre of EV technology is the lithium-ion battery, a high-performance
electrochemical energy storage system that is progressively replacing internal combustion

engines as the dominant power source in modern vehicles.»?
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Figure 1.1 (a) Schematic illustration of a Li-ion battery comprising a graphite anode and a
LiCoO; cathode operating in a Li-based non-aqueous electrolyte, driven by an external
circuit. (b) Electrochemical stability window of the electrolyte, showing the relative
energy levels of the cathode, anode, and electrolyte under open-circuit conditions.

Lithium-ion batteries (LIBs), as the dominant energy storage technology in modern
electrochemical systems, typically employ a simple configuration: a graphite anode, a lithium

cobalt oxide (LiCoO3) cathode, and a non-aqueous electrolyte.® These devices operate via



reversible redox reactions that convert chemical energy into electrical energy through the
coupled transport of lithium ions and electrons, as illustrated in Figure 1.1a.

During the charging process, oxidation occurs at the LiCoO; cathode, releasing lithium
ions and electrons according to the reaction:

LiCoO; = Li1xCoO2 + xLi* + xe-

The liberated electrons flow through an external circuit, while the lithium ions
simultaneously migrate from cathode through the electrolyte toward the anode. At the
graphite anode, reduction takes place as lithium ions are intercalated into the carbon matrix:

xCe + xLi* + xe” > xLiCs

Due to the reversible nature of the electrochemical reactions, the discharge process
proceeds in the opposite direction of charging. During discharge, lithium ions deintercalate
from the graphite anode and migrate through the electrolyte toward the cathode, where they
are reinserted into the LiCoO; structure, accompanied by the flow of electrons through the
external circuit to deliver usable electrical energy.

The electrolyte plays a critical role in this charging/discharging process. It must enable
rapid Li* ion transport while maintaining electrochemical stability across the full operating
voltage range of the cell. Typically, the electrolyte is a non-aqueous liquid, composed of a
mixture of organic carbonate solvents such as ethylene carbonate (EC) and dimethyl
carbonate (DMC), containing a dissolved lithium salt, most commonly lithium
hexafluorophosphate (LiPFs).* This composition ensures high ionic conductivity, typically in
the range of 103 to 102 S cm?, while maintaining a wide electrochemical stability window (up
to ~4.5 V vs. Li*/Li).> To prevent internal short circuits and allow selective ionic transport, a
microporous polymer separator which is often made from polyethylene (PE) or polypropylene

(PP), is used to physically isolate the electrodes.® Soaked in electrolyte, this separator permits



lithium-ion migration through its interconnected pores, with solvation—desolvation dynamics
governing the movement of Li* and enabling efficient ionic conduction during operation.

To evaluate battery performance, one of the most critical parameters is energy density,
which quantifies the amount of energy a battery can deliver per unit mass. It is typically
expressed in watt-hours per kilogram (Wh kg?). This parameter is fundamentally determined
by both the cell voltage (V) and the specific capacity (mAh g) of the electrode materials.

Battery voltage (V) arises from the difference in chemical potential between the anode
and cathode materials, as illustrated in Figure 1.1b. For safe and stable operation, the
electrolyte's electrochemical stability window must encompass the redox potentials of both
the anode and the cathode to prevent undesired side reactions. The equilibrium voltage of
the cell, corresponding to the open-circuit voltage (OCV) can be quantitatively described by
the Nernst equation, which relates the cell voltage to the Gibbs free energy change of the
electrochemical reaction and the activities of the involved species.” The Nernst equation is

expressed as:

o RT
Ecen = Ecen — ﬁanr
where E°cell is the standard equilibrium voltage, R the ideal gas constant, T the temperature,
z the charge of the ion, and F the Faraday constant. Specifically, the reaction quotient Q,,
defined by the ratio of the activities of the reduced and oxidised species, captures the effect
of concentration variations on cell voltage.’
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X
A+ " ALi,_..co0,

Qcathode —
T
Ari,_,Co0,

While on anode side reaction:



X
Arice

X . X
Li+ " 4c

de —
anoe_a

where a represents the real-time molar concentration of each species involved in the reaction
(mol L1).2 This relationship demonstrates that battery voltage is influenced not only by the
intrinsic chemical potentials of the electrode materials but also by the dynamic
electrochemical environment within the cell ®

Another important parameter influencing energy density is the capacity (mAh g1) of
the battery, which determines the total amount of electric charge that can be stored or
released during operation. The theoretical specific capacity Qs of an electrode material® can

be estimated using the following equation:

n-F
M

Qf =
Here, n is the number of electrons transferred per formula unit during the electrochemical
reaction, F is Faraday’s constant (96,485 C mol?), and M is the molar mass of the active
material (g moll). This relationship offers key design strategies for enhancing capacity: (i)
selecting redox-active materials with a lower molar mass (M) increases the number of moles
per gram, and (ii) employing materials that support multi-electron transfer reactions (n>1)
allows for greater charge storage per formula unit.

In real-world applications, limitations often stem from the both the intrinsic properties
and electrochemical behaviour of electrode materials during extended cycling. Graphite
anodes, which dominate commercial lithium-ion batteries, are constrained by a relatively low
specific capacity of 372 mAh g1.10 Lithium metal anodes, by contrast, offer a much higher
theoretical capacity (3,860 mAh g), making them attractive for next-generation systems such

as lithium-sulfur (Li-S) and lithium-oxygen (Li-O;) batteries.!* However, their practical

application is hindered by issues such as uncontrolled dendritic Li growth, which can penetrate



the separator, leading to internal short circuits and potential safety risks, including thermal
runaway.'? On the cathode side, nickel-rich layered oxides (e.g., NMC811, LiNio.sMno.1C00.102)
achieve high volumetric energy densities (>700 Wh L) but suffer from structural degradation
and interfacial instability at high operating voltages (~¥4.3 V vs. Li*/Li).!3 In contrast, lithium
iron phosphate (LiFePOa4, LFP) cathodes provide excellent thermal and structural stability,
offering superior safety and cycle life.!* Although LFP operates at a lower voltage (~3.2 V vs.
Li*/Li) compared to NMC (~3.8 V), its robustness and cost-effectiveness combined with
efficient cell engineering techniques such as dense electrode stacking, can result in
competitive pack-level energy densities. Moreover, the abundance and low cost of iron
relative to critical metals like cobalt and nickel make LFP a highly sustainable option. Thus,
advancing high-energy-density battery technologies through both materials innovation and

system-level design optimisation remains a central objective for the future of energy storage.

1.2 Overview of Zinc lon Batteries (ZIBs)

Multivalent-ion batteries have attracted increasing attention as a promising
complement to Li-ion technology, offering the prospect of sustainable and cost-effective
energy storage beyond lithium. Abundant and earth-rich metals such as zinc (Zn), magnesium
(Mg), calcium (Ca), and aluminium (Al) offer attractive prospects for next-generation
rechargeable batteries. Unlike monovalent ions such as Li*, multivalent metal cations (e.g.,
Zn?*, Mg?*, Ca?*, AI**) are capable of transferring two or more electrons per ion, theoretically
enabling significantly higher specific capacities and energy densities.’> However, as described
by the Nernst equation, the cell voltage in multivalent-ion systems tends to decrease with
increasing charge number (z), due to the inverse dependence of voltage on the number of

electrons transferred, which may limit their overall energy output.



Among multivalent candidates, Zn stands out due to its favourable electrochemical
properties and material abundance. It offers a high theoretical specific capacity of 820 mAh g’
1and an exceptionally high volumetric capacity of 5,851 mAh cm=3, outperforming many other
multivalent metals such as Mg (3,833 mAh cm3), Ca (2,073 mAh cm™3).1>

Similar to Li-ion batteries, Zn-ion batteries are composed of a Zn anode, a cathode, and
an electrolyte. Owing to Zn's relatively low standard reduction potential (-0.76 V vs. the
standard hydrogen electrode, SHE), Zn metal anodes are compatible not only with organic
electrolytes but also with aqueous electrolytes, without significant side reaction. In contrast,
other multivalent metal anodes such as Mg, Ca, and Al tend to undergo severe parasitic
reactions with water, forming electrochemically inert byproducts that passivate the electrode
surface and compromise battery performance, make them incompatible with aqueous
electrolyte. Zn, by contrast, allows for more efficient and reversible electrochemical cycling in
agqueous environment.

Aqueous zinc-ion batteries (ZIBs) have attracted considerable attention due to the
unique advantages provided by aqueous electrolytes. These includes:

e Cost and safety: Water is inexpensive, abundant, and environmentally benign. Unlike
flammable organic solvents, it is non-volatile and non-toxic, making aqueous ZIBs
inherently safer, particularly attractive for applications in wearable electronics.

e Superior ionic conductivity: Aqueous electrolytes exhibit much higher ionic
conductivity (typically 102 to 6 x 102 S cm?) than their organic counterparts (103 to
102 S cm™). This facilitates faster Zn?* ion transport and enhances rate capability and

power performance.



e Enhanced reaction kinetics: The presence of water significantly reduces interfacial
resistance at the electrode—electrolyte interface, accelerating redox reactions and
improving charge transfer kinetics, which translates to improved battery efficiency.

e Improved salt solubility: Water’s high dielectric constant allows it to dissolve zinc salts
(e.g., Zn(CFsS03)2) at high concentrations (~3 M), compared to <0.5 M in typical organic
solvents like acetonitrile. This promotes a high concentration of mobile Zn?* ions,
essential for maintaining capacity over long cycles.

o Simplified manufacturing: Aqueous ZIBs can be fabricated in ambient conditions
without the need for dry-room environments or stringent moisture control, reducing
manufacturing cost and complexity. This makes them competitive with moisture and

air sensitive systems.
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Figure 1.2 Schematic of an aqueous Zn-ion battery, comprising a Zn metal anode and a
transition metal oxide cathode, both of which suffer from interfacial degradation
induced by the aqueous electrolyte. At the anode—electrolyte interface, key issues
include hydrogen evolution, dendrite formation, by-product accumulation, and Zn
corrosion. At the cathode—electrolyte interface, transition metal (TM) dissolution is a
primary degradation pathway.

These advantages stem from using water as the electrolyte solvent. However, water
can be a double-edged sword. While it brings cost, safety, and ionic conductivity benefits, its

inherent reactivity can also introduce significant challenges, particularly at the electrode—



electrolyte interfaces, as illustrated in Figure 1.2. At the Zn anode—electrolyte interface, side
reactions frequently occur due to the mildly acidic nature of typical aqueous electrolytes (pH
~3-5).1 These conditions promote Zn corrosion, hydrogen gas evolution, and formation of
insoluble byproducts. On the cathode side, transition-metal-based materials such as
manganese-, vanadium-, cobalt-based oxides, and Prussian blue analogues are often prone to
transition metal (TM) dissolution in aqueous environments,!” which might lead to gradual
capacity fading over repeated cycles.

Meanwhile, nonaqueous ZIBs have been also attracting growing interest for their
ability to overcome several intrinsic limitations of aqueous systems. By employing organic
solvents with wider electrochemical stability windows, nonaqueous ZIBs can operate at higher
voltages, potentially exceeding 3 V, which significantly enhances energy density. In addition,
they generally exhibit fewer parasitic side reactions and improved interfacial stability,
particularly at the electrode—electrolyte interfaces.’® However, these benefits come with
trade-offs: organic electrolytes increase cost and introduce safety concerns due to their
flammability. As a result, both aqueous and nonaqueous ZIBs offer distinct advantages and
face unique challenges, driving continued research efforts into both systems.

Many research efforts have focused on improving either the anode or the cathode
independently. However, because a Zn-ion battery is a closed, interdependent electrochemical
system, reactions at one electrode can influence and even exacerbate degradation processes
at the other. Therefore, a holistic design approach that simultaneously addresses the
optimisation of the anode, cathode, and electrolyte is essential for the development of high-
performance, stable, and long-lasting ZIBs.

Given that the first three results chapters of this thesis are focused on aqueous ZIBs,

the following sections will examine in detail the key failure mechanisms and interfacial



challenges associated with both zinc anodes and cathode materials specifically in aqueous

electrolyte environments.

1.3 Challenges at the Zinc Anode

1.3.1 Issues at the Anode-Electrolyte Interface
In aqueous ZIBs, the Zn anode is prone to a variety of interfacial degradation
phenomena arising from both spontaneous chemical reactions and electrochemical processes.

These interfacial issues significantly compromise battery efficiency, cycle stability, and overall
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Figure 1.3 The Pourbaix diagram of Zn in aqueous solution.

Zinc Corrosion

Upon contact with an aqueous electrolyte, particularly one with a mildly acidic pH (=
3-5), the zinc anode undergoes spontaneous corrosion. As illustrated in Figure 1.3, the Zn—
electrolyte interface resides within a thermodynamically unstable regime, where zinc metal

readily oxidises to Zn?*, while protons (H*) from the electrolyte are reduced to hydrogen gas.
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This behaviour stems from the fact that the standard reduction potential of the Zn/zn?*
couple is lower than that of H*/H, across the entire pH spectrum. As a result, zinc corrosion is
thermodynamically favoured in aqueous environments. The reaction proceeds as follows:

Zn(s) > Zn?**(aq) + 2e"

This corrosion process leads to the loss of active zinc, reducing the battery’s accessible
capacity. Furthermore, it promotes the formation of insulating byproducts and increases
interfacial resistance, both of which deteriorate electrochemical performance over time.
Hydrogen Evolution Reaction (HER)

The hydrogen evolution reaction occurs concurrently with zinc corrosion and further
contributes to the degradation of the anode—electrolyte interface. The HER can be
represented by the following reaction:

2H* + 2e™ = Hy(g)

HER presents several critical challenges in aqueous ZIBs. In sealed battery systems, the
generation of hydrogen gas can lead to gas accumulation, which impairs contact between the
electrolyte and electrode, thereby increasing interfacial resistance and reducing the
coulombic efficiency (CE). Moreover, Additionally, Zn dendrite formation, which is often
induced by non-uniform deposition, could further increase the Zn surface area, accelerating
both HER and corrosion.

Formation of Side Byproducts

During the HER, protons (H*) are consumed, resulting in a localised increase in pH near
the zinc anode surface. This elevated pH promotes the generation of hydroxide ions (OH’),
which can subsequently react with Zn?* and other electrolyte anions to form electrochemically
inactive byproducts. These side products accumulate at the anode—electrolyte interface and

significantly impair battery performance. For example, Cai et al. reported the formation of
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Zn4(OH)6S04-xH,0 in electrolytes based on ZnSOas, supported by X-ray diffraction (XRD)
analysis.'® The generalised reaction is:
4Zn%* + 60H" + SO4% + xH,0 - Zna(OH)eS04-xH20

This composition of interfacial parasitic side products depends heavily on the specific
aqueous electrolyte salt used. In a ZnSOs4 electrolyte, the byproduct is zinc hydroxide sulfate
(Zna(OH)eS04-xH20, ZHS); in a zinc triflate (Zn(OTf)2) electrolyte, the product is zinc hydroxide
triflate (ZHT); and in a Zn(C2FeNS20a4)2 electrolyte, it is zinc hydroxide triflimide (ZHTSI). These
byproducts typically exhibit loosely packed, plate-like morphologies that lack a continuous
conforming film across the surface. As a result, they fail to prevent continuous electrolyte
access to the Zn surface, allowing side reactions to persist. Moreover, their presence disrupts
uniform Zn?* ion flux, promoting nonuniform deposition and dendrite formation. This cascade
of degradation mechanisms leads to a low CE for Zn plating/stripping and contributes to
premature battery failure.

The aforementioned Zn corrosion, hydrogen evolution, and related parasitic byproduct
formation are spontaneous chemical processes that occur even when a ZIB is in an idle state.
As a result, the Zn anode is susceptible to substantial capacity loss during calendar aging.
Recent studies (Figure 1.4) have shown that even a 24-hour resting period can result in
significant degradation, with capacity losses exceeding 70% in some cases.?°

This degradation becomes more pronounced with longer resting times, higher anode
mass loading, and lower charging rates, all of which reduce the reversibility of Zn
plating/stripping and shorten the overall shelf life of the cell. While part of the irreversible
capacity loss is attributed to the formation of corrosion products such as ZHS and zinc
hydroxide (ZHO), a substantial portion (over 40% in some cases) is linked to the formation of

so-called “screened Zn.”?0
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Figure 1.4 (a) Representative charge—discharge curves of Zn/2 M ZnSQO./Ti cells after different

aging times, used to evaluate Zn anode loss.?° (b) Post-aging CE and capacity loss as a
function of aging duration under three current densities: 1, 4, and 10 mA cm™. Notably,
cells cycled at 1 mA cm? exhibit the greatest capacity loss, attributed to mossy Zn
deposition that increases surface area and accelerates parasitic reactions with the
aqueous electrolyte. In contrast, dense Zn deposition at 10 mA cm? results in less
degradation during aging.?’ (c) Quantitative Zn usage after aging (at 4 mA cm?),
distinguishing between fully reversible Zn, screened Zn, and Zn irreversibly consumed
in by-products such as ZHS or ZHO.2° (d) In situ XCT showing 3D renderings and cross-
sectional images of aged Zn anodes, where hydrogen gas bubbles are observed to
accumulate on active Zn surfaces.?° (e) XCT showing these bubbles physically isolate
portions of the Zn, preventing their electrochemical participation and resulting in
screened Zn that cannot be stripped during discharge.?°

In situ X-ray computed tomography (XCT) analyses have revealed that gas bubbles

accumulate at the Zn anode—electrolyte interface during aging periods (Figure 1.4d,e).?° These

gas physically isolate zinc surface from the electrolyte, rendering those regions

electrochemically inaccessible during subsequent stripping which leads to “screened Zn”. This
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phenomenon highlights the severity of uncontrolled Zn—electrolyte interactions, which can
severely degrade battery performance even in the absence of cycling, posing a significant
barrier to achieving long shelf life in practical aqueous ZIB systems.

Dendrite Formation

An ideal zinc anode surface should be flat, dense, and morphologically uniform to
ensure high CE and stable long-term cycling. However, in practical systems, non-uniform Zn
deposition is frequently observed, primarily due to heterogeneities in electric field. During the
initial stages of deposition, Zn?* ions tend to nucleate at structural imperfections such as grain
boundaries, dislocations, and surface impurities. These defects serve as preferential
nucleation sites, where subsequent Zn deposition becomes localised, forming protrusions or
“tips” with intensified local electric fields.?! These regions further promote Zn accumulation,
leading to the growth of dendritic structures.

Zinc dendrites pose multiple threats to the performance, safety, and longevity of ZIBs.
Mechanically, they can penetrate the separator, causing internal short circuits and
catastrophic cell failure. This issue is especially critical in Zn-based systems because zinc has a
significantly higher Young’s modulus (~108 GPa) compared to lithium (~7.8 GPa),*?> making Zn
dendrites more rigid. As a result, they are more likely to physically puncture separators,
rendering dendrite suppression a greater challenge in ZIBs.

Meanwhile, the breakage of zinc dendrites can lead to the formation of electrically
isolated “dead Zn”, which no longer participates in electrochemical reactions, thereby
contributing to irreversible capacity loss. Furthermore, the increased surface area of dendritic
deposits accelerates parasitic side reactions, such as corrosion and HER, further degrading

battery efficiency and lifespan.
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1.3.2 Current Strategies

Anode Engineering Approaches
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Figure 1.5 Schematic illustration of the Zn deposition process, highlighting the progression
from initial nucleation to Zn crystal growth. Various strategies to regulate Zn anode
behaviour are depicted, including: (i) introducing artificial interphase layers to stabilise
the Zn—electrolyte interface, (ii) manipulating the crystallographic orientation of the
hexagonal close-packed Zn to guide uniform deposition, and (iii) applying high current
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densities to promote uniform nuclei formation.

The undesired side reactions between the zinc anode and aqueous electrolyte
primarily originate from their direct physical contact, which facilitates zinc corrosion,
hydrogen evolution, and the accumulation of insulating by-products. To mitigate these
interfacial issues, a promising approach involves introducing a protective barrier layer

between the electrolyte and the Zn surface, thereby preventing direct exposure of Zn anode

to the corrosive aqueous environment, as illustrated in Figure 1.5.
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A wide range of artificial interfacial layers have been explored to passivate the Zn
surface while maintaining ion transport.?? These include inorganic materials such as nano-
CaC0s,%* Ti0,,%° Zr0,,%® metal-organic frameworks (MOFs),?” and kaolin,?® as well as organic
coatings like poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)]?° and polyoxyethylene
(40) nonylphenyl ether.3° Such layers are designed to be chemically stable, ionically conductive,
and mechanically robust to effectively suppress parasitic reactions without hindering
electrochemical performance.

For instance, Zhao et al. reported that an ultrathin TiO; layer, deposited via atomic
layer deposition on the Zn anode, served as an effective artificial interfacial coating.?> This TiO;
layer significantly suppressed Zn corrosion, reduced gas evolution, and minimised the
formation of corrosion by-products. More importantly, it enhanced the CE of Zn
plating/stripping processes. As a result, a TiOz-coated Zn anode, when paired with a MnO;
cathode, enabled a full ZIB to achieve 1,000 stable cycles with 85% capacity retention at a
current density of 3 mA cm2, marking a substantial improvement in both cycle life and
electrochemical stability.?®

Meanwhile, the choice of current collector or substrate can significantly influence the
crystallographic orientation of Zn deposition, thereby promoting uniform Zn plating and
effectively mitigating dendrite formation.3! Zinc crystallises in a hexagonal close packed (HCP)
structure with the space group P63/mmc, and during electrodeposition, the dominant crystal
facets observed are typically the (100), (002), and (101) planes, as illustrated in Figure 1.5.
Among these, the (002) plane possesses the highest atomic packing density and the lowest
surface energy, making it the most thermodynamically stable surface. It is generally accepted
that promoting preferential growth along the Zn (002) orientation facilitates the formation of

a uniform Zn deposition layer.
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To exploit and control the facet-dependent growth behaviour of Zn, Zeng et al.
engineered a modified Zn anode interface using a zincophilic face centred cubic (fcc) Cu(100)
substrate, which promotes preferential Zn deposition along the (002) plane.3? The lattice
compatibility between Cu(100) and Zn(002) enables epitaxial growth, guiding the formation
of a planar and densely packed Zn layer (Figure 1.5). This controlled orientation inherently
resists dendritic growth and suppresses unwanted interfacial side reactions, contributing to
improved interfacial stability. As a result, Zn@Cu(100) anodes exhibit superior electrochemical
performance in both symmetric cells and half-cell configurations, demonstrating enhanced
cycling stability and CE compared to conventional Zn anodes.3?

In addition to artificial interfacial layer modification, the development of three-
dimensional (3D) anode architectures has emerged as a promising strategy for suppressing Zn
dendrite growth.333% Increasing the surface area reduces the local Zn?* ion flux, thereby
mitigating dendritic formation and promoting more uniform Zn plating. To be effective, 3D Zn
anodes must exhibit zincophilicity, chemical and mechanical stability, and electrolyte
compatibility. A wide range of conductive porous substrates have been investigated to fulfil
these criteria, including porous copper,® copper foam,3¢ 3D porous titanium,3” stainless steel
mesh,3® MOF-derived frameworks,?® Zn foam,*® MXene,** graphene,*? carbon cloth,** and
carbon fiber.** These materials offer both high surface area and favourable Zn deposition
characteristics, making them ideal scaffolds for dendrite-suppressive architectures.

While artificial interlayers and substrate engineering offer effective, albeit often
complex, approaches for suppressing zinc dendrites, a simpler and more accessible strategy,
adjusting the operating current density,*%¢ has shown remarkable promise. Counterintuitively,
increasing the current density has been reported to significantly enhance Zn plating/stripping

efficiency, in some cases approaching nearly 100%, while also improving cycle life and
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promoting uniform Zn deposition. This observation challenges conventional assumption,
which traditionally associates high current densities with accelerated dendrite formation due
to rapid ion depletion near the electrode—electrolyte interface and the emergence of steep
concentration gradients. However, in aqueous electrolytes, the high ionic conductivity and
rapid ion mobility allow for efficient electrolyte replenishment, effectively mitigating mass
transport limitations. As a result, even at relatively high current densities, for example, 20 mA
cm2, Zn deposition remains uniform, and dendritic growth is substantially suppressed.#’

This phenomenon is further supported by classical nucleation theory, which suggests
that high current densities increase the nucleation rate, leading to the formation of more
numerous, smaller nuclei that favour dense and planar Zn growth (Figure 1.5). This uniform
deposition morphology contributes to improved surface uniformity and suppresses the
formation of protrusive dendrites, ultimately enhancing the reversibility and stability of Zn
plating/stripping over cycles.

Electrolyte Engineering Approaches

Electrolyte engineering, particularly through the incorporation of additives, has
emerged as a powerful strategy to regulate Zn electrodeposition and mitigate undesirable side
reactions at the Zn—electrolyte interface. Additives can influence the Zn?* solvation structure,
modulate interfacial energy, and suppress dendrite formation, thereby enhancing the overall
electrochemical performance and longevity of ZIBs.

A wide variety of inorganic additives have been investigated for their ability to control
Zn deposition morphology and interfacial chemistry. These include Na2S04,*® LiCl,*° LiClO4,°%>!
boric acid,”>*® Cez(S04)3,°* La2(S04)3,>> KzSn03,°® lithium magnesium silicate (LMS,

(MgLi)3Sia010(OH)2-4H,0),>” NiSO4,”® CuS04,”® and PbS04.>° These compounds can function as
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electrostatic shields, modifiers of Zn crystal orientation, or nucleation promoters, depending
on their chemical nature.

In parallel, numerous organic additives have also been explored. Solid organic
additives include cationic surfactants such as dodecyltrimethylammonium chloride®® and
benzyltrimethylammonium chloride,®® anionic surfactants like sodium dodecyl sulfate (SDS)®*
and sodium dodecylbenzene sulfonate,®? and polymeric additives such as polyethyleneimine
(PEI)®® and polyethylene glycol (PEG).%* Liquid organic additives, on the other hand, are
typically polar solvents that alter Zn?* solvation and deposition kinetics. Common examples
include DMC,®° ethylene glycol (EG),% diethyl ether (Et20),%” dimethyl sulfoxide (DMSO),®® and
acetonitrile (AN).%° These solvents help restructure the solvation shell around Zn?* ions and
inhibit 2D diffusion of Zn?* ions, thus enabling smoother deposition and reducing side reaction
pathways.

One of the primary mechanisms by which electrolyte additives improve Zn deposition
behaviour is through the formation of an electrostatic shield at the electrode interface. As
illustrated in Figure 1.6, Zn tends to deposit preferentially at surface protrusions due to the
local enhancement of the electric field, a phenomenon known as the “tip effect”. To counter
this, positively charged cationic additives with lower reduction potentials than Zn?* can be
introduced into the electrolyte. These cations are not electrochemically reduced under Zn
plating conditions but instead accumulate at the protrusions, forming a localised electrostatic
shield. This positively charged barrier repels incoming Zn?* ions and suppresses further
deposition at protrusion regions, promoting more uniform and planar Zn growth. For example,
Wan et al. demonstrated that the addition of Na;SOs to ZnSOs; electrolyte effectively

suppressed dendrite formation.*® Na* ions, having a lower reduction potential than Zn?*,
pp
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selectively aggregated on Zn protrusions, forming a shield that inhibited localised Zn

nucleation and dendrite growth.
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Figure 1.6 Schematic illustration of electrolyte additive strategies to regulate the Zn anode—
aqueous electrolyte interface. These approaches include: (i) electrostatic shielding by
introducing cations with lower reduction potentials than Zn?* (e.g., Na*) to suppress
dendritic Zn growth; and (ii) solvation structure modulation by incorporating organic
additives that alter the Zn?* solvation sheath, thereby enhancing interfacial stability
and suppressing side reactions.

Another important additive function involves regulating the solvation structure of Zn?*,
as also depicted in Figure 1.6. In mildly acidic aqueous electrolytes, Zn?* predominantly exists
in the form of Zn(H,0)s?*, characterised by strong Zn—H>0 coordination. The introduction of
organic molecules with higher Gutmann donor numbers than water can partially displace
water from the primary solvation shell, weakening Zn—H,0 interactions. This adjustment
reduces the participation of water in interfacial electrochemical reactions during cycling and
lowers the population of free water in the bulk electrolyte, thereby mitigating spontaneous

side reactions such as hydrogen evolution and Zn corrosion.

20



For instance, Hou et al. incorporated AN into ZnSO4 electrolytes, enabling symmetric
Zn cells to cycle stably for over 650 hours at 2 mA cm2 with an areal capacity of 2 mAh cm=2.7°
Molecular dynamics simulations confirmed that AN partially replaced water in the solvation
sheath, forming mixed-ligand complexes such as Zn(H20)s(AN)1%*, Zn(H20)4(AN),%*, and
Zn(H20)3(AN)s?*. This solvation shell restructuring improved Zn plating/stripping kinetics,
suppressed dendrite formation, and yielded smoother deposit morphologies. Similar effects
have been observed with other organic additives such as glucose,’ dimethoxyethane (DME),”?
and DMC,® all of which contribute to regulate solvation sheath.

Beyond additive-based approaches, electrolyte concentration plays a pivotal role in
regulating Zn deposition behaviour. In super-concentrated electrolytes, the scarcity of free
water molecules and the high ratio of salt to solvent lead to the formation of highly
coordinated ionic structures, including extensive ion pairing between cations and anions and
anion clustering within the Zn?* solvation shell. These solvation environments reduce the
activity of water near the electrode surface, thereby suppressing water-induced parasitic
reactions, expanding the electrochemical stability window, and facilitating the formation of
dense, anion-derived interphases that help stabilise zinc deposition. A particularly promising
example of this strategy is the use of “water-in-salt” electrolytes, such as 1 M Zn(TFSI), + 20
M LIiTFSL.”® At these high salt concentrations, TFSI- anions progressively displace water
molecules in the Zn?* solvation sheath, ultimately leading to the formation of fully TFSI-
coordinated Zn?* complexes.”® This transformation effectively removes free water from the
coordination environment, inhibits hydrogen evolution and Zn corrosion, and promotes

uniform, dendrite-free Zn plating with the reduced formation of insulating byproducts.
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1.3.3 Limitations of Current Approaches

As previously discussed, ZIBs operate as sealed and interdependent electrochemical
systems. This interconnectivity means that modifications to a single component, such as the
anode or electrolyte, can significantly influence the behaviour and performance of other
components, particularly the cathode. However, many current optimisation strategies treat
components in isolation, often overlooking cell-level interactions, which introduces key
limitations when evaluating full-cell performance.

On the anode side, strategies such as surface coatings and substrate engineering have
demonstrated considerable promise in stabilising Zn plating/stripping and mitigating dendritic
growth. These approaches are largely specific to the anode and generally do not interfere
directly with cathode operation.

However, the use of elevated current densities (e.g., >20 mA cm2), although effective
in promoting uniform Zn deposition, can be incompatible with the cathode’s electrochemical
limitations. In aqueous ZIBs, cathode performance is often hindered by sluggish interfacial
kinetics, which constrain their ability to operate efficiently at high rates. This limitation arises
from a combination of factors, including the low electronic conductivity of many cathode
materials, the strong electrostatic repulsion experienced by divalent Zn?* ions that impedes
their diffusion into the cathode lattice, and the energy barrier associated with Zn?* desolvation.
As a result, most cathodes exhibit suboptimal performance under high current densities, with
stable and efficient operation typically observed only at moderate or low cycling rates (e.g.,
below 5 mA cm™). This mismatch between optimal conditions for the anode and cathode

underscores the importance of adopting holistic, cell-level design strategies.
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On the electrolyte side, several optimisation strategies, though effective for stabilising
the Zn anode, can unintentionally compromise cathode performance, especially when full-cell
interactions are not carefully considered. The key challenges can be summarised as follows:

Active cation interference: The introduction of inorganic additives such as LiCl, Na;SOa,
and CuSO;, introduces foreign cations (e.g., Li*, Na*, Cu?*) into the electrolyte, which may
participate in redox reactions at the cathode. Notably, monovalent cations like Li* and Na*
have lower charge densities and experience weaker electrostatic repulsion than Zn?*, making
them more likely to intercalate into cathode host structures. These competing intercalation
processes introduce ambiguity in capacity attribution, making it difficult to isolate the
electrochemical contribution of Zn?*. This complicates the evaluation of cathode performance
and may lead to overestimated or misleading results in full-cell studies.

Narrow electrochemical stability window: Additives such as LiCl and LiNOs introduce
anions (e.g., CI, NOs") with limited oxidative stability. While these anions are stable at the low
potentials associated with Zn plating/stripping (<0.2 V vs. Zn?*/Zn), they are prone to oxidative
decomposition at higher voltages (~1.3 V vs. Zn?*/Zn).”*7> This presents a significant challenge
when pairing the electrolyte with high-voltage cathodes, such as Mn-based oxides and
Prussian blue analogues (PBAs) cathodes, which typically operate up to ~1.9 V vs. Zn?*/Zn. In
such cases, the instability of these anions at elevated potentials constrains the usable voltage
window, limiting energy density and overall cell performance.

Suppression of free water molecules: Many electrolyte engineering strategies aim to
stabilise the Zn anode by reducing the activity of free water through solvation structure
regulation by introducing organic additives or increasing salt concentration. While this is
beneficial for inhibiting hydrogen evolution and Zn corrosion, it may hinder cathode kinetics.

For example, Mn-based oxide cathodes that operate via a dissolution—deposition mechanism
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require sufficient water and protons to facilitate redox reactions.”® In vanadium-based
cathodes that function via Zn?* intercalation/deintercalation, reduced water activity imposes
a higher desolvation energy barrier for Zn?* ions, slowing ion transport and leading to sluggish
electrochemical kinetics and diminished capacity.”’

pH shifts induced by electrolyte additives: Electrolyte additives can also alter the bulk
or local pH of the system through hydrolysis. When salts dissolve in aqueous media, their
cations or anions may hydrolyse, releasing either H* or OH". For example, K2SnOs increases pH
by generating OH", while salts such as In2(S0a4)3, Ce2(S0a)3, and Laz(SOa4)3 lower pH by releasing
protons. These pH variations are especially critical for Mn-based oxide cathodes, where redox
reactions depend heavily on proton availability. Shifts in pH can alter the redox potentials for
both MnO, dissolution and Mn?* oxidation, directly impacting reaction kinetics, voltage
profiles, and cycle stability.

These insights underscore the importance of a holistic electrolyte design approach.
Electrolyte composition must be co-optimised with both the Zn anode and the cathode to
achieve balanced, stable, and high-performance ZIBs. Ignoring these interdependencies can
lead to short-term gains at the expense of long-term degradation and poor full-cell

compatibility.

1.4 Challenges at the Mn-Based Cathode

1.4.1 Intrinsic Mn-Based Cathode Material Challenges

The cathode materials employed in aqueous ZIBs encompass a diverse range of
compounds, including manganese-based oxides, vanadium-based oxides, PBAs, as well as
78,79

emerging materials such as layered sulphides and organic redox-active compounds.

Among these candidates, manganese-based oxides have been the most extensively
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investigated, owing to their natural abundance, low cost, and non-toxicity. These
characteristics align well with the overarching goals of aqueous ZIBs development, which
prioritise affordability, material sustainability, and scalable production. In this thesis, Mn is the

principal TM component of all the cathode materials studied.

B-MnO, R-MnO,

y-MnO,

Figure 1.7 Common polymorphs of MnQ;, including a-, B-, y-, R-, 6-, T-, €- and A-MnO,, each
constructed from the fundamental MnOs building unit.

Common manganese-based oxide cathodes in ZIBs include MnO3;, Mn;03, Mn304, MnO,
and ZnMn;04. Among these, manganese dioxide (MnO;) stands out as a particularly promising
candidate, owing to its abundance, low toxicity, and high theoretical capacity up to 616 mAh
gl if the full Mn**/Mn?* redox couple is accessed during cycling. Structurally, MnO, consists
of MnOs octahedra connected via edge- or corner-sharing, resulting in a wide variety of
polymorphic forms. As shown in Figure 1.7, these include tunnel-type structures (a-, B-, R-, y-,
and T-MnOQ,), layered structures (6-Mn0Q,), and spinel-type frameworks (\-MnQ;). While each

polymorph possesses distinct crystal symmetry and ion transport characteristics, they all
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share a common MnOs octahedral backbone and can undergo interconversion under

electrochemical or chemical stimuli, enabling flexible redox behaviour during cycling.
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Figure 1.8 Comparison of galvanostatic charge—discharge profiles for Zn/6-MnO; cells in non-
aqueous and aqueous electrolytes.8%8! The two systems exhibit distinct redox
potentials and curve shapes, highlighting fundamentally different energy storage
mechanisms in different electrolyte.

The electrochemical performance of MnO; varies significantly depending on the
electrolyte environment. As shown in Figure 1.8, Zn/6-MnO; cells using a nonaqueous
electrolyte (0.5 M Zn(TFSI)z in acetonitrile)®° deliver a discharge capacity of ¥~123 mAh gt at a
low current density of 12.3 mA g and display a smooth, featureless voltage profile during
discharge, indicative of a solid-solution-type mechanism. It has been well established that Zn?*
intercalation/deintercalation is the dominant charge storage mechanism in nonaqueous
electrolytes,® typically described by the reversible reaction:

MnO; + xZn?* + 2xe” = ZnyMnO;

The observed discharge capacity of 123 mAh g cathode corresponds to a transfer of
only 0.4 electrons per Mn center, which lead to Zno:MnO; at full discharge. This falls
significantly short of the theoretical maximum of 2 electrons per Mn center achievable if the
full Mn**/Mn?* redox couple were utilised. This severe limitation arises primarily from the
fundamental challenge of inserting the doubly charged Zn?* ion into the MnO> host structure.

The high charge density of Zn?* creates intense electrostatic repulsion forces within the crystal
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lattice. For cathode materials where Zn?* intercalation/deintercalation is the sole charge
storage mechanism, mitigating electrostatic repulsion and facilitating Zn?* transport are
critical steps toward improving electrochemical performance.

In contrast, when operated in an aqueous electrolyte (0.5 M ZnSQa4), Zn/8-MnO cells
show two distinct discharge plateaus at approximately 1.3 V and 1.2 V, as well as two well-
defined charge plateaus.®! At a much higher current density of 200 mA g1, these aqueous ZIBs
deliver an impressive discharge capacity of ~320 mAh g1, with an average discharge voltage
of ~1.3 V which substantially higher than the 0.6-0.7 V observed in nonaqueous systems.
These differences highlight the distinct charge storage mechanisms operative in non-aqueous
and aqueous electrolytes. And in aqueous electrolytes, the underlying mechanism remains
the subject of ongoing debate. Early studies proposed that charge storage primarily arose
from the intercalation of Zn?* ions into the tunnel, layered, or spinel frameworks of MnO,,
similar to behaviour observed in nonaqueous systems.82

More recent investigations, however, have uncovered reversible side reactions that
complicate this narrative. During discharge in aqueous systems, a layered zinc hydroxide phase
(e.g., ZHS) is often observed, suggesting a co-insertion mechanism involving both Zn?* and H*
ions.83 Specifically, the intercalation of H* into MnO; increases the local pH at the cathode—
electrolyte interface, thereby inducing the precipitation of layered zinc hydroxide complexes.
The formation of side products is highly dependent on the specific aqueous electrolyte used,
just as it is on the anode side. For example, in ZnSO4 electrolyte, it forms ZHS; in zinc triflate
Zn(OTf); electrolyte, it forms ZHT; and in Zn(C2FsNS204); electrolyte, it forms ZHTSI.

