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Abstract 
Zinc-ion ba\eries (ZIBs) have emerged as promising energy storage systems owing to 
compa6bility of zinc anodes with aqueous electrolytes. While aqueous electrolytes provide 
advantages in safety, they also introduce cri6cal challenges at both electrodes. At the zinc 
anode, parasi6c side reac6ons and dendri6c growth compromise reversibility, while Mn-based 
cathodes suffer from Mn dissolu6on, limi6ng cycle life. Together, these interfacial instabili6es 
hinder the prac6cal deployment of ZIBs in large-scale applica6ons. 

This thesis develops an understanding of degrada6on mechanism and proposes strategies to 
overcome them. Firstly, the zinc anode–electrolyte interface is inves6gated. While high 
current densi6es can promote planar Zn growth, they are incompa6ble with cathode 
opera6on. To resolve this, an approach using uniaxial mechanical pressure is introduced, 
enabling stable zinc pla6ng/stripping under prac6cal current densi6es. 

Secondly, the focus shibs to the MnO2 cathode–electrolyte interface. Using operando analysis, 
it is shown that the primary charge storage mechanism proceeds via reversible Mn dissolu6on 
and redeposi6on. Furthermore, the role of Mn2+ addi6ves is found to act as a soluble redox 
reservoir, supplying addi6onal ac6ve material during charging. These findings highlight the 
strong coupling between ba\ery electrochemical performance and electrolyte composi6on.  

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, 
ZnMnO2, 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 mi6gate side reac6ons, non-aqueous ZIBs are explored. To unlock efficient 
Zn2+ diffusion in DRX cathodes under non-aqueous condi6ons, ca6on vacancies are 
engineered by delithia6ng Li-based DRX precursors, leading to improved Zn2+ transport and 
enhanced ba\ery performance. 

These insights provide guiding principles for the ra6onal design of next-genera6on ZIBs with 
improved stability and performance.  
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 2 

1.1 The Broader Context of Ba1ery Technologies  

The accelera6ng threat of global warming, largely driven by anthropogenic CO2 

emissions, demands urgent and sustained ac6on. Achieving net-zero carbon emissions has 

become a global impera6ve to mi6gate climate change and reduce the environmental 

footprint of human ac6vity. Among all sectors, transporta6on stands out as a major 

contributor to greenhouse gas emissions, making its decarbonisa6on a cri6cal component of 

the broader transi6on to sustainable energy systems. Over the past decade, the widespread 

deployment of electric vehicles (EVs) has emerged as a viable and rapidly evolving solu6on to 

this challenge. At the centre of EV technology is the lithium-ion ba\ery, a high-performance 

electrochemical energy storage system that is progressively replacing internal combus6on 

engines as the dominant power source in modern vehicles.1,2 

 

Figure 1.1 (a) Schematic illustration of a Li-ion battery comprising a graphite anode and a 
LiCoO2 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 ba\eries (LIBs), as the dominant energy storage technology in modern 

electrochemical systems, typically employ a simple configura6on: a graphite anode, a lithium 

cobalt oxide (LiCoO2) cathode, and a non-aqueous electrolyte.3 These devices operate via 
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reversible redox reac6ons 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, oxida6on occurs at the LiCoO2 cathode, releasing lithium 

ions and electrons according to the reac6on: 

LiCoO2 → Li1-xCoO2 + 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, reduc6on takes place as lithium ions are intercalated into the carbon matrix: 

xC6 + xLi+ + xe- → xLiC6 

Due to the reversible nature of the electrochemical reac6ons, the discharge process 

proceeds in the opposite direc6on 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 LiCoO2 structure, accompanied by the flow of electrons through the 

external circuit to deliver usable electrical energy.  

The electrolyte plays a cri6cal role in this charging/discharging process. It must enable 

rapid Li+ ion transport while maintaining electrochemical stability across the full opera6ng 

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 (LiPF6).4 This composi6on ensures high ionic conduc6vity, typically in 

the range of 10-3 to 10-2 S cm-1, while maintaining a wide electrochemical stability window (up 

to ~4.5 V vs. Li+/Li).5 To prevent internal short circuits and allow selec6ve ionic transport, a 

microporous polymer separator which is oben made from polyethylene (PE) or polypropylene 

(PP), is used to physically isolate the electrodes.6 Soaked in electrolyte, this separator permits 
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lithium-ion migra6on through its interconnected pores, with solva6on–desolva6on dynamics 

governing the movement of Li+ and enabling efficient ionic conduc6on during opera6on.  

To evaluate ba\ery performance, one of the most cri6cal parameters is energy density, 

which quan6fies the amount of energy a ba\ery can deliver per unit mass. It is typically 

expressed in wa\-hours per kilogram (Wh kg-1). This parameter is fundamentally determined 

by both the cell voltage (V) and the specific capacity (mAh g-1) of the electrode materials.  

Ba\ery voltage (V) arises from the difference in chemical poten6al between the anode 

and cathode materials, as illustrated in Figure 1.1b. For safe and stable opera6on, the 

electrolyte's electrochemical stability window must encompass the redox poten6als of both 

the anode and the cathode to prevent undesired side reac6ons. The equilibrium voltage of 

the cell, corresponding to the open-circuit voltage (OCV) can be quan6ta6vely described by 

the Nernst equa6on, which relates the cell voltage to the Gibbs free energy change of the 

electrochemical reac6on and the ac6vi6es of the involved species.7 The Nernst equa6on is 

expressed as: 

𝐸!"## = 𝐸!"##$ −
𝑅𝑇
𝑧𝐹 𝑙𝑛𝑄%  

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 reac6on quo6ent Qr, 

defined by the ra6o of the ac6vi6es of the reduced and oxidised species, captures the effect 

of concentra6on varia6ons on cell voltage.7  

On cathode side reac6on: 

𝑄%!&'($)" =
𝑎*+!	
, ∙ 𝑎*+#$%-$.&
𝑎*+#$%-$.&

 

While on anode side reac6on: 
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𝑄%&/$)" =
𝑎*+-'	
,

𝑎*+!	
, ∙ 𝑎-,

 

where 𝑎 represents the real-6me molar concentra6on of each species involved in the reac6on 

(mol L-1).8 This rela6onship demonstrates that ba\ery voltage is influenced not only by the 

intrinsic chemical poten6als of the electrode materials but also by the dynamic 

electrochemical environment within the cell.8 

Another important parameter influencing energy density is the capacity (mAh g-1) of 

the ba\ery, which determines the total amount of electric charge that can be stored or 

released during opera6on. The theore6cal specific capacity Qf of an electrode material9 can 

be es6mated using the following equa6on: 

𝑄0 =
𝑛 ∙ 𝐹
𝑀  

Here, n is the number of electrons transferred per formula unit during the electrochemical 

reac6on, F is Faraday’s constant (96,485 C mol-1), and M is the molar mass of the ac6ve 

material (g mol-1). This rela6onship offers key design strategies for enhancing capacity: (i) 

selec6ng redox-ac6ve materials with a lower molar mass (M) increases the number of moles 

per gram, and (ii) employing materials that support mul6-electron transfer reac6ons (n>1) 

allows for greater charge storage per formula unit. 

In real-world applica6ons, limita6ons oben stem from the both the intrinsic proper6es 

and electrochemical behaviour of electrode materials during extended cycling. Graphite 

anodes, which dominate commercial lithium-ion ba\eries, are constrained by a rela6vely low 

specific capacity of 372 mAh g-1.10 Lithium metal anodes, by contrast, offer a much higher 

theore6cal capacity (3,860 mAh g-1), making them a\rac6ve for next-genera6on systems such 

as lithium-sulfur (Li-S) and lithium-oxygen (Li-O2) ba\eries.11 However, their prac6cal 

applica6on is hindered by issues such as uncontrolled dendri6c Li growth, which can penetrate 
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the separator, leading to internal short circuits and poten6al safety risks, including thermal 

runaway.12 On the cathode side, nickel-rich layered oxides (e.g., NMC811, LiNi0.8Mn0.1Co0.1O2) 

achieve high volumetric energy densi6es (>700 Wh L-1) but suffer from structural degrada6on 

and interfacial instability at high opera6ng voltages (~4.3 V vs. Li+/Li).13 In contrast, lithium 

iron phosphate (LiFePO4, LFP) cathodes provide excellent thermal and structural stability, 

offering superior safety and cycle life.14 Although LFP operates at a lower voltage (~3.2 V vs. 

Li+/Li) compared to NMC (~3.8 V), its robustness and cost-effec6veness combined with 

efficient cell engineering techniques such as dense electrode stacking, can result in 

compe66ve pack-level energy densi6es. Moreover, the abundance and low cost of iron 

rela6ve to cri6cal metals like cobalt and nickel make LFP a highly sustainable op6on. Thus, 

advancing high-energy-density ba\ery technologies through both materials innova6on and 

system-level design op6misa6on remains a central objec6ve for the future of energy storage. 

1.2 Overview of Zinc Ion Ba1eries (ZIBs) 

Mul6valent-ion ba\eries have a\racted increasing a\en6on as a promising 

complement to Li-ion technology, offering the prospect of sustainable and cost-effec6ve 

energy storage beyond lithium. Abundant and earth-rich metals such as zinc (Zn), magnesium 

(Mg), calcium (Ca), and aluminium (Al) offer a\rac6ve prospects for next-genera6on 

rechargeable ba\eries. Unlike monovalent ions such as Li+, mul6valent metal ca6ons (e.g., 

Zn2+, Mg2+, Ca2+, Al3+) are capable of transferring two or more electrons per ion, theore6cally 

enabling significantly higher specific capaci6es and energy densi6es.15 However, as described 

by the Nernst equa6on, the cell voltage in mul6valent-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. 
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Among mul6valent candidates, Zn stands out due to its favourable electrochemical 

proper6es and material abundance. It offers a high theore6cal specific capacity of 820 mAh g-

1 and an excep6onally high volumetric capacity of 5,851 mAh cm-3, outperforming many other 

mul6valent metals such as Mg (3,833 mAh cm-3), Ca (2,073 mAh cm-3).15 

Similar to Li-ion ba\eries, Zn-ion ba\eries are composed of a Zn anode, a cathode, and 

an electrolyte. Owing to Zn's rela6vely low standard reduc6on poten6al (-0.76 V vs. the 

standard hydrogen electrode, SHE), Zn metal anodes are compa6ble not only with organic 

electrolytes but also with aqueous electrolytes, without significant side reac6on. In contrast, 

other mul6valent metal anodes such as Mg, Ca, and Al tend to undergo severe parasi6c 

reac6ons with water, forming electrochemically inert byproducts that passivate the electrode 

surface and compromise ba\ery performance, make them incompa6ble with aqueous 

electrolyte. Zn, by contrast, allows for more efficient and reversible electrochemical cycling in 

aqueous environment.  

Aqueous zinc-ion ba\eries (ZIBs) have a\racted considerable a\en6on due to the 

unique advantages provided by aqueous electrolytes. These includes: 

• Cost and safety: Water is inexpensive, abundant, and environmentally benign. Unlike 

flammable organic solvents, it is non-vola6le and non-toxic, making aqueous ZIBs 

inherently safer, par6cularly a\rac6ve for applica6ons in wearable electronics. 

• Superior ionic conduc6vity: Aqueous electrolytes exhibit much higher ionic 

conduc6vity (typically 10-2 to 6 × 10-2 S cm-1) than their organic counterparts (10-3 to 

10-2 S cm-1). This facilitates faster Zn2+ ion transport and enhances rate capability and 

power performance. 
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• Enhanced reac6on kine6cs: The presence of water significantly reduces interfacial 

resistance at the electrode–electrolyte interface, accelera6ng redox reac6ons and 

improving charge transfer kine6cs, which translates to improved ba\ery efficiency. 

• Improved salt solubility: Water’s high dielectric constant allows it to dissolve zinc salts 

(e.g., Zn(CF3SO3)2) at high concentra6ons (~3 M), compared to <0.5 M in typical organic 

solvents like acetonitrile. This promotes a high concentra6on of mobile Zn2+ ions, 

essen6al for maintaining capacity over long cycles. 

• Simplified manufacturing: Aqueous ZIBs can be fabricated in ambient condi6ons 

without the need for dry-room environments or stringent moisture control, reducing 

manufacturing cost and complexity. This makes them compe66ve with moisture and 

air sensi6ve systems. 

 

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–
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electrolyte interfaces, as illustrated in Figure 1.2. At the Zn anode–electrolyte interface, side 

reac6ons frequently occur due to the mildly acidic nature of typical aqueous electrolytes (pH 

~3–5).16 These condi6ons promote Zn corrosion, hydrogen gas evolu6on, and forma6on of 

insoluble byproducts. On the cathode side, transi6on-metal-based materials such as 

manganese-, vanadium-, cobalt-based oxides, and Prussian blue analogues are oben prone to 

transi6on metal (TM) dissolu6on in aqueous environments,17 which might lead to gradual 

capacity fading over repeated cycles. 