During the charging process, protons released from the cathode lattice increase the
local pH, which in turn promotes the dissolution of zinc hydroxide complexes. These

observations suggest a dual-ion charge storage mechanism, in which both Zn?* and H* ions are
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reversibly inserted and extracted, accompanied by ZHS precipitation and dissolution reactions.
The overall electrochemical processes can be summarised as follows:
MnO; + xZn%* + 2xe” = ZnMnO>
MnO; + yH* + ye & H,MnO>
4Zn%* + SO4% + 60H + nH,0 = Zn4(OH)6(S04)-nH,0

It is important to recognise that, although many studies claim a co-insertion
mechanism involving both Zn?* and H* in MnO; cathodes, few have successfully decoupled
their individual contributions to the overall energy storage process. This difficulty arises from
the fact that Zn?* insertion and H* insertion often occur simultaneously, and are inherently
challenging to distinguish using conventional characterisation techniques.

For instance, in the discharged state, the formation of zinc hydroxide-based
byproducts introduces numerous diffraction peaks, complicating the identification of
discharge products via XRD. In addition, energy-dispersive X-ray spectroscopy (EDX) cannot
detect hydrogen, and residual Zn?* from the electrolyte often adheres to particle surfaces,
obscuring the actual extent of Zn incorporation and further confounding analysis.

One proposed strategy to isolate the role of Zn?* is to operate the MnO; cathode in a
non-aqueous electrolyte, where only Zn?* intercalation/deintercalation can occur. Conversely,
isolating the role of H* requires a proton-only electrolyte. However, strongly acidic electrolytes
such as 1 M H,S0s, although containing only H* and no Zn?*, often lead to substantial Mn
dissolution, compromising the structural stability of the cathode and limiting their practical
utility for mechanistic studies. To address this, some researchers have proposed using
deuterium oxide (D,0) as the electrolyte solvent, allowing the role of protons to be probed

more selectively. By analysing the discharged samples using nuclear magnetic resonance
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(NMR) spectroscopy, the incorporation of deuterons (*H*) into the MnO, structure can be
guantitatively assessed, offering insight into the extent of H* involvement during cycling.
Nevertheless, due to the intertwined electrochemical behaviour of Zn?* and H*, their
sensitivity to the local chemical environment, and the limitations of current characterisation
techniques, it remains extremely difficult to unambiguously separate or quantify their
individual contributions to the overall performance of Mn-based cathodes in aqueous ZIBs.
With growing research efforts, emerging evidence like ex situ X-ray absorption
spectroscopy (XAS) have raised critical challenges to the widely accepted Zn?* and H* co-
insertion mechanism as the dominant energy storage process in MnO-based cathodes.®* This
skepticism stems from observations indicating that the valence state change of Mn during
electrochemical cycling is too small to account for the high measured capacities. Given that
the redox activity of Mn is central to energy storage, whether the inserted cation is Zn?* or H*,
a substantial shift in Mn oxidation state would be expected to accompany significant capacity.
However, X-ray absorption near edge structure (XANES) results consistently show that
the average Mn valence shifts by less than 0.2 electron per Mn centre between the charged
and discharged states, which suggests limited Zn?* or H* insertion.®* This is inconsistent with
commonly observed discharge capacities of approximately 300 mAh g, which would require
the transfer of nearly 1 electron per Mn.®* Such a discrepancy suggests that cation
intercalation/deintercalation alone cannot account for the observed electrochemical
behaviour.
Instead, a new mechanism involving the dissolution and subsequent redeposition of
Mn has been proposed. In this model, MnO; is reduced and dissolves as Mn?* ions in the
electrolyte during discharge. Upon charging, these Mn?* ions are oxidised and re-deposited

onto the cathode surface as MnO,. During discharge, the consumption of H* elevates the local
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pH at the cathode—electrolyte interface, promoting the formation of Zn hydroxide phase like
ZHS. These byproducts dissolve back into the electrolyte during the charging process.

The overall redox processes can be summarised as:

MnO; + 4H* + 2e” = Mn?*(aq) + 2H,0
47Zn%* + SO4% + 60H" + nH,0 = 3Zn(0OH);:ZnSO4-nH20

A  growing recognition has emerged that while Zn* and H*
intercalation/deintercalation contribute partially to the capacity of aqueous Zn/MnO;
batteries, the predominant charge storage mechanism involves the reversible dissolution of
Mn?* from the cathode during discharge and its subsequent re-deposition (typically as MnO>)
during charge. This dissolution/deposition pathway is now strongly supported by a

combination of operando and ex situ experimental evidence:
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Figure 1.9 Experimental evidence supporting the MnO; dissolution—redeposition mechanism
in Zn/MnO> cells in 2 M ZnSO4 electrolyte.? In situ pH monitoring reveals dynamic pH
fluctuations during cycling, indicating proton-coupled Mn redox reactions.® Ex situ
inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis
quantifies the Mn content in the electrolyte over time, confirming Mn dissolution
during discharge and redeposition during charge.®
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Operando pH monitoring: Direct measurement of the electrolyte pH evolution (Figure
1.9)8 during cycling reveals a significant increase during discharge, consistent with the
consumption of protons (H*) in the dissolution reaction MnO; + 4H* + 2e- > Mn?* + 2H,0. This
localised pH shift within the cathode microenvironment promotes the precipitation of ZHS.
Crucially, the process demonstrates reversibility, as the pH returns nearly to its initial value
during charging, aligning with the re-oxidation and deposition of Mn species.

Ex-situ elemental analysis: Quantitative analysis of Mn concentrations within the
electrolyte-soaked separator via inductively coupled plasma optical emission spectrometry
(ICP-OES) provides direct evidence of Mn dissolution and deposition (Figure 1.9).%
Measurements confirm a substantial increase in dissolved Mn?* concentration within the bulk
electrolyte during discharge, corresponding directly to the discharge depth. This dynamic
fluctuation of Mn concentration in the electrolyte providing direct chemical evidence of Mn
species shuttling between the solid phase and the electrolyte.

Together, these techniques provide compelling evidence that the dissolution of Mn?*
into the electrolyte and its re-deposition constitute the dominant capacity-delivering process
in aqueous Zn/Mn0O; systems.

However, the charge storage mechanism has been reported to vary with specific Mn-
based oxide phase employed. Some studies have proposed different mechanisms depending
on the specific manganese oxide phase including Mn;0s, ZnMn;04, MnO, and Mn30a. For
example, Mn;0; is reported to support Zn?* intercalation.?” For ZnMn;04, both Zn?*
intercalation and a dissolution—deposition mechanism has been proposed.®8 MnO is

reported to involve H* and Zn?* co-insertion.*°
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Figure 1.10 Charge—discharge profiles of various manganese-based cathodes, including a-
MnO3, 6-MnO3, B-Mn0O;, a-Mn;03, spinel ZnMn;04, and rock-salt MnO. demonstrating
strikingly similar electrochemical behaviour in the second cycle despite their differing
crystallographic structures and reported charge storage mechanisms. This similarity
suggests a potentially common underlying reaction pathway, such as the Mn
dissolution—redeposition mechanism.8¢

Despite these mechanistic differences, the galvanostatic charge—discharge profiles at
second cycle of various Mn-based oxides display only subtle variations, as shown in Figure
1.10. These minor differences in electrochemical behaviour raise questions about the sharply
divergent mechanisms reported in the literature. It is increasingly likely that most Mn-based
cathodes exhibit a combination of Zn?*/H* intercalation and Mn dissolution/re-deposition,
with the relative contribution of each pathway governed by the material’s crystal structure
and composition. Specifically, the extent of intercalation is influenced by the structural
openness and ion mobility within the oxide framework, while the propensity for dissolution
depends on surface chemistry and structure stability.

The frequent proposal of a single dominant mechanism in some reports may stem

from incomplete or insufficient characterisation. For example, techniques such as XRD, XANES,
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and NMR are essential for verifying ion intercalation into the crystal lattice. In parallel,
methods like ICP-OES and X-ray fluorescence (XRF) are necessary to detect and quantify Mn
dissolution and redeposition processes. Without such comprehensive and complementary
analyses, interpretations of the charge storage mechanism risk being oversimplified or
potentially misleading.

Importantly, the primary charge storage process in many Zn/Mn-based oxide systems
appears to involve conversion chemistry, in which the cathode material undergoes substantial
phase transformations and volumetric changes during cycling. While this mechanism supports
high specific capacity, it also induces significant mechanical stress and strain, which can lead
to structural degradation, loss of electrical contact with the current collector, and reduced
cycle life. Thus, despite the abundance, low cost, and environmental advantages of Mn-based
oxides, these mechanical and interfacial challenges remain key obstacles to their commercial

deployment in high-performance aqueous ZIBs.

1.4.2 Issues at the Cathode-Electrolyte Interface

Mn-based cathodes are highly prone to dissolution in electrolyte environments, a well-
known issue even in conventional Li-ion batteries employing nonaqueous electrolytes. This
problem becomes more pronounced in aqueous electrolytes, which are typically more protic
and chemically reactive, thereby accelerating the degradation of Mn-based materials.

There are three primary scenarios that can lead to Mn dissolution from Mn-based
cathode materials. First, it occurs during battery operation, where Mn dissolution is primarily
attributed to the instability of Mn3* under electrochemical cycling conditions. This dissolution
is closely tied to the intrinsic energy storage mechanism. According to several studies, Mn in
MnO; is reduced to Mn3* during the discharge process. It is widely acknowledged that Mn3*,

due to its electronic structure, is prone to Jahn—Teller distortion, which results in its
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disproportionation via the reaction: 2Mn3* - Mn?* + Mn*', This disproportionation reaction
releases Mn?* into the electrolyte, contributing to active material loss.

The Jahn-Teller distortion is especially pronounced in Mn3*" due to the electronic
configuration of the MnOs octahedral units that form the basis of Mn-based oxides,*! as
shown in Figure 1.11. In these structures, Mn ions are coordinated by six oxygen atoms,
forming MnOg octahedra that are interconnected via corner or edge sharing. The Mn** ion,
with a 3d® configuration, has its electrons occupy the lower-energy triply degenerate tag
orbitals, forming a stable octahedral geometry. However, upon reduction to Mn3* (3d%), the
additional electron enters one of the higher-energy doubly degenerate eg orbitals, typically
the dz2 orbital. This uneven occupancy of the eg orbitals (dz? vs. dx?-y?) leads to an asymmetric
electron distribution, causing a distortion of the MnO¢ octahedron from ideal octahedral,
typically through axial elongation or compression.”> The resulting structural instability

promotes the disproportionation of Mn** and exacerbates Mn dissolution into the electrolyte.

Jahn-Teller distortion

t

Figure 1.11 Schematic illustration of the Jahn-Teller distortion associated with Mn3* in a
MnOs¢ octahedron. The distortion arises due to the electronic configuration of high-
spin Mn3* (d*), leading to elongation or compression along one axis of the octahedron
and resulting in local structural asymmetry within Mn-based oxides.
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Second, Mn dissolution can also occur prior to battery operation, simply upon contact
between the cathode material and the aqueous electrolyte. Several studies have
demonstrated that Mn-based cathode materials are susceptible to chemical dissolution in
mildly acidic aqueous electrolytes. For instance, Hunter reported that spinel LiMn;04
undergoes Mn dissolution when treated with aqueous acid, resulting in the chemical
delithiation of LiMn,0s and its transformation into nearly pure A-Mn02.>3> Further
investigations have examined the dissolution behaviour of various Mn oxides including MnO,,
Mn203, Mn304, and MnO by immersing them in 3 M ZnSO, electrolyte (pH = 3.88) for 8
hours.?* The results revealed no significant dissolution for MnO2, Mn,03, and Mn304; however,
MnO exhibited substantial dissolution, with 28.2% of Mn leached into the electrolyte.®*
Interestingly, Mn dissolution is not always detrimental. In the case of MnO, its spontaneous
dissolution in ZnSO4 electrolyte has been linked to performance activation.®® The dissolved
Mn?* ions participate in Zn—-Mn hybrid redox reactions and facilitate the ZHS-assisted
deposition/dissolution mechanism. Moreover, a positive correlation was observed between
the battery’s capacity and the rest time of MnO in the electrolyte, suggesting that controlled
Mn dissolution plays a crucial role in activating electrochemical performance.

Third, a critical degradation pathway in Zn—MnO; battery systems arises from cathode
dissolution under overcharging conditions, particularly at elevated voltages exceeding 1.7 V
vs Zn%*/Zn. This phenomenon has been elucidated by Bischoff et al.,’> who demonstrated that,
although the bulk electrolyte pH remains relatively stable, the local microenvironment at the
cathode—electrolyte interface experiences severe acidification during overcharge. This
localised acidification is driven by the electrochemically induced oxygen evolution reaction
(OER) that occurs at the cathode surface when the potential surpasses 1.7 V:

6H20 - O, + 4H30* + 4" (E®=+1.23 V vs SHE)
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The OER effectively acts as a proton pump, generating hydronium ions (H30*) at a rate
that outpaces their diffusion into the bulk electrolyte. As a result, the local pH at the cathode
surface can decrease by as much as 2 pH units, corresponding to a 100-fold increase in H3O*
concentration. Crucially, this acidic microenvironment persists even after overcharging ceases.
At a C/3 rate (with 1C defined as 150 mAh g1), it takes approximately 30 minutes for the local
pH to return to baseline levels.% During this extended recovery window, the combined factors
of elevated operational voltage and localised drop in pH force the system into a
thermodynamic regime where Mn species are highly soluble. This creates a prolonged period

where cathode material dissolution is thermodynamically favoured and kinetically accessible.

1.4.3 Current Strategies and Their Limitation

In the literature, Mn dissolution is often regarded as a major contributor to capacity
fading in Mn-based cathodes due to the associated loss of active material. Consequently,
various strategies have been proposed to suppress this dissolution.

Cathode Engineering Approaches

On the cathode side, both elemental doping and surface modification strategies have
been actively investigated. For example, Ni** doping into Mn;03,%® Mo>* into Mn0,,°” and Co?*
into Mn304%® have been reported to effectively suppress Mn dissolution. The underlying
rationale is twofold:(i) Transition metal doping enhances the electronic conductivity of Mn-
based oxides, thereby improving charge transfer kinetics; and (ii) Dopants act as structural
stabilisers, reinforcing the Mn—0O framework and mitigating Jahn—Teller distortion, which
supress Mn dissolution under electrochemical cycling. In addition to doping, surface coatings
have been widely adopted as an effective strategy to reduce Mn dissolution by acting as

physical barriers at the cathode—electrolyte interface. Materials such as Mns(P0Oas);,%
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100 and conductive polymers like poly(3,4-ethylenedioxythiophene)

carbonaceous layers,
(PEDOT)%! have been employed to coat Mn-based cathode surfaces.

However, there remains a critical lack of direct evidence demonstrating that Mn
dissolution is inherently detrimental to battery performance. Without conclusive proof that
Mn dissolution directly correlates with capacity fading, efforts aimed solely at suppressing
dissolution may be misguided. As discussed before, three scenarios could lead to Mn
dissolution:

The first is operation-induced Mn dissolution, which may be intrinsically linked to the
Mn dissolution—deposition mechanism, now recognised by many studies as a dominant
contributor to charge storage in Mn-based cathode systems. Some researchers attribute Mn
dissolution to the Jahn—Teller distortion of Mn3* formed during discharge.'°> However, there
is limited evidence supporting significant formation of Mn3* via cation intercalation (e.g., H*
or Zn?*), as the intercalation capacity is typically small. If only a minor fraction of Mn*" is
reduced to Mn?*, the disproportionation reaction (2Mn3* - Mn?* + Mn*) would not be
pronounced and unlikely to account for the extent of Mn dissolution observed. Instead, it is
plausible that Mn*" undergoes direct reduction and dissolution to Mn?* without passing
through a Mn3* intermediate. In this context, Mn dissolution is not necessarily a parasitic side
reaction but may be an integral component of the reversible energy storage mechanism.

The second mechanism is chemical (spontaneous) dissolution. In certain manganese
oxides, such as MnQ, dissolution can occur even in the absence of an applied current when
exposed to mildly acidic aqueous electrolytes (e.g., ZnSQOa). Interestingly, this spontaneous
dissolution has been reported to activate electrochemical performance, indicating that, under
specific conditions, Mn dissolution may not signify material degradation but rather serve as

an essential part of the charge storage mechanism.
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The third scenario involves overcharging-induced Mn dissolution, which is generally
undesirable. Overcharging is typically accompanied by the OER at the cathode, an irreversible
process that leads to structural degradation and capacity fading. To mitigate this, cells must
be operated within a carefully controlled voltage window. Specifically, limiting the upper
cutoff voltage is critical to avoid triggering OER and the associated Mn loss.

If researchers assert that Mn dissolution is detrimental and should be suppressed,
then it is imperative to rigorously demonstrate that the observed energy storage arises
exclusively from cation intercalation, whether by H* or Zn?*, with no contribution from
dissolution-deposition processes. However, many studies fall short of this standard. In most
cases, the evidence provided relies heavily on ex situ XRD to detect lattice parameter changes,
an approach that, while useful for phase identification, cannot quantitatively resolve the
capacity contributions from different charge storage mechanisms. More definitive analysis is
needed. For instance, ICP-OES conducted at multiple states of charge, is essential for
qguantifying Mn dissolution. Furthermore, XANES or inverse partial fluorescence yield (IPFY)
spectroscopy should be employed to accurately track changes in Mn valence states. These
techniques are necessary to directly correlate redox activity with electrochemical capacity and
to verify whether Zn?* or H* intercalation alone can account for the observed charge storage.
Electrolyte Engineering Approaches

To mitigate manganese dissolution, researchers have introduced soluble Mn?* additive
directly into the electrolyte.®® This strategy primarily targets the suppression of the Mn3*
disproportionation reaction, by utilising excess Mn?* shifts the disproportionation away from
the formation of soluble Mn?* products (according to this reaction: 2Mn3* > Mn?* + Mn**) 8

Empirically, numerous studies have demonstrated that the inclusion of Mn?* salts (e.g., MnSOa)
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leads to improved capacity retention and enhanced cycling stability in Mn-based cathodes.
89,104-106

However, this approach introduces a significant complication, as several studies have
reported that the added Mn?* is electrochemically active. During the charging process, Mn?*
ions present in the electrolyte can undergo direct electrochemical oxidation at the cathode
surface, leading to the re-deposition of Mn oxide (often as MnO,). This re-deposited MnO; is
electrochemically active and contributes to the measured capacity in subsequent cycles.

This dual role of Mn?*, as reported to be both a stabilising agent and an active redox
participant, introduces fundamental ambiguity in interpreting electrochemical performance.
In particular, it becomes difficult to disentangle the intrinsic capacity of the Mn-based cathode
from the extrinsic contribution of the Mn?* additive. As a result, performance comparisons
across studies that utilise Mn?*-containing electrolytes may be misleading, unless this
contribution is carefully isolated and quantified.

As emphasised earlier, without conclusive evidence that Mn dissolution is intrinsically
detrimental, or a definitive understanding of the dominant charge storage mechanism in Mn-
based systems, efforts to suppress Mn dissolution may be misdirected. Given that Mn?* itself
can be redox-active under typical operating conditions, its role in the overall charge storage
process warrants deeper mechanistic investigation. In particular, elucidating how Mn?*
participates in oxidation and deposition reactions during cycling is crucial for the rational

design of future Mn-based cathodes and electrolyte formulations.
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1.5 The Role of Electrolytes in ZIBs

1.5.1 Aqueous Electrolytes

Aqueous electrolytes are a central component in ZIBs, offering advantages such as high
ionic conductivity, low cost, environmental safety, and ease of processing. Common Zn salts
used include ZnS0Os4, Zn(Cl04),, Zn(Ac)2, Zn(OTf)2, and ZnBr,. Regardless of the specific salt, the
aqueous solution typically exhibits a mildly acidic character due to the strong Lewis acidity of
Zn?* ions. At a standard concentration of 1 M, the pH usually falls within the range of 3 to 5.1%7
As previously discussed, Zn metal anodes are thermodynamically unstable in such mildly
acidic aqueous electrolytes, leading to parasitic reactions including Zn corrosion, HER, and by-
product formation. Simultaneously, the mildly acidic environment also promotes the
dissolution of transition metals at the cathode, such as Mn,'%8 V,10° Fe, 110 gnd Cu.!! As a result,
the aqueous electrolyte triggers complex degradation processes at both the anode and
cathode interfaces.

Moreover, the electrochemical stability window of aqueous electrolytes is typically

limited to below 2.4 V due to water hydrolysis,!2

as shown in Figure 1.12. This narrow voltage
window restricts the use of high-voltage cathodes, which are essential for improving the

overall energy density of the battery system.

1.5.2 Co-Solvent Electrolytes

Introducing organic co-solvents into aqueous Zn?*-based electrolytes has proven
effective in mitigating side reactions at the anode and delaying water-splitting, thereby
expanding the electrochemical stability window. Unlike “water-in-salt” systems that require
large quantities of salt, co-solvent electrolytes maintain low salt concentrations by partially

replacing water with an organic solvent. Generally, if the organic solvent comprises less than
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10 vol%, it is classified as an organic additive. When the organic content exceeds 10 vol%, the

solvent begins to influence the solvation environment significantly and can be referred to as

a co-solvent.
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Figure 1.12 Schematic comparison of the electrochemical stability windows of aqueous
electrolytes, co-solvent electrolytes, and non-aqueous electrolytes, illustrating the
progressive widening of the electrochemical window. This expansion enables higher

operating voltages and broader compatibility with various electrode materials. Data

adapted from reference 12118

The inclusion of organic co-solvents reduces the activity of H20 in the Zn?* solvation
sheath, which in turn suppresses parasitic reactions and the formation of ZHS originating from
H,O decomposition. Electrolyte-derived species (from both anions and organic solvents) can
contribute to the formation of solid electrolyte interphase (SEl). The SEl has been reported to
consist of ZnF,,1*° ZnC03,12° Zn3(P04)2,2 ZnP206,*?! and various organic species. When the SEI
layer is uniform and stable, it plays a key role in shielding the Zn metal from direct contact
with the electrolyte, thereby suppressing further side reactions.

Examples of such co-solvent systems include 1 M Zn(ClOa)2 in H20 and succinonitrile

(SN),**> and 1.3 m ZnCl; in H,0 and DMSO.!% These systems have demonstrated expanded
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electrochemical windows of up to 2.7 V, significantly broader than that of conventional
aqueous electrolytes (Figure 1.12).

However, reduced water activity can also be a limitation, particularly for tunnel-
structured Mn-based oxides like a-, B-, and R-MnO,, where Zn?* intercalation is limited, and
capacity mainly arises from dissolution—deposition mechanisms. Such processes are less
compatible with co-solvent electrolytes. In contrast, vanadium-based cathodes, which rely
primarily on Zn?* intercalation, are more compatible with co-solvents but may suffer from

desolvation penalties that hinder ion transport.

1.5.3 Non-Aqueous Electrolytes

Replacing water entirely with organic solvents yields a non-aqueous electrolyte, which
achieves a significantly broader electrochemical stability window (often exceeding 3.5V, as
shown in Figure 1.12),118117 enabling the development of high-voltage ZIBs. The complete
elimination of water dramatically improves Zn anode performance: it enhances
electrochemical reversibility, suppresses HER, eliminates Zn corrosion, and prevents
irreversible byproducts formed through water decomposition. Additionally, dendrite growth
on Zn anodes is often mitigated in organic electrolytes compared to aqueous systems, though
challenges persist.

However, these benefits come with new challenges. A stable and uniform solid SEI
must form on the Zn surface, but this is difficult to maintain because Zn undergoes significant
volume changes during cycling. Mechanical cracking of the SEI exposes fresh Zn, leading to
repeated SEIl formation, irreversible capacity loss, and the creation of localised regions that
can initiate dendrite growth. In addition, organic electrolytes are generally more expensive
and flammable, with lower ionic conductivity than water, raising concerns about safety, cost,

and rate performance. Thus, while nonaqueous electrolytes expand the voltage window and
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reduce some aqueous-related side reactions, they introduce their own interfacial and
transport limitations that must be carefully managed.

Beyond the electrolyte itself, pairing nonaqueous electrolytes with compatible
cathode materials presents a significant challenge due to two interrelated issues: First; a large
effective solvation shell. In organic electrolytes, solvated Zn?* ions have a much larger effective
ionic radius compared to their hydrated counterparts in aqueous systems. This size often
exceeds the interlayer spacing of common layered cathode materials, creating a severe
desolvation energy barrier during Zn?* insertion. As a result, charge transfer resistance
increases, and ion diffusion becomes sluggish. As shown in Figure 1.13, V307-H,0, a vanadium-
based oxide, relies solely on Zn?* intercalation and deintercalation for its charge storage
mechanism.”’” This is further evidenced by the similar charge-discharge profiles observed in
both aqueous and nonaqueous electrolytes, indicating that Zn?* intercalation/deintercalation
governs the energy storage process in both electrolytes. However, in the aqueous electrolyte,
V307-H,0 demonstrates a significantly higher capacity at high current densities, whereas in
the nonaqueous electrolyte, the capacity is notably lower even at low current densities.”” This
disparity highlights the substantial desolvation energy penalty associated with Zn?* ions in
nonaqueous electrolytes, which impedes efficient Zn?* intercalation and limits capacity under
those conditions.

Second; strong electrostatic interactions: The divalent nature of Zn?* leads to intense
electrostatic repulsion within host lattice frameworks. This limits the range of materials that
can support fast, reversible Zn?* (de)intercalation. Typically, MnO, with layered or spinel
structures has the ability to support Zn transport, while tunnel structures are more limited.
However, these materials still struggle to fully exploit their redox capacity due to limitations

imposed by Zn?* insertion. For instance, in layered 8-MnO;, the theoretical redox window
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spans from Mn* to Mn?*. Yet in practice, only partial reduction occurs, resulting in a final
composition of Zng2MnO; at the end of discharge (as shown in Figure 1.8) corresponding to a
redox transition of Mn* to Mn3©*8 This incomplete reduction highlights the difficulty of
achieving full Mn*/Mn?* redox activity due to Zn?* repulsion. Similarly, in y’-V,0s, Zn?*
insertion leads to a final composition of Zng41V20s, involving a limited redox transition of V°*
to V4> rather than a full V>*/V3* transition.'?? This again underscores how electrostatic

repulsion limits deep Zn?* insertion and full redox utilisation.
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Figure 1.13 Electrochemical zinc storage performance of the V307-H,0 cathode in aqueous (1
M ZnS04/H20) and nonaqueous (0.25 M Zn(OTf),/acetonitrile) electrolytes.”” Aqueous
electrolyte: (a) Charge-discharge curves at 375 mA g%; (b) Cycling stability at 3000 mA

g, Nonaqueous electrolyte: (c) Charge-discharge curves at 5 mA g?%; (d) Cycling

stability at 5 mA g1.”’

Even in spinel-type MnO,, partial Zn?* intercalation during discharge results in the
formation of ZnMn,04 (structurally equivalent to ZnosMnQ), utilising only the Mn*/Mn3*

redox couple. The parent spinel MnO2 possesses a cubic Fd-3m structure, but upon Zn?*
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incorporation, coupled with the Jahn-Teller distortion of Mn3*, induces a phase
transformation to a tetragonal /4;/amd structure ZnMn;04. This structural distortion, driven
by both Zn?* repulsion and electronic instability, illustrates the difficulty of accommodating
Zn?* while accessing the full redox range without compromising structural integrity. Moreover,
there are very few viable Zn-containing cathode materials that offer fast kinetics. Although
organic electrolytes can mitigate transition metal dissolution, these limitations significantly

constrain the development of high-performance cathodes for non-aqueous ZIBs.

1.6 Thesis Objectives and Scope

Over the past decade, ZIBs have garnered significant interest due to the favourable
redox potential of zinc and its intrinsic compatibility with aqueous electrolytes. These
attributes offer compelling advantages in terms of safety, cost, and environmental
sustainability. However, persistent interfacial instabilities, such as parasitic reactions and
dendrite formation at the Zn anode, and Mn dissolution and structural degradation at Mn-
based cathodes, continue to constrain the cycle life and practical viability of ZIBs. While
substantial research has addressed these issues individually, few studies have taken a full-cell
level approach. This thesis aims to bridge that gap by offering a holistic, mechanistic
understanding of interfacial degradation and proposing coordinated strategies to enhance
overall ZIB performance.

The first part of this work investigates the zinc anode—electrolyte interface in aqueous
ZIBs. It is established that planar Zn deposition is essential for suppressing side reactions and
achieving high reversibility. Although high current densities (>20 mA cm2) can promote such
deposition, these conditions are typically incompatible with cathode operation. To address

this challenge, a novel approach was introduced: applying uniaxial mechanical pressure to
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induce planar Zn growth. This strategy enables stable anode deposition under cathode-
compatible current densities, reinforcing the importance of designing coordinated anode—
cathode interactions at the full-cell level.

The second part of this thesis focuses on elucidating the interactions between MnO;
cathodes and aqueous electrolytes. Using operando techniques to monitor changes in Mn
concentration within the electrolyte, it was established that the primary charge storage
mechanism proceeds through reversible Mn dissolution and redeposition. In addition, the
influence of Mn?* additives on Zn/MnO;, battery performance was systematically investigated
to evaluate their effects on cycling stability and capacity retention. Together, these findings
reveal a strong coupling between electrolyte composition and cathode behaviour,
underscoring the need to consider cathode—electrolyte interfacial processes in the design and
optimisation of the full battery system.

Recognising that many challenges associated with Zn metal originate from the
aqueous environment, the third section of this thesis explores an anode-free ZIB architecture.
In this configuration, no metallic Zn is present at the start of operation, which helps reduce
parasitic side reactions that typically occur between Zn metal and the aqueous electrolyte
during storage. To complement this design, Zn-containing cathodes were developed and can
release Zn%* ions during the initial charge, thereby providing the Zn source required for
subsequent cycling. The resulting anode-free cells demonstrated promising electrochemical
performance, highlighting the feasibility of this approach. This strategy simplifies cell
construction while also offering the potential for longer shelf life during storage and higher
energy density through the elimination of heavy metallic Zn.

In the final part of this thesis, the focus shifts to the development of non-aqueous ZIBs

aimed at addressing the intrinsic limitations of aqueous systems. Replacing water with organic

46



electrolytes significantly broadens the electrochemical stability window, enabling operation
at higher voltages and potentially increasing energy density. However, these systems require
cathode materials with structural stability and the ability to reversibly intercalate Zn?* ions. To
meet this need, new cathode frameworks were developed and evaluated, demonstrating
stable cycling, high-voltage operation, and efficient Zn%* transport in non-aqueous
environments.

Together, the studies presented in this thesis form a cohesive strategy, from
mechanistic understanding to full-cell implementation, for overcoming the interrelated
limitations of Zn anodes and Mn-based cathodes in both aqueous and non-aqueous ZIB
systems. This work provides new insights and design principles that advance the field toward

the practical realisation of next-generation zinc-based energy storage technologies.

1.7 Reference

1 Li, M., Lu, J., Chen, Z. & Amine, K. 30 years of lithium-ion batteries. Adv. Mater. 30,
1800561 (2018).

2 Deng, D. Li-ion batteries: basics, progress, and challenges. Energy Sci. Eng. 3, 385-418
(2015).

3 Etacheri, V., Marom, R., Elazari, R., Salitra, G. & Aurbach, D. Challenges in the
development of advanced Li-ion batteries: a review. Energy Environ. Sci. 4, 3243-3262
(2011).

4 Nitta, N., Wu, F, Lee, J. T. & Yushin, G. Li-ion battery materials: present and future.
Mater. Today 18, 252-264 (2015).

5 Yang, H. & Wu, N. lonic conductivity and ion transport mechanisms of solid-state
lithium-ion battery electrolytes: A review. Energy Sci. Eng. 10, 1643-1671 (2022).

6 Huang, X. Separator technologies for lithium-ion batteries. J. Solid State Electrochem.
15, 649-662 (2011).

7 Islam, S. R., Park, S.-Y. & Balasingam, B. Circuit parameters extraction algorithm for a

lithium-ion battery charging system incorporated with electrochemical impedance
spectroscopy. IEEE Applied Power Electronics Conference and Exposition (APEC). 3353-
3358 (2018).

8 Cengiz, E. C,, Rizell, J., Sadd, M., Matic, A. & Mozhzhukhina, N. Reference electrodes in
Li-ion and next generation batteries: correct potential assessment, applications and
practices. J. Electrochem. Soc. 168, 120539 (2021).

9 Cao, W., Zhang, J. & Li, H. Batteries with high theoretical energy densities. Energy
Storage Mater. 26, 46-55 (2020).

47



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Zhao, L. et al. Revisiting the roles of natural graphite in ongoing lithium-ion batteries.
Adv. Mater. 34, 2106704 (2022).

Zheng, J. et al. Regulating electrodeposition morphology of lithium: towards
commercially relevant secondary Li metal batteries. Chem. Soc. Rev. 49, 2701-2750
(2020).

Cao, D. et al. Lithium dendrite in all-solid-state batteries: growth mechanisms,
suppression strategies, and characterizations. Matter 3, 57-94 (2020).

Li, T. et al. Degradation mechanisms and mitigation strategies of nickel-rich NMC-based
lithium-ion batteries. Electrochem. Energy Rev. 3, 43-80 (2020).

Chen, S.-P, Lv, D., Chen, J., Zhang, Y.-H. & Shi, F.-N. Review on defects and modification
methods of LiFePO4 cathode material for lithium-ion batteries. Energy Fuels 36, 1232-
1251 (2022).

Wang, L. & Zheng, J. Recent advances in cathode materials of rechargeable aqueous
zinc-ion batteries. Mater. Today Adv. 7, 10078 (2020).

Wang, D. et al. Insight on Organic Molecules in Aqueous Zn-lon Batteries with an
Emphasis on the Zn Anode Regulation. Adv. Energy Mater. 12, 2102707 (2022).

Li, G. et al. Developing cathode materials for aqueous zinc ion batteries: challenges
and practical prospects. Adv. Funct. Mater. 34, 2301291 (2024).

Han, S.-D. et al. Origin of electrochemical, structural, and transport properties in
nonaqueous zinc electrolytes. ACS Appl. Mater. Interfaces 8, 3021-3031 (2016).

Cai, Z. et al. Chemically resistant Cu—Zn/Zn composite anode for long cycling aqueous
batteries. Energy Storage Mater. 27, 205-211 (2020).

Pu, S. D. et al. Decoupling, quantifying, and restoring aging-induced Zn-anode losses
in rechargeable aqueous zinc batteries. Joule 7, 366-379 (2023).

Zuo, Y. et al. Zinc dendrite growth and inhibition strategies. Mater. Today Energy 20,
100692 (2021).

Ledbetter, H. Elastic properties of zinc: A compilation and a review. J. Phys. Chem. Ref.
Data 6, 1181-1203 (1977).

Zhang, Q., Luan, J.,, Tang, V., Ji, X. & Wang, H. Interfacial Design of Dendrite-Free Zinc
Anodes for Aqueous Zinc-lon Batteries. Angew. Chem. Int. Ed. 59, 13180-13191 (2020).
Kang, L. et al. Nanoporous CaCOs coatings enabled uniform Zn stripping/plating for
long-life zinc rechargeable aqueous batteries. Adv. Energy Mater. 8, 1801090 (2018).
Zhao, K. et al. Ultrathin Surface Coating Enables Stabilized Zinc Metal Anode. Adv.
Mater. Interfaces 5, 1800848 (2018).

Liu, Y. et al. Ultrathin ZrO; coating layer regulates Zn deposition and raises long-life
performance of aqueous Zn batteries. Mater. Today Energy 28, 101056 (2022).
Yuksel, R., Buyukcakir, O., Seong, W. K. & Ruoff, R. S. Metal-organic framework
integrated anodes for aqueous zinc-ion batteries. Adv. Energy Mater. 10, 1904215
(2020).

Deng, C. et al. A sieve-functional and uniform-porous kaolin layer toward stable zinc
metal anode. Adv. Funct. Mater. 30, 2000599 (2020).

Wang, Y. et al. Controlled deposition of zinc-metal anodes via selectively polarized
ferroelectric polymers. Adv. Mater. 34, 2106937 (2022).

Deyab, M. Application of nonionic surfactant as a corrosion inhibitor for zinc in alkaline
battery solution. J. Power Sources 292, 66-71 (2015).

Yang, X. et al. Crystallographic manipulation strategies toward reversible Zn anode
with orientational deposition. Adv. Energy Mater. 14, 2401293 (2024).

48



32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Yan, Y. et al. Surface-Preferred Crystal Plane Growth Enabled by Underpotential
Deposited Monolayer toward Dendrite-Free Zinc Anode. ACS Nano 16, 9150-9162.
(2022).

Zeng, L. et al. 3D printing architecting reservoir-integrated anode for dendrite-free,
safe, and durable Zn batteries. Adv. Energy Mater. 12, 2103708 (2022).

Guo, N. et al. A review on 3D zinc anodes for zinc ion batteries. Small Methods 6,
2200597 (2022).

Kang, Z. et al. 3D porous copper skeleton supported zinc anode toward high capacity
and long cycle life zinc ion batteries. ACS Sustain. Chem. Eng. 7, 3364-3371 (2019).

Li, C. et al. Spatially homogeneous copper foam as surface dendrite-free host for zinc
metal anode. Chem. Eng. J. 379, 122248 (2020).

An, Y, Tian, Y., Xiong, S., Feng, J. & Qian, Y. Scalable and controllable synthesis of
interface-engineered nanoporous host for dendrite-free and high rate zinc metal
batteries. ACS Nano 15, 11828-11842 (2021).

Zhao, J. et al. High-performance flexible quasi-solid-state zinc-ion batteries with layer-
expanded vanadium oxide cathode and zinc/stainless steel mesh composite anode.
Nano Energy 62, 94-102 (2019).

Li, C. et al. A lean-zinc anode battery based on metal-organic framework-derived
carbon. Carbon Energy 5, €301 (2023).

Fan, X. et al. Enabling stable Zn anode via a facile alloying strategy and 3D foam
structure. Adv. Mater. Interfaces 8, 2002184 (2021).

Ma, G. et al. Porous V,CTx MXene as a High Stability Zinc Anode Protective Coating.
Nano Lett. 24, 14552-14558 (2024).

Hu, L. et al. Interface engineering with porous graphene as deposition regulator of
stable Zn metal anode for long-life Zn-ion capacitor. J. Colloid Interface Sci. 631, 135-
146 (2023).

Qian, Y., Meng, C., He, J. & Dong, X. A lightweight 3D Zn@ Cu nanosheets@ activated
carbon cloth as long-life anode with large capacity for flexible zinc ion batteries. J.
Power Sources 480, 228871 (2020).

Dy, Y., Chi, X., Huang, J., Qiu, Q. & Liu, Y. Long lifespan and high-rate Zn anode boosted
by 3D porous structure and conducting network. J. Power Sources 479, 228808 (2020).
Zhang, J. et al. Nonepitaxial Electrodeposition of (002)-Textured Zn Anode on
Textureless Substrates for Dendrite-Free and Hydrogen Evolution-Suppressed Zn
Batteries. Adv. Mater. 35, e2300073 (2023).

Yuan, W. et al. Realizing Textured Zinc Metal Anodes through Regulating
Electrodeposition Current for Aqueous Zinc Batteries. Angew. Chem. Int. Ed. 62,
€202218386 (2023).

Yang, Y., Yang, H., Zhu, R. & Zhou, H. High reversibility at high current: the zinc
electrodeposition principle behind the “trick”. Energy Environ. Sci. 16, 2723-2731
(2023).

Xu, Y. et al. Arechargeable aqueous zinc/sodium manganese oxides battery with robust
performance enabled by Na,SO4 electrolyte additive. Energy Storage Mater. 38, 299-
308 (2021).

Song, Y. et al. Dual-Functional LiCl Additive for Highly Reversible Zinc Metal Anode. Adv.
Funct. Mater. 34, 2410305 (2024).

Tian, G. et al. Active Water Optimization in Different Electrolyte Systems for Stable Zinc
Anodes. Small 21, 2410332 (2025).

49



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

Olbasa, B. W. et al. Highly reversible Zn metal anode stabilized by dense and anion-
derived passivation layer obtained from concentrated hybrid aqueous electrolyte. Adv.
Funct. Mater. 32, 2103959 (2022).