Meanwhile, nonaqueous ZIBs have been also a\rac6ng growing interest for their 

ability to overcome several intrinsic limita6ons of aqueous systems. By employing organic 

solvents with wider electrochemical stability windows, nonaqueous ZIBs can operate at higher 

voltages, poten6ally exceeding 3 V, which significantly enhances energy density. In addi6on, 

they generally exhibit fewer parasi6c side reac6ons and improved interfacial stability, 

par6cularly at the electrode–electrolyte interfaces.18 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 dis6nct advantages and 

face unique challenges, driving con6nued research efforts into both systems. 

Many research efforts have focused on improving either the anode or the cathode 

independently. However, because a Zn-ion ba\ery is a closed, interdependent electrochemical 

system, reac6ons at one electrode can influence and even exacerbate degrada6on processes 

at the other. Therefore, a holis6c design approach that simultaneously addresses the 

op6misa6on of the anode, cathode, and electrolyte is essen6al for the development of high-

performance, stable, and long-las6ng ZIBs.  

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

the following sec6ons will examine in detail the key failure mechanisms and interfacial 



 10 

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 degrada6on 

phenomena arising from both spontaneous chemical reac6ons and electrochemical processes. 

These interfacial issues significantly compromise ba\ery efficiency, cycle stability, and overall 

lifespan. 

 

Figure 1.3 The Pourbaix diagram of Zn in aqueous solution. 

Zinc Corrosion  

Upon contact with an aqueous electrolyte, par6cularly 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 Zn2+, while protons (H+) from the electrolyte are reduced to hydrogen gas. 
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This behaviour stems from the fact that the standard reduc6on poten6al of the Zn/Zn2+ 

couple is lower than that of H+/H2 across the en6re pH spectrum. As a result, zinc corrosion is 

thermodynamically favoured in aqueous environments. The reac6on proceeds as follows: 

Zn(s) → Zn2+(aq) + 2e- 

This corrosion process leads to the loss of ac6ve zinc, reducing the ba\ery’s accessible 

capacity. Furthermore, it promotes the forma6on of insula6ng byproducts and increases 

interfacial resistance, both of which deteriorate electrochemical performance over 6me. 

Hydrogen Evolu=on Reac=on (HER) 

The hydrogen evolu6on reac6on occurs concurrently with zinc corrosion and further 

contributes to the degrada6on of the anode–electrolyte interface. The HER can be 

represented by the following reac6on: 

2H+ + 2e⁻ → H2(g) 

HER presents several cri6cal challenges in aqueous ZIBs. In sealed ba\ery systems, the 

genera6on of hydrogen gas can lead to gas accumula6on, which impairs contact between the 

electrolyte and electrode, thereby increasing interfacial resistance and reducing the 

coulombic efficiency (CE). Moreover, Addi6onally, Zn dendrite forma6on, which is oben 

induced by non-uniform deposi6on, could further increase the Zn surface area, accelera6ng 

both HER and corrosion. 

Forma=on of Side Byproducts 

During the HER, protons (H+) are consumed, resul6ng in a localised increase in pH near 

the zinc anode surface. This elevated pH promotes the genera6on of hydroxide ions (OH-), 

which can subsequently react with Zn2+ and other electrolyte anions to form electrochemically 

inac6ve byproducts. These side products accumulate at the anode–electrolyte interface and 

significantly impair ba\ery performance. For example, Cai et al. reported the forma6on of 



 12 

Zn4(OH)6SO4·xH2O in electrolytes based on ZnSO4, supported by X-ray diffrac6on (XRD) 

analysis.19 The generalised reac6on is: 

4Zn2+ + 6OH- + SO4
2- + xH2O → Zn4(OH)6SO4·xH2O 

This composi6on of interfacial parasi6c side products depends heavily on the specific 

aqueous electrolyte salt used. In a ZnSO4 electrolyte, the byproduct is zinc hydroxide sulfate 

(Zn4(OH)6SO4·xH2O, ZHS); in a zinc triflate (Zn(OTf)2) electrolyte, the product is zinc hydroxide 

triflate (ZHT); and in a Zn(C2F6NS2O4)2 electrolyte, it is zinc hydroxide triflimide (ZHTSI). These 

byproducts typically exhibit loosely packed, plate-like morphologies that lack a con6nuous 

conforming film across the surface. As a result, they fail to prevent con6nuous electrolyte 

access to the Zn surface, allowing side reac6ons to persist. Moreover, their presence disrupts 

uniform Zn2+ ion flux, promo6ng nonuniform deposi6on and dendrite forma6on. This cascade 

of degrada6on mechanisms leads to a low CE for Zn pla6ng/stripping and contributes to 

premature ba\ery failure. 

The aforemen6oned Zn corrosion, hydrogen evolu6on, and related parasi6c byproduct 

forma6on are spontaneous chemical processes that occur even when a ZIB is in an idle state. 

As a result, the Zn anode is suscep6ble to substan6al capacity loss during calendar aging. 

Recent studies (Figure 1.4) have shown that even a 24-hour res6ng period can result in 

significant degrada6on, with capacity losses exceeding 70% in some cases.20 

This degrada6on becomes more pronounced with longer res6ng 6mes, higher anode 

mass loading, and lower charging rates, all of which reduce the reversibility of Zn 

pla6ng/stripping and shorten the overall shelf life of the cell. While part of the irreversible 

capacity loss is a\ributed to the forma6on of corrosion products such as ZHS and zinc 

hydroxide (ZHO), a substan6al por6on (over 40% in some cases) is linked to the forma6on of 

so-called “screened Zn.”20 
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Figure 1.4 (a) Representative charge–discharge curves of Zn/2 M ZnSO4/Ti cells after different 
aging times, used to evaluate Zn anode loss.20 (b) Post-aging CE and capacity loss as a 
function of aging duration under three current densities: 1, 4, and 10 mA cm-2. Notably, 
cells cycled at 1 mA cm-2 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-2 results in less 
degradation during aging.20 (c) Quantitative Zn usage after aging (at 4 mA cm-2), 
distinguishing between fully reversible Zn, screened Zn, and Zn irreversibly consumed 
in by-products such as ZHS or ZHO.20 (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.20 (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.20 

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).20 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 interac6ons, which can 

severely degrade ba\ery performance even in the absence of cycling, posing a significant 

barrier to achieving long shelf life in prac6cal aqueous ZIB systems. 

Dendrite Forma=on  

An ideal zinc anode surface should be flat, dense, and morphologically uniform to 

ensure high CE and stable long-term cycling. However, in prac6cal systems, non-uniform Zn 

deposi6on is frequently observed, primarily due to heterogenei6es in electric field. During the 

ini6al stages of deposi6on, Zn2+ ions tend to nucleate at structural imperfec6ons such as grain 

boundaries, disloca6ons, and surface impuri6es. These defects serve as preferen6al 

nuclea6on sites, where subsequent Zn deposi6on becomes localised, forming protrusions or 

“6ps” with intensified local electric fields.21 These regions further promote Zn accumula6on, 

leading to the growth of dendri6c structures. 

Zinc dendrites pose mul6ple 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 cri6cal in Zn-based systems because zinc has a 

significantly higher Young’s modulus (~108 GPa) compared to lithium (~7.8 GPa),22 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 forma6on of electrically 

isolated “dead Zn”, which no longer par6cipates in electrochemical reac6ons, thereby 

contribu6ng to irreversible capacity loss. Furthermore, the increased surface area of dendri6c 

deposits accelerates parasi6c side reac6ons, such as corrosion and HER, further degrading 

ba\ery efficiency and lifespan. 
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1.3.2 Current Strategies 

Anode Engineering Approaches 

 

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 
densities to promote uniform nuclei formation. 

The undesired side reac6ons between the zinc anode and aqueous electrolyte 

primarily originate from their direct physical contact, which facilitates zinc corrosion, 

hydrogen evolu6on, and the accumula6on of insula6ng by-products. To mi6gate these 

interfacial issues, a promising approach involves introducing a protec6ve barrier layer 

between the electrolyte and the Zn surface, thereby preven6ng direct exposure of Zn anode 

to the corrosive aqueous environment, as illustrated in Figure 1.5. 
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A wide range of ar6ficial interfacial layers have been explored to passivate the Zn 

surface while maintaining ion transport.23 These include inorganic materials such as nano-

CaCO3,24 TiO2,25 ZrO2,26 metal–organic frameworks (MOFs),27 and kaolin,28 as well as organic 

coa6ngs like poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)]29 and polyoxyethylene 

(40) nonylphenyl ether.30 Such layers are designed to be chemically stable, ionically conduc6ve, 

and mechanically robust to effec6vely suppress parasi6c reac6ons without hindering 

electrochemical performance. 

For instance, Zhao et al. reported that an ultrathin TiO2 layer, deposited via atomic 

layer deposi6on on the Zn anode, served as an effec6ve ar6ficial interfacial coa6ng.25 This TiO2 

layer significantly suppressed Zn corrosion, reduced gas evolu6on, and minimised the 

forma6on of corrosion by-products. More importantly, it enhanced the CE of Zn 

pla6ng/stripping processes. As a result, a TiO2-coated Zn anode, when paired with a MnO2 

cathode, enabled a full ZIB to achieve 1,000 stable cycles with 85% capacity reten6on at a 

current density of 3 mA cm-2, marking a substan6al improvement in both cycle life and 

electrochemical stability.25 

Meanwhile, the choice of current collector or substrate can significantly influence the 

crystallographic orienta6on of Zn deposi6on, thereby promo6ng uniform Zn pla6ng and 

effec6vely mi6ga6ng dendrite forma6on.31 Zinc crystallises in a hexagonal close packed (HCP) 

structure with the space group P63/mmc, and during electrodeposi6on, 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 promo6ng preferen6al growth along the Zn (002) orienta6on facilitates the forma6on of 

a uniform Zn deposi6on 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 preferen6al Zn deposi6on along the (002) plane.32 The laLce 

compa6bility between Cu(100) and Zn(002) enables epitaxial growth, guiding the forma6on 

of a planar and densely packed Zn layer (Figure 1.5). This controlled orienta6on inherently 

resists dendri6c growth and suppresses unwanted interfacial side reac6ons, contribu6ng to 

improved interfacial stability. As a result, Zn@Cu(100) anodes exhibit superior electrochemical 

performance in both symmetric cells and half-cell configura6ons, demonstra6ng enhanced 

cycling stability and CE compared to conven6onal Zn anodes.32 

In addi6on to ar6ficial interfacial layer modifica6on, the development of three-

dimensional (3D) anode architectures has emerged as a promising strategy for suppressing Zn 

dendrite growth.33,34 Increasing the surface area reduces the local Zn2+ ion flux, thereby 

mi6ga6ng dendri6c forma6on and promo6ng more uniform Zn pla6ng. To be effec6ve, 3D Zn 

anodes must exhibit zincophilicity, chemical and mechanical stability, and electrolyte 

compa6bility. A wide range of conduc6ve porous substrates have been inves6gated to fulfil 

these criteria, including porous copper,35 copper foam,36 3D porous 6tanium,37 stainless steel 

mesh,38 MOF-derived frameworks,39 Zn foam,40 MXene,41 graphene,42 carbon cloth,43 and 

carbon fiber.44 These materials offer both high surface area and favourable Zn deposi6on 

characteris6cs, making them ideal scaffolds for dendrite-suppressive architectures. 

While ar6ficial interlayers and substrate engineering offer effec6ve, albeit oben 

complex, approaches for suppressing zinc dendrites, a simpler and more accessible strategy, 

adjus6ng the opera6ng current density,45,46 has shown remarkable promise. Counterintui6vely, 

increasing the current density has been reported to significantly enhance Zn pla6ng/stripping 

efficiency, in some cases approaching nearly 100%, while also improving cycle life and 
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promo6ng uniform Zn deposi6on. This observa6on challenges conven6onal assump6on, 

which tradi6onally associates high current densi6es with accelerated dendrite forma6on due 

to rapid ion deple6on near the electrode–electrolyte interface and the emergence of steep 

concentra6on gradients. However, in aqueous electrolytes, the high ionic conduc6vity and 

rapid ion mobility allow for efficient electrolyte replenishment, effec6vely mi6ga6ng mass 

transport limita6ons. As a result, even at rela6vely high current densi6es, for example, 20 mA 

cm-2, Zn deposi6on remains uniform, and dendri6c growth is substan6ally suppressed.47 

This phenomenon is further supported by classical nuclea6on theory, which suggests 

that high current densi6es increase the nuclea6on rate, leading to the forma6on of more 

numerous, smaller nuclei that favour dense and planar Zn growth (Figure 1.5). This uniform 

deposi6on morphology contributes to improved surface uniformity and suppresses the 

forma6on of protrusive dendrites, ul6mately enhancing the reversibility and stability of Zn 

pla6ng/stripping over cycles. 