Ou, T. et al. Boric acid-induced preferential deposition of (002) plane for highly stable
zinc anode. Appl. Phys. Lett. 124, 183903 (2024).

Sun, K. E., Hoang, T. K., Doan, T. N. L., Yu, Y. & Chen, P. Highly sustainable zinc anodes
for a rechargeable hybrid aqueous battery. Chem. Eur. J. 24, 1667-1673 (2018).

Li, Y. et al. A progressive nucleation mechanism enables stable zinc stripping—plating
behavior. Energy Environ. Sci. 14, 5563-5571 (2021).

Zhao, R. et al. Lanthanum nitrate as aqueous electrolyte additive for favourable zinc
metal electrodeposition. Nat. Commun. 13, 3252 (2022).

Xie, M.-j., Guan, J.-j., Meng, X.-m. & Zhao, Y. Effect of K;SnOs in Electrolyte on the
Property of Single-Flow Zinc-Nickel Battery. Int. J. Electrochem. Sci. 16, 210645 (2021).
Cao, J. et al. Regulating solvation structure to stabilize zinc anode by fastening the free
water molecules with an inorganic colloidal electrolyte. Nano Energy 93, 106839
(2022).

Chang, G. et al. Inhibition role of trace metal ion additives on zinc dendrites during
plating and striping processes. Adv. Mater. Interfaces 6, 1901358 (2019).

Hoang, T. K. et al. Sustainable gel electrolyte containing Pb?* as corrosion inhibitor and
dendrite suppressor for the zinc anode in the rechargeable hybrid aqueous battery.
Mater. Today Energy 4, 34-40 (2017).

Guan, K. et al. Anti-corrosion for reversible zinc anode via a hydrophobic interface in
aqueous zinc batteries. Adv. Energy Mater. 12, 2103557 (2022).

Sun, K. E. et al. Suppression of dendrite formation and corrosion on zinc anode of
secondary aqueous batteries. ACS Appl. Mater. Interfaces 9, 9681-9687 (2017).

Hao, J. et al. Toward high-performance hybrid Zn-based batteries via deeply
understanding their mechanism and using electrolyte additive. Adv. Funct. Mater. 29,
1903605 (2019).

Hashemi, A. B., Kasiri, G. & La Mantia, F. The effect of polyethyleneimine as an
electrolyte additive on zinc electrodeposition mechanism in aqueous zinc-ion batteries.
Electrochim. Acta 258, 703-708 (2017).

Zhou, J. et al. Highly reversible and stable Zn metal anode under wide temperature
conditions enabled by modulating electrolyte chemistry. Chem. Eng. J. 442, 136218
(2022).

Dong, Y. et al. Non-concentrated aqueous electrolytes with organic solvent additives
for stable zinc batteries. Chem. Sci. 12, 5843-5852 (2021).

Nguyen Thanh Tran, T., Zhao, M., Geng, S. & lvey, D. G. Ethylene glycol as an antifreeze
additive and corrosion inhibitor for aqueous zinc-ion batteries. Batteries Supercaps 5,
€202100420 (2022).

Xu, W. et al. Diethyl ether as self-healing electrolyte additive enabled long-life
rechargeable aqueous zinc ion batteries. Nano Energy 62, 275-281 (2019).

Kao-ian, W. et al. Highly stable rechargeable zinc-ion battery using dimethyl sulfoxide
electrolyte. Mater. Today Energy 21, 100738 (2021).

Shi, J. et al. Ultrahigh coulombic efficiency and long-life aqueous Zn anodes enabled
by electrolyte additive of acetonitrile. Electrochim. Acta 358, 136937 (2020).

Hou, Z. et al. Tailoring desolvation kinetics enables stable zinc metal anodes. J. Mater
Chem. A 8, 19367-19374 (2020).

50



71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

Sun, P. et al. Simultaneous regulation on solvation shell and electrode interface for
dendrite-free Zn ion batteries achieved by a low-cost glucose additive. Angew. Chem.
133, 18395-18403 (2021).

Li, T. C. et al. A universal additive strategy to reshape electrolyte solvation structure
toward reversible Zn storage. Adv. Energy Mater. 12, 2103231 (2022).

Wang, F. et al. Highly reversible zinc metal anode for aqueous batteries. Nat. Mater.
17, 543-549 (2018).

Zhang, N. et al. Cation-deficient spinel ZnMn;04 cathode in Zn(CF3S0s); electrolyte for
rechargeable aqueous Zn-ion battery. J. Am. Chem. Soc. 138, 12894-12901 (2016).
Kasiri, G., Trocoli, R., Hashemi, A. B. & La Mantia, F. An electrochemical investigation
of the aging of copper hexacyanoferrate during the operation in zinc-ion batteries.
Electrochim. Acta 222, 74-83 (2016).

Guo, X. et al. Zn/MnO, battery chemistry with dissolution-deposition mechanism.
Mater. Today Energy 16, 100396 (2020).

Kundu, D. et al. Aqueous vs. nonaqueous Zn-ion batteries: consequences of the
desolvation penalty at the interface. Energy Environ. Sci. 11, 881-892 (2018).

Zhou, Y. et al. Oxide-based cathode materials for rechargeable zinc ion batteries:
Progresses and challenges. J. Energy Chem. 57, 516-542 (2021).

Zhang, M. et al. Recent Progress on High-Performance Cathode Materials for Zinc-lon
Batteries. Small Struct. 2, 2000064 (2020).

Han, S.-D. et al. Mechanism of Zn insertion into nanostructured §-MnO3: a nonaqueous
rechargeable Zn metal battery. Chem. Mater. 29, 4874-4884 (2017).

Khamsanga, S., Pornprasertsuk, R., Yonezawa, T., Mohamad, A. A. & Kheawhom, S. 6-
MnO; nanoflower/graphite cathode for rechargeable aqueous zinc ion batteries. Sci.
Rep. 9, 8441 (2019).

Xu, C., Li, B., Du, H. & Kang, F. Energetic zinc ion chemistry: the rechargeable zinc ion
battery. Angew. Chem. Int. Ed. 51, 933-935 (2012).

Sun, W. et al. Zn/MnO; battery chemistry with H* and Zn?* coinsertion. J. Am. Chem.
Soc. 139, 9775-9778 (2017).

Wu, D. et al. Quantitative temporally and spatially resolved X-ray fluorescence
microprobe characterization of the manganese dissolution-deposition mechanism in
aqueous Zn/a-MnO; batteries. Energy Environ. Sci. 13, 4322-4333 (2020).

Li, H. et al. Interface regulated MnO2/Mn?* redox chemistry in aqueous Zn ion batteries.
Chem. Eng. J. 446, 137205 (2022).

Sambandam, B. et al. An analysis of the electrochemical mechanism of manganese
oxides in aqueous zinc batteries. Chem. 8, 924-946 (2022).

Jiang, B. et al. Manganese sesquioxide as cathode material for multivalent zinc ion
battery with high capacity and long cycle life. Electrochim. Acta 229, 422-428 (2017).
Chen, L., Yang, Z.,, Qin, H., Zeng, X. & Meng, J. Advanced electrochemical performance
of ZnMn,04/N-doped graphene hybrid as cathode material for zinc ion battery. J.
Power Sources 425, 162-169 (2019).

Soundharrajan, V. et al. The dominant role of Mn?* additive on the electrochemical
reaction in ZnMn;04 cathode for aqueous zinc-ion batteries. Energy Storage Mater. 28,
407-417 (2020).

Sun, K. et al. MOF-derived Zn/Co co-doped MnO/C microspheres as cathode and
TisC2@ Zn as anode for aqueous zinc-ion full battery. Chem. Eng. J. 454, 140394 (2023).

51



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

Yamada, A., Tanaka, M., Tanaka, K. & Sekai, K. Jahn—Teller instability in spinel Li-Mn—
O. J. Power Sources 81, 73-78 (1999).

Li, S., Zhang, H., Liu, Y., Wang, L. & He, X. Comprehensive understanding of structure
transition in LiMnyFe1,POs during delithiation/lithiation. Adv. Funct. Mater. 34,
2310057 (2024).

Hunter, J. C. Preparation of a new crystal form of manganese dioxide: A-MnO.. J. Solid
State Chem. 39, 142-147 (1981).

Liu, Y. et al. Spontaneously dissolved MnO: A better cathode material for rechargeable
aqueous zinc-manganese batteries. Chem. Eng. J. 473, 145490 (2023).

Bischoff, C. F. et al. Revealing the local pH value changes of acidic aqueous zinc ion
batteries with a manganese dioxide electrode during cycling. J. Electrochem. Soc. 167,
020545 (2020).

Zhang, D. et al. Inhibition of manganese dissolution in Mn;0; cathode with
controllable Ni%* incorporation for high-performance zinc ion battery. Adv. Funct.
Mater. 31, 2009412 (2021).

Xia, X. et al. Mo doping provokes two electron reaction in MnO; with ultrahigh capacity
for aqueous zinc ion batteries. Nano Res. 16, 2511-2518 (2023).

Ji, ). et al. Co**/3*/*-Regulated electron state of Mn-O for superb aqueous zinc-
manganese oxide batteries. Adv. Energy Mater. 11, 2003203 (2021).

Zheng, J. et al. Compact and insoluble Mn3(P0Q4); coating layer confined amorphous
MnO; as cathode for aqueous zinc ion batteries. Appl. Surf. Sci. 635, 157665 (2023).
Islam, S. et al. Carbon-coated manganese dioxide nanoparticles and their enhanced
electrochemical properties for zinc-ion battery applications. J. Energy Chem. 26, 815-
819 (2017).

Wang, L. et al. Facile in situ synthesis of PEDOT conductor interface at the surface of
MnO; cathodes for enhanced aqueous zinc-ion batteries. Surf. Interfaces 33, 102222
(2022).

Lv, H. et al. Disproportionation enabling reversible MnO,/Mn?* transformation in a
mild aqueous Zn-MnO; hybrid battery. Chem. Eng. J. 430, 133064 (2022).

Pan, H. et al. Reversible aqueous zinc/manganese oxide energy storage from
conversion reactions. Nat. Energy 1, 16039 (2016).

Chamoun, M., Brant, W. R., Tai, C.-W., Karlsson, G. & Noréus, D. Rechargeability of
aqueous sulfate Zn/MnO; batteries enhanced by accessible Mn?* ions. Energy Storage
Mater. 15, 351-360 (2018).

Alfarugi, M. H. et al. Structural transformation and electrochemical study of layered
MnO: in rechargeable aqueous zinc-ion battery. Electrochim. Acta 276, 1-11 (2018).
Cui, S., Zhang, D. & Gan, Y. The effect of Mn?* additives on the capacity of aqueous
Zn/8-Mn0O; batteries: Elucidating the Mn?* concentration dependence of the
irreversible transformation of 6-MnQ,. J. Power Sources 579 (2023).

Rajabi, R. et al. Insights into chemical and electrochemical interactions between Zn
anode and electrolytes in aqueous Zn- ion batteries. J. Electrochem. Soc. 169, 110536
(2022).

Kim, S. J. et al. Unraveling the dissolution-mediated reaction mechanism of a-MnO;
cathodes for aqueous Zn-ion batteries. Small 16, 2005406 (2020).

Dai, Y. et al. Inhibition of vanadium cathodes dissolution in agueous Zn-ion batteries.
Adv. Mater. 36, 2310645 (2024).

52



110

111

112

113

114

115

116

117

118

119

120

121

122

Wang, Z., Wang, Y., Wang, G., Wu, W. & Zhu, J. Earth-abundant magnetite with carbon
coatings as reversible cathodes for stretchable zinc-ion batteries. J. Energy Chem. 62,
552-562 (2021).

Yang, X. et al. Suppressing Cu-based cathode dissolution in rechargeable aqueous zinc
batteries with equilibrium principles. Appl. Surf. Sci. 568, 150948 (2021).

Wu, B., Mu, Y., Li, Z., Li, M., Zeng, L. and Zhao, T.. Realizing high-voltage aqueous zinc-
ion batteries with expanded electrolyte electrochemical stability window. Chin. Chem.
Lett. 34, 107629 (2023).

Ni, Q., Kim, B., Wu, C. & Kang, K. Non-electrode components for rechargeable aqueous
zinc batteries: Electrolytes, solid-electrolyte-interphase, current collectors, binders,
and separators. Adv. Mater. 34, 2108206 (2022).

Zhao, Z. et al. Long-life and deeply rechargeable aqueous Zn anodes enabled by a
multifunctional brightener-inspired interphase. Energy Environ. Sci. 12, 1938-1949
(2019).

Yang, W. et al. Hydrated eutectic electrolytes with ligand-oriented solvation shells for
long-cycling zinc-organic batteries. Joule 4, 1557-1574 (2020).

Cao, L. et al. Solvation structure design for aqueous Zn metal batteries. J. Am. Chem.
Soc. 142, 21404-21409 (2020).

Asselin, G. M., Paden, O., Qiu, W., Yang, Z. & Sa, N. A Systematic Electrochemical
Investigation of a Dimethylamine Cosolvent-Assisted Nonaqueous Zinc (llI) Bis
(trifluoromethylsulfonyl) imide Electrolyte. J. Electrochem. Soc. 168, 030516 (2021).
Jia, H. et al. Hybrid Co-Solvent-Induced High-Entropy Electrolyte: Regulating of
Hydrated Zn?* Solvation Structures for Excellent Reversibility and Wide Temperature
Adaptability. Adv. Energy Mater. 14, 2304285 (2024).

Xie, D. et al. ZnF,-riched inorganic/organic hybrid SEl: in situ-chemical construction and
performance-improving mechanism for agueous zinc-ion batteries. Angew. Chem. Int.
Ed. 62, €202216934 (2023).

Liu, L. et al. Salt anion amphiphilicity-activated electrolyte cosolvent selection strategy
toward durable Zn metal anode. ACS Nano 17, 23065-23078 (2023).

Liu, S. et al. Monolithic phosphate interphase for highly reversible and stable Zn metal
anode. Angew. Chem. Int. Ed. 62, €202215600 (2023).

Bhatia, A., Xu, J., Pereira-Ramos, J.-P., Rousse, G. & Baddour-Hadjean, R. y'-V;0s
polymorph: a genuine Zn intercalation material for nonaqueous rechargeable batteries.
Chem. Mater. 34, 1203-1212 (2021).

53



Experimental Techniques

2.1 Synthesis TEChNIQUES ......cciiiuuiiiiiiiiiiiiiiiiieniinrerissennreeessassssssstssesssssssssssssssssssassssns 55
O Yo [ o B = 1 =T Vg 1 1T 1SRRI 55
2.1.2  Hydrothermal SYNtRESIS.......icciiiiiieciiececses et sre e e s e st e s be e sbeeebeesbaeeseeen 55
2.1.3  Ball-Milling SYNTRESIS ....veeiiiieiecctieeee ettt et s e s b e s baeebeeebaeebaeen 57

2.2 Electrochemical TeChNIQUES.......cccuuuiiiiiiiiiiiinniiiiciiiiirrecenninrsssssssseesnieesssssssssssssan 57
0 R = ot Ao Yo [ ol U =T o T 1 n [ Y [ PPUPR 57
A 0o [l 0] | XY =T 0 4 o] SR PPUPR 58
2.2.3  POUCK Cell ASSEMDIY ..c.vviiiiiieieectte ettt e ae et e e st e e st e e s beesbeeebeesbaeenseeen 59
W O | K@Y ol [T~ SRS UPRR 60

2.3 Imaging Characterisation TeChNIQUES.......ccuveuuuiiiiiiiiiiiinniiiiieiiiieseiiesssssennnn 61
2.3.1  Scanning Electron MicroSCOPY (SEM) ...c..uiiiiiiiiiieeiie e eies ettt steeste e ste st e s st esbe e svaeeaee s 61
2.3.2  Scanning Transmission Electron Microscopy (STEM) ....cccuiirieiiiiirieeniienieesreeereesieeeereessvneenaee s 62
2.3.3  Transmission Electron MicroSCOPY (TEIM) .....ciiiuieecieeiiieeiie e ettt e steesireeseeesreesveesbeessressnvaeenseees 63

24 Structure Characterisation TeChNiQUES........ccoiiiieriiiiiiiiniiiieiiiiiiiecsresssesssae 66
2.4.1  X-ray DIffraction (XRD) c.ueeecueieiieeiiiienieeiieesiee st e et e eteeete s esteeesbee e saaeessaeessseessbeesnseesaseasnsessnsaeensenan 66
2.4.2  X-ray Pair Distribution FUNCHON (XPDF)....cccciiiiieiiieiiiecieeesiee ettt esteesite e ste e sreesvee s e sressvaeenee s 69

25 SPectrosCoOPY TEChNIQUES .....cuuuiiiiiiiiiiiiiiiniiieiiiieeniiiisseniieesssssssisssinsessssssssssssssssssssssssns 70
2.5.1  Soft X-ray Absorption SPECtroSCOPY (SXAS) ...ciivrieriieiiiieeitieeiteeittteste e sttt e saeesreesseesreeesseesssaeesseees 70
2.5.2  X-ray Absorption Near Edge Structure (XANES) ....c.coovuieiiiiiiiiecicecie ettt 72
2.5.3  Extended X-ray Absorption Fine Structure (EXAFS).......cueeeoiiiii et ettt e e e e e 73

2.6 Elemental Analysis TeChNIQUE ......ccuuiiiiiiiiiiiiiiiiiciiiinincennnnresssssseenninesssssssssssnsen 74
2.6.1  Inductively Coupled Plasma (ICP) — Optical Emission Spectroscopy (OES)/ Mass Spectrometry
(IVIS) oottt et et et e e e et e et et e e ettt et e et et et et e et eeeeneeeeeeaeeeeeeneees 74
2.6.2  X-Tay FIUOIE@SCENCE (XRF) .eitiiiiuiieitiieiieeiieeste e st e et eetee et e esteeesba e e saaeeseteessseesnteesaseesateesnseesnsaeensenan 75

2.7 L2 L= =T 3 o PR 76

54



2.1 Synthesis Techniques

2.1.1 Solid-State Synthesis

Solid-state synthesis is the most common synthesis method in inorganic materials
chemistry, prized for its ability to produce high-purity, thermodynamically stable oxides and
sulphides without the use of solvents. In this method, finely ground precursors, which are
typically oxides, carbonates, or nitrates, are mixed in precise stoichiometric ratios and
subjected to high temperature calcination (commonly between 500 and 1500 °C). At these
temperatures, atomic diffusion across particle interfaces drives nucleation and growth of the
target phase.! Because diffusion rates depend strongly on particle size, achieving uniform,
submicron to nanometer scale powders by mechanical pre-treatment both increases
interfacial contact area and introduces defects that accelerate reactivity, allowing phase
formation at lower temperatures or in shorter times.

Key synthesis parameters must be carefully balanced. Temperature provides the
energy to overcome diffusion barriers, but excessive heat can induce partial melting,
exaggerated grain growth, or phase decomposition; intermediate calcination steps and
controlled heating rates help ensure complete reaction while minimising kinetic bottlenecks.
Likewise, the gas atmosphere dictates oxidation state and stoichiometry: an oxygen rich
environment preserves higher valence cations in transition metal oxides, whereas reducing
(H2/Ar) or inert (Ar, N2) atmospheres are employed to stabilise lower oxidation states or

prevent unwanted side reactions with air-sensitive precursors.

2.1.2 Hydrothermal Synthesis
Hydrothermal synthesis is a widely employed solution-phase method for the

preparation of crystalline inorganic materials under elevated temperature and pressure
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conditions.? This technique involves carrying out chemical reactions in water (or occasionally
in organic solvents) inside sealed, high-pressure vessels known as autoclaves. The
combination of elevated temperature and the autogenous pressure generated from solvent
vapour allows reactions to proceed at relatively low temperature compared to traditional
solid-state methods. This makes hydrothermal synthesis particularly attractive for the
formation of metastable or low-temperature crystalline phases that are otherwise
inaccessible under ambient or high-temperature conditions.

The method operates on the principle of enhanced solubility and reactivity of
precursors under hydrothermal conditions, which facilitates a dissolution—recrystallisation
mechanism. In this process, precursor species dissolve into the solvent at elevated
temperature and subsequently nucleate and grow into well-defined crystals, often exhibiting
controlled size, shape, and crystallographic orientation.

The outcome of hydrothermal synthesis is highly sensitive to several key parameters.
Temperature, typically ranging from 100 °C to 300 °C, plays a crucial role in altering the
solubility of reactants and modifying solvent properties. At these temperatures, water exhibits
a reduced dielectric constant and enhanced ionic mobility, which significantly impacts
reaction dynamics and crystal growth behaviour. Pressure is generated autogenously due to
the confined vapour of the solvent and can reach several megapascals. This pressure affects
the thermodynamic stability of different phases and influences the kinetics of nucleation and
crystal growth. Other critical factors include solvent composition, precursor concentration,
reaction duration, and pH, all of which can be tuned to control phase purity, particle

morphology, and crystallinity.
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2.1.3 Ball-Milling Synthesis

While traditionally ball milling method is employed for particle size reduction and
powder mixing, this technique has evolved into a powerful synthetic tool. The process involves
confining precursor powders within a robust milling vessel, typically constructed from zirconia
or hardened steel, along with grinding balls of matching composition. When subjected to high-
speed rotation or vibration, the milling media undergo violent collisions, generating intense
localised heat and pressure.

The localised heat and pressure come from collisions between the milling balls, as well
as between the balls and the jar wall, which generating instantaneous temperature spikes
(reaching several hundred degrees Celsius) and transient pressure pulses.® Simultaneously,
shear forces and fracturing create fresh and reactive surfaces. This unique combination of
effects enables the formation of metastable phases and novel materials that would ordinarily
require extreme temperature or pressure conditions in conventional synthesis.

Critical process parameters govern the outcome of ball mill synthesis, with milling
duration, rotational velocity, the size of balls, ball-to-powder mass ratio serving as key
variables. These factors collectively determine the energy transfer dynamics between the

milling balls and powder, influencing the balance of chemical transformation.

2.2 Electrochemical Techniques

2.2.1 Electrode Preparation

Dry electrode preparation was employed in this thesis in place of conventional slurry-
based electrode fabrication. Given the inherently low electronic conductivity of transition
metal oxide and sulphide cathode materials, a carbon additive (20 wt%) was homogeneously

blended with the active material using a mortar and pestle or mechanochemical methods to
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ensure uniform dispersion. A polymer binder, typically polytetrafluoroethylene (PTFE), was
then introduced at 10wt % to form a fibrous network that binds the active material and carbon
particles, providing both mechanical integrity and electrical connectivity.

The resulting dry mixture was subsequently calendered to a thickness of several
hundred micrometres. While thick electrodes are advantageous for achieving high areal
capacities in practical batteries, it is essential to maintain a certain degree of porosity to
ensure sufficient electrolyte penetration and wetting of the electrode particles. Finally, the

electrodes were cut to the desired size and weighed for electrochemical testing.

2.2.2 Coin Cell Assembly
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Figure 2.1 Schematic of coin cell and pouch cell configurations.

Coin cell assembly is a standardised laboratory-scale method used to evaluate the
electrochemical performance of anodes and cathodes. The CR2032 coin cell format is
commonly employed. The assembly process begins with the cathode case as the base
component. The stack (Figure 2.1) is constructed by sequentially placing the cathode, followed
by two electrolyte-saturated separators (18 mm in diameter), which serve to prevent electrical
short circuits while allowing efficient ionic transport. The anode (16 mm in diameter) is then
precisely positioned, after which a spacer and spring are added to maintain consistent internal

pressure and ensure proper electrical contact throughout the cell's operation. The assembly
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is completed with the anode case, which forms the upper enclosure. The components are
hermetically sealed under controlled pressure to provide controlled and stable internal
environment, preventing unwanted chemical reactions and electrolyte loss. Stable contact
between electrodes is achieved through the deformation of the spring, which applies a
pressure in the range of approximately 0.1-1 MPa.

In this thesis, various types of coin cells were assembled depending on the electrolyte
system. For aqueous electrolytes, assembly was conducted in a standard wet lab. Asymmetric
cells such as Zn/aqueous electrolyte/Ti were used to evaluate Zn anode stripping/plating
efficiency, while Zn/aqueous electrolyte/cathode cells were assembled to investigate full-cell
performance. For non-aqueous electrolytes, assembly was carried out in an inert atmosphere

(e.g., an argon-filled glovebox) to avoid contamination from air or moisture.

2.2.3 Pouch Cell Assembly

The assembly process of pouch cells is similar to that of coin cells, with the core
components being the anode, electrolyte-soaked separators, and cathode stacked together
though without the use of spacers or springs (Figure 2.1). Once assembled, the pouch cell
undergoes vacuum sealing. Pouch cells use laminated aluminium-plastic film as the outer
casing, resulting in significantly lower stack pressure compared to coin cells. However, external
pressure can be applied using adjustable folding clamps. In this thesis, Zn/aqueous
electrolyte/Ti pouch cells were assembled and operated under varying stack pressures to
investigate the effect of pressure on Zn plating behaviour.

Pouch cells offer higher energy density than conventional cell formats due to their
lightweight and compact packaging. Also benefiting from their cost-efficiency and design
flexibility, pouch cells represent the most scalable manufacturing approaches in commercial

lithium-ion battery production.
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2.2.4 Cell Cycling

Galvanostatic cycling is a widely used electrochemical technique for evaluating the
performance of battery electrodes, including both anodes and cathodes. As a controlled-
current method, it involves applying a fixed current density, typically normalised by electrode
mass (mA g?) or area (mA cm) during charge and discharge processes, while continuously
monitoring the corresponding voltage response. This method closely simulates real-world
battery operation, where devices often function under constant-current conditions, making it
highly relevant for both fundamental research and practical applications.

Cycling protocols are generally defined by upper and lower voltage cutoffs to prevent
overcharging or overdischarging, both of which can trigger irreversible side reactions and
electrolyte decomposition.

Key performance metrics derived from galvanostatic cycling include specific capacity,
coulombic efficiency (CE), and voltage hysteresis. Specific capacity (typically expressed in mAh
gt or mAh cm™) indicates the amount of charge the material can store, while CE, the ratio of
discharge to charge capacity or the ratio of charge to discharge capacity, reflects the
reversibility of electrochemical reactions. The voltage profile, plotted as potential versus
capacity, provides further insights into redox mechanisms, phase transitions, kinetic
limitations, and polarisation effects.

Moreover, advanced techniques such as the galvanostatic intermittent titration
technique (GITT) can be employed to extract additional thermodynamic and kinetic
information, offering a deeper understanding of diffusion processes and material behaviour

under operating conditions.
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2.3 Imaging Characterisation Techniques

2.3.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy is a powerful analytical technique for characterising
surface morphology with micro- to nanoscale resolution. In this thesis, SEM was employed to
investigate Zn anode deposition, where achieving uniform and planar morphology is critical
for ensuring stable cycling performance. SEM was also used to examine the particle size and
surface features of cathode materials, as these parameters significantly influence Zn?*

diffusion kinetics and overall electrochemical behaviour.
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Figure 2.2 Schematic illustration of electron beam interactions with sample material in SEM.

During SEM operation, a focused electron beam raster scans the sample surface. The
beam penetrates the sample to a depth of a few microns, before interacting with atoms in the
sample. The extent of the interaction volume will depend upon the accelerating voltage of the
primary electrons and the density of the sample material. Low-density samples facilitate a
tear-drop interaction volume, as shown in Figure 2.2. As the beam interacts with the sample,
it generates various signals, most notably secondary electrons, backscattered electrons, and

characteristic X-rays.* Secondary electrons, emitted when primary electrons dislodge surface-
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level electrons, are especially valuable for high-resolution imaging due to their sensitivity to
surface topography. Backscattered electrons, which are primary electrons reflected by atomic
nuclei, provide compositional contrast based on the atomic number of elements present.
Furthermore, when the electron beam ejects an inner-shell electron from an atom, an
electron from a higher energy shell falls into the vacancy, releasing energy in the form of a
characteristic X-ray. These X-rays are unique to specific elements and their electronic
transitions. With the addition of an EDX detector, SEM can perform elemental analysis,
offering both qualitative and quantitative insights into the sample’s composition. However, it
is important to note that EDX has limited sensitivity for detecting light elements, such as
hydrogen. In this thesis, EDX was employed to analyse the elemental distribution on both the

Zn anode and the Mn-based cathode.

2.3.2 Scanning Transmission Electron Microscopy (STEM)

Scanning Transmission Electron Microscopy (STEM) offers atomic-scale imaging,
enabling precise structural characterisation of materials. Unlike SEM which primarily provides
surface morphology information using secondary or backscattered electrons, STEM achieves
much higher resolution by transmitting a finely focused electron probe through an ultrathin
sample. This configuration allows for the simultaneous acquisition of high-resolution
structural and elemental information with exceptional spatial precision.

One of the most widely used imaging modes in STEM is high-angle annular dark-field
(HAADF) imaging, which provides atomic-resolution contrast that is highly sensitive to
differences in atomic number (Z-contrast). In HAADF-STEM, electrons scattered at high angles
are collected by an annular detector, producing images in which heavier elements appear

brighter due to their greater scattering power.”
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To complement HAADF imaging, STEM is often integrated with EDX for spatially
resolved elemental mapping. The combined use of HAADF-STEM and STEM-EDX provides a
powerful correlative approach to materials characterisation, linking local chemistry with
atomic-scale structural features.

For sample preparation, powders are typically dispersed in a volatile solvent such as
ethanol or acetonitrile and drop-cast onto a holey carbon-coated Cu TEM grid. Individual
particles are suspended over the holes in the grid, allowing the electron beam to probe their
protruding edges. As electron transmission is significantly attenuated by thick regions of the
sample, meaningful imaging and analysis are generally limited to the thinner edge regions

where sufficient beam penetration is possible.

2.3.3 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy utilises a broad, coherent electron beam to enable
high-resolution visualisation of the internal structure of materials at the atomic level. When
the electron beam is transmitted through an ultra-thin sample, interactions such as scattering
and absorption convey detailed information about the specimen’s structure, composition, and
other physical properties. These interactions are used to form both real-space images and
diffraction patterns.

Image formation in TEM relies on contrast mechanisms to distinguish between
different features within a sample.® The primary sources of contrast include: 1. Mass-thickness
contrast, which arises from variations in atomic number and specimen thickness. Regions with
higher mass or greater thickness scatter more electrons, resulting in fewer transmitted
electrons and thus darker areas in the image. 2. Diffraction contrast, which is commonly used
to visualise crystalline defects such as dislocations, grain boundaries, and stacking faults. This

contrast occurs due to variations in electron diffraction between different crystallographic
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orientations. 3. Phase contrast, which is essential in high-resolution TEM (HRTEM) for imaging
atomic columns and lattice fringes. It originates from the interference between the incident
and scattered electron waves, producing intensity variations that reveal atomic-scale features.

Due to the strong interaction between electrons and sample material, TEM requires
specimens to be extremely thin, typically less than 100 nanometers, to allow electron
transmission. The same sample preparation techniques used for STEM can often be applied
to TEM to achieve the necessary thinness and dispersion.

Selected Area Electron Diffraction (SAED)

When a high-energy electron beam passes through a thin specimen, it interacts with
the atomic planes of the crystal lattice, producing a diffraction pattern that reveals critical
information about the material’s phase, crystallographic orientation, lattice symmetry, and
defects. Unlike XRD, electron diffraction in TEM offers localised structural information,
allowing the analysis of individual nanoparticles and grains. While XRD provides excellent
resolution in reciprocal space, its measurements represent an average over a large sample
volume, whereas TEM-based electron diffraction can probe structural variations at the
nanometer scale within specific regions of interest.

The formation of electron diffraction patterns is governed by Bragg’s Law, where
constructive interference occurs when the electron beam satisfies specific angle-wavelength
conditions relative to the crystal lattice. The resulting diffraction pattern varies depending on
the sample structure: sharp spots appear for single crystals, concentric rings for polycrystalline
or nanocrystalline materials, and diffuse halos for amorphous phases. By analysing the
positions and intensities of these features, researchers can extract detailed structural
information such as the Bravais lattice type, space group, lattice parameters, and identify

phases through comparison with reference or simulated patterns.
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A commonly employed technique in TEM is selected-area electron diffraction (SAED),
in which a small aperture is used to isolate a specific region of the sample for diffraction
analysis. This allows precise correlation between the real-space microstructure and reciprocal-
space information.

In-situ Liquid Cell TEM
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\
\ Q
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Figure 2.3 Schematic of an in-situ liquid cell TEM setup, including a small fluidic chamber for
real-time observation of electrochemical processes under liquid conditions.

In situ liquid cell transmission electron microscopy (TEM) is enabled through a sealed
liquid environment, where silicon nitride (SiNx) membranes confine the liquid electrolyte,
preventing its leakage into the TEM vacuum while still permitting electron transmission for
imaging.” As shown in Figure 2.3, a typical liquid cell consists of two silicon chips: a smaller
bottom chip and a larger top chip. The bottom chip is equipped with spacers with varying

heights that control the thickness of the liquid layer, facilitate fluid flow, and provide space for
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electrochemical reactions. Both chips feature a central, ultrathin SiNx membrane that is
electron-transparent, allowing beam transmission for high-resolution imaging.

The imaging resolution in liquid-cell TEM is largely determined by the total thickness
of the liquid cell, which comprises the SiNx membrane thickness and the thickness of the
confined liquid layer. Resolution improves with decreasing total thickness and increasing
electron beam dose rate. However, thinner liquid layers, while beneficial for resolution,
reduce ion mobility and limit the observable volume. In this thesis, the total liquid cell
thickness was typically between 500 nm and 1 um, offering a balance between ionic diffusion,
particle observation, and imaging clarity.

Although higher beam dose rates enhance resolution, they can introduce significant
beam-induced damage, especially in liquid environments. Inelastic interactions between the
accelerated electrons and the liquid can lead to radiolysis, thermal effects, and knock-on
damage. Among these, radiolysis is the most critical in aqueous systems, as it leads to chemical
decomposition, local pH changes, and gas bubble formation, which can distort the experiment.
Therefore, beam dose optimisation tests were performed prior to imaging to determine the

minimum dose necessary for adequate resolution while minimising damage.

2.4 Structure Characterisation Techniques

2.4.1 X-ray Diffraction (XRD)

Powder X-ray diffraction is a powerful technique for identifying the long-range atomic
arrangement in crystalline materials that exhibit structural symmetry. It is widely used to
determine phase composition in multi-phase samples and to quantify phase fractions in
crystalline mixtures. Additionally, XRD can provide information about atomic site occupancies

within the crystal structure.
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Figure 2.4 Schematic illustration demonstrating Bragg’s Law and the conditions for
constructive interference of X-rays scattered by atomic planes.

Diffraction arises from the interaction between incident X-ray radiation and the
periodic arrangement of atoms in a crystal. When the X-ray beam enters a crystalline material,
it is scattered by the electrons surrounding the atoms. Due to the highly ordered nature of the
crystal lattice, these scattered waves can interfere constructively, producing measurable
diffraction peaks.

As shown in Figure 2.4, this constructive interference occurs when the difference in
path length between waves scattered from successive atomic planes equals an integer
multiple of the X-ray wavelength. This condition is described by Bragg’s Law:

nA = 2d sin @
where n is the order of reflection, A is the X-ray wavelength, d is the interplanar spacing, and
0 is the angle of incidence.

Each set of atomic planes in the crystal is indexed by a set of integers (h, k, I), known
as Miller indices, which represent the reciprocal intercepts of the plane with the
crystallographic axes (a, b, and c). The resulting diffraction pattern serves as a fingerprint for
the crystalline structure, enabling phase identification, lattice parameter determination, and

structural refinement.
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The number and positions of peaks in a powder XRD pattern are determined by the
crystal’s space group and unit cell parameters, which together define the interplanar spacings
(dnu) for different lattice planes. In contrast, the absolute intensity (lni) of each diffraction
peak is governed by the atomic arrangement within those planes, as described by the
structure factor. The structure factor is calculated using the atomic scattering factors of all
atoms in the unit cell. Additionally, peak broadening can result from several factors, including
limited crystallite size (described by the Scherrer effect), thermal vibrations, and microstrain
within the crystal lattice.

In typical laboratory XRD instruments, X-rays are produced by bombarding a metal
target (commonly copper, but also molybdenum or silver) with high-energy electrons. This
interaction produces X-rays at discrete wavelengths characteristic of the target metal. The
most commonly used radiation in lab-based diffractometers is Cu Kay (A = 1.541 A), which
provides strong and well-defined diffraction. To isolate this primary wavelength,
monochromation is required. A nickel filter is often used to suppress the unwanted Cu Kf
radiation, while a germanium monochromator can further refine the beam by removing Cu
Ka, components, improving resolution and peak shape.

Refinement of XRD

The Rietveld refinement method is a powerful computational technique used in XRD
to extract detailed structural and microstructural information from powder diffraction data.
Rietveld refinement fits the entire experimental diffraction pattern using a theoretical model
that accounts for both structural parameters (e.g., lattice constants, atomic positions, site
occupancies, and thermal displacement factors) and instrumental effects (e.g., peak shape,
background, and zero-point error). The refinement process employs a least-squares

minimisation approach to iteratively adjust these parameters until the calculated pattern
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closely matches the observed data, quantified by reliability factors such as Rp, Rwp, and x2. This
method enables precise determination of phase composition, even in multiphase samples,
through quantitative phase analysis, while also providing insights into crystallite size,
microstrain, and preferred orientation. In this thesis, Rietveld refinement of XRD data was

performed using the GSAS-II software package.

2.4.2 X-ray Pair Distribution Function (XPDF)

X-ray pair distribution function analysis is derived from total scattering data. When
high-energy X-rays interact with a material, they scatter from electron clouds through both
elastic and inelastic processes. The total scattering signal includes contributions from both.
This elastic component consists of Bragg scattering, which arises from periodic lattice planes,
and diffuse scattering, which originates from local deviations from perfect crystallinity. By
utilising the total scattering signal, XPDF enables the investigation of structural features at
local length scales that extend beyond the traditional crystallographic unit cell.

The transformation from reciprocal-space total scattering data to real-space structural
information involves a mathematical procedure.® The total scattering structure function, S(Q),
is first extracted from the data. A Fourier transform of this function, using a sine kernel
Q[S(Q)-1], yields the pair distribution function, G(r). This real-space function provides a
measure of the probability of finding pairs of atoms separated by a distance r. The positions
of peaks in G(r) correspond to specific interatomic distances and reflect bond lengths and unit
cell geometry. The areas under these peaks are proportional to coordination numbers and
atomic occupancies, while the peak widths reflect thermal vibrations. The damping of the
signal with increasing r indicates the degree of static disorder within the material. This real-

space representation allows for intuitive interpretation of local structural motifs, particularly
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in materials with disorder, nanoscale features, or amorphous character, which are often

inaccessible to conventional diffraction techniques.

2.5 Spectroscopy Techniques

2.5.1 Soft X-ray Absorption Spectroscopy (sXAS)
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Figure 2.5 Schematic illustration of core electron excitation from the K, L, and M edges in 3d
TMs as observed in XAS.

X-ray absorption spectroscopy is a powerful technique for probing the electronic
structure and local coordination environment of materials by measuring the excitation of core
electrons to unoccupied states.’ The technique is based on the absorption of high-energy
photons by atoms in a material, which promotes electronic transitions from filled to empty
orbitals. These transitions are governed by selection rules that allow excitations only between
adjacent electron shells. As shown in Figure 2.5, the absorption edges are labelled K, L, M, etc.,
according to the principal quantum number of the core electron being excited. Transition
metal L-edges typically require low-energy (soft) X-rays in the range of 500—1000 eV, while K-

edges demand higher-energy (hard) X-rays between 5-10 keV.
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In this thesis, soft XAS (sXAS) at the Mn L-edge was employed. Among the available
detection modes, fluorescence vyield (FY) detection, which monitors emitted photons
following core excitation, offers bulk-sensitive information but is prone to self-absorption
effects that can distort spectral line shapes. To overcome this limitation, inverse partial
fluorescence yield (IPFY) has been developed as an advanced detection approach. IPFY
measurements at the Mn L-edge often use the oxygen K-edge emission as a detection channel
to mitigate the severe self-absorption that affects conventional FY. When soft X-rays excite the
Mn 2p core level, the relaxation process can induce secondary excitations of oxygen 1s
electrons in Mn—0 systems. The resulting O Ka photons (~525 eV) have significantly lower
energy than the Mn L-edge features (~640-660 eV), allowing them to escape the sample
without substantial reabsorption by Mn atoms. This IPFY method preserves the intrinsic line
shape of the Mn L-edge spectrum, enabling more accurate analysis of spectral features, such
as the Ls/L; branching ratio and pre-edge structure.