Electrolyte Engineering Approaches 

Electrolyte engineering, par6cularly through the incorpora6on of addi6ves, has 

emerged as a powerful strategy to regulate Zn electrodeposi6on and mi6gate undesirable side 

reac6ons at the Zn–electrolyte interface. Addi6ves can influence the Zn2+ solva6on structure, 

modulate interfacial energy, and suppress dendrite forma6on, thereby enhancing the overall 

electrochemical performance and longevity of ZIBs. 

A wide variety of inorganic addi6ves have been inves6gated for their ability to control 

Zn deposi6on morphology and interfacial chemistry. These include Na2SO4,48 LiCl,49 LiClO4,50,51 

boric acid,52,53 Ce2(SO4)3,54 La2(SO4)3,55 K2SnO3,56 lithium magnesium silicate (LMS, 

(MgLi)3Si4O10(OH)2·4H2O),57 NiSO4,58 CuSO4,58 and PbSO4.59 These compounds can func6on as 
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electrosta6c shields, modifiers of Zn crystal orienta6on, or nuclea6on promoters, depending 

on their chemical nature. 

In parallel, numerous organic addi6ves have also been explored. Solid organic 

addi6ves include ca6onic surfactants such as dodecyltrimethylammonium chloride60 and 

benzyltrimethylammonium chloride,60 anionic surfactants like sodium dodecyl sulfate (SDS)61 

and sodium dodecylbenzene sulfonate,62 and polymeric addi6ves such as polyethyleneimine 

(PEI)63 and polyethylene glycol (PEG).64 Liquid organic addi6ves, on the other hand, are 

typically polar solvents that alter Zn2+ solva6on and deposi6on kine6cs. Common examples 

include DMC,65 ethylene glycol (EG),66 diethyl ether (Et2O),67 dimethyl sulfoxide (DMSO),68 and 

acetonitrile (AN).69 These solvents help restructure the solva6on shell around Zn2+ ions and 

inhibit 2D diffusion of Zn2+ ions, thus enabling smoother deposi6on and reducing side reac6on 

pathways. 

One of the primary mechanisms by which electrolyte addi6ves improve Zn deposi6on 

behaviour is through the forma6on of an electrosta6c shield at the electrode interface. As 

illustrated in Figure 1.6, Zn tends to deposit preferen6ally at surface protrusions due to the 

local enhancement of the electric field, a phenomenon known as the “6p effect”. To counter 

this, posi6vely charged ca6onic addi6ves with lower reduc6on poten6als than Zn2+ can be 

introduced into the electrolyte. These ca6ons are not electrochemically reduced under Zn 

pla6ng condi6ons but instead accumulate at the protrusions, forming a localised electrosta6c 

shield. This posi6vely charged barrier repels incoming Zn2+ ions and suppresses further 

deposi6on at protrusion regions, promo6ng more uniform and planar Zn growth. For example, 

Wan et al. demonstrated that the addi6on of Na2SO4 to ZnSO4 electrolyte effec6vely 

suppressed dendrite forma6on.48 Na+ ions, having a lower reduc6on poten6al than Zn2+, 
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selec6vely aggregated on Zn protrusions, forming a shield that inhibited localised Zn 

nuclea6on and dendrite growth. 

 

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 Zn2+ (e.g., Na+) to suppress 
dendritic Zn growth; and (ii) solvation structure modulation by incorporating organic 
additives that alter the Zn2+ solvation sheath, thereby enhancing interfacial stability 
and suppressing side reactions. 

Another important addi6ve func6on involves regula6ng the solva6on structure of Zn2+, 

as also depicted in Figure 1.6. In mildly acidic aqueous electrolytes, Zn2+ predominantly exists 

in the form of Zn(H2O)6
2+, characterised by strong Zn–H2O coordina6on. The introduc6on of 

organic molecules with higher Gutmann donor numbers than water can par6ally displace 

water from the primary solva6on shell, weakening Zn–H2O interac6ons. This adjustment 

reduces the par6cipa6on of water in interfacial electrochemical reac6ons during cycling and 

lowers the popula6on of free water in the bulk electrolyte, thereby mi6ga6ng spontaneous 

side reac6ons such as hydrogen evolu6on and Zn corrosion. 
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For instance, Hou et al. incorporated AN into ZnSO4 electrolytes, enabling symmetric 

Zn cells to cycle stably for over 650 hours at 2 mA cm-2 with an areal capacity of 2 mAh cm-2.70 

Molecular dynamics simula6ons confirmed that AN par6ally replaced water in the solva6on 

sheath, forming mixed-ligand complexes such as Zn(H2O)5(AN)1
2+, Zn(H2O)4(AN)2

2+, and 

Zn(H2O)3(AN)3
2+. This solva6on shell restructuring improved Zn pla6ng/stripping kine6cs, 

suppressed dendrite forma6on, and yielded smoother deposit morphologies. Similar effects 

have been observed with other organic addi6ves such as glucose,71 dimethoxyethane (DME),72 

and DMC,65 all of which contribute to regulate solva6on sheath. 

Beyond addi6ve-based approaches, electrolyte concentra6on plays a pivotal role in 

regula6ng Zn deposi6on behaviour. In super-concentrated electrolytes, the scarcity of free 

water molecules and the high ra6o of salt to solvent lead to the forma6on of highly 

coordinated ionic structures, including extensive ion pairing between ca6ons and anions and 

anion clustering within the Zn2+ solva6on shell. These solva6on environments reduce the 

ac6vity of water near the electrode surface, thereby suppressing water-induced parasi6c 

reac6ons, expanding the electrochemical stability window, and facilita6ng the forma6on of 

dense, anion-derived interphases that help stabilise zinc deposi6on. A par6cularly promising 

example of this strategy is the use of “water-in-salt” electrolytes, such as 1 M Zn(TFSI)2 + 20 

M LiTFSI.73 At these high salt concentra6ons, TFSI- anions progressively displace water 

molecules in the Zn2+ solva6on sheath, ul6mately leading to the forma6on of fully TFSI--

coordinated Zn2+ complexes.73 This transforma6on effec6vely removes free water from the 

coordina6on environment, inhibits hydrogen evolu6on and Zn corrosion, and promotes 

uniform, dendrite-free Zn pla6ng with the reduced forma6on of insula6ng byproducts. 
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1.3.3 Limita.ons of Current Approaches 

As previously discussed, ZIBs operate as sealed and interdependent electrochemical 

systems. This interconnec6vity means that modifica6ons to a single component, such as the 

anode or electrolyte, can significantly influence the behaviour and performance of other 

components, par6cularly the cathode. However, many current op6misa6on strategies treat 

components in isola6on, oben overlooking cell-level interac6ons, which introduces key 

limita6ons when evalua6ng full-cell performance. 

On the anode side, strategies such as surface coa6ngs and substrate engineering have 

demonstrated considerable promise in stabilising Zn pla6ng/stripping and mi6ga6ng dendri6c 

growth. These approaches are largely specific to the anode and generally do not interfere 

directly with cathode opera6on. 

However, the use of elevated current densi6es (e.g., >20 mA cm-2), although effec6ve 

in promo6ng uniform Zn deposi6on, can be incompa6ble with the cathode’s electrochemical 

limita6ons. In aqueous ZIBs, cathode performance is oben hindered by sluggish interfacial 

kine6cs, which constrain their ability to operate efficiently at high rates. This limita6on arises 

from a combina6on of factors, including the low electronic conduc6vity of many cathode 

materials, the strong electrosta6c repulsion experienced by divalent Zn2+ ions that impedes 

their diffusion into the cathode laLce, and the energy barrier associated with Zn2+ desolva6on. 

As a result, most cathodes exhibit subop6mal performance under high current densi6es, with 

stable and efficient opera6on typically observed only at moderate or low cycling rates (e.g., 

below 5 mA cm-2). This mismatch between op6mal condi6ons for the anode and cathode 

underscores the importance of adop6ng holis6c, cell-level design strategies. 
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On the electrolyte side, several op6misa6on strategies, though effec6ve for stabilising 

the Zn anode, can uninten6onally compromise cathode performance, especially when full-cell 

interac6ons are not carefully considered. The key challenges can be summarised as follows: 

Ac6ve ca6on interference: The introduc6on of inorganic addi6ves such as LiCl, Na2SO4, 

and CuSO4 introduces foreign ca6ons (e.g., Li+, Na+, Cu2+) into the electrolyte, which may 

par6cipate in redox reac6ons at the cathode. Notably, monovalent ca6ons like Li+ and Na+ 

have lower charge densi6es and experience weaker electrosta6c repulsion than Zn2+, making 

them more likely to intercalate into cathode host structures. These compe6ng intercala6on 

processes introduce ambiguity in capacity a\ribu6on, making it difficult to isolate the 

electrochemical contribu6on of Zn2+. This complicates the evalua6on of cathode performance 

and may lead to overes6mated or misleading results in full-cell studies. 

Narrow electrochemical stability window: Addi6ves such as LiCl and LiNO3 introduce 

anions (e.g., Cl-, NO3
-) with limited oxida6ve stability. While these anions are stable at the low 

poten6als associated with Zn pla6ng/stripping (<0.2 V vs. Zn2+/Zn), they are prone to oxida6ve 

decomposi6on at higher voltages (~1.3 V vs. Zn2+/Zn).74,75 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. Zn2+/Zn. In 

such cases, the instability of these anions at elevated poten6als constrains the usable voltage 

window, limi6ng energy density and overall cell performance. 

Suppression of free water molecules: Many electrolyte engineering strategies aim to 

stabilise the Zn anode by reducing the ac6vity of free water through solva6on structure 

regula6on by introducing organic addi6ves or increasing salt concentra6on. While this is 

beneficial for inhibi6ng hydrogen evolu6on and Zn corrosion, it may hinder cathode kine6cs. 

For example, Mn-based oxide cathodes that operate via a dissolu6on–deposi6on mechanism 
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require sufficient water and protons to facilitate redox reac6ons.76 In vanadium-based 

cathodes that func6on via Zn2+ intercala6on/deintercala6on, reduced water ac6vity imposes 

a higher desolva6on energy barrier for Zn2+ ions, slowing ion transport and leading to sluggish 

electrochemical kine6cs and diminished capacity.77 

pH shibs induced by electrolyte addi6ves: Electrolyte addi6ves can also alter the bulk 

or local pH of the system through hydrolysis. When salts dissolve in aqueous media, their 

ca6ons or anions may hydrolyse, releasing either H+ or OH-. For example, K2SnO3 increases pH 

by genera6ng OH-, while salts such as In2(SO4)3, Ce2(SO4)3, and La2(SO4)3 lower pH by releasing 

protons. These pH varia6ons are especially cri6cal for Mn-based oxide cathodes, where redox 

reac6ons depend heavily on proton availability. Shibs in pH can alter the redox poten6als for 

both MnO2 dissolu6on and Mn2+ oxida6on, directly impac6ng reac6on kine6cs, voltage 

profiles, and cycle stability. 

These insights underscore the importance of a holis6c electrolyte design approach. 

Electrolyte composi6on must be co-op6mised 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 degrada6on and poor full-cell 

compa6bility. 

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 

emerging materials such as layered sulphides and organic redox-ac6ve compounds.78,79 

Among these candidates, manganese-based oxides have been the most extensively 
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inves6gated, owing to their natural abundance, low cost, and non-toxicity. These 

characteris6cs align well with the overarching goals of aqueous ZIBs development, which 

priori6se affordability, material sustainability, and scalable produc6on. In this thesis, Mn is the 

principal TM component of all the cathode materials studied. 

 

Figure 1.7 Common polymorphs of MnO2, including α-, β-, γ-, R-, δ-, T-, ε- and λ-MnO2, each 
constructed from the fundamental MnO6 building unit. 

Common manganese-based oxide cathodes in ZIBs include MnO2, Mn2O3, Mn3O4, MnO, 

and ZnMn2O4. Among these, manganese dioxide (MnO2) stands out as a par6cularly promising 

candidate, owing to its abundance, low toxicity, and high theore6cal capacity up to 616 mAh 

g-1 if the full Mn4+/Mn2+ redox couple is accessed during cycling. Structurally, MnO2 consists 

of MnO6 octahedra connected via edge- or corner-sharing, resul6ng in a wide variety of 

polymorphic forms. As shown in Figure 1.7, these include tunnel-type structures (α-, β-, R-, γ-, 

and T-MnO2), layered structures (δ-MnO2), and spinel-type frameworks (λ-MnO2). While each 

polymorph possesses dis6nct crystal symmetry and ion transport characteris6cs, they all 
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share a common MnO6 octahedral backbone and can undergo interconversion under 

electrochemical or chemical s6muli, enabling flexible redox behaviour during cycling. 