The penetration depth of incident X-rays is strongly influenced by their energy. Soft X-
rays, with relatively low photon energies, exhibit limited penetration into matter and are thus
typically employed in reflection geometry combined with fluorescence detection. Within the
sample, the X-ray intensity attenuates exponentially with depth according to the Beer—
Lambert law, governed by the attenuation coefficient (i), which itself depends sensitively on
the photon energy and the material's composition. As a result, the effective probe depth in
soft X-ray absorption spectroscopy varies with incident energy—an important consideration
for depth-dependent studies and the interpretation of signals in systems with chemical or

structural gradients.
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2.5.2 X-ray Absorption Near Edge Structure (XANES)
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Figure 2.6 Different spectral regions in Mn K-edge XAS, including XANES and EXAFS.

X-ray absorption near edge structure spectroscopy serves as a powerful analytical tool
for probing the electronic structure and local coordination environment of specific elements
within materials.® This technique is particularly valuable for metal K-edge analysis, typically
employing hard X-rays in the 5-10 keV energy range to examine the near-edge region. As
illustrated in Figure 2.6, the XANES spectrum contains three important regions: pre-edge,
main edge and beyond edge. The pre-edge region, located just below the main absorption
edge, reveals subtle transitions that are exquisitely sensitive to local symmetry distortions and
orbital hybridisation effects, particularly in transition metal oxides where metal 3d-oxygen 2p
mixing occurs. The main edge position shows systematic shifts of 1-3 eV per oxidation state
change, serving as a reliable indicator of valence state. Beyond the edge, the post-edge region
transitions into the extended X-ray absorption fine structure (EXAFS) regime where scattering
phenomena dominate.

In standard transmission mode XANES measurements, the absorption spectrum is
derived from the logarithmic ratio of incident to transmitted beam intensities (In(lo/lt)).

However, for samples with dilute element concentrations, fluorescence detection is preferred,
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where the absorption profile is constructed from the fluorescence yield (l¢/lp) to maintain

adequate signal-to-noise.

2.5.3 Extended X-ray Absorption Fine Structure (EXAFS)

Extended X-ray absorption fine structure is a powerful spectroscopic technique that
provides detailed insight into the local atomic structure surrounding a specific element within
a material. In a typical XAS experiment, the absorption spectrum beyond the edge often
displays a series of oscillations (Figure 2.6). These oscillations arise from interactions between
photoelectrons and neighbouring atoms and contain rich structural information about the
local environment of the absorbing atom.®

When the incident X-ray energy exceeds the absorption edge, core electrons are
ejected into the continuum, and they escaped atom as photoelectrons. These photoelectrons
propagate outward and are partially scattered by nearby atoms. The interference between the
outgoing and backscattered photoelectron waves modulates the X-ray absorption coefficient,
producing the characteristic EXAFS oscillations.® These modulations encode quantitative
information about interatomic distances, coordination numbers, and structural disorder.

The EXAFS signal is typically described by the x(k) function, where k is the
photoelectron wave vector. To enhance features at higher energies, a k-weighting (e.g., k?x(k)
or k3x(k)) is applied. Fourier transformation of the weighted x(k) function yields a radial
distribution function that reveals the distances to neighbouring atoms. Each peak in the
resulting spectrum corresponds to a specific coordination shell, with peak positions indicating
bond lengths and peak intensities reflecting coordination numbers and thermal or static

disorder.
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2.6 Elemental Analysis Technique

2.6.1 Inductively Coupled Plasma (ICP) — Optical Emission Spectroscopy
(OES)/ Mass Spectrometry (MS)

Inductively coupled plasma—optical emission spectroscopy (ICP-OES) is a highly
sensitive analytical technique used for the quantitative determination of elemental
composition in a sample. The technique operates by introducing the sample into a high-
temperature argon plasma (typically 6,000-10,000 K), where the constituents are atomised
and excited, leading to the emission of element-specific optical signals.

The analytical process involves three main steps: sample introduction, plasma
excitation, and spectral detection. Liquid samples are nebulised into a fine aerosol and
transported into the plasma torch. The intense thermal energy of the plasma vaporises,
atomises, and ionises the elements present. As the excited atoms and ions return to lower
energy states, they emit photons at characteristic wavelengths corresponding to their unique
electronic transitions. These emissions are detected using a photomultiplier tube or a charge-
coupled device (CCD), which records the intensity of light at selected wavelengths. The
measured intensities are compared against those of calibration standards of known
concentrations, allowing for the construction of calibration curves to determine the elemental
concentrations in the sample.

Accurate analysis requires careful sample preparation. Solid materials, such as
cathodes or separators, must be digested in strong acids (e.g., aqua regia or concentrated
nitric acid) to convert them into a homogeneous solution. This solution is then diluted to
ensure the elemental concentrations fall within the optimal detection range of the instrument,
which normally lies below 1 ppm. As ICP-OES is a destructive technique, it can only be

performed ex situ.
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While ICP-OES offers reliable multi-element detection with reasonable sensitivity and
throughput, inductively coupled plasma—mass spectrometry (ICP-MS) is often used when even
higher sensitivity and lower detection limits are required. Like ICP-OES, ICP-MS uses an argon
plasma to atomise and ionise the sample. However, instead of measuring emitted light, ICP-
MS detects and quantifies ions based on their mass-to-charge ratio using a mass analyser,

typically a quadrupole or time-of-flight detector.

2.6.2 X-ray Fluorescence (XRF)
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Figure 2.7 Schematic of X-ray excitation and the generation of characteristic fluorescent X-ray
emission, illustrating the fundamental process of XRF analysis.

X-ray fluorescence spectroscopy is a non-destructive analytical technique used to
determine the elemental composition of materials by detecting the characteristic secondary
(fluorescent) X-rays emitted from a sample when it is irradiated with high-energy X-rays.!! As
shown in Figure 2.7, the fundamental principle involves the interaction of the incident
radiation with the inner-shell electrons of atoms in the sample. When the primary X-ray beam
strikes the material, it can eject core electrons (typically from the K shells) via the
photoelectric effect, creating vacancies in the atom’s inner orbitals. These vacancies are
unstable, and electrons from higher energy levels (typically from the L, M shells) transition
downward to fill them, releasing fluorescent X-rays whose energies are specific to the element

and the electronic transition involved (e.g., Ka, KB lines).
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The emitted X-rays are detected and analysed using an energy-dispersive (ED-XRF)

spectrometer. In ED-XRF, a semiconductor detector measures the energy of the emitted

photons, producing a spectrum in which the peak positions identify the elements present, and

the peak intensities correspond to their relative concentrations. Recent advancements, such

as micro-XRF, have enabled spatially resolved elemental mapping with micron-scale precision,

greatly broadening the technique’s applicability. Owing to its non-destructive nature, XRF is

particularly well-suited for in situ analysis of elemental distribution in battery systems,

providing critical insight into dynamic processes without compromising sample integrity.
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3.1 Introduction

Operating at high current densities (typically 20-200 mA cm2) has emerged as an
effective strategy to enhance the plating/stripping efficiency of Zn anodes without requiring
modifications to the electrolyte or electrode composition. High current operation induces a
large nucleation overpotential, which promotes widespread nucleation events across the
current collector. The resulting dense distribution of nucleation sites leads to the formation of
a macroscopically uniform zinc layer with improved surface coverage. While this approach
effectively mitigates dendrite formation and anode degradation, it poses a significant
challenge when viewed from a full-cell perspective. Most cathodes used in aqueous ZIBs
cannot sustain such high current densities due to limitations in ion transport, electronic
conductivity, and interfacial kinetics.

To illustrate this high rate limitation for AZB cathodes, here we highlight some of the
best performing cathodes in the current literature: (i) Manganese-based oxides. An a-MnO;
nanorod cathode exhibited discharge capacities of 353 mAh g at an areal current density of
0.0512 mA cm™ (16 mA g1),* while mesoporous y-MnO> has been reported to deliver a high
discharge capacity of 285 mAh g at an equivalent areal current rate of 0.05 mA cm=2.2 (ii)
Vanadium-based oxides. \/,0s nanofibers have been shown to demonstrate a remarkable
discharge capacity of 319 mAh g1, but at a low areal current density of 0.04 mA cm™
(20 mA g™%).3 (iii) Prussian blue analogues. Zinc hexacyanoferrate, ZnHCF, has been shown to
deliver a capacity of 65.4 mAh g™* at 0.48 mA cm™ (60 mA g1).% (iv) Organic materials. The
conductive polymer polyaniline (PANI) supported on Ni foam has been found to reach up to
183.28 mAh g capacity at a rate of 2.5 mA cm™2.5

These examples illustrate that the current densities at which the four main cathode

candidates operate are orders of magnitude lower than the high current densities
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(>20 mA cm™2) that have been proposed for stable anode deposition. Therefore, simply
increasing the current density at the anode is unlikely to lead to overall performance gain
when paired with current ZIB cathode materials in a full cell. While this could be solved by the
development of new cathode materials, the divalent character of Zn?* means designing new
cathodes with speedier kinetics will be inherently challenging. It is therefore worthwhile to
explore alternative approaches that enable uniform and dense Zn deposition under cathode
compatible current densities, facilitating stable full-cell cycling without compromising overall
energy storage performance.

This chapter proposed the application of pressure to improve the reliability of Zn
plating and stripping processes under low to moderate current densities of 1 and 10 mA cm™.
The pressure-induced force confinement in the z-direction restricts the orientation and
growth of plated Zn, ultimately resulting in dense and uniform coverage that resembles that
achieved by high current density plating. The influence of pressure on deposition mechanisms
is examined by analysing changes in microstructure and macroscopic surface coverage. These
results are correlated with the performance benefits typically associated with high-rate
plating, demonstrating that pressure-assisted deposition provides a viable strategy for
achieving stable cycling under current densities compatible with practical cathode operation.

As this work has been published in Advanced Materials, there is some overlap between
the content of this chapter and the published manuscript. This chapter is reproduced from

Ref. 6 with permission from the rights holder, Wiley.

3.2 Experimental Methods

Materials Preparation:
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Synthesis of MnO, was achieved by taking KMnOs (98%, Alfa Aesar) and
Mn(CH3COO0),-4H,0  (99%, Sigma-Aldrich) with a  stoichiometric ratio of
KMnQO4:Mn(CH3C00),-4H,0 = 2:3 and were ground together in a mortar with a pestle. The
mixture was then placed in a furnace and held at 100 °C for 12 h. After the reaction, the
resulting black powder was rinsed by distilled water to remove residual unreacted salt, and
dried at 70 °C for 12 h.

Electrochemistry:

Zn/Ti pouch cell tests: Zn/Ti cells were prepared to compare electrochemical
performance with and without externally applied pressure across different current densities.
Zn foil (0.25 mm and rolled to 0.18 mm thick, Sigma Aldrich) was cut to 5 mm x 5 mm squares
and Ti foil (0.15 mm thick, Sigma Aldrich) was cut to 7 mm x 7 mm squares. The Zn/Ti pouch
cells were assembled using prepared Zn foil and Ti foil with a glass fiber separator (10 mm x 10
mm, Whatman) soaked into 1 M ZnSO, (Sigma Aldrich). The cells were cycled under no
external pressure and under various applied pressures of 1.2, 5.6 or 8.4 MPa. The external
pressure was applied to the pouch cell via spring clamps. A piezoelectric load cell (OMEGA)
was used to determine the clamping force of each spring clamp. Unless stated otherwise, cells
were cycled with a fixed capacity of 1 mAh cm™, and the charging/discharging process was
operated under constant current densities of 1, 10, 30, 60, 120 mA cm™. The cut off voltage
for stripping was set at 0.6 V vs. Zn/Zn?*,

Full-cell pouch cell assembly: Pouch cells were assembled using a Zn anode (0.18 mm
thick foil), glass fiber separator, and 80 pL of 1 M ZnSOs electrolyte, with cathodes prepared
from MnO;, and V,0s (98%, Sigma-Aldrich). For all cathodes, the active material, Super P
carbon, and PTFE binder were mixed in a mass ratio of 7:2:1 and rolled onto Ti foil. The MnO

cathodes were fabricated with a film thickness of 50 um, resulting in a loading of
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approximately 3.6 mg cm™. The V,0s cathodes were prepared with a film thickness of ~100
um, resulting in loadings of 8.16 mg cm™2. After assembly, external pressures of 0, 1.2, or 5.6
MPa were applied to the cells using calibrated spring clamps. Galvanostatic charging and
discharging were performed at a current density of 1 A g, and all electrochemical
measurements were conducted at room temperature using a Biologic VMP3 potentiostat.

In-situ Characterisation:

In situ liquid cell TEM: A Protochips Poseidon 510 TEM holder was utilised for in situ
liquid cell study. This holder facilitates real-time electrochemical observations within a thin
electrolyte layer (1 M ZnSO.) enclosed between two Si-SiN chips. The electrolyte was
constantly flowed through the holder during the experiment with a flow rate of 120 uL h?,
which is managed by a syringe pump. The chips featured three Pt electrodes (working, counter
and reference electrodes) patterned onto them. The galvanostatic study was carried out
between working and counter Pt electrodes using a Gamry Reference 600 potentiostat with
current densities of 10 or 120 mA cm™. The driven current density is determined by dividing
the total current applied by the exposed surface area of the Pt electrode, which is measured
through SEM images. Notably, due to the small size of the electrode, this calculated current
density might be amplified, and the actual current density could be lower due to any potential
electrode roughness and porosity contributing to its effective area. The TEM imaging was
executed using a JEOL 3000 TEM operating at 200 kV, utilising a 50 um condenser aperture
and a spot size of 2. Beam current calibration was achieved via a Faraday cup with 20 pA
measured under this condition, corresponding to a low dose rate of 0.04 electrons A2s. To
minimise beam-induced damage, the total imaging time was confined to 30-60 s, and the
beam was blanked during electrolyte replenishment. The recorded in situ liquid cell TEM

videos and images were subsequently analysed using Image)J software.
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In situ optical microscopy: The in situ optical microscopy setup for Zn plating imaging
was custom-built in-house. One side of a Ti foil was covered with tape, leaving the other side
exposed for observing the Zn plating process. The experimental cell configuration involves a
transparent cuvette housing a Ti foil as the working electrode (with the exposed side for
optical microscopy), a Zn foil as the counter electrode, and a 1 M ZnSQO, electrolyte solution.
The galvanostatic test was conducted on a Gamry Reference 600 potentiostat with current
densities of 10, 120 mA cm2 with a capacity of 1 mAh cm™. Videos were recorded on the
digital camera-included optical microscope (GXML 3030, GT Vision).

Ex-situ Characterisation:

Electroplated Zn on Zn foil and Ti foil cycled under different current densities (1, 10,
30, 60, 120 mA cm? with a capacity of 1 mAh cm™) without or with additional applied pressure
(1.2, 5.6, 8.4 MPa) was recovered from pouch cells following cycling. The samples were rinsed
with deionised (DI) water and ethanol, then dried at 50 °C for 12 h. The application of pressure
made removing the glass fiber separator challenging, resulting in residual glass fibers
remaining on the electroplated Zn recovered from cells cycled under pressure. This was more
pronounced for cells cycled under higher pressure. The samples were then characterised using
a Carl Zeiss Merlin SEM. XRD data were collected using a Cu source Rigaku 3 kW diffractometer.

Indentation Measurement:

Nanoindentation testing was used to determine the elastic modulus and hardness of
electroplated Zn with and without applied pressure using an MTS nanoindenter XP with a
diamond Berkovich tip calibrated against fused silica. Elastic modulus and hardness were
calculated using the Oliver-Pharr method. 100 indentations were performed at different
locations on each sample to obtain statistically significant results due to the uneven surface

roughness. The tests are based on the method of ‘G-Series Hardness and Modulus via Cycles
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Load Control. The maximum load was controlled at 50 mN for each test. The
loading/unloading speed was 3.33 mN s, A 60-second holding was conducted at maximum
load to investigate the creep behaviour.

Calculation of Relative Texture Coefficients (RTC):

Inkry/locnrr

RTC(hkl) = X 100%

2 iy /o cnrny
where I(h) is the measured intensity of a plane (hkl), and lohi) is the intensity of the plane (hk/)
from the original sample, which is Zn foil in this case. It shows the main preferred orientations

of Zn crystal.

3.3 Results and Discussion

3.3.1 Electrochemical Performance

To unravel the impact of external pressure on the Zn plating and stripping process, the
electrochemical performance of asymmetric cells operated without and with different
externally applied pressures were assessed. The asymmetric cell used Ti as the working
electrode, Zn as the counter electrode, and 1 M ZnSO4 as the electrolyte with glass fiber
separators (Figure 3.1a). A Ti substrate was chosen for its anti-corrosion properties against the
electrolyte (unlike stainless steel)” and its inability to form an alloy with Zn (unlike copper).2
To compare the effects of pressure, a pouch cell was employed instead of a coin cell. Coin cells
have intrinsic pressures ranging from 0.1 to 2 MPa between their electrodes due to the
exertion of the deformed spring.®*! The inconsistent nature of the intrinsic pressure resulting
from varying degrees of spring deformation may lead to inter-cell variability, yet the effect of
this pressure is often overlooked since the stacking pressure is inherent to the coin cell’s
design. Pouch cells allow for the direct application of external pressure, providing more

precise control over the experimental conditions, whereas the internal spring of a coin cell
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prevents the selection of a specific pressure due to the inconsistent spring deformation. In
this experiment, uniaxial pressure was applied to the pouch cell using spring clamps, with the

applied pressure measured by a load cell sensor.
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Figure 3.1 (a) Schematic of the asymmetrical cell which features a Zn/Ti configuration. (b) CE
of the Zn/Ti cell under varied pressure of 0, 1.2, 5.6, 8.4 MPa. CE plotted against cycle
number, along with the corresponding charging/discharging curves, under varying
current densities: (c, d, €) 1 mA cm??, (f, g, h) 10 mA cm™, (i, j, k) 30 mA cm™2, and (I, m,
n) 120 mA cm? for both applied pressure of 5.6 MPa and no applied pressure
conditions. All voltages are vs. Zn?*/Zn.

The Zn plating and stripping performance was examined at applied uniaxial pressure

of 0, 1.2, 5.6, 8.4 MPa, spanning a rate range of 1 to 120 mA cm? while maintaining a fixed



capacity of 1 mAh cm™. As shown in Figure 3.1b, increased pressure not only improves the CE,
but also significantly reduced the inter-cycle variation in CE for all current densities. In the
absence of applied pressure, the CE is low and exhibits significant fluctuations. The CE
becomes notably more stable when the applied pressure was increased to 5.6 MPa, with a
further increase of the pressure to 8.4 MPa appearing to offer minimal additional
performance benefit. For the rest of this study, unless specified otherwise, an applied pressure
of 5.6 MPa is used to investigate the influence of pressure on Zn plating and stripping

performance.
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Figure 3.2 Cumulative coulombic efficiency versus cycle number data for Zn/Ti pouch cells
tested without pressure under various current densities.

As shown in Figure 3.1c-n, the CE between cycles exhibited wide variation, especially
with cells cycled at low current density, which is indicative of the cell losing and subsequently
regenerating capacity from one cycle to the next.?? This is due to the formation and
subsequent reconnection of dead Zn, a phenomenon that has been proposed in Li metal
batteries.!>3 During the stripping process, fragments of Zn break off from the current collector,
forming electrically isolated “dead” Zn. As this dead Zn is not stripped it lowers the CE.

However, dead Zn has the potential to reconnect and recover in subsequent cycles, resulting
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in an apparent increase in the stripping capacity and, consequently, an elevated cycle-to-cycle
CE that can even exceed 100%. The lack of an electrically insulating interphase layer forming
around dead Zn should make this effect significantly more common in aqueous ZIBs compared
to other metal anode chemistries. The cumulative coulombic efficiency (CCE) was calculated
to confirm no anomalous capacity was gained overall (Figure 3.2). The CCE considers the
rolling sum of stripping capacities over all cycles relative to the sum of plating capacities over
all cycles, and confirms that our observed stochastic high CEs are due to partial capacity
recovery. Thus, stable CE cycling, that is a CE that does not vary from cycle to cycle, can be
considered a signature of good plating and stripping performance with minimal dead Zn
detachment. When there is no pressure applied to the cell, high current density leads to
improved and stable CE.

From the data of Zn/Ti cells cycled under an applied pressure of 5.6 MPa (Figure 3.1c-
n), it was found that subjecting the cycled cell to applied pressure significantly lowered the
growth overpotential, with detailed values presented in Figure 3.4. This reduction in growth
overpotential signifies that the application of pressure reduces the driving force required for
Zn growth, making the growth in the deposition process more favourable. A marked difference
was found in the extent of pressure-induced CE improvement at different current densities.
At low current densities (1 and 10 mA cm™), the application of pressure significantly enhances
the stripping efficiency and largely removed the inter-cycle CE variation. However, this
improvement with pressure becomes less pronounced at higher current densities (30, 60,
120 mA cm™).

Table 3.1 The fluctuation of the CE measured as the average of CE values and standard
deviation between cycles 0 and 120 for 1 mA m2 and between 0 and 600 for 10, 30, 120 mA
cm (a) without pressure and with an applied pressure of (b) 1.2 MPa ,(c) 5.6MPa and (d) 8.4
MPa.
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(a) Without pressure

Current density (mA cm™) Average CE (%) Standard deviation of CE (%)
1 91.28 11.57

10 98.82 5.71

30 99.12 2.07

120 98.53 2.24

(b) With pressure of 1.2 MPa

Current density (mA cm™) Average CE (%) Standard deviation of CE (%)
1 98.45 2.96
10 99.09 1.95
30 99.54 1.24
120 99.87 0.51

(c) With pressure of 5.4 MPa

Current density (mA cm™) Average CE (%) Standard deviation of CE (%)
1 96.90 1.13
10 99.80 1.14
30 99.78 0.39
120 99.38 0.59

(a) With pressure of 8.6 MPa

Current density (mA cm™) Average CE (%) Standard deviation of CE (%)
1 99.99 1.38
10 99.99 1.10
30 99.91 0.42
120 99.67 0.85

At a low current density of 1 mA cm2, the addition of pressure resulted in a significant
enhancement and stability in stripping efficiency. The average CE stabilised at 96.90% with
standard deviation of 1.13% when operated under pressure of 5.6 MPa. In contrast, without
pressure the CE exhibited fluctuations, with an average of 91.28% and a larger standard
deviation of 11.57% (as outlined in Table 3.1). The charging and discharging curves (Figure
3.1d) demonstrated that without pressure, the stripping curve exhibited irregularities and

waves, indicating poor contact and the occurrence of severe side reactions. However, the
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application of pressure resulted in smoother curves and reduced growth overpotential (Figure

3.1e).
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Figure 3.3 CE of the Zn/Ti cell at (a) 10 mA cm™, 3mAh cm™, (b) 120 mA cm™?, 3 mAh cm?, (c)
10 mA cm2, 4 mAh cm?, (d) 120 mA cm2, 4 mAh cm for both applied pressure of 5.6
MPa and no applied pressure conditions.

At a moderate current density of 10 mA cm?, the cells subjected to applied pressure
also showed an improvement and stabilisation in CE (Figure 3.1f). However, as the current
density increased to 30 mA cm2 (Figure 3.1i), the impact of pressure was less, with the
addition of pressure only slightly increasing the average CE from 99.12 to 99.78%, and
standard deviation from 2.07 to 0.39%, compared with the no-pressure case. At an extremely
high current density of 120 mA cm?, slight enhancements in CE were also observed with the
application of pressure, indicating that stability of Zn deposition had already been largely
achieved without the need for added pressure under these high-rate conditions (>30 mA cm”
2). Moreover, to validate the universality of these findings, the electrochemical performance

was also assessed at higher capacities of 3 and 4 mAh cm™ (Figure 3.3).
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Figure 3.4 Voltage curves of Zn plating process at 1, 10, 30 and 120 mA cm™2 (a,e,i,m) without
pressure and with pressure of (b,f,j,n) 1.2 MPa, (c,g,k,0) 5.6 MPa and (d,h,l,p) 8.4 MPa.

During the Zn plating process, the voltage profile typically exhibits two distinct
overpotentials. As shown in Figure 3.4a, the voltage initially rises sharply as Zn?* ions begin to
reduce on the Zn metal surface. When the voltage reaches its peak, nucleation occurs, this
point corresponds to the nucleation overpotential. Following nucleation, the voltage drops as
the system transitions to the growth phase, which requires less driving force than initial
nucleus formation. The subsequent plateau represents the growth overpotential, where Zn
deposition proceeds more steadily. In later sections, this voltage profile will be frequently

referenced to analyse and interpret the Zn deposition mechanism.
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3.3.2 Microstructure Change
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Figure 3.5 SEM images of Zn deposits on Zn foil under different plating conditions. (a—d)
Without applied pressure at current densities of (a) 1 mA cm2, (b) 10 mA cm?, (c) 30
mA cm2, and (d) 120 mA cm2. (e-h) With applied pressure of 1.2 MPa at (e) 1 mA cm’
2, (f) 10 mA cm2, (g) 30 mA cm2, and (h) 120 mA cm. (i-I) With applied pressure of
5.6 MPa at (i) 1 mA cm™, (j) 10 mA cm2, (k) 30 mA cm™, and (l) 120 mA cm™2. (m—p)
With applied pressure of 8.4 MPa at (m) 1 mA cm2, (n) 10 mA cm™, (o) 30 mA cm??,
and (p) 120 mA cm™.

Post-deposition characterisation was undertaken to elucidate the mechanism by
which pressure improved performance for low cycling rates. Zn foil was selected as the
substrate for these measurements instead of Ti foil, as Zn deposits tend to peel away from Ti
foil during cell disassembly after cycling under pressure, whereas they remain well-adhered
to the Zn foil. Our characterisation demonstrates that pressure has a significant impact on the
Zn deposition, encompassing alterations in the microstructure and deposition coverage.

SEM (Figure 3.5a-d) reveals significant transformations to the microstructure of the Zn

deposit across different plating current densities under no applied pressure. At a low current
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density of 1 mA cm2, the microstructure exhibits a highly porous mossy-like morphology that
deviates from the expected HCP structure of Zn crystal. This mossy-like morphology, which
normally forms under a low driving force (that is a low current density or low nucleation
overpotential, as shown in Figure 3.4), has been attributed to “spiral” growth of crystalline
Zn.** As the current density increases to 10 mA cm?, the Zn deposit undergoes a transition to
a more well-defined crystalline morphology composed of particulate crystallites. The overall
shape of Zn flakes conforms to the HCP structure, but the arrangement of Zn flakes appears
to be random. However, when the current density reaches 30 mA cm2, the microstructure
begins to present a densely packed Zn hexagonal morphology, which becomes even more

pronounced as the current density is increased to 120 mA cm2.
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Figure 3.6 XRD of Zn electrodeposition of varying current densities when plating (a) without
applied pressure and (b) with applied pressure of 5.6 MPa. The intensity of XRD is
normalised using its maximum value. Comparison of texture coefficient of (c) Zn (002)
plane and (d) Zn (100) plane of Zn deposit calculated from (a-b). The capacity of Zn
deposition was fixed at 1 mAh cm for all cells.

The morphology of plated Zn deposits formed under various pressures and at different
current densities was investigated (Figure 3.5e-p). The application of pressure made removing
the glass fiber separator challenging, resulting in the residual glass fiber seen in the images.

Plating at a low current density (1 mA cm™) under pressure yields a Zn deposit with a denser
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morphology and fewer voids. At a current density of 10 mA cm the morphology of the Zn
deposit undergoes significant flattening under pressure compared to the no applied pressure
counterpart. However, at high current densities such as 30 and 120 mA cm2, the morphology
of the deposited Zn is already densely packed without the need for additional pressure.
Consequently, when Zn deposition takes place under pressure at high current densities, the

morphology remains relatively unaffected, displaying only minor changes.
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Figure 3.7 XRD of Zn electrodeposition of varying current densities when plating without
applied pressure on (a) Ti foil and (b) glassy carbon.

The texture behaviour of the Zn deposited under varying current densities without
applied pressure was studied using XRD, as shown in Figure 3.6a. The results demonstrate that
as the depositing current density increases, the Zn deposit favours orienting in the (002)
direction. This finding is consistent with recent work that attributed the (002) orientation
preference to the high response nucleation overpotential during deposition at high current
densities (Figure 3.4).>¢ The high nucleation overpotential provides additional deposition
energy, weakening the substrate effect and promoting the growth of non-epitaxial (002) Zn.®

The influence of other substrates — Ti and glassy carbon —on the observed texturing behaviour
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of the Zn deposit was also investigated. Regardless of the substrate used, the same trend was
observed (Figure 3.7).

Based on the XRD result of plated Zn with and without applied pressure (Figure 3.6a-
b), the RTC of Zn (002) and Zn (100) planes were calculated (Figure 3.6c-d), which provide
insights into the preferred orientation of the plated Zn. The results demonstrate that the
application of pressure leads to a preference for the (002) plane and a reduced favourability
of the (100) plane in the plated Zn. Due to the anisotropic nature of the Zn crystal, different
Zn planes correspond to different angles between the crystal and the substrate. Specifically,
the (002) plane represents an angle of 0-30 degrees between the Zn crystal and the substrate,
while the (100) plane represents an angle of 70-90 degrees.'” RTC indicates that, while
deposited under pressure, the plated Zn exhibits a stronger preference for growth along the
basal plane, resulting in a flatter anode surface. These findings are consistent with the SEM
images. Interestingly, the extent of the influence of applied pressure in encouraging
orientation changes depends on the plated current density. At low current densities of 1 and
10 mA cm?, the RTC of Zn (002) increases by approximately 15% when depositing under
pressure. In contrast, at high current densities of 30, 60, and 120 mA cm?, the increase in RTC
of Zn (002) is less significant. RTC of the Zn (100) plane further confirms that the orientation
changes are more pronounced at lower current densities compared to higher current densities.

Zinc exhibits pronounced elastic anisotropy, where its stiffness varies significantly with
crystallographic orientation.!® Consequently, when applying mechanical pressure during
electrodeposition, individual grains of differing orientations will experience different elastic
strains. Under a given applied stress, grains aligned along elastically stiffer directions store
lower elastic strain energy, whereas grains oriented along elastically softer directions store

more.!® As the system evolves toward lower-energy states, this anisotropic distribution of
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strain energy provides a thermodynamic driving force for texture evolution.? In this study, the
application of external pressure favours grain orientations that minimise the total elastic strain
energy. Consequently, under uniaxial pressure, grains with energetically unfavourable
orientations, such as those associated with the (100) plane, are suppressed, while the low-

strain-energy (002) orientation becomes increasingly dominant in the resulting microstructure.
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Figure 3.8 XRD of Zn electrodeposition of varying current densities when plating (a) without
pressure and (b) with pressure of 5.6 MPa.

As shown in Figure 3.8, XRD also confirmed the formation of side product ZHS. The
application of pressure was found to mitigate the formation of ZHS to some extent during Zn
electrodeposition, as supported by the observation of reduced intensity of side product peaks
in the XRD analysis. This is due to the influence of pressure on the microstructure and
crystallographic orientation of the Zn deposit, which in turn affects its corrosion rate. Under
pressure, the compacted microstructure has reduced contact surface area with the electrolyte,
reducing the area available for side reactions. Additionally, different crystal planes of Zn
exhibit varying resistance to corrosion by the electrolyte. The Zn (002) plane, which has low

surface energy and high atomic density, inhibits Zn corrosion.?* After applying pressure, the
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Zn electrodeposition across different current densities becomes more oriented along the (002)
plane. Both the pressure-induced microstructure and orientation modification contribute to
the mitigation of side reactions.

Based on the results discussed above, it is evident that pressure plays a constructive
role in enhancing plating and stripping efficiency. This effect is particularly pronounced at low
plating current densities (1 and 10 mA cm2), and becomes less significant as current densities
rise to 30 mA cm™2. Our SEM images suggest this phenomenon is closely tied to the
microstructure changes in Zn deposition, with cycling conditions linked to apparently denser
morphologies yielding far less variation in CE. This is true regardless of the morphology being
achieved by plating under pressure, or plating under high current density. This large variation
in CE can be attributed to re-attaching of detached dead Zn, with the sparser and more
tortuous plated morphologies more susceptible to this. However, SEM images of samples only
provide a limited and inherently qualitative understanding of the integrity of an electroplated
anode. To build a more complete understanding of how Zn deposition structure influences CE
variation, the micro-scale mechanical properties of Zn deposition formed under different
plating current density were investigated, allowing us to quantitatively ascertain which

deposition morphologies were more or less susceptible to mechanical deformity.

3.3.3 Mechanical Properties of Electroplated Zn

The mechanical properties of electroplated Zn deposits were measured by
nanoindentation with a Berkovich diamond tip, calibrated against fused silica. The
experiments were conducted on Zn deposits prepared without pressure, and multiple
indentations were performed at different locations on each sample to obtain statistically
significant results. The indentation was performed to a maximum load of 50 mN with a hold

time of 60 s at the peak load.

95



o
o
(]

0.2 0.9
50 3 g
& £0.6
0 g 01 E= 6.2242.30 GPa %0 s H= 0.018+0.006 GPa
o [
= w1 MA cm? w 2 e L 2
E 304 10 MA cm? 0.0 1mAcm 0.0 1mAcm
> 30 MA cm2 -
S 20 60 mA cm? go2 30.2
- ——120mAcm?| § E-13.85:11.83GPa | & H= 0.022+0.014 GPa
104 g 0.1 go.1
o I
4 . 0.0 10mAcm2 | * 0.0 o 10 mA cm?
0
T T T T T B. 02 ao 2
0 5 10 15 20 25 - go.
= +
d Displacment (um) g_ o1 E=36.50£16.38 GPa 30 ] H=0.120+0.082 GPa
i 2 30 mA cm2
w Vi 30mAcm?2| A mA cm
1200 ===1mA cm2 0.0 A e 0.0{S%
c— -2
~4000- emaem? 302 E= 59.37+37.15 GPa
E 60 mA cm2 5 o4 ’Z
— 800 120 mA cm2 . Zy
E g ,/Z éé; 60 mA cm?
£ 600 0.0l %%2%%%% %
[
o
= +
ﬁ_ 400 / 3 E=60.72440.22 GPa
G200 . § o4 270> 4
g % 777 120mA cm?
0 00| 1%2%%4%%05% %t
10 20 30 40 50 60 70 0 30 60 90 120 150 180
Holding time (s) Elastic Modulus (MPa) Hardness (MPa)

Figure 3.9 (a) The typical load displacement of Zn deposited at different current densities
without external pressure. Distribution histogram of (b) elastic modulus and (c) the
hardness of Zn deposit electrode. (d) The relations of creep depth with time during the
holding time of 60 s. The fixed capacity of Zn sample preparation is 10 mAh cm™,

The fluctuation in the load-displacement curve can be attributed to the inherent
heterogeneity of deposition microstructure. From these data, typical load-displacement
curves (Figure 3.9a) were selected based on the expectation value of indentation depth using
a Gaussian distribution. The loading and unloading curves indicate that during the loading
process, the displacement increases and continues to increase during the holding time.
Subsequently, upon unloading, the material demonstrates elastic recovery by several
nanometres, signifying the dominance of plastic deformation over elastic deformation.?>?
Notably, an upward trend can be observed in the maximum displacement depth as the plating
current density is heightened. This correlation implies a connection between the plating
current density and the observed mechanical response of the plated Zn.

The elastic modulus (E) and hardness (H) of the Zn deposit were determined using the

Oliver-Pharr method,* and their distribution was described by fitting Gaussian functions
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(Figure 3.9b-c). The results reveal that both the elastic modulus and hardness of the Zn deposit
increase with higher plating current densities. Specifically, when deposited at low current
densities like 1 and 10 mA cm?, the Zn deposit exhibits relatively lower modulus and hardness,
which can be attributed to the compliance of the porous microstructure. However, at higher
current densities, the Zn deposit demonstrates higher modulus and hardness due to the
denser microstructure it acquires.

Figure 3.9d shows the indentation displacement of different samples during the
maximum load holding time of 60 s, which indicates the creep behaviour of the plated Zn. It
was found that the creep distance of the plated Zn decreases with increasing plating current
density. This trend is related to the porosity of the Zn deposit, and similar results have been
reported in other materials.>>*” The presence of pores in a material can act as stress
concentrators, accelerating the movement of dislocations and the diffusion of atoms,
ultimately leading to an increase in the creep compliance.?** Consequently, the high porosity
characteristic of the deposited Zn at 1 mA cm™ leads to heightened localised stress and
increased creep deformation. Conversely, the low porosity of the deposited Zn at 120 mA cm’
2 signifies reduced stress concentration and, therefore, diminished creep deformation.

As shown in Figure 3.10, under the applied pressure of 1.2 MPa, both elastic modulus
and hardness of deposited Zn are enhanced compared to non-pressure samples across all
current densities, indicating dense deposition. However, when the applied pressure reaches
5.4 MPa, there is an excessive amount of glass fiber residue on the deposited Zn (as shown in

Figure 3.5), making it difficult to conduct nanoindentation tests.
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Figure 3.10 Distribution histogram of (a) elastic modulus and (b) the hardness of deposited Zn
under applied pressure of 1.2 MPa.

The indentation tests comprehensively diagnose the mechanical properties of Zn
plated under various current densities, and show these properties correlate with the distinct
microstructures formed under the different current densities. The porous mossy features of
Zn plated at low current densities render it susceptible to being squashed under pressure due
to its low modulus and hardness. Conversely, the denser morphology of plated Zn at high
current densities makes it more resistant to deformation, as evidenced by its elevated
modulus and hardness. This explains how there are pronounced pressure-induced
microstructural changes in Zn electroplated at low current densities, while minimal pressure

effect is seen at high current densities.
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3.3.4 Deposition Coverage Change
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Figure 3.11 Photos of Zn electrodeposition on Zn foil at current densities of (a,f) 1, (b,g) 10,
(c,h) 30, (d,i) 60, (e,j) 120 mA cm? under 0 MPa and 5.6 MPa. The darker area is
electroplated Zn and the shining area is underlying Zn foil substrate.

In addition to the observed variations in microstructure influenced by current densities
and applied pressure, there are distinct differences in macroscopic deposition coverage, as
illustrated by the photographs of Zn foil in Figure 3.11. At low current densities of 1 and
10 mA cm?, Zn deposition appears sparse and unevenly distributed on the Zn foil. In contrast,
at higher current densities ranging from 30 to 120 mA cm™, Zn deposition is more uniform,
completely covering and concealing the underlying Zn foil. Notably, the application of pressure
is seen to enhance this coverage. The extent that the current collector is covered following
plating is an important macroscopic property, as it reflects the plating quality and is necessary
to achieve optimal capacity and stripping efficiency. The analysis first focuses on how current
density affects the macroscopic coverage of the current collector, then examines how this
effect compares to the influence of applied pressure in achieving similar coverage.

In order to study the effect of current density on macroscopic coverage, in situ
microscopy was conducted since due to its ability to capture the initial nucleation which are

crucial in shaping the final morphology and coverage of zinc deposition. In situ
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electrochemical liquid-cell TEM, allowed us to directly visualise these initial nucleation
processes at the sub-microscale.?® Electroplating from 1 M ZnSO, electrolyte on to a Pt
working electrode was performed at 10 mA cm™ (Figure 3.12a), and revealed a strong
preference for nucleation along the electrode edges, as confirmed by the intensity profile
taken across the electrode (Figure 3.12b). The coverage uniformity of Zn electrodeposition at
high plating current density of 120 mA cm™ (Figure 3.12c) showed nucleation sites were
activated across both the edge and surface regions of the working electrode, with a consistent

decrease in intensity across the whole electrode confirming this (Figure 3.12d).