 

Figure 1.8 Comparison of galvanostatic charge–discharge profiles for Zn/δ-MnO2 cells in non-
aqueous and aqueous electrolytes.80,81 The two systems exhibit distinct redox 
potentials and curve shapes, highlighting fundamentally different energy storage 
mechanisms in different electrolyte. 

The electrochemical performance of MnO2 varies significantly depending on the 

electrolyte environment. As shown in Figure 1.8, Zn/δ-MnO2 cells using a nonaqueous 

electrolyte (0.5 M Zn(TFSI)2 in acetonitrile)80 deliver a discharge capacity of ~123 mAh g-1 at a 

low current density of 12.3 mA g-1 and display a smooth, featureless voltage profile during 

discharge, indica6ve of a solid-solu6on-type mechanism. It has been well established that Zn2+ 

intercala6on/deintercala6on is the dominant charge storage mechanism in nonaqueous 

electrolytes,80 typically described by the reversible reac6on: 

MnO2 + xZn2+ + 2xe- ⇌ ZnxMnO2 

The observed discharge capacity of 123 mAh g-1 cathode corresponds to a transfer of 

only 0.4 electrons per Mn center, which lead to Zn0.2MnO2 at full discharge. This falls 

significantly short of the theore6cal maximum of 2 electrons per Mn center achievable if the 

full Mn4+/Mn2+ redox couple were u6lised. This severe limita6on arises primarily from the 

fundamental challenge of inser6ng the doubly charged Zn2+ ion into the MnO2 host structure. 

The high charge density of Zn2+ creates intense electrosta6c repulsion forces within the crystal 
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laLce. For cathode materials where Zn2+ intercala6on/deintercala6on is the sole charge 

storage mechanism, mi6ga6ng electrosta6c repulsion and facilita6ng Zn2+ transport are 

cri6cal steps toward improving electrochemical performance. 

In contrast, when operated in an aqueous electrolyte (0.5 M ZnSO4), Zn/δ-MnO2 cells 

show two dis6nct discharge plateaus at approximately 1.3 V and 1.2 V, as well as two well-

defined charge plateaus.81 At a much higher current density of 200 mA g-1, these aqueous ZIBs 

deliver an impressive discharge capacity of ~320 mAh g-1, with an average discharge voltage 

of ~1.3 V which substan6ally higher than the 0.6–0.7 V observed in nonaqueous systems. 

These differences highlight the dis6nct charge storage mechanisms opera6ve 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 intercala6on of Zn2+ ions into the tunnel, layered, or spinel frameworks of MnO2, 

similar to behaviour observed in nonaqueous systems.82 

More recent inves6ga6ons, however, have uncovered reversible side reac6ons that 

complicate this narra6ve. During discharge in aqueous systems, a layered zinc hydroxide phase 

(e.g., ZHS) is oben observed, sugges6ng a co-inser6on mechanism involving both Zn2+ and H+ 

ions.83 Specifically, the intercala6on of H+ into MnO2 increases the local pH at the cathode–

electrolyte interface, thereby inducing the precipita6on of layered zinc hydroxide complexes. 

The forma6on 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)2 electrolyte, it forms ZHT; and in Zn(C2F6NS2O4)2 electrolyte, it forms ZHTSI.  

During the charging process, protons released from the cathode laLce increase the 

local pH, which in turn promotes the dissolu6on of zinc hydroxide complexes. These 

observa6ons suggest a dual-ion charge storage mechanism, in which both Zn2+ and H+ ions are 



 28 

reversibly inserted and extracted, accompanied by ZHS precipita6on and dissolu6on reac6ons. 

The overall electrochemical processes can be summarised as follows: 

MnO2 + xZn2+ + 2xe- ⇌ ZnxMnO2 

MnO2 + yH+ + ye- ⇌ HyMnO2 

4Zn2+ + SO4
2- + 6OH- + nH2O ⇌ Zn4(OH)6(SO4)·nH2O 

It is important to recognise that, although many studies claim a co-inser6on 

mechanism involving both Zn2+ and H+ in MnO2 cathodes, few have successfully decoupled 

their individual contribu6ons to the overall energy storage process. This difficulty arises from 

the fact that Zn2+ inser6on and H+ inser6on oben occur simultaneously, and are inherently 

challenging to dis6nguish using conven6onal characterisa6on techniques. 

For instance, in the discharged state, the forma6on of zinc hydroxide-based 

byproducts introduces numerous diffrac6on peaks, complica6ng the iden6fica6on of 

discharge products via XRD. In addi6on, energy-dispersive X-ray spectroscopy (EDX) cannot 

detect hydrogen, and residual Zn2+ from the electrolyte oben adheres to par6cle surfaces, 

obscuring the actual extent of Zn incorpora6on and further confounding analysis. 

One proposed strategy to isolate the role of Zn2+ is to operate the MnO2 cathode in a 

non-aqueous electrolyte, where only Zn2+ intercala6on/deintercala6on can occur. Conversely, 

isola6ng the role of H+ requires a proton-only electrolyte. However, strongly acidic electrolytes 

such as 1 M H2SO4, although containing only H+ and no Zn2+, oben lead to substan6al Mn 

dissolu6on, compromising the structural stability of the cathode and limi6ng their prac6cal 

u6lity for mechanis6c studies. To address this, some researchers have proposed using 

deuterium oxide (D2O) as the electrolyte solvent, allowing the role of protons to be probed 

more selec6vely. By analysing the discharged samples using nuclear magne6c resonance 
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(NMR) spectroscopy, the incorpora6on of deuterons (2H+) into the MnO2 structure can be 

quan6ta6vely assessed, offering insight into the extent of H+ involvement during cycling. 

Nevertheless, due to the intertwined electrochemical behaviour of Zn2+ and H+, their 

sensi6vity to the local chemical environment, and the limita6ons of current characterisa6on 

techniques, it remains extremely difficult to unambiguously separate or quan6fy their 

individual contribu6ons to the overall performance of Mn-based cathodes in aqueous ZIBs. 