Intensity (a.u.)
Intensity (a.u.)

Plating at 10 mA cm Plating at 120 mA cm™

Figure 3.12 Liquid-cell TEM imaging of Zn electroplated on a Pt working electrode. (a)
Galvanostatic Zn plating at 10 mA cm™. Annotation in panel 1 shows where box-
averaged intensity profiles were acquired from each panel. (b) Intensity profiles
extracted from the indicated area across panels 1 to 5 in Figure 3.12a. (c) Galvanostatic
Zn plating at 120 mA cm™. (d) Intensity profiles extracted from panels 1 to 5 in Figure
3.12c. The circular border in the TEM images is from the TEM condenser aperture

At low current densities, the supplied extra nucleation energy is relatively small,
leading to nuclei preferentially forming at locations where the energy conditions are most
favourable.? In this case, the electrode's edges represent energetically-favourable sites due
to the uneven distribution of the electric field.*° This phenomenon is associated with the lower
nucleation overpotential at low current densities. As plating current densities increase, the

nucleation overpotential also rises (Figure 3.4), facilitating the formation of more nucleation
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sites.?3134 These many nucleation sites, not just limited to energetically preferred edge/defect
locations, allow for high electroplated coverage across a whole electrode at high current
densities.

In situ optical microscopy (OM) provides a much larger field of view for observing Zn
deposition on Ti foil electrodes (Figure 3.13), complementing the higher-resolution
observations from liquid-cell TEM. At high current densities, OM reveals a more uniform
distribution of nucleation sites, resulting in a more homogeneous and continuous deposition

layer.
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Figure 3.13 The in situ optical microscopy images of Zn electrodeposition in 1 M ZnSQO;, at a
current density of (a) 10 mA cm and (b) 120 mA cm™ with a fixed capacity of 1 mAh
cm2. The scale bar is 400 pm.

Electroplating under applied pressure, instead of at a high rate, was also found to
improve electrode coverage, as shown in Figure 3.10. This is further supported by SEM of Zn
electrodeposition plated at 10 and 120 mA cm™? with and without pressure (Figure 3.14).
Uneven Zn deposition at 10 mA cm was largely removed by cycling under pressure (Figure
3.14b,d), offering an analogous result to cycling under a high 120 mA cm™ current density
(Figure 3.14g). This shows that the favourable coverage performance found when
electroplating under high current densities may also be achieved at modest rates, as long as
external pressure is applied to the cell. However, from the voltage profiles in Figure 3.4, the

nucleation overpotential does not consistently increase with the application of pressure to
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the cell, as it does with current density. This suggests that the mechanism that leads to good
electrode coverage due to pressure application is distinct to the high nucleation rate found by
plating at high current rates. Therefore, the improvement in coverage instead is due to

pressure-induced changes to the growth stage of electrodeposition, rather than nucleation.

Plating at 10 mA cm2 Plating at 120 mA cm?

-----------------------------------------------------------------------------------------------------
B

Without pressure

With pressure

>y ) 4

Without pressure

With pressure

-----------------------------------------------------------------------------------------------------

Figure 3.14 SEM image and schematic of Zn electrodeposition on Zn foil in pouch cell when
deposited (a) without applied pressure at 10 mA cm?, (b) with applied pressure of
5.6 MPa at 10 mA cm™?, (c) without applied pressure at 120 mA cm?, and (d) with
applied pressure of 5.6 MPa at 120 mA cm. The capacity of Zn deposited was fixed at
1 mAh cm™2.

The differences in Zn coverage uniformity observed with and without applied pressure
are attributed to similar effects found in previous Li and Na metal anode studies,*3>3¢ where
the application of pressure changes the post-nucleation growth stage of the deposition.
Without additional external pressure, Zn deposition grows freely in the vertical direction,
perpendicular to the anode surface (Figure 3.14e, schematic). However, under external
pressure, further deposited Zn tends to grow laterally along with the anode (Figure 3.14f),
forcing coalescence of what would otherwise be spread out initial nucleation sites.?”*® This
behaviour is due to the additional force experienced by the dendrite as it comes up against
the separator in a squeezed cell, causing further deposition along this interface to be

energetically unfavourable due to increasing the compressive stress component of the
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deposition’s Gibbs free energy.?®* Zhang et al. used a mechano-electrochemical phase field
model to reproduce metal deposition under various pressures, and found that there is
maximum hydrostatic pressure at the tip of dendrite, which largely inhibits tip growth and
promotes the lateral growth.?® Further deposition occurs along the lateral interfaces, leading
to improved surface coverage. This is reinforced by our mechanical measurements, which
show that the electroplated structures deposited under low current rates are pliant and

susceptible to be compressed over the electrode surface.

3.3.5 Full Cell Study

To demonstrate the practical utility of applying an external pressure, a standard full
cell aqueous ZIBs configuration was assembled to show the effect of pressure on the
performance of a Zn anode paired with a MnO. cathode. When comparing the performance
of the full cell under different pressure conditions, it was observed that all three cells exhibited
similar initial discharge capacities of approximately 74 mAh g (Figure 3.15a-c). However,
after undergoing 100 cycles, the cell without applied pressure experienced a severe capacity
decline, retaining only 23.6% of its initial capacity. In contrast, the cell subjected to 1.2 MPa
of applied pressure showed improved capacity retention of 59.2%, and the cell cycled under
5.6 MPa of pressure demonstrated remarkable performance, retaining an impressive 99.3%

of its initial capacity (Figure 3.15d).

103



184{a 1t 1.8 181 C
= —_— 0t | = =
&31.5- _m;"m 515 1st &31.5-
e 50th e | St
c ] c —100th S14l —0th
g 1.4 I%1.4 E 14 e 100t
0 1.2 012 0 1.2
) 1.0 3’1 0 8’1 0
8 101 sl 8101
° o °
> 0.8 =08 > 0.8
0.6 . 0.6 . 0.6 :
20 40 60 80 0 20 40 60 80 0 20 40 60 80
Capacity (mAhg™) Capacity (mAh g) Capacity (mAhg™) 120
120 - ¢ OMPae 12MPa® 56 MPa
< 100
£ 100 - P
2 80 80
8 60>
-3 °" w
15 o
o 40
H
= 20
]
0
a 0
T
80 100

Figure 3.15 The charging/discharging curve of a Zn/MnO; pouch cell with loading mass of 3.6
mg cm2 in 1 M ZnSO4 electrolyte cycled at 3.6 mA cm? (1 A g') (a) without external
pressure, (b) with 1.2 MPa pressure, and (c) with 5.6 MPa pressure. (d) The cycling
performance of a Zn/MnO; pouch cell under different pressures. (e-g) SEM images of
the Zn anode after cycling 100 times (e) without external pressure, (f) with 1.2 MPa
applied pressure, and (g) with 5.6 MPa applied pressure.

To further investigate the influence of pressure on the Zn anode, the Zn/MnO; full cell
was disassembled, and the status of the Zn anode was examined using SEM. The SEM images
in Figure 3.15e revealed that in the absence of pressure, there were noticeable clusters of
large Zn flakes present on the surface of the anode. However, when pressure was applied, the

Zn anode appears to have a flatter and compacted surface (Figure 3.15f-g), which is consistent

with prior half-cell anode studies.
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Figure 3.16 The charging/discharging curve of a Zn/V,0s pouch cell with loading mass of 8.16
mg cm2 with 1 M ZnSO; electrolyte cycled at 8.16 mA cm2 (1 A g!) (a) without external
pressure, (b) with 5.6 MPa pressure. (d) The cycling performance of a Zn/V,0s pouch
cell under different applied pressures.

To verify the compatibility of cell pressurisation across different full cell types, full cells
with other cathode materials V05 was also studied. As shown in Figure 3.16, the cells
subjected to externally applied pressure exhibited better capacity retention compared to
those without applied pressure. The initial increase in capacity may be attributed to structural
changes within the cathode. According to previous studies,*® during the initial cycling process,
the insertion of water molecules and H* ions activates V,0s, transforming it into a hydrated
phase, V20s5-nH;0. This hydrated phase serves as the host material for subsequent cycling. The
expanded interlayer spacing in V,0s-nH,0 compared to pristine V,0s facilitates Zn insertion
and enhances structural stability. Further confirmation of this transformation could be
obtained through ex situ XRD analysis.

Overall, these results highlight the significant impact of pressure on the performance

and stability of ZIB full cell. The application of pressure plays a crucial role in maintaining the
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structural stability of the Zn anode, potentially mitigating the formation of detrimental Zn

flakes and improving overall cell performance.

3.4 Conclusion

Electroplating Zn metal anodes under externally applied pressure enables durable
repeatable cycling under cathode-compatible areal current densities of between 1 and
10 mA cm™. This is due to the pressure-induced morphology changes of the deposited
structures, resulting in a Zn microstructure that is more robust to metal detachment during
stripping. This limits anode degradation from both dead Zn formation and corrosion losses.
Mechanical microstructure measurements show that Zn electroplated under cathode-
compatible areal current densities is more pliant to compression-induced deformation, hence
the significant improvement in cycling performances found when electroplating under
pressure with these lower rates. These pliant electrodeposited Zn structures also permit well
anode coverage when plated under pressure, comparable to plating under high rates, due to
the restriction of zinc growth outward from the electrode and instead confining it to the
electrode plane. These findings are reflected in drastically improved full-cell cycling
performances when they are operated under applied pressure. While applying pressure in the
practical application presents challenges, lessons learned from solid-state batteries, which
require external pressure to enhance cell cyclability, suggest that it may be feasible to

implement pressure by packing cells in large stacks within appropriate metallic cases.
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4.1 Introduction

Many studies have claimed that introducing Mn?* additives into the electrolyte can
suppress MnO; degradation. The intent is to shift the disproportionation equilibrium (2Mn3*
-> Mn% + Mn*) and suppress further Mn dissolution by stabilising Mn?*.1 This strategy has
become widespread in the field, with numerous reports demonstrating substantial
improvements in cycling performance from including Mn electrolyte additive.>> However,
emerging evidence challenges this interpretation. Recent operando and ex situ studies
suggest that Mn?* can actively participate in the charge storage process.® This duality renders
the role of Mn?* ambiguous, and raises critical questions about the nature of MnO> dissolution:
Is it inherently detrimental, or is it an essential component of the redox cycle? If both solid-
phase MnO, and Mn?* additive contribute to capacity, how can their individual contributions
be decoupled and quantified? Does the Mn?* electrolyte additive genuinely suppress cathode
dissolution or does it merely compensate for it, acting as a Mn reservoir? These unresolved
questions are central to how MnO:-based AZIBs are designed, evaluated, and interpreted.

In this chapter, the electrochemical role of Mn?* additives in Zn/MnO; batteries was
systematically investigated based on electrochemical profiling and characterisation method
with operando XRF mapping.

By decoupling capacity contributions, it is found that Mn?* additives have no effect
during the initial discharge. However, during the first charge, Mn?* significantly contributes to
capacity. Over long-term cycling, Mn?* additives improve cycling stability, but not by
suppressing Mn dissolution. Instead, the Mn?* additives act as a soluble redox reservoir,
supplying additional active material during charging. For instance, in a typical CR2032 cell with
140 pL of electrolyte, 0.1 M and 0.4 M Mn?* additive correspond to ~1.23 mg and ~4.92 mg

of MnO,-equivalent active material, respectively. This artificially inflates coulombic efficiency
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and masks the irreversible losses originating from the MnO; cathode, giving the false
impression of long-term cycling stability. However, the additive does not address the cathode’s
irreversible degradation.

Our results identify capacity fading persists regardless of Mn?* additive inclusion,
arising from two fundamental degradation mechanisms: incomplete MnO: dissolution during
discharge, and incomplete Mn?* redeposition during charge. These inefficiencies result in the
partial utilization of both the solid-state MnO> cathode and the soluble Mn?* additive active

material, limiting the full electrochemical potential of the system.

4.2 Experimental Methods

Materials Preparation:

Synthesis of Alpha Phase MnO>:

Alpha-phase MnO; was synthesised using the hydrothermal method. Solution A was
prepared by dissolving 0.486 g KMnQO4 (98%, Alfa Aesar) in 60 mL of DI water and magnetically
stirring for 30 minutes. Solution B was prepared by dissolving 1.135 g Mn(CHsCOO),-4H,0
(99%, Sigma-Aldrich) in 20 mL of DI water and stirring for 30 minutes. Solution B was added
to Solution A and stirred for 60 minutes. The resulting mixture was then transferred to a 100
mL Teflon autoclave and heated at 120 °C for 12 h. After the reaction was complete, the
powder was rinsed with DI water and vacuum dried at 70 °C for 12 h.

Synthesis of Delta Phase MnO;:

Delta-phase MnO; was synthesised using the hydrothermal method. Solution A was
prepared by dissolving 1.98 g KMnO4 (98%, Alfa Aesar) in 40 mL of DI water and magnetically
stirring for 30 minutes. Solution B was prepared by dissolving 0.336 g MnSO4-H,0 (99%, Sigma-

Aldrich) in 40 mL of DI water and stirring for 30 minutes. Solution B was added to Solution A
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and stirred for 60 minutes. The resulting mixture was then transferred to a 100 mL Teflon
autoclave and heated at 160 °C for 24 h. After the reaction was complete, the powder was
rinsed with DI water and vacuum dried at 70 °C for 12 h.

Electrochemistry:

The free-standing MnO; cathode film was prepared by thoroughly mixing MnO,,
acetylene black carbon (99.9+%, Thermo Scientific Chemicals), and PTFE in a mass ratio of
7:2:1 using a pestle and mortar. The resulting mixture was mechanically rolled into a film
approximately 0.1 mm thick. For the operando XRF cells, MnO; film samples were cut into 0.5
x 0.5 mm? pieces, each weighing about 2.3 mg. In the operando XRF experiments, all cathode
films were prepared with a consistent mass of 2.3 mg to ensure comparability between
samples. In the operando cell, a Zn metal anode was used, with an electrolyte volume of 50
uL and two layers of separators (0.6 x 0.6 mm?) incorporated. For coin cells, CR2032 were
assembled using an anode, MnO: film (5-10 mg), and two layers of glass fiber separators (22
mg each) soaked in 140 uL of electrolyte. Three electrolyte compositions were investigated: 1
M Zn(CF3S03)2, 1 M Zn(CF3S03),; with 0.1 M Mn(CF3S0s)2, and 1 M Zn(CF3S0s), with 0.4 M
Mn(CF3S03),. Zinc trifluoromethanesulfonate (Zn(CF3SO0s)2, 98%, Sigma-Aldrich) and
manganese trifluoromethanesulfonate (Mn(CF3S03),, 95%, Sigma-Aldrich) were used as
received. All electrochemical tests were performed at room temperature using a Maccor
Series 4000 battery tester.

In-situ Characterisation:

An MTI operando cell was employed to monitor Mn and Zn species in real time during
electrochemical cycling. The cell configuration consisted of a Zn anode, an a-MnO; cathode,
and an electrolyte soaked into two stacked separators. Due to the compact design, the

separators were sized at 6 mm x 6 mm, and the total electrolyte volume was limited to 50 pL.

112



As a result of this reduced electrolyte volume, the electrochemical performance of the
operando cell differs from that of a conventional coin cell. Three electrolyte formulations were
investigated in this setup: 1 M Zn(CF3S03)2, 1 M Zn(CF3S03),; + 0.1 M Mn(CF3S0s)2, and 1 M
Zn(CF3S03); + 0.4 M Mn(CF3S0s3),. A Kapton film was applied to the top of the cell to ensure X-
ray transparency.

Operando micro-XRF (pu-XRF) mapping was carried out at the PolyX beamlinel at
SOLARIS National Synchrotron Radiation Centre. A monochromatic X-ray beam from the 1.3 T
bending magnet was generated using a Si<111> water cooled double crystal monochromator.
The beam was focused to a 5 um spot using ellipsoidal monocapillary optics (Sigray) with a
20 nm-thick Pt inner coating and a 20 mm working distance. Samples were mounted on a
motorised translation stage system to perform 2D raster scans with 15um scan step. X-ray
fluorescence spectra were acquired using two Hitachi Vortex EM360 silicon drift detectors
(ML3.3 extreme, 25 um Be windows, 0.5 mm Si sensor thickness, 100 mm? active area), each
coupled to an XGlab Dante digital pulse processor. The detectors were positioned in a
backscatter geometry (45° from the sample surface), with the incident beam oriented normal
to the sample. 2D elemental maps were collected in continuous scan mode for horizontal
motion and point-by-point for vertical motion. Count rates within the selected energy regions
of interest were normalised by the detectors’ live time and the incident beam intensity,
measured using an ionisation chamber. Data from the two detectors were summed with
appropriate scaling, accounting for their relative sensitivity to Mn and Zn signals.

Micro-XAS data at PolyX beamline were collected from the separator during cell
operation after each XRF mapping was taken using focusing monocapillary optics (Sigray) with
5um focal spot. All electrochemical measurements were performed at room temperature

using a Gamry potentiostat.
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Ex-situ Characterisation:

The ex-situ characterisation was conducted on MnO; film or powder samples after
charging/discharging to specific states of charge and disassembly from coin cells. The cathode
film or powder was thoroughly rinsed several times with DI water to remove any residual
electrolyte, followed by vacuum drying at 70 °C.

Powder X-ray diffraction (PXRD) was performed using a Rigaku Miniflex diffractometer
with Cu Kal radiation. The PXRD data were analysed using the Rietveld refinement method
with GSAS-II software.

SEM images were obtained using a Carl Zeiss Merlin field emission scanning electron
microscope. HRTEM was carried out using a JEOL JEM-2100 operating at 200 kV.

Hard XAS was conducted at beamline BM28 XMaS of the ESRF (European Synchrotron
Radiation Facility) synchrotron source. In BM28, XAS measurements were performed in
transmission yield. The beamline optics consists of an LN, cooled Si <111> monochromator,
as the primary optical element, followed by toroidal mirror focusing the beam onto the sample.
Oken ion chambers were used to record both the “10” and “It” absorption spectra.

For ICP-OES analysis of the electrolyte, the separator closest to the anode side was
collected, while the separator near the cathode side was discarded due to residual cathode
material. The separator was soaked in concentrated nitric acid for 3 days, then diluted with 2%
nitric acid prior to ICP-OES analysis. The sample preparation was carried out by me, while the

measurements were performed by Dr. Lijiang Song at the university of Warwick.

114



4.3 Results and Discussion

4.3.1 Electrochemical Performance
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Figure 4.1 (a) Rietveld refinement of the XRD pattern of a-MnO,, showing a tunnel structure
with K* ions and refined using the 14/m space group. (b) HRTEM images of a-MnO;
nanorods.

To investigate and decouple the relative roles of Mn?* electrolyte additive and the
MnO; cathode, the a-MnO; cathode was studied in aqueous ZIBs. The a-MnO; polymorph
was selected due to its relatively high capacity and extensive prior study, making it a
compelling starting point. a-MnO; was synthesised via a hydrothermal method using KMnOa4
and Mn(CHsCOOQ); as precursors. This synthesis route inherently introduces residual K* ions
into the tunnel structure of a-MnQ,, as confirmed by Rietveld refinement of the XRD pattern
with the 14/m space group (Figure 4.1a). HRTEM images reveal that the synthesised a-MnO;
exhibits a nanorod morphology, with rod lengths of several micrometers and widths of
approximately 10 nanometers (Figure 4.1b). The high magnification HRTEM (Figure 4.1b)
shows a lattice spacing of 3.1 A, which correlates with the (130) plane diffraction data.

To directly monitor Mn spatial dynamics in electrolyte during electrochemical cycling
and to resolve the respective contributions of Mn?* additives and the MnO> cathode, it is
essential to monitor Mn content in the electrolyte in real time during battery operation.

Conventional techniques, such as ICP-OES and ultraviolet-visible (UV-Vis) spectroscopy, have
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some limitations. ICP-OES requires disassembling the cell and destroying the separator,
making it incompatible with operando measurements. Operando UV-Vis spectroscopy
experiments would typically require a significant electrolyte volume (~ml) to reliably measure
concentrations, skewing the electrolyte to electrode ratio well beyond that found in a practical
cell.®” In this work, operando XRF spectroscopy is employed to enable real-time, element-
specific quantification of Mn directly within the electrolyte during cycling. Our operando cell
closely replicates the structure of a coin cell, enabling tracking of Mn content in a

representative setup.
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Figure 4.2 (a) Cycling performance (discharge capacity) of operando electrochemical cells with
a-MnO; cathodes in three different electrolytes: 1 M Zn(CF3S03),, 1 M Zn(CF3S0s)2 +
0.1 M Mn(CF3S03)2, and 1 M Zn(CF3S03)2 + 0.4 M Mn(CF3S03)s. (b) First-cycle voltage
profiles of a-MnQ; cathodes in the three electrolytes. The cells are operated at a
current density of 100 mA g,

The cycling performance of this operando electrochemical cell used for XRF is shown
in Figure 4.2a. a-MnO; cathodes were tested in three electrolytes: a baseline of 1 M
Zn(CF3S0s),, and two modified electrolytes containing Mn?* additives at concentrations of 0.1
M and 0.4 M, respectively. As expected, increased Mn?* additive concentrations lead to
improved cycling performance, a commonly observed phenomenon in aqueous Zn/MnO;
cells.? This improvement is often attributed by the literature to the added Mn?* suppressing

Mn dissolution from the cathode, thereby enhancing stability.®
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However, our electrochemical curve of the first cycle challenges this conventional
interpretation (Figure 4.2b). Across all three electrolyte conditions, the initial discharge
capacities are nearly identical, suggesting that Mn?* additives do not significantly alter the
discharge process. However, the first charge capacities increase markedly with higher Mn?*
additive concentrations. This divergence in charge capacity indicates that Mn?* additives may
play an active electrochemical role during charging. Similar first cycle charge and discharge
behavior resulting from including Mn additive has been reported in the literature.’2 These
observations suggest that the enhanced cycling performance may stem from a distinct
mechanism involving Mn?*, which will be further explored through operando XRF analysis in

Figure 4.6 to elucidate the dynamics of Mn dissolution and deposition.
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Figure 4.3 Comparison of the first-cycle performance of a-MnO; in coin cells and operando
cells at a current density of 100 mA g in the following electrolytes: (a) 1 M Zn(CF3S0s),,
(b) 1M Zn(CF3503)z +0.1M Mn(CF3503)2, and (C) 1M Zn(CF3503)2 +0.4M Mn(CF3SO3)z.

To validate that the electrochemical behaviour observed in the operando cell is
representative of coin cell performance, a direct comparison between the two configurations
is presented in Figure 4.3 and 4.4. The difference in electrochemical performance between
the coin cell and operando cell primarily arise from differences in stack pressure and
electrolyte volume. Coin cells benefit from higher stack pressure, resulting in reduced
polarisation, as shown in Figure 4.3. Additionally, discharge capacity is strongly linked to the

MnO; dissolution process, which is pH-dependent. The larger electrolyte volume in the coin
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cell provides more protons at the same concentration, allowing more MnO; to dissolve before
reaching pH equilibrium, thereby yielding a higher discharge capacity.

However, when comparing the first-cycle load curves and long-term cycling
performance of the coin and operando cells, the trends align well, which is shown in Figure
4.4. All three electrolyte conditions exhibit similar first-cycle discharge capacities, and the 0.4
M Mn?* additive leads to a higher charge capacity in both configurations. These consistent
trends confirm that our operando cell is representative and suitable for investigating the

fundamental role of Mn?* additives in aqueous Zn/MnO; batteries.
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Figure 4.4 (a) First-cycle voltage profiles of a-MnO; cathodes in coin cells using different
electrolytes. (b) Cycling performance (discharge capacity) of coin cells with a-MnO
cathodes in three electrolytes: 1 M Zn(CF3S0s)2, 1 M Zn(CF3S03)2 + 0.1 M Mn(CF3S03)a,
and 1 M Zn(CFsS03); + 0.4 M Mn(CF3S0s)». All cells were cycled at a current density of
100 mA gL,

4.3.2 Mn Dynamics at First Cycle

To diagnose the role of Mn?* additives, operando microprobe XRF mapping was
employed to monitor the spatial and temporal variations of Mn and Zn concentrations,
focusing particularly on the first cycle. XRF operates by detecting characteristic fluorescence
X-rays emitted by the sample when irradiated with a primary X-ray beam. The beam size used
was 5 um, allowing high spatial resolution mapping of Mn and Zn distribution within the

separator. With a penetration depth in the micrometer range,!®> XRF is well-suited for
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capturing representative changes in elemental concentrations within the separator. The
beamline setup is shown in Figure 4.5a. Figure 4.5b-c presents a schematic of the transverse-
type cell design, which features an exposed anode-electrolyte-cathode cross-section to
enable direct probing of the electrolyte region. The average Mn and Zn concentrations were
derived from the XRF maps across the electrolyte cross-section between anode and cathode.
The lateral line feature visible across the middle of the operando XRF maps is a result of the

two-layer separator (Figure 4.5b).
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Figure 4.5 (a) Schematic of the beamline setup for the operando cell. (b) Photograph of the
operando cell, with an inset showing the two-layered separators, which contribute to
the distorted line observed in XRF mapping results. (c) Detailed schematic illustrating
the assembly of the operando cell.

In the baseline 1 M Zn(CF3S0s); electrolyte, a-MnO; undergoes dissolution during the
first discharge, leading to a noticeable increase in Mn?* concentration within the electrolyte
(Figure 4.6a). Initially, the Mn?* concentration was negligible, but during the first discharge, it
increased to approximately 0.1 M. Given an electrolyte volume of 50 uL, the mass of MnO;
dissolved into the electrolyte during the first discharge to yield this concentration increase

would be 0.44 mg. Considering the initial MnO, mass was 2.3 mg, this dissolution represents
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approximately 18.9 wt% of the initial material. Assuming the entire discharge capacity (137
mAh g?) originates from the MnO,/Mn?* redox dissolution reaction, which has a theoretical
capacity of 618 mAh g1, the theoretical dissolved MnO; fraction would be approximately 22.2
wt%. The discrepancy between the theoretical dissolution (22.2 wt%) and the experimentally
observed value (18.9 wt%) suggests that additional charge storage mechanisms, such as Zn?*
intercalation, also contribute to the overall capacity. This will be further confirmed in Figure
4.10. Nevertheless, the majority of the discharge capacity, around 85%, can be attributed to
the MnO; dissolution process. This dissolution is reversible, as Mn?* concentration decreases
during charging due to redeposition of Mn. However, a residual Mn concentration of ~0.04 M
remains even at the end of charging, suggesting incomplete redeposition, which contributes
to the low coulombic efficiency (charge capacity/discharge capacity) observed during the first
cycle in the baseline electrolyte.

For the electrolyte with a moderate Mn additive concentration of 0.1 M Mn(CFsS0s3);
(Figure 4.6b), it is found that the Mn concentration trends closely resemble those observed in
the baseline electrolyte. During the first discharge, the Mn concentration change remains
approximately 0.1 M, indicating that the presence of Mn additive does not alter the Mn
dissolution extent. However, after the first charge, the Mn concentration exhibits significant
reversibility, attributed to the involvement of the pre-added Mn?* in the oxidative deposition
process.

To clarify this behaviour, a higher Mn additive concentration of 0.4 M was also studied
(Figure 4.6c¢). Consistent with previous observations, the amount of MnO, dissolved during
the first discharge remains unchanged. Interestingly, after the first charge, the Mn
concentration decreases to 0.33 M, even lower than the initial pristine value of 0.36 M. This

net consumption of Mn?* directly explains the observed first-cycle coulombic efficiency
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exceeding 100%. The excess Mn?* present in the initial electrolyte contributes additional
charge capacity via electrodeposition (Mn?* — MnO,) during charging. Although coulombic
efficiencies above 100% during the first cycle are frequently reported in aqueous Zn/MnO;
batteries with Mn additive in the electrolyte,?>141> the underlying mechanisms have not been

extensively studied. The operando XRF mapping provides direct evidence and insight into this
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Figure 4.6 (a—c) First-cycle electrochemical performance of a-MnO; in different electrolytes,
with corresponding average Mn and Zn concentrations across the electrolyte cross-
section derived from XRF mapping. Operando XRF maps show Mn K-edge (blue) and
Zn K-edge (red) distributions at key states of charge, labelled as A, B, C, D, E in the load
curve. Electrolyte compositions: (a) 1 M Zn(CFsS0s),, (b) 1 M Zn(CF3S0s3)2 + 0.1 M
Mn(CF3S03)3, (¢) 1 M Zn(CF3S03); + 0.4 M Mn(CF3sS0s3) 2. The Mn and Zn concentrations
were calibrated using reference solutions. The mapped area of the separator in the
operando measurement is approximately 400 x 160 um.

By combining the operando XRF with the electrochemical data, the respective

contributions of Mn?* additives and the MnO> cathode during both discharge and charge
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processes were decoupled. This finding shows that across all electrolytes, regardless of
whether Mn?* additives are present or their concentration, the extent of MnO; dissolution
during discharge remains unchanged. This indicates that Mn?* additives do not suppress MnO>
dissolution, directly challenging the traditional assumption that Mn?* inhibit cathode

dissolution to enhance cycling stability.
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Figure 4.7 Histogram showing the contributions to a-MnO, charge capacity at first cycle from
the electrolyte and the cathode in different electrolytes, calculated from the
electrochemical curves in Figure 4.2b.

The key to the improvement in cycling performance upon Mn?* addition actually lies
in the first charging process. In the baseline electrolyte without Mn?* additives, the charge
capacity is entirely attributed to the cathode, via reoxidation of dissolved Mn?* (originally from
the cathode) and Zn?* deintercalation from the solid MnO,. However, when Mn?* additives are
present (at 0.1 M or 0.4 M), an additional charge capacity manifests that can be attributed to
the electrochemical oxidation of the additive Mn?*. Quantitatively, at 0.1 M Mn?*, 21% of the
charge capacity originates from the additive, while 79% is from the cathode. At 0.4 M Mn?*,
the additive accounts for 29%, and the cathode for 71%. These results are summarised in the
histogram shown in Figure 4.7. The new deposited MnO from Mn?* addition then participates

in the subsequent discharge, contributing to a higher capacity in the second cycle, artificially
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improving capacity retention. Operando XRF mapping directly reveals that this enhanced
performance upon Mn?* addition results from the increased soluble Mn active material rather
than suppression of Mn dissolution.

In addition to tracking Mn redox behavior, the operando setup also enables
simultaneous monitoring of Zn concentration dynamics (Figure 4.6a-c), revealing an
interesting trend: the Zn concentration decreases during the first discharge. Although Zn
dissolution at the anode generates Zn?* during discharge, a competing process at the cathode
dominates. Specifically, MnO;, dissolution consumes protons, increasing the local pH and
promoting the precipitation of zinc hydroxide triflate Znx(CF3SO3),(OH)2x-,-nH20 (ZHT), as
confirmed later in Figure 4.12. As a result, ZHT precipitation at the cathode consumes Zn?*
more rapidly than it is generated at the anode, leading to a net decrease in Zn?* concentration.
During charging, Mn?* redeposition at the cathode releases protons. This acidic shift drives
ZHT dissolution (as confirmed in Figure 4.12), releasing Zn?* back into the electrolyte. This
causes Zn?* levels to rise again. However, Zn?* does not fully return to its initial concentration
by the end of the cycle, likely due to some irreversible ZHT precipitation at the anode.

This dynamic fluctuation of Zn?* concentration observed via operando XRF highlights
a critical limitation in commonly used normalisation strategies for measuring electrolyte
concentration changes. Studies typically rely on Mn/Zn intensity ratios for normalisation,
often derived from ICP-OES to assess Mn concentration changes in the electrolyte 817
However, the operando XRF results show that this approach is not appropriate, as the Zn?*
concentration in aqueous electrolytes is not constant; it fluctuates due to reactions at both
the anode and cathode side (see reaction scheme below).

At the cathode:

MnO; + 4H* + 2e” = Mn?* (aq) + 2H20
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xZn?* + yCF3S03% + (2x-y)OH + nH,0 = Zny(CF3503),(OH)2xy-nH,0
At the anode:
Zn(s) = Zn**(aq) + 2e
XxZn?* + yCF3S03% + (2x-y)OH" + nH,0 - Zn,(CF3503),(OH)2x.-nH20
To illustrate the importance of this dependence, XRF data was plotted in two ways
(Figure 4.8): one based on absolute Mn concentration, and the other using the Mn/Zn ratio.
Although both methods show a broadly reversible trend, the numerical values differ
significantly, underscoring the potential inaccuracies introduced by relying on relative ratios

for quantification.
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Figure 4.8 (a) Absolute Mn concentration and (b) relative Mn/Zn ratio in the electrolyte at
different states of charge for cells containing 1 M Zn(CF3S03)2, 1 M Zn(CF3S03), + 0.1
M Mn(CF3503)z, and 1 M Zn(CF3503)2 + 0.4 M I\/In(CF3503)2. All data are based on
operando XRF results from the operando cell.

Taking advantage of the beamline configuration, it also allows us to confirm the
valence state of Mn in the electrolyte. Some studies have suggested that Mn3* (aq) exists as a
transient species in solution before disproportionating into Mn?* (aq) and Mn0,.18° Using the
operando setup, micro X-ray absorption spectroscopy (uXAS) at the Mn K-edge (Figure 4.9)

was performed on the electrolyte after each XRF mapping scan to detect any transient Mn
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species. These measurements confirmed that Mn in the bulk electrolyte remains in the +2

oxidation state throughout the cycling process.
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Figure 4.9 Micro-XAS spectra at the Mn K-edge collected from the electrolyte at different
states of charge—pristine (P), full discharge (FD), and full charge (FC)—for cells using
(a) 1M Zn(CF3503)z, (b) 1M Zn(CF3503)2 +0.1M Mn(CF3503)2, and (C) 1M Zn(CF3503)2
+ 0.4 M Mn(CF3S03)s.

4.3.3 Spectroscopic and Structural Characterisation

To further confirm that the majority of the capacity originates from the Mn
dissolution/redeposition process, with minimal contribution from Zn%*
intercalation/deintercalation, ex situ XANES spectroscopy at the Mn K-edge was performed
(Figure 4.10a,c,e). Regardless of the presence or absence of Mn additives, only a slight
reduction in Mn valence was observed during discharge, corresponding to limited Zn?*
intercalation. Based on the XRF results discussed earlier (Figure 4.6), approximately 85% of
the discharge capacity originates from Mn dissolution, with the remaining ~15% attributable
to Zn?* intercalation. During the charging process, the Mn valence did not return to its pristine
state, suggesting an even smaller contribution from Zn?* deintercalation to the charge capacity.
To further isolate the contribution of Zn?* intercalation/deintercalation, a-MnO; was cycled in
a pure organic electrolyte, where the dissolution—deposition mechanism is largely suppressed.
Interestingly, the Mn K-edge XANES spectra (Figure 4.11) displayed spectral shifts comparable

to those in aqueous systems. This indicates that even in the absence of significant Mn
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dissolution, the redox activity associated with Zn?* intercalation/deintercalation remains
limited.
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Figure 4.10 Mn K-edge XANES and EXAFS of a-MnQO; cathodes at P, first-cycle FD, and first-
cycle FC states in different electrolytes: (a, b) 1 M Zn(CFsS0s3), (c, d) 1 M Zn(CF3S0s); +
0.1 M Mn(CF3S0s); and (e, f) 1 M Zn(CF3S0s3); + 0.4 M Mn(CF3S0s),. Panels (a), (c), and
(e) show the Mn K-edge XANES, while panels (b), (d), and (f) display the corresponding
EXAFS spectra. “Mn-Mn es” means the Mn—Mn distances in edge-sharing octahedra
and “Mn-Mn cs” means the Mn—Mn distances in corner-sharing octahedra.
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Figure 4.11 (a) The first cycle load curve of of a-MnQ; in organic electrolyte 1 M Zn(CF3sS0s3);
in acetonitrile. (b) Mn K-edge XANES of a-MnO; cathodes at P, first-cycle FD, and first-
cycle FC states in this organic electrolyte. The cell was cycled at a current density of
100 mA gL,

EXAFS analysis was employed to investigate the local structural evolution of MnO;
during cycling (Figure 4.10b,d,f), providing atomic-scale insights into the dissolution-
redeposition mechanism. The pristine MnO2 spectrum exhibits characteristic peaks at 1.5 A
(Mn-0), 2.3 A (Mn-Mn edge-sharing), and 3.1 A (Mn-Mn corner-sharing), confirming the
characteristic tunnel structure of a-MnO,. Upon discharge, all three peaks exhibit comparable
attenuation, indicating similar dissolution extent of the a-MnO; in all electrolytes. The
subsequent charge cycle exhibits distinct recovery behaviour that varies depending on the
electrolyte composition. The Mn—0 coordination shows limited recovery in 1 M Zn(CF3S0s3);
due to less MnO; redeposition, but significantly improves with 0.4 M Mn(CFsS0s3),, reflecting
enhanced MnO; deposition due to the supplemental additive Mn?* present, consistent with
XRF results.

Notably, the Mn—Mn corner-sharing interaction at 3.1 A which is a key structural
fingerprint of the a-MnO; tunnel framework decreases even when Mn—0 coordination is

recovered at the top of charge. This indicates that the original a-MnQO; structure is lost, and
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the redeposited MnO; adopts a different structure rather than restoring the original tunnel

framework.
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Figure 4.12 (a—c) XRD patterns of a-MnO; cathodes at P, first-cycle FD, and first-cycle FC states
in the following electrolytes: (a) 1 M Zn(CF3S0s)2, (b) 1 M Zn(CFsS0s3); + 0.1 M
Mn(CF3SO3)2, (C) 1M Zn(CF3503)2 +0.4 M Mn(CF3503)2.

To further explore these structural changes, ex situ XRD was performed on a-MnO;
during the first cycle in three electrolytes (1 M Zn(CF3S0s), without Mn additive, and with 0.1
M and 0.4 M Mn(CFsS0s), additives). In all cases (Figure 4.12), the discharged samples

exhibited diffraction peaks corresponding to ZHT,2%22 which is due to Mn dissolution during
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discharge. This dissolution consumes protons, leading to a local increase in pH and subsequent
ZHT precipitation. Interestingly, the charged samples in all three electrolytes displayed
diffraction patterns nearly identical to that of the pristine a-MnO,, with no additional peaks
observed, making it difficult to determine the exact phase of the electrodeposited MnO..
Minor lattice expansion during discharge and partial recovery during charge were observed in
all samples, consistent with XANES data and indicating limited Zn?* intercalation and

deintercalation (Figure 4.12).

4.3.4 TEM Characterisation

a-MnO, FC in 1M Zn(CF,50,),

Figure 4.13 HRTEM images of the a-MnO; cathode at the FC state in: (a) 1 M Zn(CF3S0s),, (b)
1 M Zn(CF3S03); + 0.1 M Mn(CF3S03); and (c) 1 M Zn(CF3S03), + 0.4 M Mn(CF3S0s)2.
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To identify structural changes that can elude the ensemble measurement of XRD,
HRTEM was performed on the charged a-MnO; samples. Compared to the pristine nanorod
morphology of a-MnO; (Figure 4.1b), newly formed nanoparticulate features were observed
decorating the nanorods after charging. The abundance of these nanoparticles increased with
higher concentrations of Mn?* additive in the electrolyte, correlating with the enhanced
charge capacity and suggesting their identity as electrodeposited MnO,, as shown in Figure
4.13.

Enlarged HRTEM is shown in Figure 4.14a-c and high magnification HRTEM imaging
(Figure 4.14d,e) revealed lattice fringes within these particles, demonstrating that they are
crystalline rather than amorphous. Although many studies have described electrodeposited
MnO, as amorphous based on the absence of corresponding peaks in XRD,?>2* this result
challenge this interpretation. The absence of distinct diffraction features is more accurately
attributed to the nanoscale size of the newly formed MnO,. The strong diffraction from the
dominant a-MnQ; phase likely masks the weaker signals from these nanocrystalline deposits.
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Figure 4.14 (a—c) HRTEM images of the a-MnO; cathode at the FC state in: (a) 1 M Zn(CF3S0s3),,
(b) 1M Zn(CF3503)2 +0.1M Mn(CF3503)2, (C) 1M Zn(CF3503)z +04 M Mn(CF3503)z.
(d—e) HRTEM images of electrodeposited MnO; which formed in the fully charged state,
with a fast Fourier transform of the indicated area in (e).
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Further experiments were conducted by directly electrodepositing MnO; from a
solution containing 1 M Zn(CF3S0s3); and 1 M Mn(CF3S0s); (Figure 4.15), a widely adopted
approach for constructing electrode-free cells in which the active cathode material is formed
in situ from the electrolyte.?>?” The electrodeposited MnO; displayed signature diffraction
peaks corresponding to the e-MnO; phase.'®?%2° The diffraction peaks of e-MnO; partially
overlap with those of the original a-MnO; phase, making it even more challenging to
distinguish between the two using XRD alone. Measurement of the lattice features captured
by HRTEM (Figure 4.14e) provide further confirmation, revealing reflections at 2.4 A and 2.1

A, which can be assigned to the (100) and (101) lattice spacings of -MnO,.

—— Carbon paper
—— Electrodeposited MnO, on carbon paper

Intenisty (a.u.)

T T T
£-Mn0, (JCPDS 030-0820)

20 30 40 50 60 70 80
2 Theta (degree)

Figure 4.15 XRD pattern of electrodeposited MnO; on carbon paper from a solution containing
1 M Zn(CF3S03)2 and 1 M Mn(CF3S0s),, deposited at a current density of 0.5 mA cm™
with a total capacity of 0.2 mAh cm. The diffraction peaks confirm the formation of
€-MnO; phase.

4.3.5 Capacity Degradation Mechanism

To pinpoint the degradation mechanism over multiple cycles, operando XRF mapping
during several cycling was performed in all three electrolytes, focusing here on the evolution

of Mn concentration.
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4.16 (a—c) The initial four cycle load curves of a-MnO; in different electrolytes, with
corresponding average Mn concentrations across the electrolyte cross-section derived
from XRF mapping. Operando XRF maps show Mn K-edge (blue) distributions at key
states of charge. Electrolyte compositions: (a) 1 M Zn(CF3S03), (b) 1 M Zn(CF3S03), +
0.1 M Mn(CF3S03)z (c) 1 M Zn(CF3503); + 0.4 M Mn(CF3S03)s.

Figure 4.16 presents the Mn concentration evolution over multiple cycles in the three

different electrolytes. In the baseline 1 M Zn(CFsSOs); electrolyte, Mn behaviour during the

first cycle (previously shown in Figure 4.6) exhibits a typical pattern: an increase in Mn

concentration during discharge, followed by a partial decrease during charge. However, the
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Mn level does not return to the pristine state after charging, indicating incomplete
redeposition.

Interestingly, when examining the second discharge (2FD), the Mn concentration
increase is smaller than in the first discharge (1FD), suggesting that not all redeposited MnO;
is re-dissolved. This observation leads us to propose a new framework for describing the
reversibility of MnO; in aqueous ZIBs. Specifically, it is defined as:

Redeposition efficiency: the extent to which dissolved Mn?* is converted back into solid
MnO; during charge.

Dissolution efficiency: the degree to which redeposited MnO> returns to Mn?* in the
electrolyte during discharge.

Because the electrochemical capacity arises from both dissolution/redeposition along
with a minor contribution from intercalation processes, relying solely on coulombic efficiency
(i.e., the discharge-to-charge capacity ratio) is insufficient to fully capture the reversibility of
Mn redox reactions. Instead, tracking the Mn content over cycling offers deeper insight.

The charge trend (P - 1FC - 2FC - 3FC - 4FC-> 5FC) reveals a progressive increase
in residual Mn after each charge, indicating incomplete redeposition. Similarly, the discharge
trend (1FD - 2FD - 3FD - 4FD - 5FD) shows a gradual decrease in Mn content, confirming
incomplete dissolution of previously deposited MnO,.

These two inefficiencies, both the partial redeposition and partial dissolution, lead to
the observed capacity fading that occurs both within a single cycle (intra-cycle) and over
multiple cycles (inter-cycle). Such behaviour can only be revealed through operando tracking
of Mn dynamics in the electrolyte. Applying this analysis to the moderate Mn additive
condition (0.1 M Mn?*), while additional Mn enhances the initial charge capacity, the same

trends persist.

133



In the high Mn additive case (0.4 M), the initial charge capacity exceeds the discharge
capacity, consuming Mn from the electrolyte and reducing Mn concentration from the pristine
state to 1FC. However, subsequent cycles still exhibit increasing residual Mn after each charge
(1FC = 2FC = 3FC = 4FC) and decreasing Mn (1FD - 2FD - 3FD - 4FD) release after each
discharge. This again confirms that even with an abundant Mn supply, the system suffers from
intrinsic inefficiencies in both Mn redeposition and dissolution.

These observations underscore a broader issue: neither the MnO; cathode nor the
Mn?* additive is fully utilised during electrochemical cycling, primarily due to incomplete Mn
dissolution and redeposition. This underutilisation directly limits the achievable energy
density of the system. In the baseline Zn electrolyte, the limited reversibility of Mn dissolution
and re-electrodeposition restricts the effective use of the MnO> cathode. Even when Mn?*
additives are introduced, they only partially participate in the redox process, while a
substantial portion of the Mn?* additives is not reincorporated into the cathode. As a result,
both the solid cathode material and the soluble Mn active species suffer from low utilisation,
leading to wasted resources and unnecessary energy expenditure without contributing
meaningfully to capacity.

A key implication of our study is that the addition of Mn?* does not fundamentally
resolve the limitations associated with the MnO: cathode. Instead, our findings suggest that
efforts should focus on enhancing the dissolution-redeposition mechanism itself. Unlike
conventional conversion- or intercalation-type cathodes, which undergo only solid—solid
phase transitions, this process involves a solid—liquid-solid phase transition. Such transitions
are inherently heterogeneous, governed by surface reaction kinetics that are highly sensitive
to interfacial conditions, including current collector properties and electrode surface area.3%

32 To demonstrate this, MnO, was electrodeposited from a solution containing 1 M
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Mn(CF3S03), and 1 M Zn(CF3S0s3); onto Ti foil and carbon paper current collectors, to evaluate
how substrate characteristics influence MnO; nucleation and growth voltage (Figure 4.17).
The results revealed that carbon paper exhibited both lower nucleation and growth
overpotentials compared to Ti foil, likely due to its higher surface area, which provides more
favourable sites for nucleation. This underscores the potential of structuring the electrode

interface to enhance the dissolution/deposition process.
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Figure 4.17 Galvanostatic charge curves (0.5 mA cm, charged to 0.2 mA h cm™) for Zn/Ti and

Zn/carbon paper cells in an electrolyte containing 1 M Zn(CF3SOs3); and 1 M
Mn(CF3S03),.

Up to this point, our discussion has focused primarily on the behaviour of the a-phase
MnO,. However, due to the polymorphic nature of MnO,, many other structural variants exist,
including B-, y-, and 8-MnO,. Previous studies have shown that while different MnO;
polymorphs exhibit distinct voltage profiles during the initial cycles in aqueous ZIBs, their
electrochemical behaviour tends to converge after extended cycling,333* suggesting that the

specific polymorph may not strongly influence long-term electrochemical performance.
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Figure 4.18 (a) Rietveld refinement of the XRD pattern of 6-MnO,, showing a layered structure
with K* ions and water molecules and refined using the Cm/m space group. (b) First-
cycle voltage profiles of 6-MnO; cathodes in the three these electrolytes. Mn K-edge
XANES and EXAFS of 6-MnO; cathodes at P, first-cycle FD, and first-cycle FC states in
different electrolytes: (c) 1 M Zn(CF3S0s)2 (cd) 1 M Zn(CF3S0s)2 + 0.1 M Mn(CF3S0s)2
and (e) 1 M Zn(CFsS0s); + 0.4 M Mn(CF3SOs).. (f) The relative Mn/Zn ratio in the
electrolyte at different states of charge for cells based on ICP-OES results from the coin

cell. (g) Cycling performance (discharge capacity) of coin cells with 6-MnO; cathodes
in three electrolytes: 1 M Zn(CF3S03),, 1 M Zn(CF3S03), + 0.1 M Mn(CF3S03)2, and 1 M
Zn(CF3S03); + 0.4 M Mn(CF3S0s),. All cells were cycled at a current density of 100 mA

1
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To explore the applicability of our description to other polymorphs, layered §-MnO;
was synthesised, with its structure confirmed by XRD (Figure 4.18a), and evaluated it in three
electrolytes: the baseline 1 M Zn(CFsS0s);, and baseline electrolyte with 0.1 M and 0.4 M
Mn(CF3S03), additives (Figure 4.18b). XANES measurements revealed a more pronounced
edge shift compared to a-MnO,, indicating greater Zn?* intercalation due to the larger inter
spacing (Figure 4.18c-e). However, the electrochemical performance exhibited similar first
discharge capacities and increased charge capacities with higher Mn additive concentration,
which implied that Mn?* additives also play a key role in the redox process (Figure 4.18b). This
was further corroborated by the Mn/Zn molar ratio changes observed via ICP-OES analysis
which is conducted by Dr. Lijiang Song from university of Warwick (Figure 4.18f). Although ICP-
OES cannot quantify the absolute mass fraction of dissolved MnO;, the trends reflect the

contribution of the dissolution/deposition mechanism and the role of Mn?* additive.

4.4 Conclusion

Through operando XRF mapping and ex-situ spectroscopic analyses, the distinct role
of Mn from additives and the MnO; cathode at different states of charge was decoupled. Our
findings demonstrate that Mn?* additives did not suppress Mn cathode dissolution, but rather
their role is as an active material reservoir that compensates for cathode capacity loss rather
than preventing it. Excess Mn?* additive can artificially inflate apparent capacity, masking the
underlying degradation mechanisms and creating a misleading impression of electrochemical
reversibility. Critically, even with Mn?* additives, the fundamental issue of capacity fade
persists, originating from two intrinsically irreversible processes: incomplete MnO; dissolution
during discharge and incomplete Mn?* redeposition during charge. To address these

limitations, alternative strategies, such as surface functionalisation or the use of porous
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scaffolds, may provide strategies to improve both dissolution and nucleation kinetics during

deposition.
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5.1 Introduction

Side reactions at the Zn metal anode, such as corrosion, byproduct formation, and
hydrogen evolution, occur continuously from the moment of cell assembly, even during
resting.! These chemical degradations are often underestimated due to the common practice
of using excess Zn, with N/P ratios exceeding 150, to offset active material loss.® While
artificial interfacial layers and electrolyte additives have shown some ability to suppress these
side reactions, they cannot eliminate them entirely. As long as metallic Zn is present, parasitic
reactions with aqueous electrolytes persist.

A radical yet promising solution is the elimination of the Zn metal anode altogether,
giving rise to the concept of an anode-free ZIB.*® In this configuration, the anode consists
solely of a lightweight current collector onto which Zn is electrochemically plated and stripped
during cycling. This approach reduces the N/P ratio to near zero, significantly improving
energy density and Zn utilisation. Although progress has been made in optimising current
collectors and electrolytes for anode-free systems, the development of cathode materials
capable of reversibly supplying Zn?* becomes a critical requirement for realising practical and
high-performance anode-free ZIBs.

A prerequisite for an anode-free battery is a cathode that is natively loaded with the
active ionic element in its pristine state, such as LiCoO; for the anode-free lithium-ion battery.
In ZIBs, most of the studied cathode materials, including the leading candidates MnO; and
V,0s, do not contain zinc in their pristine state. To realise an anode-free ZIB with these
materials would require them to be pre-loaded with zinc before assembly, which is energy-
intensive and impractical for commercial scale-up. The pool of Zn-containing cathodes that

enable initial charging and offer high energy density is limited to a few materials, such as
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ZnMn;04,%7 Zn3V30s,%° ZnossVOPO4-2H,0,1° Zn3Va(POa)s, 't Zns[Fe(CN)s]2, 1213 ZnMn,(PO4), 14
and Zn;Mos0s.2> However, each of these materials has significant limitations.

In this chapter, a novel cathode material, ZnMnO,, was synthesised and demonstrated
to be chargeable at first cycle, making it a viable candidate for anode-free ZIBs. ZnMnO;
belongs to the class of cation-disordered rocksalt (DRX) materials, which have shown
considerable promise in lithium-ion systems due to their high capacity and minimal volume
change upon cycling.'® Anode-free cells employing ZnMnO; exhibited stable cycling and good
capacity retention over 100 cycles in a mildly acidic aqueous electrolyte, without requiring
any modification to the anode current collector or electrolyte composition.

To understand the underlying charge storage mechanism, a suite of advanced
characterisation techniques was employed. Additionally, DRX ZnFeO, utilising the earth-
abundant transition metal Fe was synthesised and evaluated, which also demonstrated
encouraging performance. The intrinsic Zn content of this family of DRX materials enables
them to be charged from the initial state, offering a practical cathode platform for anode-free
ZIBs. To the best of our knowledge, this represents the first reported application of cation-
disordered rocksalt materials in aqueous ZIBs, opening new avenues for cathode
development.

As this work has been published in Energy & Environmental Science, there is some
overlap between the content of this chapter and the published manuscript. This chapter is
reproduced from Ref. 17 with permission from the rights holder, The Royal Society of

Chemistry.

5.2 Experimental Methods

Materials Preparation:
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Synthesis of ZnMnO> and ZnFeO::

ZnMnO; was synthesised using a mechanochemical ball milling method. ZnO (99%,
Sigma Aldrich) and MnO (99%, Sigma Aldrich) were mixed in a 1:1 molar ratio and sealed in
air-tight zirconia jars inside an argon-filled glovebox to prevent Mn oxidation. The mixture was
ball-milled for 8 hours at 700 rpm in a Fritsch Pulverisette 7 planetary ball mill. Milling was
carried out in 5-minute intervals, separated by 10-minute rests to prevent overheating.
ZnFe0; was synthesised using the same method, with ZnO (99%, Sigma Aldrich) and FeO
(99.9%, Sigma Aldrich) in a 1:1 molar ratio.

Synthesis of ZnMnOs:

ZnMnO3 was synthesised using a co-precipitation method. Solution A was prepared by
dissolving 3 mmol of Mn(CH3COO0);4H,0 (99%, Sigma-Aldrich) and 3 mmol of
Zn(CH3COO0);:2H,0 (97%, Alfa Aesar) in 10 mL of EG (Merck Life Science UK Limited). Solution
B was prepared by dissolving 0.54 g of oxalic acid (98%, Sigma-Aldrich) and 1 g of
polyvinylpyrrolidone (PVP, Alfa Aesar) in a mixture of 80 mL EG and 10 mL DI water. Solution
B was then added dropwise to Solution A under continuous stirring, and the mixture was
stirred for 12 hours. The resulting precipitate was collected, washed thoroughly with DI water,
and vacuum-dried at 70 °C for 12 hours. The dried product was subsequently annealed at
400 °C for 2 hours in air. The synthesised ZnMnOs was used as a reference material for XAS
analysis.

Electrochemistry:

The free-standing ZnMnO; cathode film was prepared by mixing ZnMnQO,, acetylene
black carbon (99.9+%, Thermo Scientific Chemicals) and PTFE (Goodfellow) in a mass ratio of
7:2:1 with a pestle and mortar. The mixture was mechanically rolled into a film with a thickness

of ~¥0.1 mm. The loading mass of ZnMnO: film per cell is around 5-10 mg. The same procedure
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was employed to prepare ZnFeO, cathode film and TiS; (99.9%, Sigma Aldrich) anode films.
For the free powder cell, ZnMnO; was mixed with acetylene black carbon in a mass ratio of
7:2 using a mortar and pestle. The loading mass of ZnMnO; powder per cell ranging from 10-
20 mg. Coin cells (CR2032, anode and cathode casing weight: 1.76 g) were assembled with an
anode, cathode (either film or powder) and two layers of glass fiber separator (each weighting
22 mg) soaked in 140 uL electrolyte of 2 M ZnSO4 with 0.2 M MnSOas. The anode configurations
used were a Zn foil (0.18 mm thick) for the Zn anode cell, carbon paper for the anode-free cell,
and TiS; anode for the rocking chair cell. All electrochemical testing was carried out using a
Maccor Series 4000 at room temperature.

Characterisation:

The ex-situ characterisation was conducted on ZnMnO; film or powder samples after
charging/discharging to specific states of charge and disassembly from coin cells. The cathode
film or powder was thoroughly rinsed several times with DI water to remove any residual
electrolyte, followed by vacuum drying at 70 °C.

PXRD was performed using a Rigaku Miniflex diffractometer with Cu Ka1 radiation. The
PXRD data were analysed using the Rietveld refinement method with GSAS-II software.

SEM images were obtained using a Carl Zeiss Merlin field emission scanning electron
microscope. HRTEM and SAED, was carried out using a JEOL JEM-2100 operating at 200 kV.

STEM with HAADF imaging and EDX were performed using an aberration-corrected
JEOL ARM 200F, equipped with an Oxford Instruments windowless EDX detector. STEM was
performed by my supervisor Dr. Alex Robertson.

Bulk-sensitive sXAS were obtained in IPFY mode at beamline BL27SU of the Spring-8

synchrotron source. The measurement is conducted by Rui Qi at the university of Oxford.
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Hard XAS was conducted at the in-house easyXAFS300+ at the university of Warwick
and at beamline BM28 XMaS of the ESRF synchrotron source.

X-ray total scattering data were collected at beamline 115-1 of the Diamond Light
Source then converted to X-ray PDF data. The X-ray PDF data were analysed using the
refinement method with PDFgui software.

For ICP-OES and ICP-MS on the cathodes, cathode powder was dissolved in
concentrated aqua regia and diluted with 2% nitric acid. For ICP-OES analysis of the electrolyte,
the separator closest to the anode side was collected, while the separator near the cathode
side was discarded due to residual cathode material. The separator was soaked in
concentrated nitric acid for 3 days, then diluted with 2% nitric acid prior to ICP-OES analysis.
The sample preparation was carried out by me, while the measurements were performed by

Dr. Lijiang Song at the university of Warwick.

5.3 Results and Discussion

5.3.1 Materials Characterisation
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Figure 5.1 (a) Powder XRD pattern of pristine cation-disordered ZnMnQO,, refined using the
Rietveld method to the Fm3m space group. (b) PDF analysis of pristine ZnMnO,
derived from total X-ray scattering data collected at room temperature, and refined to
the Fm3m space group.
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There has been significant interest in DRX materials as potential cathodes for lithium-
ion batteries due to their offering a wide choice of transition metal, high capacity, and small
volume change during charging/discharging.'® In DRX materials, the random distribution of
cations across the crystal lattice enables unconventional ion diffusion, making them attractive
for ZIBs. Various cations can be doped into Zn-based DRX systems, including Ni, Mg, Co, Fe,
and Mn.'® Among them, Mn was selected in this study due to its range of valence states, redox
activity, natural abundance, and as its associated oxides typically exhibit high capacities and
high operating voltages in aqueous ZIBs. The extensive research on Mn-based oxides in ZIB
provides a solid foundation for further exploration, positioning Mn as a strong candidate for
this study.

Table 5.1

The crystal structure data for pristine ZnMnO, was refined using Rietveld analysis,
corresponding to Figure 5.1a. Site occupancies were fixed to the targeted composition of
ZnMnO:. The resulting refinement yielded a cell parameter of a = 4.2933(6) A, with a weighted
residual factor Rw = 2.540%.

Atom Wyckoff X y z Occupancy | Uiso
position
Znl 4a 0 0 0 0.5 0.0110
Mn1l 4a 0 0 0 0.5 0.0061(4)
01 4b 0.5 0.5 0.5 1 0.0198(2)
Space Group: Fm3m a=b=c=4.2933(6) A a=B=y=90°

The cation-disordered rocksalt material ZnMnO; was synthesised using ZnO and MnO
as precursors. To stabilise ZnO in the rocksalt structure under ambient pressure, offering a
compatible rocksalt framework is crucial. MnO is an ideal dopant because of its rocksalt
structure and the similar ionic radii of Mn?* (0.82 A) and Zn2* (0.74 A). The synthesis presents

challenges due to the stability of ZnO's wurtzite structure. Previous studies have shown that
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transforming wurtzite ZnO into a rocksalt structure requires high pressure (~7 GPa) and high
temperature (700 °C).181°

The mixture of wurtzite ZnO and rocksalt MnO was ball-milled at 750 rpm for 8 hours
using a Fritsch high-energy ball mill to form pure DRX ZnMnO,. The high local heat and
pressure generated during the ball milling process?®® are essential to induce the phase
transformation of wurtzite ZnO into the rocksalt structure. The powder XRD pattern of the
resulting DRX ZnMnO, material (Figure 5.1a and Table 5.1) was analysed using Rietveld
refinement. The analysis confirmed that the material conforms to the Fm3m cubic rocksalt
space group with no impurities and with a lattice parameter of 4.30 A.

PDF analysis of total X-ray scattering data was conducted for as-synthesised ZnMnO,,
as shown in Figure 5.1b. While XRD provides information of the long-range structural ordering
of ZnMnO,, PDF analysis allows for examination of the local short-range structure at the
atomic scale. The refined PDF data agrees well with the Fm3m space group of a disordered

rocksalt structure across the entire range from 1 to 20 A.

d(200)=2.1A
d(111) =2.5A

Figure 5.2 (a) SEM image and (b) HRTEM image of pristine ZnMnO; powder. (c) HAADF-STEM
imaging and STEM-EDX mapping illustrating the elemental distribution of Zn, Mn, and
O in pristine ZnMnO.. (d) SAED pattern of ZnMnO; powder.
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The agglomerated particle of ZnMnO: sizes ranged from between 100 to 250 nm, as
observed by SEM imaging (Figure 5.2a). HRTEM and its Fourier transform (Figure 5.2b)
revealed a lattice spacing of 2.5 A, corresponding to the (111) plane. The spatial uniformity of
the elemental distribution was further confirmed by HAADF-STEM with EDX mapping (Figure
5.2¢) which was performed by my supervisor Dr. Alex Robertson. The elements Zn, Mn, and
O are evenly distributed throughout the ZnMnO,, with no evidence of segregation into other
phases. A SAED pattern from many particles (Figure 5.2d) reveals discrete diffraction rings,

consistent with the XRD results and the expected reflections for ZnMnO,.

5.3.2 Cathode Self Dissolution
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Figure 5.3 (a) Powder XRD patterns of ZnMnO; after varying resting times in an electrolyte of
2 M ZnSO4 with 0.2 M MnSOas. The peak around 25° can be attributed to Super-P
carbon. (b) ICP-OES analysis showing the Mn/Zn ratio of the ZnMnO; cathode after
different resting periods in the same electrolyte. (c) In situ pH measurement near the
ZnMnO; cathode surface while resting in electrolyte of 2 M ZnSO4 with 0.2 M MnSOa4
for different times.
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Given the inherent instability of Mn(ll)-based oxides, which are prone to dissolution
in mildly acidic electrolytes,?! their potential impact on electrochemical performance cannot
be overlooked. To investigate this behaviour in DRX ZnMnO;, the material was placed in a
coin cell configuration with an electrolyte composed of 2 M ZnSO4 and 0.2 M MnSO4 additive
and allowed to rest. Here, “resting” refers to a period during which the material remains in
contact with the electrolyte without the application of an external bias. During this resting
period, ZnMnO: was observed to undergo a self-dissolution process.

XRD analysis of the cathode material after various resting times in the aqueous
electrolyte reveals that the intensity of peaks corresponding to the corrosion product zinc
hydroxide sulphate ((Zn(OH)2)3:ZnS04-nH,0, ZHS) increases over time (Figure 5.3a). After
resting for 1 hour, a peak at 12.4° corresponding to the (001) plane of
(Zn(OH)2)3:ZnS0O4-0.5H,0 (PDF#00-009-0204) is observed. As the resting time extends to 24
hours, an additional peak at 8.8° appears, assigned to the (001) plane of
(Zn(OH)2)3:ZnS04-4H,0 (PDF#00-044-0674). This evolution suggests that with prolonged
resting, more water molecules are involved in the formation of hydrated ZHS phases. The self-
dissolution process consumes H* ions, which increases the local pH and promotes ZHS
formation. In situ pH measurements (Figure 5.3c) performed at the cathode surface reveal
that the local pH gradually increases with prolonged resting time, eventually stabilising after
6 hours. The proposed chemical reactions in this process are as follows:

H.O — H* + OH"~
ZnMnO; + 4H* - Zn%* + Mn?* + 2H,0
4Zn%* + SO4*” + 60H™ + nH20 — 3Zn(OH)2:ZnS0O4-nH,0
To verify this process, ICP-OES analysis (performed by Dr. Lijiang Song) was conducted

on the cathode material after different resting periods (Figure 5.3b). The Mn/Zn molar ratio
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of the cathode increases with rest time, corroborating that dissolution of ZnMnO; occurs

during rest accompanied by the formation of ZHS on the cathode.
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Figure 5.4 (a) ICP-MS analysis showing the Mn/Al molar ratio in the electrode (prepared with
ZnMn0;:C:Al, O3 at a weight ratio of 7:2:1) after various resting times. (b) Calculated
weight percentage of dissolved ZnMnO; during the resting period.

To quantify the dissolution of ZnMnO,, ICP-MS (performed by Dr. Lijiang Song) was
conducted using a reference-material-based internal calibration method. Al,03; was chosen
as the reference material due to its excellent chemical stability in mildly acidic aqueous
electrolytes. A composite mixture of ZnMnO; and Al,Os was prepared at a weight ratio of 7:1
and assembled in coin cells with 2 M ZnSO4 + 0.2 M MnSQs electrolyte. The cells were rested
for various durations without applying any electrochemical cycling.

As shown in Figure 5.4a, at the pristine state, the measured Mn/Al molar ratio was
2.32, consistent with the initial composition of the mixture. After 1 hour of rest, the Mn/Al
ratio decreased to 1.74, indicating partial dissolution of ZnMnO; while Al,O3; remained stable.
Since Al content remains unchanged, the loss of Mn can be used to calculate the degree of
ZnMnO; dissolution, which is determined as: Dissolution (wt%) = (1 —1.74/2.32) x 100 = 25.2
wt%

This reveals that 25.2 wt% of ZnMnO; dissolves within just 1 hour. The time-

dependent dissolution profile is plotted in Figure 5.4b. It shows a rapid dissolution initially,
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reaching 48.1 wt% after 12 hours. Beyond this point, the rate slows, likely due to the gradual

rise in local pH near the material surface, which shifts the equilibrium and suppresses further

dissolution.
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Figure 5.5 (a) Mn K-edge XANES spectra of the ZnMnQO; cathode after resting in the electrolyte
for varying time. (b) Powder XRD patterns and (c) Mn K-edge XANES spectra of the
ZnMnOQ; cathode after resting in DI water for varying time. The peak around 25° can
be attributed to Super-P carbon.
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Figure 5.6 The first charge/discharge curves of the ZnMnO; cathode paired with a Zn metal
anode in 2 M ZnSO4 with 0.2 M MnSQO, at a current density of 10 mA g 1, with different
resting times prior to operation.

Since part of the cathode material is entirely dissolved while the rest remains the same,
this can be viewed as a purely chemical rather than an electrochemical reaction, with the
valence state of Mn remaining unchanged. XANES analysis (Figure 5.5a) confirms that the

valence state of Mn does not evolve during resting. As a control, the resting behaviour of
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ZnMnO; in DI water was evaluated, showing no formation of ZHS (Figure 5.5b) and no change
in Mn valence state (Figure 5.5c). This suggests that ZnMnO, does not undergo self-
dissolution in neutral environments, with self-dissolution requiring the mildly acidic
electrolyte.

This significant resting corrosion can be expected to have an influence on the
cathode’s properties. To investigate the effect of resting time on its electrochemical
performance, tests were performed on a full cell comprising a Zn metal anode and a ZnMnO>
cathode in a 2 M ZnSO4 electrolyte with 0.2 M MnSQs additive (Figure 5.6). The charge
voltage profiles revealed differences based on resting time. The “No rest” condition exhibited
a higher initial voltage. After a 1-hour resting period, the charging voltage profile displayed
lower voltage with two distinct plateaus, a feature that persisted even after 24 hours of
resting. The discharge capacity increased progressively with longer resting times, reaching its
maximum value after 6 hours of resting.

The observed changes in the charging voltage profile and the increase in discharge
capacity with resting time can be attributed to two primary factors:

1. Mn?* ion contribution: The increase in capacity can be attributed to the higher
concentration of Mn?* ions in the electrolyte resulting from cathode dissolution. During
charging, it is expected that Mn?* in the electrolyte are oxidised and redeposited on the
cathode in the form of Mn-based oxide. To confirm the involvement of Mn?*, a comparison
experiment was conducted by placing ZnMnO: in a 2 M ZnSOs electrolyte without the MnSO4
additive and allowing it to rest for 12 hours (Figure 5.7). The capacity in the electrolyte
without the pre-added Mn was lower compared to the same resting time with the MnSO4
additive (Figure 5.7), indicating that the presence of Mn?* ions contribute to capacity. This is

consistent with previously reported studies.?>?® Therefore, as the resting time increases,
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more Mn?* ions dissolve into the electrolyte, and participate in the charging process, leading
to higher capacity.

2M ZnS0O, 2M ZnSO,4+ 0.2M MnSQO,
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Figure 5.7 First two charge/discharge curve of ZnMnO; at a current density of 10 mA gt in the
electrolyte 2 M ZnSQO4 and 2 M ZnSO4 with 0.2 M MnSOa. The cells were rested for 12
hours before operation.

2. Formation of ZHS: ZHS plays an important role in modulating the voltage profile
during charging, as it can act as an OH" reservoir to suppress pH fluctuations. During charging,
the process of oxidation of Mn?* releases H* ions, leading to a decrease in pH. In response,
ZHS dissolves and releases OH" ions, effectively buffering pH. In a less acidic environment, the
activation energy for Mn?* to redeposit on the cathode as an Mn-based oxide is lower,
facilitating more redeposition.2*?’ After resting in the electrolyte for 1 hour, ZHS begins to
form on the cathode, lowering the oxidation voltage and promoting oxide redeposition, which
leads to an increase in capacity. As the resting time increases, more ZHS is formed, further
facilitating Mn oxide redeposition, which continues to improve the capacity until stabilising
after 6 h resting.

Since ZHS formation and cathode dissolution occur simultaneously, their individual
contributions are difficult to decouple. For consistency, unless otherwise specified, all
subsequent electrochemical performance tests and characterisations were conducted after a

12-hour resting period.
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5.3.3 Electrochemical Performance

The electrochemical performance ZnMnO; cathode was further assessed (Figure 5.8).
The performance of anode-free cells using a carbon paper anode will be shown in Figure 5.18.

Cyclic voltammetry (CV) was performed over the first five cycles to investigate the
electrochemical redox behaviour of ZnMnO; (Figure 5.8a). In the initial cycle, two anodic
peaks appear at 1.55 V and 1.6 V (vs. Zn/Zn?*), corresponding to the stepwise oxidation of Mn
species. During subsequent cycles, both anodic peaks broaden, with the 1.55 V peak gradually
decreasing in intensity and the 1.6 V peak shifting slightly to higher potential. This evolution
suggests that structural change occurs during the initial cycles, which is confirmed by ex-situ

XRD presented later in Figure 5.9.
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Figure 5.8 Electrochemical and charge-discharge cycling characterisation of DRX ZnMnOs.. (a)
CV of ZnMnO; at a scan rate of 0.05 mV s. (b) The charge/discharge curves of ZnMnO,
at various current densities within the voltage range of 0.8-1.8 V vs. Zn/Zn?*. (c) Rate
performance of discharge capacity of ZnMnO; at current densities of 10, 20, 100, and
250 mA g. Cycling performance of ZnMnO; at (d) low current density (20 mA gt) and
(e) high current density (100 mA g1). All cells utilised a ZnMnO; cathode paired with a
Zn metal anode in an electrolyte of 2 M ZnSO4 with 0.2 M MnSOa. All cells were rested
for 12 h before operation.
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The cathode’s rate capability was tested at current densities of 10, 20, 100, and
250 mA gl. Galvanostatic charge/discharge curves are shown in Figure 5.8b, corresponding
to the first, fourth, seventh, and tenth cycles in Figure 5.8c. At a current density of 10 mA g1,
the charging capacity reaches 312.8 mAh gl. Some capacity is lost during discharging
however, with the discharge capacity reaching 233 mAh g at 10 mA g. At a higher current
density of 250 mA g1, the discharge capacity decreases further, to 99 mAh g1,

The extended cycling performance of ZnMnO; was evaluated at a current density of
20 mA gl and 100 mA g! (Figure 5.8d-e). At both current densities, the capacity initially
increases during the first few cycles, followed by a gradual decay. This “activation process” is
related to gradual structural changes to spinel phase, which will be discussed later. Notably,
cycling ZnMnO; at 100 mA g'* demonstrated superior capacity retention over 250 cycles, in
contrast to cycling at 20 mA g1, which showed reduced retention over 60 cycles.

The performance of ZnMnO; is compared with zinc-containing cathodes that can be
charged first in Table 5.2. The discharge capacity of ZnMnO; (233 mAh g) outperforms
ZnMn04 (120 mAh g?),® ZnosVOPO4-2H20 (104.2 mAh g1),% and Zn3[Fe(CN)g]2 (65.4 mAh g
1).12 While Zn3V30s shows a higher discharge capacity of 285 mAh g 1,2 it operates at a lower
average discharge voltage (0.7-0.8 V) compared to ZnMnO; (1.36 V). This combination of high
capacity and high discharge voltage gives ZnMnO, a superior energy density of 318.1 Wh kg™
based on cathode mass, exceeding those of ZnMn;04 (202 Wh kg?),® Zno.s6VOPO4-2H,0
(152.6 Wh kg1),1° and Zns[Fe(CN)e]2 (100 Wh kg?).1? Furthermore, compared to the more
widely studied cathodes, the energy density of ZnMnO; exceeds that of Zno2s5V>0s-nH.0
(250 Wh kg')?® and V,0s (175.2 Wh kg 1),%° although it is still lower than that of the
incumbent Mn-based cathodes, MnO2 (410.4 Wh kg1)*® and 04-MnO2 (470 Wh kg).3! These

results emphasise the advantages of ZnMnO; in offering a well-balanced combination of high
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capacity, high voltage, and competitive energy density, positioning it as a promising cathode
material for aqueous ZIB.

Table 5.2 Performance comparison of ZnMnO; with reported Zn-containing cathodes and
other cathodes, all operating in aqueous electrolytes of moderate concentration.

Cathode material Electrolyte Discharge capacity Average Energy Capacity retention and cycling performance Ref
discharge | density
(mAh g?)
voltage Based on
(V) cathode
mass
(Wh kg?)
Zn ZnMnO, 2 M ZnSO, + 233at10mA gt 1.36 318.1 Almost 100% at 100 mA g after 250 cycles
contained . 0.2 M MnSO,
(this work) 60.6% at 20 mA g after 60 cycles
cathode
(can be ZnMn,0, 3 M Zn(CF3S03), | 120at50 mA gt 1.35 202 94% at 500 mA g after 500 cycles 6
charged
first) Zn3V30g saturated 285 at 150 mA gt 0.7-0.8 - 72.6% at 5 A g'* after 2000 cycles 8
irs
Zn(CF3S03),
ZnysVOPO4-2H,0 3 M Zn(CF5S03), | 104.2at50 mAg? 1.46 152.6 96% at 1 A g1 after 400 cycles 10
Zn3V,(POy)s 3 M Zn(CF3S03), | 105.2at22.12mA g* 1.5 157.8 Almost 100% at 110.6 mA g™ after 250 cycles | 11
Zn3[Fe(CN)gl, 1M ZnSO, 65.4at 60 mA g? 1.7 100 76% at 60 mA g after 100 cycles 12
91% at 300 mA g after 100 cycles
ZnMn,(PO,); 1M Zn(CFsS0s5), | 67at15mAg? 15 100.5 99.5% at 15 mA g after 50 cycles 14
Zn,Mo03 saturated 86 at 100 mA g 0.4-0.5 - Almost 100% at 100 mA g after 90 cycles 15
Zn(CF3503),
Other V,05 1 m Zn(CF3S03), | 292 at 100 mA gt 0.6 175.2 36% at 100 mA g after 90 cycles 27
cathode
Zno2s5V,05-nH,0 1M ZnSO, 282 at 300 mA g 0.8-0.9 250 >80% at 2.4 A g after 1000 cycles 28
(need to be
discharged " R
V,05-4V0,-2.72 H, | 3 M Zn(CF5S0;3), | 567 at 100 mA gt 0.66 375 94.0% at 10 A g after 1000 cycles 29
first) o
MnO, 2M1ZnS0O, + 285at101.7 mA gt 1.44 410.4 92% at 1.525 A g1 after 5000 cycles 30
0.1 M MnSO,
04-MnO, 1M ZnSO, + 345 at 200 mA gt 1.36 470 Almost 100% at 200 mA g after 100 cycles 31
0.1 M MnSO,
84% at 5 A g after 2000 cycles

5.3.4 Energy Storage Mechanism

The energy storage mechanism of the DRX ZnMnO; cathode was investigated by
analysing its structural and valence changes. Structural changes were determined using ex-
situ powder XRD (Figure 5.9b-c). At the pristine stage, after resting in the electrolyte for 12
hours, the cathode contained the original DRX material plus formed ZHS due to cathode
dissolution during resting, as discussed alongside Figure 5.3. As the cell reached a half-charge
state, the intensity of the ZHS-related peaks decreased. By the time the cell was fully charged,

the ZHS peaks had disappeared entirely, indicating that ZHS dissolved during charging. Since
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no electron transfer occurs during the ZHS dissolution process, ZHS itself does not contribute

to the overall capacity during charging.
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Figure 5.9 (a) Initial charge/discharge curve of ZnMnO; at a current density of 10 mA g in
2 M ZnSO4 with 0.2 M MnSOQ; electrolyte. (b) Powder XRD of the cathode at various
charge states and (c) at various discharge states, with corresponding states marked in
(a). The peak around 25° can be attributed to Super-P carbon. The labels in the figure
are: P (rest) for the pristine state after resting in the electrolyte for 12 hours, HC for
half charge, FC for full charge, HD for half discharge, and FD for full discharge.

Interestingly, at full charge, the DRX cathode partially transformed into a spinel phase,
with 90.8 wt% spinel and 9.2 wt% rocksalt remaining, as determined by XRD refinement
(Figure 5.10 and Table 5.3). Based on refinement of the XRD pattern, the composition of the
spinel phase is determined to be Znp79Mn11103, as shown in Table 5.3. Given its non-
stoichiometric nature, this phase is referred to as Zn\Mn,0s. XRD of the discharged sample

(Figure 5.9c) shows the spinel phase remained stable throughout the discharge process and
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did not revert to the original DRX structure, indicating that this phase transformation from

DRX to spinel is irreversible. The XRD also shows that ZHS reformed due to local pH changes.
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Figure 5.10 Rietveld refinement of the fully charged ZnMnO; cathode at 1.8 V of first cycle in
2 M ZnSO4 with 0.2 M MnSOs electrolyte. Detailed structure data is shown in Tables
5.3. The background is from super-P carbon.

Table 5.3

Diffraction data for the ZnMnO, cathode after the first charge was refined using Rietveld
analysis, as shown in Figure 5.10. The refinement yielded a weighted residual factor of
Rw =2.694%. The cathode consists of two phases: disordered rocksalt ZnMnO; and spinel
phase ZnyMn,0s.

The crystal structure data for the disordered rocksalt ZnMnO; phase is as follows:

Atom Wyckoff X y z Occupancy Uiso
position
Znl 4a 0 0 0 0.5 0.0111(2)
Mn1l 4a 0 0 0 0.5 0.0081(8)
01 4b 0.5 0.5 0.5 1 0.0037(8)
Space Group: Fm3m a=b=c=4.3155(9) A a=B=y=90°

Phase weight fraction: 9.2%
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The site occupancy of Zn and Mn, as well as the position of O, were refined. The crystal

structure data for the spinel ZnyMnyO3 phase is as follows:

Atom Wyckoff X y z Occupancy Uiso
position
Znl 8a -0.125 -0.125 -0.125 0.842(8) 0.0019(3)
Zn2 16d 0.5 0.5 0.5 0.106 0.0422(7)
Mn1l 16d 0.5 0.5 0.5 0.741(3) 0.0143(3)
01 32e 0.2644(7) |0.2644(7) 0.2644(7) |1 0.0042(7)
Space Group: Fd3m a=b=c=8.2178(5) A a=p=y=90°

Phase weight fraction: 90.8%

The composition of ZnyMn,O3 after the first charge is Zno.79Mn1.110s.

To further confirm the cathode composition at the top of charge, ICP-OES (performed
by Dr. Lijiang Song) was conducted on cathode (Figure 5.11) and compared with quantitative
phase analysis obtained from XRD Rietveld refinement. The refinement results show that the
charged cathode consists of 90.8 wt% of spinel-type Zno.79Mn1.1103 and 9.2 wt% of residual

DRX ZnMnOs..

HC FC
HD

in cathode
o
[o¢]

Mn/Zn mole ratio

0 100 200 300 400 500 600
Capacity (mAh g™)

Figure 5.11 ICP-OES results indicating the Mn/Zn ratio in the ZnMnO; cathode material during
the initial charge/discharge cycle at a current density of 10 mA g. The cells were
rested for 12 h before operation.
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Assuming the total mass of the cathode is m mg, the mass of each component is
0.908:m mg for Zno.79Mn1.1103 and 0.092:m mg for ZnMnO,. Using the respective molar
masses (160.63 g mol? for Zno79Mn11103 and 152.32 g mol?! for ZnMnO), the molar
guantities of each phase are calculated as:

Moles of Zng.79Mn1.1103: (0.908-:m)/160.63

Moles of ZnMnO;: (0.092-m)/152.32

From these, the total Zn and Mn content can be determined:

Total Zn = [(0.908-:m)/160.63]x0.79+[(0.092:m)/152.32]

Total Mn = [(0.908:m)/160.63]x1.11+[(0.092:m)/152.32]

The molar ratio of Mn to Zn is therefore:

Total Mn/ Total Zn =1.357

This calculated ratio aligns well with the experimental Mn/Zn molar ratio of 1.407
obtained from ICP-OES (performed by Dr. Lijiang Song, Figure 5.11), indicating strong
agreement between structural and compositional data.

To further elucidate the redox mechanism, lattice changes related with Zn
deintercalation/intercalation was confirmed by XRD data. Focusing on the (200) plane around
41° and the (311) and (222) planes near 72°-75° for the DRX phase, unit cell changes related
to Zn%* movement was monitored (Figure 5.12a). The negligible change in the unit cell during
charging and discharging indicates that Zn?* cannot be effectively deintercalated from the DRX
structure due to limited zinc-ion diffusion in the close-packed face-centered cubic lattice.3? In
contrast, the in situ-formed spinel phase enables reversible Zn?* intercalation and
deintercalation. This is evidenced by spinel phase peaks at the (220) plane around 30° and the
(440) plane around 63° during the first discharge (Figure 5.12b), which exhibit subtle peak

shifts indicative of unit cell expansion associated with Zn?* intercalation.
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Figure 5.12 (a) XRD pattern focusing on the DRX peak (200) plane around 41° and the (311)
and (222) planes near 72°-75°, illustrating negligible lattice change during the first cycle

with corresponding states marked in electrochemistry curve. (b) XRD pattern focusing
on the spinel peak (220) plane near 30° and (440) plane around 63°, illustrating slight

lattice expansion caused by Zn ion intercalation during the first discharge with

corresponding states marked in electrochemistry curve.

The irreversible phase transition from DRX to a spinel phase reveals a parallel between

Zn- and Li-based DRX materials. In Li-ion batteries, Mn-rich DRX cathodes undergo an in-situ

transformation to a spinel-like ordering during cycling, named as the “6-phase” by the Ceder

group.3*34 This transformation is accelerated by higher Mn content due to the enhanced

mobility of Mn,3* and further studies confirm that the transition is both thermodynamically

favourable and kinetically accessible, but only happen in the delithiated DRX state.?® In

contrast, Zn-based DRX ZnMnO, shows a divergence: Zn?** remains trapped in the DRX

structure because it cannot deintercalate, leaving no vacancies for Mn migration. This raises

the question as to nature of the driving force behind the transition from DRX ZnMnO; to
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ZnyMny0s spinel, which needs further research. Notably, a similar phenomenon has been
observed in MnS rocksalt cathodes in aqueous ZIBs, where a transition to ZnMnO3 spinel
occurs during charging,®® suggesting that a different mechanism may exist in aqueous ZIB

systems.
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Figure 5.13 (a) Initial charge/discharge curve of ZnMnO; at a current density of 10 mA g in
2 M ZnSQO4 with 0.2 M MnSOs electrolyte. (b) Mn K-edge XANES spectra of the cathode,
and (c) Mn L-edge XAS spectra of the cathode collected in IPFY mode at various charge
states, with corresponding states marked in (a). All cells were rested for 12 hours
before operation.

To understand the redox behaviour of Mn, Mn K-edge XANES measurements were
conducted for pristine after 12 h rest (P(rest)), fully charged (FC) and fully discharged (FD)
states of charge of the ZnMnO, cathode (Figure 5.13b). Linear combination fitting (LCF) was
used to estimate the valence state of Mn in the electrode. Initially, the Mn valence was 2.04.
After the first charge, it increased to 3.72, corresponding to a transfer of 1.68 electrons per
metal centre. However, after discharge, the Mn valence only reduced to 3.55 and did not
return to its initial state. Complementary soft XAS experiments were conducted to
characterise the Mn L-edge using IPFY mode (Figure 5.13c), which effectively mitigates Mn

self-absorption artifacts. The crystal field splitting in the Lz region allows the discrimination of
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multiplet features,?” where the peaks at 640.3 eV, 642 eV, and 643.5 eV are assigned to Mn?*,
Mn3* and Mn#, respectively, in good agreement with previously reported studies.?’*® The
spectra confirmed Mn?* existence in the pristine state and the Mn?*/Mn** redox couple is
involved during charging. Notably, even at the top of charge, Mn?* signals remain. This is
consistent with XRD results showing that a small fraction of DRX persists, retaining Mn?*.
During discharge, the Mn valence only slightly decreases, which cannot fully account for the
delivered capacity. The combined results from XRD, XANES and IPFY measurements suggest
that while reversible Zn intercalation/deintercalation in the spinel phase contributes to

energy storage, an additional mechanism is responsible for the majority of the capacity.

1.8
— 1.6
>
o 1.4

tge (

© 1.2+
1.0

Vol

0.8
0.6+

0.4
0.2

in electrolyte

0.0

Mn/Zn mole ratio

0 200 400 600 800 1000
Capacity (mAh g™)

Figure 5.14 First two charge/discharge curve of ZnMnO; at a current density of 10 mA gt in
2 M ZnSO4 with 0.2 M MnSO4 electrolyte, along with ICP-OES results showing the
Mn/Zn ratio in the electrolyte soaked in separators.

One possible route involves the oxidation of Mn?* to Mn* during charging and the
reduction of Mn* to Mn?* during discharging, accompanied by its dissolution into the
electrolyte. To investigate this, the electrolyte in the separator was analysed using ICP-OES
(performed by Dr. Lijiang Song, see Figure 5.14). The initial Mn/Zn molar ratio, prior to cycling
but after the cell having rested for 12 hours, was 0.49, compared to 0.1 in the non-resting

state, due to the dissolution of ZnMnO; into the electrolyte. The Mn/Zn ratio during the
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charging process decreased as ZnMnO; reacted with Mn?* and water to form the Zn,Mn,0s
spinel. However, during discharge, Mn?* dissolved back into the electrolyte, causing the
Mn/Zn ratio to return to a value similar to that of the pristine state. This reversible change in
the Mn/Zn ratio of electrolyte during charging and discharging indicates that this dissolution
and deposition process dominates energy storage. ICP-OES analysis of the electrolyte at
second cycle (Figure 5.14) showed a similar reversible pattern, with the Mn/Zn ratio
decreasing during charging and increasing during discharging, further confirming that the
majority of capacity is derived from this dissolution and (re-)deposition mechanism. The
proposed reaction formula for this process is as follows:
First charge:
H,0 + (y-1) Mn?* + ZnMnO; - (6-2x-2y) e = ZnyMn,03 + 2H* + (1-x) Zn?*
3Zn(0OH)2:ZnS04:nH,0 — 4Zn%* + SO4> + 60H™ + nH,0
First discharge and following cycle:
ZnxMn, 03 + 6H* + (6-2x-2y) e = 3H,0 + yMn?* + xZn%*
4Zn%* + SO4*™ + 60H™ + nH20 = 3Zn(OH)2:ZnS04-nH20
Since the energy storage mechanism has been identified as a reversible Mn
dissolution—deposition process and shows clear reversibility by the second cycle (Figure 5.14),
structural and valence state analyses were conducted to further elucidate the associated
phase and redox behaviour (Figure 5.15). XRD patterns collected during the second charge—
discharge cycle (Figure 5.15c) indicate that the cathode retains its spinel structure, confirming
that the initial phase transition from DRX to spinel during the first charge is irreversible. Subtle
shifts in the spinel XRD peaks—contraction during charging and expansion during
discharging—indicate that a limited amount of Zn?* intercalation/deintercalation occurs

within the spinel structure. This is further supported by XANES analysis (Figure 5.15b), which
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reveals only minor changes in Zn valence state, confirming that Zn?* intercalation contributes

modestly to the overall capacity.
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Figure 5.15 (a) First two charge/discharge curves of ZnMnO; at a current density of 10 mA g’
1, (b) Mn K-edge XANES spectra of the cathode during the second cycle. (c) Powder
XRD patterns of the cathode at various charge/discharge states in the second cycle,
with corresponding states marked in the same colour as in (a). The XRD analysis of the
spinel peak (220) plane around 30° and (440) plane around 63° highlights lattice
contraction and expansion caused by Zn ion deintercalation and intercalation.

Interestingly, with continued cycling, the residual DRX phase gradually diminishes and
eventually transforms entirely into the spinel phase. Rietveld refinement of the cathode after
15 cycles (Figure 5.16 and Table 5.4) at the top of charge reveals diffraction peaks
corresponding exclusively to the ZnyMn,O3s spinel, with no detectable DRX phase remaining.
The refined composition, Zno.gsMn1.1203, corresponds to a Mn/Zn ratio of 1.349, which is in
excellent agreement with the ICP-OES-derived ratio of 1.318, confirming the consistency
between structural and elemental analyses.

This gradual transformation from DRX to spinel during repeated cycling suggests that

the spinel phase eventually becomes the dominant structure. The formation of the spinel
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phase during cycling likely contributes to the observed capacity increase in the initial cycles,
as it enables greater Zn?* intercalation/deintercalation (Figure 5.8d-e). Additionally, this phase

transition may account for the gradual peak shifts observed in the CV curves (Figure 5.8a).
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Figure 5.16 Rietveld refinement of the fully charged ZnMnO; cathode at 1.8 V in an electrolyte
of 2 M ZnSO4 with 0.2 M MnSO4 after 15 cycles at a current density of 10 mA g*.
Detailed structure data is shown in Table 5.4. The background is from super-P carbon.

Table 5.4

Diffraction data for the ZnMnO; cathode after the 15 cycles at full charge was refined using
Rietveld analysis, as shown in Figure 5.16. The refinement yielded a weighted residual factor
of Rw = 3.508%. The diffraction data only contain spinel phase ZnyMn,0s.

The site occupancy of Zn and Mn, as well as the position of O, were refined. The crystal
structure data for the spinel ZnyMnyO3 phase is as follows:

Atom Wyckoff X y z Occupancy Uiso
position
Znl 8a -0.125 -0.125 -0.125 0.834(4) 0.0047(4)
Zn2 16d 0.5 0.5 0.5 0.133(9) 0.2492(6)
Mn2 16d 0.5 0.5 0.5 0.744(7) 0.0092(7)
01 32e 0.2592(2) |0.2592(2) |0.2592(2) |1 0.0009(3)
Space Group: Fd3m a=b=c=8.2628(6) A a=p=y=90°

The refined composition is Zno.gsMn1.1203.
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The proposed storage mechanism of ZnMnO; DRX cathode is summarised in Figure
5.17. When the cathode is resting in a mildly acidic electrolyte the ZnMnO; will partially
dissolve and ZHS will be formed as the local pH increases due to proton consumption. During
the first charge, the DRX ZnMnO; undergoes an irreversible phase transition to a ZnyMn,03
spinel structure, while the ZHS dissolves. In subsequent cycles, the spinel phase becomes the
dominant cathode material, unlocking the ability to store charge via Zn*
intercalation/deintercalation, but mainly storing energy through the dissolution and
deposition of Mn.

Pristine state

Cycle

Discharge

i |
spinel Zn,Mn 0, - spinel Zn,Mn,0; remains

DRX ZnMnO,

‘ Rest in electrolyte

Charge w o
First charge Reversible ......
Zn?, 50,7, K %
. OH-, H,0 )
Irreversible ”
DRX ZnMnoO, : ZHS dissolves w Mn
partially dissolves ~ ZHS formation ZHS formation
Rest state Charged state Discharged state

Dissolution/deposition mechanism

Figure 5.17 Schematic of the energy storage mechanism for the ZnMnQO; DRX cathode in a ZIB.
5.3.5 Anode Free ZIBs

To further explore the potential of Zn-containing cathodes, their performance in Zn
metal-free configurations was investigated. In a standard ZIB (Figure 5.18a), the Zn anode
reacts with the aqueous electrolyte over time, leading to capacity loss and a deterioration of
its shelf life. In this study, the Zn anode thickness reaches up to 180 um, which corresponds
to a high N/P ratio of 50 for a Zn/ZnMnO; cell, which is a commonly reported value in several

studies.?33%40 By contrast, the anode-free ZIB (Figure 5.18a) reduces the N/P ratio to
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effectively zero by eliminating the Zn metal anode. The lack of Zn metal on the initial anode
prevents the hydrogen evolution reaction and Zn corrosion when the cell is idle, which

improves the cell shelf life.

a Standard ZIBs Anode free ZIBs

ZnMnO, ZnMnO, |
athode film Cathode fil \;\

Electrolyt
I
Anode free ZIBs

l eparator
Standard ZIBs Anode free ZIBs 0 10 20 30 40 50 60

Capacity (mAh g?)

[e<]
o

N
o
)

an
PR Soth
—— 100"

Electrolyte

-
~
L
S

Separator

N

Current collector

N
(S
N

Volatge vs Zn/Zn?* (V)

N
o
:
N
=}
L

N
)

o

)

Energy density
(Wh kg-1)

100 ¢ 4100

- L] ¢

i 80 4 P ad 490 S
E £
£ 60 g
> 480 @
£ 401 .J 2
g 5
8 204 Anode free ZIBs 470 3
]

0de
T T T T 60
0 20 40 60 80 100

Cycle Number

Figure 5.18 (a) Schematic of standard and anode-free ZIB using ZnMnQO; DRX cathode and
their energy density based on the total mass of both cathode and anode. (b) The
charging/discharging curve of ZnMnO; based anode-free ZIB with carbon paper as the
current collector at 100 mA g*. (c) Cycling performance of ZnMnO; based anode-free
ZIB at 100 mA g1, showing the discharge capacity and coulombic efficiency. All cells
were rested for 12 h before operation.

In this study, the standard ZIB electrolyte of 2 M ZnSO4 with 0.2 M MnSO4 was used,
which is cheap and safe. The only modification of our anode-free cell was the replacement of
the Zn metal anode with a carbon paper current collector. The charging/discharging profile of
the anode-free ZIB closely resembles that of a standard ZIB (Figure 5.18b), indicating similar
redox processes. Across repeated cycling, the anode-free ZIB showed good capacity retention
at 100 mA g over 100 cycles and a coulombic efficiency exceeding 91.16% after the second

cycle (Figure 5.18c). However, compared to the performance of the cell using a Zn foil anode
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(Figure 5.8), there is a modest degradation. This is attributed to the limited Zn source in the
anode-free setup, meaning any Zn lost due to side reactions or irreversible plating/stripping
is unable to be replaced from the deep reservoir of Zn when using a conventional thick metal
anode.

Despite the reduction in capacity, eliminating the Zn metal anode significantly
enhances the energy density of the full cell. Studies often calculate battery energy density
based solely on the mass of the active cathode material, often overlooking the impact of the
anode. In this work, the energy density based on the mass of the active material can reach
214.9 Wh kg at current densities of 100 mA g1. However, when the mass of the metallic Zn
anode and the entire cathode (including active material, carbon, and binder) is considered,
the energy density at 100 mA g! drops drastically to 3.1 Wh kg? due to the heavy Zn metal,
which weighs 332 mg (16 mm in diameter with thickness of 180 um).

By contrast, using carbon paper as the anode, which weighs just 10 mg for the same
size (16 mm in diameter with the thickness of 100 um), the energy density based on the anode
and the entire cathode reaches 20.9 Wh kg'l—nearly 7 times higher than cell with a Zn metal
anode, despite the lower capacity. This underscores the critical role of the Zn anode in
determining the cell's energy density and highlights the promising potential of an anode-free
battery configuration, as well as the significance of our DRX cathode material in achieving
higher energy densities.

Alternative Zn metal-free anodes, such as TiSz,** have also been explored to create
rocking chair ZIBs (Figure 5.19), which ideally avoid the issues of irreversible Zn plating and
stripping. These configurations demonstrate good cycling performance and retention.
However, to further enhance the performance of anode-free cells, additional research is

needed to develop more stable current collectors or alternative anode materials.
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Figure 5.19 (a) Charging/discharging curves of the ZnMnO,-based ZIB using a TiS; anode at a
current density of 100 mA g*. (b) Cycling performance of the ZnMnOz-based ZIB with
a TiS2 anode at the same current density.
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Figure 5.20 (a) XRD and (b) SEM image of pristine ZnFeO, powder. (c) The load curve over
cycles of ZnFeO; cathode and (d) its cycling performance in coin cell. The cells utilised
a ZnFeO; cathode film paired with a Zn metal anode in an electrolyte of 2 M ZnSO4
with 0.2 M FeSOa. The cells were rested for 12h before operation.

This work presents the first synthesis and application of Zn-containing DRX for

aqueous ZIBs, demonstrating its capability for first-charge operation. Furthermore, other
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transition metal-based DRX oxides can also be synthesised and utilised. To explore this,
ZnFeO; was prepared as an alternative DRX cathode material and was found to exhibit first-
charge capacity as well (Figure 5.20). Given that Fe is an earth-abundant and cost-effective
element, this discovery expands the design space for ZIB cathodes, paving the way for a
broader range of DRX materials with tuneable properties. These findings establish DRX oxides
as a new class of ZIB cathodes, offering new options for developing high-energy-density and

anode-free ZIBs.

5.4 Conclusion

The development of a novel ZnMnO; cathode for the aqueous ZIB addresses the lack
of high-capacity, high discharge voltage Zn-containing cathodes suitable for anode-free cells.
The ZnMnO; material, with a cation-disordered rocksalt structure, exhibits a high discharge
capacity of 233 mAh g and demonstrates stable cycling performance. Notably, the ZnMnO;
cathode is capable of initial charging, making it suitable for anode-free ZIB designs. By
replacing the Zn metal anode with carbon paper as the current collector, the energy density
of the cell is significantly enhanced—nearly seven times higher than cell with Zn metal anode,
despite a lower capacity. The energy storage mechanism of this novel ZnMnO, cathode is
elucidated through various characterisation techniques, revealing that a Zn
intercalation/deintercalation contribution arises due to an irreversible shift from a disordered
rocksalt structure to spinel, however its capacity is primarily governed by the dissolution and
deposition of Mn. This work highlights the potential of anode-free ZIB designs to achieve
higher energy densities, positioning them as a promising alternative to traditional ZIBs

systems. The study also underscores the potential of DRX oxides based on earth abundant
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transition metals, including ZnMnO; and ZnFe0Q,, as efficient cathode materials, contributing

to the ongoing development of sustainable and high-performance cathodes for aqueous ZIBs.
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6.1 Introduction

Nonaqueous electrolytes for Zn-ion batteries largely mitigate parasitic side reactions
and significantly extend the electrochemical stability window, reaching up to =3.5 V. This
opens the conceptual possibility of higher-voltage ZIBs, provided that suitable cathode
materials can be developed.

However, designing suitable intercalation cathodes for nonaqueous ZIBs remains a
major challenge. The key obstacle is the strong electrostatic repulsion of divalent Zn?* ions,
which severely hinders their diffusion within cathode lattices. Despite extensive efforts,
existing materials have shown limited performance, motivating the search for alternative
structures.

One promising candidate is the DRX family, which has demonstrated excellent
performance in Li- and Na-ion batteries.! DRX materials offer high capacity, small volume
change, and remarkable compositional flexibility because their disordered structure
eliminates the need for strict size matching between ions. Furthermore, the unique Li-hopping
mechanism in DRX relies on O-transition metal (0-TM) channels which is shown in Figure 6.1b,
where the absence of transition metals around shared octahedral faces enables Li ions to
migrate with low energy barriers.? These features make DRX materials attractive candidates
for nonaqueous ZIB cathodes.

Yet, applying DRX materials to Zn-ion systems presents additional challenges. The
dense rocksalt framework, coupled with the divalent charge of Zn?*, results in significantly
slower Zn?* ion diffusion compared to Li* or Na*.

In this chapter, a series of Zn-based DRX compounds, Zn,TM-xO2 were synthesised,
but no electrochemical capacity was measured in these materials. DFT calculations confirmed

that Zn?* faces prohibitively high migration barriers even in 0-TM channels due to strong
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electrostatic interactions, indicating that the compact DRX framework cannot support Zn?*

diffusion.
a o-t-o diffusion b 0-TM channel
. o/\ Li
- : ’ O
o5 -~ o)\ L\ _® | /(Li
52 o) *4C Li)/
_a—‘\&/,/’ ()
[ 0
¢ 1-TMchannel d 2-TM channel

)
°

ex. Layered LiCoO, ex. y-LiFeO,

Figure 6.1 Possible environments for an o-t-o Li hop in rocksalt-like Li-TM oxides.? (a) o-t-o
diffusion: Two tetrahedral pathways connect each pair of neighboring octahedral sites.
2 (b—d) The activated state can share faces with varying numbers of octahedral
transition metals: (b) no transition metals (0-TM channel), (c) one transition metal (1-
TM channel), or (d) two transition metals (2-TM channel).?

To overcome this barrier, cation vacancies were introduced to create percolating
diffusion pathways. By delithiating Li-based DRX precursors to introduce intrinsic cation
vacancies, reversible Zn** (de)intercalation in DRX was achieved for the first time. This result

confirms the critical role of cation vacancies in unlocking Zn?* diffusion within DRX lattices.

6.2 Experimental Methods

Materials Preparation:

Synthesis of ZnyTM2-xO::

Compounds in the Zny<TM;—0O2 DRX family including ZnMnO,, ZnFeO;, ZnCoO,,
Zn12C00802, ZnNiO2, Zn1:Nipg02, Zn14Nips02, and ZnMgo.25Cu0.25C00.25Ni0.2502, were
synthesised via a mechanochemical ball-milling method. ZnO (99%, Sigma-Aldrich) was mixed

with transition-metal oxide precursors (MnQ, 99%, Sigma-Aldrich; FeO, 99.9%, Sigma-Aldrich;
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Co0, 99.5%, Sigma-Aldrich; NiO, 99%, Sigma-Aldrich; Mg0O, 97%, Sigma-Aldrich; CuO, 99%
Sigma-Aldrich) in stoichiometric ratios and sealed in air-tight zirconia jars inside an argon-filled
glovebox to prevent TM oxidation. The mixtures were milled for 8 h at 700 rpm using a Fritsch
Pulverisette 7 planetary ball mill. For each synthesis, 2 g of precursors were loaded into a 15
mL zirconia jar with 12 g of 5 mm zirconia balls and milled for 8 h at 700 rpm using a Fritsch
Pulverisette 7 planetary ball mill. Milling was performed in 5-min intervals with 10-min pauses
between cycles to prevent overheating.

Synthesis of DRX LiMnO3:

DRX LiMnO; was synthesised via a mechanochemical ball-milling method starting from
its orthorhombic analogue. Orthorhombic zigzag LiMnO, was synthesised by mixing Li»COs
(with 5% excess, 99%, Sigma-Aldrich) and Mn,0s (99.9%, Sigma-Aldrich) in a stoichiometric
ratio, followed by calcination at 900 °C for 12 h under an Ar atmosphere. DRX LiMnO; was
then obtained by loading 2 g of the orthorhombic LiMnO; precursor into a 15 mL zirconia jar
with 12 g of 5 mm zirconia balls and milling for 8 h at 600 rpm using a Fritsch Pulverisette 7
planetary ball mill. All sample handling was performed in an Ar-filled glovebox to prevent
exposure to moisture and air.

Synthesis of DRX NaMnO;:

DRX NaMnO2 was synthesised via a mechanochemical ball-milling method starting
from its layered analogue. Monoclinic layered NaMnO; was synthesised by mixing Na>CO3
(99.5%, Sigma-Aldrich) and Mn;03 (99.9%, Sigma-Aldrich) in a stoichiometric ratio, followed
by calcination at 700 °C for 24 h under an Ar atmosphere. DRX NaMnO: was then obtained by
loading 2 g of the layered NaMnO; precursor into a 15 mL zirconia jar with 12 g of 5 mm

zirconia balls and milling for 8 h at 600 rpm using a Fritsch Pulverisette 7 planetary ball mill.
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All sample handling was performed in an Ar-filled glovebox to prevent exposure to moisture
and air.

Synthesis of DRX LizMn20s:

DRX LisMn20s was synthesised via a two-step ball-milling process. Orthorhombic
LiMnO; was mixed with Li,O (97%, Sigma-Aldrich) in a 2:1 molar ratio (~4 g total) and loaded
into a 15 mL zirconia jar with 12 g of 5 mm zirconia balls. The mixture was milled for 15 h at
700 rpm using a Fritsch Pulverisette 7 planetary ball mill. Subsequently, 5 wt% acetylene black
was added, and the mixture was further milled at 700 rpm for 5 h. All sample handling was
performed in an Ar-filled glovebox to prevent exposure to moisture and air.

Synthesis of DRX Li1.2Mng.4Tio.20>:

DRX Li1.2Tio.aMno.402 was synthesised by solid-state reaction. Li>COs (with 10% excess,
99%, Sigma-Aldrich), TiO, (99.8%, Sigma-Aldrich), and Mn,0s3 (99.9%, Sigma-Aldrich)
precursors were thoroughly mixed in stoichiometric proportions and calcined at 950 °C for 12
h under an Ar atmosphere. To optimise electrochemical performance, the as-synthesised
Li1.2Tio.aMno.40O (~2 g) was further pulverised by ball milling. The material was loaded into a
15 mL zirconia jar with 12 g of 5 mm zirconia balls and milled for 8 h at either 300 rpm or 600
rpm using a Fritsch Pulverisette 7 planetary ball mill, producing samples with different degrees
of pulverisation.

Synthesis of DRX LiTiS3:

DRX LiTiS; was synthesised via a mechanochemical ball-milling method starting from
its layered analogue. Layered LiTiS; was synthesised via solid-state reaction using
stoichiometric amounts of Li>S (99.98%, Sigma-Aldrich), Ti (99.5%, Thermo Scientific) and
elemental S (99.98%, Sigma-Aldrich). The precursor powders were thoroughly mixed by hand

grinding and pelletised in an Ar-filled glove box. The resulting pellets were loaded into graphite
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crucibles and placed inside quartz tubes, which were then sealed under vacuum (~10-5 mbar).
The sealed tubes were slowly heated to 750 °C over 25 hours, held for 36 hours, and then
quenched in air. All sample handling was performed in an Ar-filled glovebox to prevent
exposure to moisture and air.

Trial of Zno.sMnO- and Zno.75Fe05:

ZnosMn0O; DRX was attempted by ball milling ZnO, MnO, and MnO; (99%, Sigma-
Aldrich) ina 1:1:1 molar ratio at 700 rpm for 8 h. Zno.75FeO, DRX was attempted by ball milling
Zn0, FeO, and Fe;03 (96%, Sigma-Aldrich) in a 3:2:1 molar ratio at 700 rpm for 8 h. However,
the resulting products were not phase-pure.

Electrochemistry:

Free-standing cathodes, including Zny<TM(—x02, LiMnO;, NaMnO>, Li12Tio.sMno.40,,
and LiTiS: films, were prepared by mixing the active material, acetylene black, and PTFE in a
7:2:1 mass ratio using a mortar and pestle. For LisaMn;0s, which already contained 5 wt%
carbon from synthesis, the mixing ratio was adjusted to 7.37 parts (as-synthesised mixture of
LiaMn,0s and carbon):1.63 parts additional carbon:1 part PTFE, ensuring the final composite
maintained the standard 7:2:1 mass ratio of active material, carbon, and PTFE.

For Zn cells, Zn metal foil was used as the anode with 1 M Zn(TFSl); in acetonitrile as
the electrolyte. For Li cells, Li metal discs served as the anode with 1 M LiPFs in a 1:1 (v/v)
mixture of ethylene carbonate and dimethyl carbonate (EC:DMC, Aldrich) as the electrolyte.
For Na cells, Na metal discs (pressed onto Al foil) were used as the anode with 1 M NaPFgs in a
1:1 (v/v) mixture of EC:DMC (E-lyte Innovations) as the electrolyte. Electrode preparation and
cell assembly were performed entirely in an Ar-filled glovebox. Electrochemical testing,

including galvanostatic cycling, was performed on a Maccor Series 4000 system at room
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temperature, while galvanostatic intermittent titration technique (GITT) measurements were
carried out using a BioLogic VMP3.

Characterisation:

The ex-situ characterisation was conducted on cathode film or powder samples after
charging/discharging to specific states of charge and disassembly from coin cells. The cathode
film or powder was thoroughly rinsed several times with acetonitrile or DMC to remove any
residual electrolyte, followed by vacuum drying.

PXRD was performed using a Rigaku Miniflex diffractometer with Cu Ka1 radiation. The
PXRD data were analysed using the Rietveld refinement method with GSAS-II software.

SEM images were obtained using a Carl Zeiss Merlin field emission scanning electron
microscope. TEM, including HRTEM and SAED, was carried out using a JEOL JEM-2100
operating at 200 kV. STEM with HAADF imaging and EDX were performed using an aberration-
corrected JEOL ARM 200F, equipped with an Oxford Instruments windowless EDX detector.
STEM was performed by my supervisor Dr. Alex Robertson.

XAS was conducted at beamline B18 of the Diamond synchrotron source and the
measurements were performed in transmission and fluorescence yield.

Diffusion Coefficient Calculation:

The Li* or Zn?* diffusivity can be calculated using the following equation:

L2

4 <mBVm)2 (AES
T AE,

2
MyS ) (<

DLi+/ZTl2+ = D
Lit/zn2t

where T represents the constant current pulse time, mg, Vi, and Mg are the mass loading, the
molar volume, and the molar mass of the inserted electrode material, respectively. S is the

area of the electrode—electrolyte interface, AEs is the change of steady-state voltage during a
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single-step GITT experiment, and AE; stands for the total change of cell voltage during a
constant current pulse t of a single-step GITT experiment regardless of the IR-drop.

DFT Calculation:

A collaborator YC Wong at university of Warwick performed DFT calculation. The
electronic structure calculation software CASTEP was used to study the DRX materials.
Because NEB calculations are computationally expensive, we selected a relatively small
supercell of size 2x2x2, containing a total of 64 atoms. The repeating images were separated
by at least 8 A to minimise interference between them. Pre-convergence tests to determine
the DFT parameters were performed on pristine DRX structures ranging from supercell size of
1x1x1 to 3x3x3.

A relatively small 3x3x3 k-point sampling was used, as the fully disordered structures
are highly anisotropic and asymmetric. Since both LiMnO; and ZnMnO; are correlated oxides
with localised d electrons, it was necessary to apply a Hubbard U correction of 4.0 eV to obtain
accurate density of states and band gaps, ensuring that the materials are not erroneously
predicted as metallic. The Hubbard U parameter was determined through convergence tests
of the density of states.

A plane-wave cutoff of 800 eV was used, which provided sufficient convergence. NEB
calculations utilised between 7 and 11 images, with the number of images adjusted based on
the convergence characteristics of individual configurations.

Since ordered LiMnO; is often regarded as a magnetic material, it is essential to include
spin polarisation in our calculations, particularly by assigning initial spin moments to the
transition metal ions. Both antiferromagnetic and ferromagnetic configurations were
investigated for single-point energy calculations and structure relaxation calculations. The

choice of initial spin configuration can influence the system to converge toward a state
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resembling the starting configuration. However, for DRX, the situation is less clear due to
strong local ordering, and either FM or AFM configurations could be energetically favourable
depending on the specific atomic arrangement. To simplify the NEB calculations, only

ferromagnetic configurations are considered in this study.

6.3 Result and Discussion

6.3.1 Electrochemical Performance of DRX Zn,TM(;-,jO, Cathodes

To investigate the feasibility of Zn-based DRX oxides as cathode, ZnMnO; was tested in
a nonaqueous Zn electrolyte. The material, synthesised via high-energy ball milling, exhibits
particle sizes on the nanometer scale as revealed by SEM, with HRTEM confirming crystalline
domains of only a few nanometers (Figure 5.2).

Electrochemical testing, however, shows that ZnMnO;, DRX delivers negligible capacity
(Figure 6.2a), suggesting that the material is electrochemically inactive toward Zn extraction.

This indicates that the ZnMnO, DRX does not provide accessible diffusion pathways for Zn?*.
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Figure 6.2 (a) Galvanostatic load curve of ZnMnO; in organic electrolyte at 10 mA g. (b) Ex
situ XRD patterns of ZnMnO; powder at different states of charge: P (pristine), FC (fully
charged), and FD (fully discharged), with corresponding points indicated in (a). Unit
cell parameters were obtained from Rietveld refinement. (c) Ex situ Mn K-edge XANES
spectra of ZnMnQO; at P, FC, and FD states, with MnO as a reference.

To substantiate this conclusion, ex situ XRD (Figure 6.2b) was performed on ZnMnO;

in the P, FC, and FD states. The diffraction patterns show no detectable shift in peak positions
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or change in unit cell parameters, implying the absence of lattice expansion or contraction
normally associated with Zn intercalation/deintercalation. This observation is consistent with
chapter 5 studies conducted in aqueous electrolytes, where the diffraction peaks indexed to
ZnMnO; DRX likewise exhibited no shift during charging and discharging, further reinforcing
that the inability of Zn diffusion is intrinsic to the DRX host rather than an electrolyte-
dependent phenomenon.

Further evidence comes from Mn K-edge XANES analysis (Figure 6.2c), which reveals
no change in Mn oxidation state between the different electrochemical states. These results
confirm that ZnMnO; DRX is not electrochemically active and does not accommodate Zn-ion

transport.
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Figure 6.3 (a) Galvanostatic load curve of ZnMnO; ball-milled with carbon (7:2 ratio) at 300
rpm for 6 h, tested in organic electrolyte at 10 mA g*. (b) Ex situ Mn K-edge XANES
spectra of ZnMnQO; at P, FC, and FD states.

In general, DRX oxides are known to suffer from intrinsically poor electronic
conductivity, which can strongly suppress coupled ion—electron transport during
(de)intercalation.®>* To examine whether this limitation was responsible for the negligible
capacity, ZnMnO, was co-milled with carbon, thereby achieving intimate particle—carbon
contact and a uniform conductive coating. Despite the improved electronic conductivity of
ZnMnO; particles, electrochemical testing again revealed negligible capacity (Figure 6.3a), and

Mn K-edge XANES (Figure 6.3b) confirmed the invariance of the Mn valence state across
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different charge of states. These results indicate that the absence of Zn extraction is not due

to electronic limitations.
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Figure 6.4 (a) Rietveld refinement of XRD data for ZnFeO, with corresponding unit cell
parameters. (b) Galvanostatic load curve of ZnFeO, in organic electrolyte at 10 mA g
1. (c) Ex situ Fe K-edge XANES spectra of ZnFeO, at P, FC, and FD states. (d) Rietveld
refinement of XRD data for ZnCoO; with corresponding unit cell parameters. (e)
Galvanostatic load curve of ZnCoO; in organic electrolyte at 10 mA g. (f) Rietveld
refinement of XRD data for ZnNiO, with corresponding unit cell parameters. (g)
Galvanostatic load curve of ZnNiO; in organic electrolyte at 10 mA g1. (h) Ex situ Ni K-
edge XANES spectra of ZnNiO; at P, FC, and FD states.

To determine whether this limitation was specific to Mn or universal among Zn-based
DRX oxides, alternative transition metals were investigated. Insights from Li-based DRX
systems are instructive here: DRX LiXO; (X = Ni, Mn, Co, Fe, Ti) has been investigated, and

electrochemical performance varies dramatically depending on the transition metal.> LIMnO;
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delivered the highest reversible capacity, while Ni-, Co-, Fe-, and Ti-based DRXs delivered
substantially lower capacities. These differences arise because the transition metal strongly
influences electronic structure (e.g., band gap and conductivity), local bonding environments,
and the extent of short-range ordering (SRO), which governs the formation of percolating
diffusion pathways.®

Following this rationale, Zn based DRX with different TM including ZnNiO3, ZnCoO,,
and ZnFeO; were synthesised and tested in nonaqueous electrolyte. However, all exhibited
negligible capacity (Figure 6.4), demonstrating that the lack of Zn transport is not unique to
Mn-based DRXs. Motivated by reports that high-entropy strategies can suppress SRO and
enhance Li transport,” a high-entropy Zn-based DRX oxide, ZnMgo.25Cuo.25C00.25Nio.2502 was
synthesised and tested. However, this material likewise showed no electrochemical activity
(Figure 6.5).
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Figure 6.5 (a) Rietveld refinement of XRD data for ZnMgo.25Cuo.25C00.25Nio.2502 with
corresponding unit cell parameters. (b) Galvanostatic load curve of
ZnMgo.25Cu0.25C00.25Ni0.2502 in organic electrolyte at 10 mA g,

Previous studies on Li-based DRX oxides have shown that Li-rich compositions can
exhibit significantly enhanced Li* diffusivity compared to their stoichiometric non Li-rich
counterparts. This improvement arises from the increase in 0-TM sites which is tetrahedral

sites coordinated solely by Li that serve as low-energy diffusion pathways. A greater
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abundance of these sites expands the percolation network for Li transport, leading to
enhanced capacity.? In stoichiometric DRX, the number of such 0-TM sites is statistically too
small to form a continuous percolating network, thereby limiting long-range Li transport. By
increasing the Li:TM ratio, more O-TM sites are introduced, raising the probability of

percolation channels and thus enabling faster Li diffusion.9°
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Figure 6.6 (a) Rietveld refinement of XRD data for Zn1.,Co0.50; with corresponding unit cell
parameters. (b) Galvanostatic load curve of Zn1.,Co0s0; in organic electrolyte at 10
mA g. (c) Rietveld refinement of XRD data for Zn1,Nios0, with corresponding unit
cell parameters. (d) Galvanostatic load curve of Zn1,Nios0; in organic electrolyte at
10 mA g. (e) Rietveld refinement of XRD data for Zn1.4Nio.602 with corresponding unit
cell parameters. (f) Galvanostatic load curve of Zn1.4Nio602.in organic electrolyte at 10
mA gl.
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Motivated by this design principle, Zn-rich DRX oxides were synthesised and evaluated
to assess whether increasing Zn content could enhance Zn?* mobility. In Mn- and Fe-based
systems, the large size mismatch between Zn?* and Mn?*/Fe?* prevented the formation of pure
Zn-rich DRX phases,!! resulting in ZnO impurities in the final product. To address this challenge,
Co- and Ni-based systems were explored, as the smaller ionic radii of Co?* and Ni?* relative to
Zn?* allow for the stabilisation of Zn-rich DRX structures.!? Stable compositions such as
Zn1.2C00.802, Zn1.2Nio.802, and Zn1.4Nip 602 were successfully synthesised (Figure 6.6). These Zn-
rich phases, in principle, should generate a higher number of 0-TM sites, providing more
potential diffusion pathways for Zn?*. However, electrochemical testing revealed negligible
reversible capacity in all cases. These results demonstrate that Zn-based DRXs remain
electrochemically inactive, regardless of transition metal composition, entropy effects, or Zn
excess. This strongly suggests that the fundamental barrier lies in the intrinsic nature of

compact DRX lattice, where strong electrostatic interactions severely limit Zn diffusion.

6.3.2 DFT Calculations of lon Migration Barriers in DRX Structures

In Li based DRX-type oxides, Li* migration between adjacent octahedral sites occurs via
an intermediate tetrahedral site,> known as the octahedral-tetrahedral-octahedral (o—t—0)
pathway (Figure 6.1a). The activation barrier for this process is dictated by electrostatic
interactions between the migrating ion in the tetrahedral site and the species occupying the
two face-sharing octahedra.

This framework highlights a fundamental distinction between Li* and Zn?*. While Li*,
with its lower charge density and weaker electrostatic interactions, can readily form
percolating o—t—o networks under favourable structural conditions, Zn?* owing to its higher
charge and stronger electrostatic repulsion, experiences much stronger electrostatic repulsion,

severely limiting its mobility.?
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Figure 6.7 (a) Schematic of ion diffusion through an octahedral-tetrahedral-octahedral (o—t—
o) channel in a DRX unit cell. (b—d) Calculated migration barriers for 0-TM, 1-TM, and
2-TM channels with Mn?* as the transition metal and Zn?* as the charge carrier in Zn-
based DRX. (e—g) Calculated migration barriers for 0-TM, 1-TM, and 2-TM channels
with Mn3* as the transition metal and Li* as the charge carrier in Li-based DRX. (h)
Migration barrier for the 0-TM channel under vacancy conditions.

To gain mechanistic insight into Zn transport in DRX, Zn%* migration barriers were
calculated using DFT for three representative pathways: 0-TM, 1-TM, and 2-TM channels,
which correspond to tetrahedral sites sharing faces with zero, one, or two transition-metal
cations, respectively. A collaborator YC Wong at university of Warwick performed DFT
calculation. Due to the disordered arrangement of cations in DRX, numerous possible ion
migration configurations exist. When Zn migrates between two certain adjacent octahedral
sites, it can pass through one of two intermediate tetrahedral sites. In this study, a

representative case was selected in which the lower tetrahedron shares faces with two TM
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cations, while the upper tetrahedron may represent a 0-TM, 1-TM, or 2-TM pathway (Figure
6.8). Under these conditions, strong electrostatic repulsion of TM drives the charge carrier ion

to migrate through the upper, less hindered tetrahedral site.
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TM  Transition metal: Mn2*, Mn3*

Figure 6.8 Selected representative ion migration pathways for 0-TM, 1-TM, and 2-TM
channels.

The calculated migration barriers for the representative pathways shown in Figure 6.7
reveal severe transport limitations for Zn?*. Even in the most favorable 0-TM channel, the
barrier remains high at 0.514 eV (Figure 6.7b), increasing further to 0.791 eV in the 2-TM
channel (Figure 6.7d). Since both Zn?* and Mn?* are divalent, the increase from the 0-TM
pathway (facing four Zn?* ions) to the 2-TM pathway (facing two Zn?* and two Mn?* ions)
cannot be attributed to electrostatics alone; it also reflects the strong Mn—0 covalency, which
stabilises the lattice and further impedes Zn migration. Importantly, the substantial barrier in
the 0-TM channel explains why Zn-rich DRX compositions despite increasing the number of 0-
TM sites, still fail to deliver measurable electrochemical capacity.

For comparison, Li* migration barriers were calculated in Mn-based DRX. The 0-TM
channel for Li* exhibits a much lower barrier of 0.117 eV (Figure 6.7e), consistent with
experimental reports of high reversible capacity in Li-rich DRX oxides. This stark contrast

demonstrates that divalent nature of Zn?* fundamentally limits its mobility.
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While this case provides valuable insight into the fundamental transport behaviour, a
more comprehensive analysis across multiple local environments is needed to achieve full
statistical accuracy.!® The migration barriers are sensitive to local site energy differences,
leading to asymmetric NEB profiles when the starting and ending configurations differ. As a
result, the calculated barrier values represent selected migration pathways and should be
interpreted as indicative of the general trend rather than exact quantitative values. Moreover,
finite-size effects may influence the results, as relatively small supercells were used;
employing larger supercells would improve accuracy but at a substantially higher
computational cost. Nonetheless, by comparing identical local configurations between Zn and
Li based DRX, this analysis provides a direct and meaningful comparison of their intrinsic ion
transport characteristics.

It is well established that SRO in DRX materials can influence the connectivity of
migration pathways and, consequently, ion transport.}41® However, for Zn?*, the combination
of strong electrostatic interactions and high charge density imposes a fundamental constraint.
Although SRO may locally alter the arrangement of accessible sites, the high migration barriers
prevent Zn?* from forming a percolating diffusion network. This indicates that the limited
mobility of Zn?* is intrinsic to its divalent nature and cannot be mitigated by SRO alone,

underscoring the need for additional structural modifications such as vacancy introduction.
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Figure 6.9 XRD patterns of as-synthesised target compounds (a) ZnosMnO; and (b) Zne.7sFe0;
obtained by mechanochemical ball milling.
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To address this challenge, the strategy of introducing cation vacancies into the DRX
lattice was proposed. DFT calculations revealed that vacancies significantly reduce the Zn?*
migration barrier. In the 0-TM channel, replacing two face-sharing Zn?* ions with two
vacancies lowered the barrier to 0.25 eV (Figure 6.7h), compared to 0.514 eV for fully occupied
channels. This substantial reduction demonstrates that vacancies can create low-energy
diffusion pathways, offering a viable strategy to unlock Zn?* mobility and enable the design of
electrochemically active DRX cathodes for nonaqueous ZIBs.

Attempts were made to synthesise vacancy-containing Zn-based DRX materials, such
as ZnosMnO; and ZngzsFe0;, to promote Zn diffusion. Introducing Zn vacancies requires
adjusting the transition-metal valence states by reducing the amount of rocksalt precursors
(e.g., MnO and FeO) while incorporating higher-valence sources such as MnO; and Fe;0s.
However, this compositional adjustment destabilises the DRX framework, leading to the
formation of impurity phases (Figure 6.9) due to the reduced ability of the rocksalt component

to stabilise the DRX structure.

6.3.3 Delithiated DRX Oxides as Cathodes in Zn-lon Batteries

A different strategy was adopted to introduce vacancies into the DRX framework.
Instead of directly synthesising Zn-based DRX with intrinsic vacancies, a delithiated Li-based
DRX was used as a model system. DRX LiMnO, was chosen for its structural and compositional
similarity to ZnMnO.. This material was then electrochemically charged in a Li cell to varying
extents, generating controlled concentrations of cation vacancies (Figure 6.10a,b). The
delithiated electrodes were subsequently discharged in Zn-ion cells to evaluate their ability to
host Zn. As shown in Figure 6.10c, higher vacancy concentrations in the cathode markedly
enhanced Zn insertion and discharge capacity, demonstrating that vacancies are essential for

enabling Zn diffusion and storage.
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Figure 6.10 (a) Schematic of delithiation of LiIMnO, DRX in a Li-ion battery to generate a vacant
DRX structure. (b) Charge curve of LiMnO, DRX in a Li-ion battery at 10 mA g. (c)
Discharge capacities of partially delithiated LiMnO;, tested in Zn-ion batteries at 10
mA g?; the corresponding delithiation states are labeled in panel (b). (d)
Charge/discharge profile of fully delithiated LioMnO2 in a Zn-ion battery, with inset
showing cycling performance at 10 mA g*.
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Figure 6.11 (a) Charge curve of LiMnO, DRX in a Li-ion battery at 10 mA g*. (b) Ex situ powder
XRD of LiMnO; at different states of charge, corresponding to the points marked in
panel (a). (c) Evolution of the unit cell parameters of DRX at different charge states.
(d) Weight fractions of spinel and DRX phases at the corresponding states, obtained
from Rietveld refinement of the XRD data.

As shown in Figure 6.10d, fully delithiated DRX LiMnO; discharged in a Zn-ion cell

delivered a discharge capacity of ~170 mAh g. The following charge process recovered nearly
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the same capacity, confirming the reversibility of Zn insertion and extraction. With extended

cycling, the capacity gradually declined, yet after 30 cycles the material still retained ~85 mAh
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Figure 6.12 (a) First discharge/charge curve of LioMnO> in a Zn-ion battery at 10 mA g. (b) Ex
situ powder XRD of pristine LiMnO,, LioMnO3, Zn FD, and Zn FC, corresponding to the
points in panel (a). (c) Ex situ Mn K-edge XANES spectra and (d) EXAFS of LiMnO,,
LioMnOz, Zn FD, and Zn FC. Zn FD represents the first discharge state in the Zn-ion
battery, while Zn FC represents the first charge state in the Zn-ion battery.

However, closer examination revealed that LiMnO; undergoes substantial structural
changes during charging in Li-ion cells. As shown in the ex-situ XRD patterns in Figure 6.11b,
the DRX reflections shift to higher angles during charging, consistent with lattice contraction
as Li is extracted (Figure 6.11c). Simultaneously, new peaks emerge that can be indexed to a
spinel phase. Due to the high mobility of Mn3* ions,” the structure progressively and partially
transforms into spinel during cycling. Other LiMnO; polymorphs, such as layered LiMnO; and
orthorhombic LiMnO; are known to convert to spinel within only a few charge/discharge
cycles.’®20 Although some reports have claimed that the DRX form of LiMnO2 can suppress
such structural transformation,?%?2 our results clearly demonstrate that this is not the case.

XRD patterns reveal broadened reflections characteristic of a low-crystallinity spinel phase,
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and Rietveld refinement shows that the spinel fraction increases progressively with charging,
reaching ~40 wt% at the top of charge (Figure 6.11d). This progressive phase transformation
provides a plausible explanation for why non-Li-rich DRX LiMnO; compositions can approach
nearly full Li extraction: the concurrent spinel formation facilitates additional electrochemical

activity.
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Figure 6.13 Rietveld refinement of XRD patterns for pristine LiMnO;, LioMnO>, Zn FD, and Zn
FC.

When the delithiated LioMnO; was subsequently tested in a Zn-ion cell, ex situ XRD
results (Figure 6.12b) showed that both the spinel peak at ~58° and the DRX peak at ~65°
shifted to lower angles during Zn discharge. This systematic peak shift corresponds to lattice
expansion, which is characteristic of cation insertion, indicating that Zn ions were incorporated
into both the spinel and DRX phases. After charging, these reflections returned to their original
positions, confirming the reversibility of Zn intercalation and deintercalation in both phases.
Detailed refinements of these structural changes are shown in Figure 6.13. Complementary
Mn K-edge XANES analysis (Figure 6.12c) revealed that the Mn valence state decreased during

Zn insertion, indicating Mn reduction. However, the valence change did not fully return to that
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of pristine LiMnO,, consistent with the lower Zn discharge capacity (~170 mAh g!) compared
to the Li charging capacity (~285 mAh g). Upon re-charging in the Zn cell, the Mn valence
state recovered, demonstrating the reversibility of the redox process. Furthermore, EXAFS
analysis (Figure 6.12d) showed that both Mn—-0 and Mn—Mn bond lengths expanded during
Zn intercalation and contracted upon Zn extraction, providing direct structural evidence for

the reversible nature of Zn storage in this system.
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Figure 6.15 (a) Charge curve of LisMn;Os DRX in a Li-ion battery at 10 mA g?. (b)
Discharge/charge profile of delithiated Lio.2sMn20s in a Zn-ion battery, with inset
showing cycling stability at 10 mA g. (c) Ex situ powder XRD of pristine LisMn;Os,
Lio.2sMn20s, Zn FD, and Zn FC. (d) Ex situ Mn K-edge XANES spectra of LisMn20s,
Lio,sthzOs, Zn FD, and Zn FC.
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Figure 6.16 Rietveld refinement of XRD patterns for LiaMn;0Os, Lip.2sMn20s, Zn FD, and Zn FC.
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Figure 6.17 (a) Charge curve of NaMnO, DRX in a Na-ion battery at 10 mA gl (b)
Discharge/charge profile of delithiated NagpMnO; in a Zn-ion battery, with inset
showing cycling stability at 10 mA g. (c) Ex situ powder XRD of pristine NaMnO3,
NaoMnQO,, Zn FD, and Zn FC. (d) Ex situ Mn K-edge XANES spectra of NaMnO,, NapMnO,,
Zn FD, and Zn FC.
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Figure 6.18 Rietveld refinement of XRD patterns for NaMnO;, NaoMnO3, Zn FD, and Zn FC.
The challenge, however, is that the mobility of Mn ions, combined with the absence of
d® metal doping in DRX, drives partial transformation of the DRX phase into spinel during de-
lithiation,”> making complete separation of the two phases difficult. Nevertheless, these
results clearly demonstrate that once vacancies are introduced, Zn diffusion in DRX can be
unlocked and both DRX and spinel phases can participate in reversible Zn (de)intercalation. To
generalise this observation, this study was extended to other Mn-based DRX systems,
including Li-rich LisaMn20s and Na-based NaMnO;, both synthesised by ball milling with
particle sizes ~50-200 nm, comparable to LiMnO; (Figure 6.14). Similar to LiMnO,, both
LiaMn,Os (Figure 6.15 and 6.16) and NaMnO; (Figure 6.17 and 6.18) also undergo structural
transformation to spinel upon delithiation/desodiation in Li/Na-ion cells due to Mn mobility.
When these delithiation/desodiation materials were cycled in Zn-ion cells, both the DRX and
the in situ formed spinel phases became electrochemically active (Figure 6.15b and 6.17b).

During Zn intercalation and deintercalation, both phases exhibited reversible structural
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changes, as confirmed by XRD (Figure 6.15c and 6.17c), along with reversible Mn valence
changes, as evidenced by XANES (Figure 6.15d and 6.17d).

To stabilise the DRX framework, it is well established that incorporation of at least one
d° species is beneficial. d° cations preferentially occupy highly distorted octahedral sites,
leaving the less distorted sites available for cations with partially filled d orbitals, thereby
lowering the overall energy of the disordered structure.?#2°> Guided by this principle, d° cation
Ti** was introduced to synthesise Li1.2Mno4Tio4O02 as a model system. Unlike the other DRX
materials discussed in this chapter, which were prepared by high-energy ball milling and
naturally adopt particle sizes of ~50-200 nm, this material was initially synthesised via a solid-
state route and exhibited large particles (~10 um), as shown in Figure 6.19a. Since smaller
particle sizes are generally required to enhance Li diffusivity in DRX systems,?®2” the material
was subsequently processed by ball milling at 600 rpm for 6 h, reducing the particle size to
~50-200 nm (Figure 6.19c). Then this nanosized material was delithaited to create cation
vacancy in Li-ion cell, delivering a charge capacity of ~320 mAh g (Figure 6.20a), in good

agreement with previous reports.?®

Li; ,Mng 4Tig .0, Li; ,Mng 4Tig 40, Li; ,Mng 4Tig 40,
Ball mill 600rpm 6h

Figure 6.19 SEM images of Li1 2Mng.4Tio.40;: (a) as-synthesised by solid-state method, (b) after
ball milling at 300 rpm for 6 h, and (c) after ball milling at 600 rpm for 6 h.

When the delithiated Li1.2Mng.4Tio.402 cathode was applied to Zn-ion cells, it delivered

a high reversible capacity of approximately 170 mAh g, with cycling performance as shown
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in the inset of Figure 6.20b. The inclusion of Ti proved critical for structural stability: even in
the fully delithiated state (Lio.23Mno.4Tio.402), the material maintained a single-phase DRX
structure without the formation of secondary phases. During Zn intercalation, XRD patterns in
Figure 6.20c and Figure 6.21 revealed unit-cell expansion upon Zn insertion, followed by
contraction upon Zn extraction, with peaks fully returning to their original positions,

confirming the DRX structural reversibility of Zn (de)intercalation.
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Figure 6.20 (a) Charge curve of Li1.2Mno.4Tip.402 DRX (ball-milled at 600 rpm for 6 h) in a Li-ion
battery at 10 mA g. (b) Discharge/charge profile of delithiated Li1.2Mno.4Tio.4O; in a
Zn-ion battery, with inset showing cycling stability at 10 mA g. (c) Ex situ powder XRD
of pristine Li1.2Mng4Tio.402, Lio.23sMnoaTios02, Zn FD, and Zn FC. (d-f) STEM-EDX
mapping of Mn, Ti, and Zn in LiFC (Lio.23Mno.4Tio.402), Zn FD, and Zn FC.

Furthermore, STEM-EDX mapping (performed by my supervisor Dr. Alex Robertson) in
Figure 6.20d provided direct nanoscale evidence of Zn insertion, showing Zn signals appearing

during discharge and disappearing upon charge. This confirms that Zn insertion and extraction
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are highly reversible and uniform at the particle level. These findings demonstrate that
introducing vacancies into a stabilised single-phase DRX framework enables accessible Zn

diffusion, in strong agreement with the DFT calculation result.
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Figure 6.21 Rietveld refinement of XRD patterns for Li12Mno.aTio.402, Lio.23Mno4Tio.a02, Zn FD,
and Zn FC.

Interestingly, particle size was found to have influence on Zn diffusion. For comparison,
the as-synthesised material was ball milled under milder conditions (300 rpm, 6 h), producing
submicron particles (~200—-1000 nm) as shown in Figure 6.19b. When delithiated in Li-ion cells,
this material delivered nearly the full charge capacity of ~315 mAh g (Figure 6.22a),
comparable to the ~320 mAh g achieved with the finer nanosized material prepared at 600
rom for 6 h (Figure 6.20a). This indicates that Li diffusion can occur effectively within
submicron particles, providing sufficient transport pathways for near-full electrochemical
utilisation.

In contrast, when cycled in Zn-ion cells, the same submicron material (ball milled 300
rpm, 6 h) delivered only ~80 mAh g (Figure 6.22b), far below the 170 mAh g obtained with

the finer particles produced under harsher milling conditions (600 rpm, 6 h) (Figure 6.20b).
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This demonstrates that Zn requires much shorter diffusion lengths, only achievable in

nanoscale particles, to overcome its intrinsically sluggish mobility.

Charge in LIB Discharge in ZIB

xinLi, , Mn, Ti, O,
00 02 04 06 08 10 12

o

w
o

~

n

N
o

=
]

Lis 2Mng 4Tig 40,
Ball mill 300rpm 6h

Capacity (mAh g}

w

o
=
o

0 5 10 15 20
Cycle Number

Voltage vs Li/Li* (V)
&
o
w

N
Voltage vs Zn/Zn*" (V)

N
o

0 20 40 6 8 100 120
Capacity (mAh g*)

=
50 100 150 200 250 300 350 400
Capacity (mAh g?)

o4

o

Intensity (a.u.)

Sats

30 35 40 45 S0 S5 60 65 70 75 8 8 90

Figure 6.22 (a) Charge curve of Li1.2Mno.4Tip.402 DRX (ball-milled at 300 rpm for 6 h) in a Li-ion
battery at 10 mA g*. (b) Discharge/charge profile of delithiated Lio.24Mno4Ti0.40; in a
Zn-ion battery, with inset showing cycling stability at 10 mA g. (c) Ex situ powder XRD
of pristine Li1.2Mno.4Tio.402, Lio.2aMno.aTio.402, Zn FD, and Zn FC.

This stark contrast highlights the fundamental difference between Li* and Zn%
transport: Li*, with its lower charge density and weaker electrostatic interactions, can migrate
efficiently even in relative larger particles, whereas Zn?* diffusion is severely constrained,
demanding fine particle sizes to achieve high electrochemical performance.

To compare the ion transport kinetics of Li* and Zn?* in DRX materials, GITT
measurements were carried out on delithiated Li1.2Mno.4Tio.sO2 which was prepared under
harsher ball-milling conditions (600 rpm, 6 h). After electrochemical delithiation, the resulting
Lio.23Mno.4Tio.402 phase was used as a starting point for subsequent ion insertion/ectraction
experiments with either Li* or Zn?*. This material exhibits both Mn and oxygen redox activity.

Since Zn insertion delivers a reversible capacity of ~170 mAh g1, the same cutoff capacity was
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applied for Li insertion to ensure that identical redox species were involved in both cases. This
controlled approach allowed a fair comparison of the kinetic behaviour of Li* and Zn%",

eliminating differences that could arise from probing different redox processes.
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Figure 6.23 GITT profiles of delithiated Lio.23Mno4Tio.sO2 DRX (ball-milled at 600 rpm for 6 h)
measured at 10 mA g with 1 h current pulses followed by 4 h relaxation to reach
equilibrium, tested in (a) a Zn-ion battery and (b) a Li-ion battery. (c) Calculated Zn and
Li diffusion coefficients in delithiated Li1.2Mno.4Tio.4O2 DRX during discharge and charge.

Under these controlled conditions, the GITT measurements revealed a clear kinetic
contrast between Li* and Zn?* insertion. As shown in Figure 6.23b, Li* insertion/extraction
curve showed a small polarisation of only ~0.3 V. In stark contrast, Zn?* insertion/extraction
curve exhibited a much larger voltage hysteresis of ~1.6 V (Figure 6.23a), despite being tested
at the same low current density (10 mA g?1). By tracking the quasi-equilibrium potential after
each current pulse (dashed lines in Figure 6.23a), it was observed that in the Zn-ion cell, the

guasi-equilibrium discharge and charge curves closed most of the hysteresis gap. This
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indicates that the large voltage hysteresis primarily due to slow Zn?* insertion and extraction
kinetics. In contrast, for Li* (Figure 6.23b), the quasi-equilibrium potential only slightly
narrowed the gap between the charge and discharge curves, indicating much faster Li* ion
transport and lower kinetic barriers. The diffusion coefficients calculated from GITT (Figure
6.23c) further quantify this disparity. Zn?* exhibited diffusivities in the range of ~10*3 to 10'1°
cm? s, nearly two orders of magnitude lower than those of Li*, which ranged from ~10! to
10° cm? s1. This provides direct, quantitative evidence that Zn?* transport is intrinsically
sluggish compared to Li* at the cathode level, fully consistent with the high migration barriers

obtained by DFT calculations.

6.3.4 Delithiated DRX Sulphides as Cathodes in Zn-lon Batteries

To accelerate Zn diffusion in DRX frameworks, it is useful to revisit the established
diffusion mechanism for Li* in oxides. The migration barrier is primarily determined by
electrostatic interactions between the migrating ion in the tetrahedral site and the cations
occupying the two face-sharing octahedra. This barrier is strongly influenced by the local
structural environment, particularly the tetrahedral height, which dictates the space available
for ion relaxation during migration. Increasing the tetrahedral volume is therefore expected
to reduce electrostatic repulsion and lower the migration barrier,?° potentially enabling more
facile Zn?* transport, as shown in Figure 6.24a. Guided by this principle, sulfide-based DRX
materials were investigated, focusing on LiTiS;, where the larger S?> anions expand the

tetrahedral dimensions relative to oxides,3 offering a promising route to improve Zn mobility.
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Figure 6.24 (a) Schematic of sulphide DRX, highlighting its larger tetrahedral height compared
to oxide DRX. (b) Charge curve of LiTiS; DRX in a Li-ion battery at 10 mA g. (c)
Discharge/charge profile of delithiated LiTiS; in a Zn-ion battery at 10 mA g?. (d) Ex
situ powder XRD of pristine LiTiS,, Lio.osTiS2, Zn FD, and Zn FC. (e) Ex situ Ti K-edge
XANES spectra of LiTiS,, Lio.0oTiS2, Zn FD, and Zn FC.

Based on Rietveld refinement of XRD data (Figure 6.24d and 6.25), the delithiated
LiTiS, structure exhibits a unit cell parameter of 4.9075 A, substantially larger than that of the
delithiated DRX oxide Li12Mno.4Tio.402, which has a unit cell size of 4.0522 A (Figure 6.21). This
confirms that sulfide DRX frameworks provide larger tetrahedral sites compared to oxides.

Electrochemical testing showed that delithiated LiTiS; delivered a high initial discharge
capacity in Zn-ion cells. However, its reversibility was poor, as indicated by a much lower
charge capacity (Figure 6.24c). GITT analysis (Figure 6.26¢,d) further revealed that Zn?*

diffusion coefficients during insertion were significantly higher in the sulfide than in the oxide,
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confirming that the expanded tetrahedral environment of the sulfide indeed facilitates Zn?*
mobility. Despite this improvement, Zn extraction remained sluggish, with a much lower
diffusion coefficient during charge, highlighting a critical kinetic asymmetry that limits

reversibility.
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Figure 6.25 Rietveld refinement of XRD patterns for LiTiS;, Lio.0oTiS2, Zn FD, and Zn FC.

While the poor reversibility limits practical application, these findings provide proof-
of-concept that expanding the tetrahedral size through anion substitution can reduce the Zn
migration barrier and facilitate Zn diffusion in DRX materials. This approach could be extended
to other larger anions, such as CI,?° to enhance Zn mobility. More broadly, it highlights lattice-
engineering strategies, such as anion substitution or mixed-anion frameworks, as a promising

pathway to enable faster Zn diffusion and improved performance in DRX cathodes for non-

aqueous ZIBs.
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Figure 6.26 (a) GITT profile of delithiated Li1.2Mno.4Tio.402 DRX (ball-milled at 600 rpm for 6 h)
measured at 10 mA g with 1 h current pulses followed by 4 h relaxation, tested in a
Zn-ion battery. (b) Zn diffusion coefficients of delithiated Li1.2Mno.4Tip.402 DRX during
discharge and charge. (c) GITT profile of delithiated LiTiS; DRX measured under the
same conditions in a Zn-ion battery. (d) Zn diffusion coefficients of delithiated LiTiS;
DRX during discharge and charge.

6.4 Conclusion

To achieve high-voltage ZIBs while minimising side reactions at both the cathode and
anode, nonaqueous electrolytes were explored. To identify suitable and compatible cathode
materials for nonaqueous ZIBs, DRX structures were investigated due to their demonstrated
advantages in Li- and Na-based systems, including small volume change and high capacity. A
wide range of Zn-based DRX compositions were synthesised and evaluated, varying transition
metal species, Zn content, and configurational entropy. However, none of these materials
exhibited measurable capacity. This lack of activity was traced to the intrinsic DRX framework,

where Zn?* faces strong electrostatic repulsion that severely limits its diffusion.
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DFT calculations confirmed this limitation, showing that even the most favourable 0-
TM channels present prohibitively high migration barriers for Zn?* transport. Introducing
cation vacancies can significantly reduce these barriers. Experimentally, this strategy was
validated using delithiated Li-based DRX (Li1.2Mno4Tio402), which delivered a reversible
capacity of 170 mAh g in a Zn-ion cell. GITT measurements further quantified Zn?* diffusivity,
revealing values nearly two orders of magnitude lower than those for Li*, highlighting the
sluggishness of Zn transport.

To further enhance Zn diffusion, anion engineering was explored. Larger anions, such
as sulfur, expand the unit cell and reduce electrostatic constraints, thereby lowering migration
barriers. This work provides critical insights into defect engineering strategies to unlock Zn
mobility in DRX frameworks, offering design principles relevant not only for ZIBs but also for

other multivalent ion storage systems.
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7.1 Conclusion

Over the past decade, ZIBs have attracted considerable attention. Due to the
favourable redox potential of Zn, Zn anode is compatibility with aqueous electrolytes.
Aqueous electrolyte attributes offer compelling advantages in safety, cost, and environmental
sustainability. However, persistent interfacial instabilities, such as parasitic reactions and
dendritic growth at the Zn anode, along with Mn dissolution and structural degradation at
Mn-based cathodes, continue to limit cycle life and practical deployment. While many studies
have examined these issues in isolation, few have adopted a holistic, cell-level approach. This
thesis addresses this gap by developing a mechanistic understanding of interfacial degradation
and proposing integrated strategies to enhance overall ZIB performance.

The first part of this thesis focuses on the zinc anode—electrolyte interface. Planar zinc
deposition is identified as critical for suppressing side reactions and achieving stable cycling.
While high current densities (>20 mA cm) naturally promote planar growth, they are
incompatible with typical cathode operation. To overcome this, an approach employing
uniaxial mechanical pressure was introduced, enabling planar Zn growth at cathode-
compatible current densities. Zn anodes plated under applied pressure exhibit pliable
microstructures and uniform deposition, which enhance interfacial conformity and resist
detachment during stripping, thereby minimising the formation of dead zinc. Moreover, the
preferred crystallographic orientation induced by pressure-assisted plating provides improved
resistance to corrosion. Together, these effects significantly enhance full-cell cycling
performance under cathode-compatible operating conditions.

The second part focuses on the cathode—electrolyte interface, with an emphasis on
the widely studied MnO; cathode. Using operando XRF mapping and ex-situ spectroscopic

analyses, the primary charge storage mechanism was shown to proceed via reversible Mn
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dissolution and redeposition. The role of Mn?* additives was clarified: rather than preventing
Mn dissolution, they act as a reservoir of active material, boosting capacity. However, two
intrinsically irreversible processes: incomplete MnO; dissolution during discharge and
incomplete Mn?* redeposition during charge remain the fundamental cause of capacity fade,
regardless of Mn?* electrolyte addition. These findings underscore the need to improve
dissolution and deposition efficiency to achieve long-term stability, highlighting the critical
role of the cathode—electrolyte interphase in governing MnO; cathode performance.

Recognising that many challenges of Zn metal arise from the aqueous environment,
the third part of this thesis explores anode-free ZIB architectures. In this design, no metallic
Zn is present initially, reducing side reactions typically associated with zinc metal during
resting. A novel Zn-containing DRX cathode, ZnMnO,, was developed to release Zn?* during
the initial charge, providing the zinc source for subsequent cycling. ZnMnO: delivers a high
discharge capacity of 233 mAh g'! and demonstrates stable cycling. When paired with a Zn-
free current collector, the energy density is significantly increased—nearly sevenfold
compared to conventional zinc metal anodes—despite a lower overall capacity. The dominant
capacity mechanism remains Mn dissolution and redeposition. This work establishes ZnMnO,
as a promising cathode material for anode-free ZIBs and highlights the broader potential of
DRX oxides based on earth-abundant elements, such as ZnFeO,, for sustainable high-
performance energy storage.

The final part of this thesis explores non-aqueous ZIBs, which, while less safe than
aqueous systems, offer a wider electrochemical stability window, enabling higher voltages and
greater energy density. DRX frameworks were investigated as potential cathodes due to their
proven success in Li- and Na-ion systems, but Zn-based DRX showed poor activity due to high

Zn?* migration barriers, confirmed by DFT calculations. To overcome this, cation vacancies
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were introduced, significantly reducing migration barriers and validated experimentally using
delithiated Li-based DRX, which delivered a reversible capacity of 170 mAh gl. GITT
measurements revealed Zn?* diffusion is two orders of magnitude slower than Li*, highlighting
the challenge of multivalent ion transport. Anion engineering with larger anions further
enhanced diffusion, providing design principles for next-generation multivalent batteries.
Collectively, this thesis presents a comprehensive strategy to address the
interconnected challenges of Zn anodes, Mn-based cathodes, and electrolytes in both
aqueous and non-aqueous ZIBs. By linking fundamental mechanisms with practical cell-level
solutions, it tackles key degradation pathways and demonstrates integrated approaches to
enhance performance, ultimately advancing the potential of ZIBs for sustainable energy

storage.

7.2 Future work

7.2.1 Fundamental Understanding

Mn-based oxides remain the most widely studied cathodes for aqueous ZIBs. In
aqueous electrolytes, these materials typically operate through a Mn dissolution—deposition
mechanism that appears largely independent of the parent oxide’s initial composition or
crystal structure. To improve long-term cycling stability and enhance cathode utilisation, it is
crucial to develop a fundamental understanding of the factors that govern this process and to
identify strategies to control it. Because Mn dissolution and deposition are cathode-
electrolyte interfacial processes, the electrolyte plays a central role in determining Mn-based
oxide cathode performance, with both pH and electrolyte composition exerting significant

influence.
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pH is one of the most critical factors governing the dissolution—deposition behaviour.
Previous studies have shown that lowering the electrolyte pH decreases the MnO, dissolution
potential to below 1 V vs. Zn?*/Zn while simultaneously providing protons that facilitate Mn
dissolution. This combined effect accelerates Mn dissolution, initially increasing the discharge
capacity by generating a more readily accessible pool of electroactive Mn species. While this
may appear advantageous, low pH also raises the Mn?* deposition potential toward ~2 V vs.
Zn?*/Zn. Such a high deposition potential can exceed the electrochemical stability window of
aqueous electrolytes, triggering parasitic side reactions, such as water splitting. In addition,
acidic conditions accelerate corrosion of the Zn anode and promote other undesirable
interfacial reactions that compromise overall cell stability. Transitioning to near-neutral pH
electrolytes can mitigate these parasitic reactions at the anode, yet this shift introduces new
challenges. At higher pH, the thermodynamic driving force for MnO. dissolution decreases,
which may limit cathode utilisation and lead to incomplete redox activity. Consequently,
neither highly acidic nor neutral electrolytes alone offer a perfect solution. The relationship
between pH, cathode dissolution—deposition dynamics, and Zn anode stability remains
complex and poorly understood. Future studies should systematically investigate how
electrolyte pH influences both half-cell and full-cell performance, including the interplay
between Mn-based cathodes and Zn anodes.

Beyond pH, the chemistry of the electrolyte anions also plays a pivotal role. For
example, MnO; exhibits strikingly different electrochemical behaviours in 1 M ZnSO4, 1 M
Zn(CF3S0s3),, and 1 M Zn(CH3COO); electrolytes. While part of this variation arises from
differences in pH, other factors are also at play, including changes in solvation structure and
ion coordination. The identity and concentration of anions directly influence Zn?* and Mn?*

coordination environments, affecting Gibbs free energies for desolvation and potentially
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altering surface interactions and solvent co-intercalation behaviour. Carefully designed
experiments are needed to disentangle these effects and determine how specific anions
govern Mn dissolution, redeposition, and cathode performance. A comprehensive
understanding of this relationship will be essential for defining an optimal pH window and
electrolyte composition that maximises Mn utilisation, minimises parasitic reactions, and
ensures long-term cycling stability and efficiency in practical ZIBs.

Even beyond the influence of the electrolyte, the dissolution—deposition process itself
remains poorly understood. While it is clear that Mn-based oxides dissolve to produce Mn?*
in the electrolyte, the nature of the redeposited phase during charging is less well defined.
For instance, this thesis shows that in DRX ZnMnO: systems, the phase formed upon charging
is spinel-type ZnMnOs, whereas in a-MnO; systems, the redeposited phase is e-MnO.. This
suggests that the initial cathode structure may act as a template, guiding the nucleation and
growth of the redeposited material. Such structural templating could play a crucial role in
determining the reversibility and efficiency of the dissolution—deposition pathway. Electrolyte
additives have been also reported to influence this deposition process, modifying nucleation
pathways and altering the structure of the redeposited phase, but the underlying mechanisms
are still not fully understood. Achieving controlled deposition will not only improve Mn
utilisation but also enhance long-term cycling stability, ultimately enabling Mn-based

cathodes to reach their full potential in practical aqueous ZIBs.

7.2.2 Potential Application Scenarios

Aqueous ZIBs offer several intrinsic advantages, including low cost, high safety due to
the non-flammable nature of aqueous electrolytes, and compatibility with environmentally
benign materials. However, these benefits are coupled with inherent challenges that also arise

from the aqueous electrolyte itself. The most critical issue is the unavoidable side reactions
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between metallic Zn and electrolyte, which lead to continuous hydrogen evolution. This
reaction poses a serious safety risk: in a sealed system, the accumulation of hydrogen gas can
create internal pressure, eventually causing cell rupture or even explosion. While an aqueous
electrolyte will not ignite like organic electrolytes used in Li-ion batteries, the mechanical
failure of a cell due to gas buildup still represents a major hazard for practical deployment.
Moreover, this side reaction is chemical rather than purely electrochemical, meaning it can
occur even when the battery is idle. As a result, catastrophic failure could happen before the
battery is even put into operation, raising substantial concerns for safe handling and storage.

In this thesis, anode-free ZIB configurations were explored as a strategy to mitigate
these issues by avoiding the direct use of metallic Zn at the beginning of cycling. However,
during charging, Zn is inevitably electrodeposited onto the current collector. Once metallic Zn
is present, parasitic reactions with water resume, leading again to hydrogen evolution and gas
accumulation. This represents a fundamental limitation to the safety of aqueous ZIBs and
underscores why these systems face persistent challenges in sealed-cell designs. Thus,
addressing this issue is essential for any future commercialisation of ZIBs.

One potential route forward is the development of ZIBs using nonaqueous or solid-
state electrolytes. By eliminating water from the system, the thermodynamic pathway for
hydrogen evolution can be completely avoided, thereby removing the root cause of gas
generation. However, this approach comes with its own challenges. Because the operating
voltage of ZIBs is inherently lower than that of LIBs, the performance metrics of reported
nonaqueous Zn systems have so far struggled to match those of their lithium counterparts.
For ZIBs to compete, their primary selling point must remain their superior safety profile. This
means that the selected nonaqueous electrolyte must itself be non-flammable, stable, and

inexpensive, in order to leverage Zn’s intrinsic safety and economic advantages. Recent studies
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have explored the use of low-cost electrolytes such as ZnCl, dissolved in ethyl acetate (EA),
which show promise as safer alternatives to traditional organic solvents. However, CI~ anions
are incompatible with many high-voltage cathodes due to their limited oxidative stability,
limiting their practical utility. Solid-state electrolytes are another promising pathway, but even
in Li-ion systems which are far more mature, solid-state batteries face significant challenges,
including interfacial contact, poor ionic conductivity, and mechanical instability. Translating
these technologies to Zn-based systems will likely encounter similar hurdles.

Another promising application scenario is in redox flow batteries. Unlike sealed
portable devices, redox flow batteries are typically installed in large-scale stationary settings,
such as grid energy storage systems. This allows them to safely use aqueous electrolytes while
managing hydrogen evolution more effectively. Because redox flow batteries are not
completely sealed, hydrogen gas generated by parasitic reactions can be vented or captured,
reducing the risk of catastrophic failure. Furthermore, the evolved hydrogen could even be
harvested as a secondary energy carrier, improving overall system efficiency and sustainability.

In summary, while the intrinsic reactivity of Zn with mild acidic aqueous electrolyte
poses a major barrier to the use of aqueous ZIBs in portable or sealed applications, alternative
strategies can be envisioned to overcome this challenge. Transitioning to nonaqueous or solid-
state electrolytes could eliminate parasitic hydrogen evolution altogether, provided the safety
and cost benefits of Zn are preserved. Alternatively, deploying aqueous ZIBs in open or semi-
open systems such as redox flow batteries offers a practical pathway by managing hydrogen
generation rather than preventing it. Future research should therefore focus on matching the
electrolyte strategy to the intended application, ensuring that ZIBs can be developed in ways

that fully leverage their advantages while addressing their fundamental safety limitations.
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