With growing research efforts, emerging evidence like ex situ X-ray absorp6on 

spectroscopy (XAS) have raised cri6cal challenges to the widely accepted Zn2+ and H+ co-

inser6on mechanism as the dominant energy storage process in MnO2-based cathodes.84 This 

skep6cism stems from observa6ons indica6ng that the valence state change of Mn during 

electrochemical cycling is too small to account for the high measured capaci6es. Given that 

the redox ac6vity of Mn is central to energy storage, whether the inserted ca6on is Zn2+ or H+, 

a substan6al shib in Mn oxida6on state would be expected to accompany significant capacity. 

However, X-ray absorp6on near edge structure (XANES) results consistently show that 

the average Mn valence shibs by less than 0.2 electron per Mn centre between the charged 

and discharged states, which suggests limited Zn2+ or H+ inser6on.84 This is inconsistent with 

commonly observed discharge capaci6es of approximately 300 mAh g-1, which would require 

the transfer of nearly 1 electron per Mn.84 Such a discrepancy suggests that ca6on 

intercala6on/deintercala6on alone cannot account for the observed electrochemical 

behaviour. 

Instead, a new mechanism involving the dissolu6on and subsequent redeposi6on of 

Mn has been proposed. In this model, MnO2 is reduced and dissolves as Mn2+ ions in the 

electrolyte during discharge. Upon charging, these Mn2+ ions are oxidised and re-deposited 

onto the cathode surface as MnO2. During discharge, the consump6on of H+ elevates the local 
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pH at the cathode–electrolyte interface, promo6ng the forma6on 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: 

MnO2 + 4H+ + 2e- ⇌ Mn2+(aq) + 2H2O 

4Zn2+ + SO4
2- + 6OH- + nH2O ⇌ 3Zn(OH)2·ZnSO4·nH2O 

A growing recogni6on has emerged that while Zn2+ and H+ 

intercala6on/deintercala6on contribute par6ally to the capacity of aqueous Zn/MnO2 

ba\eries, the predominant charge storage mechanism involves the reversible dissolu6on of 

Mn2+ from the cathode during discharge and its subsequent re-deposi6on (typically as MnO2) 

during charge. This dissolu6on/deposi6on pathway is now strongly supported by a 

combina6on of operando and ex situ experimental evidence: 

 

Figure 1.9 Experimental evidence supporting the MnO2 dissolution–redeposition mechanism 
in Zn/MnO2 cells in 2 M ZnSO4 electrolyte.85 In situ pH monitoring reveals dynamic pH 
fluctuations during cycling, indicating proton-coupled Mn redox reactions.85 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.85 
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Operando pH monitoring: Direct measurement of the electrolyte pH evolu6on (Figure 

1.9)85 during cycling reveals a significant increase during discharge, consistent with the 

consump6on of protons (H+) in the dissolu6on reac6on MnO2 + 4H+ + 2e- → Mn2+ + 2H2O. This 

localised pH shib within the cathode microenvironment promotes the precipita6on of ZHS. 

Crucially, the process demonstrates reversibility, as the pH returns nearly to its ini6al value 

during charging, aligning with the re-oxida6on and deposi6on of Mn species. 

Ex-situ elemental analysis: Quan6ta6ve analysis of Mn concentra6ons within the 

electrolyte-soaked separator via induc6vely coupled plasma op6cal emission spectrometry 

(ICP-OES) provides direct evidence of Mn dissolu6on and deposi6on (Figure 1.9).85 

Measurements confirm a substan6al increase in dissolved Mn2+ concentra6on within the bulk 

electrolyte during discharge, corresponding directly to the discharge depth. This dynamic 

fluctua6on of Mn concentra6on in the electrolyte providing direct chemical evidence of Mn 

species shu\ling between the solid phase and the electrolyte. 

Together, these techniques provide compelling evidence that the dissolu6on of Mn2+ 

into the electrolyte and its re-deposi6on cons6tute the dominant capacity-delivering process 

in aqueous Zn/MnO2 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 Mn2O3, ZnMn2O4, MnO, and Mn3O4. For 

example, Mn2O3 is reported to support Zn2+ intercala6on.87 For ZnMn2O4, both Zn2+ 

intercala6on and a dissolu6on–deposi6on mechanism has been proposed.88,89 MnO is 

reported to involve H+ and Zn2+ co-inser6on.90 
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Figure 1.10 Charge–discharge profiles of various manganese-based cathodes, including α-
MnO2, δ-MnO2, β-MnO2, α-Mn2O3, spinel ZnMn2O4, 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.86 

Despite these mechanis6c differences, the galvanosta6c charge–discharge profiles at 

second cycle of various Mn-based oxides display only subtle varia6ons, as shown in Figure 

1.10. These minor differences in electrochemical behaviour raise ques6ons about the sharply 

divergent mechanisms reported in the literature. It is increasingly likely that most Mn-based 

cathodes exhibit a combina6on of Zn2+/H+ intercala6on and Mn dissolu6on/re-deposi6on, 

with the rela6ve contribu6on of each pathway governed by the material’s crystal structure 

and composi6on. Specifically, the extent of intercala6on is influenced by the structural 

openness and ion mobility within the oxide framework, while the propensity for dissolu6on 

depends on surface chemistry and structure stability. 

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

from incomplete or insufficient characterisa6on. For example, techniques such as XRD, XANES, 
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and NMR are essen6al for verifying ion intercala6on into the crystal laLce. In parallel, 

methods like ICP-OES and X-ray fluorescence (XRF) are necessary to detect and quan6fy Mn 

dissolu6on and redeposi6on processes. Without such comprehensive and complementary 

analyses, interpreta6ons of the charge storage mechanism risk being oversimplified or 

poten6ally 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 substan6al 

phase transforma6ons 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 degrada6on, 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 dissolu6on in electrolyte environments, a well-

known issue even in conven6onal Li-ion ba\eries employing nonaqueous electrolytes. This 

problem becomes more pronounced in aqueous electrolytes, which are typically more pro6c 

and chemically reac6ve, thereby accelera6ng the degrada6on of Mn-based materials. 

There are three primary scenarios that can lead to Mn dissolu6on from Mn-based 

cathode materials. First, it occurs during ba\ery opera6on, where Mn dissolu6on is primarily 

a\ributed to the instability of Mn3+ under electrochemical cycling condi6ons. This dissolu6on 

is closely 6ed to the intrinsic energy storage mechanism. According to several studies, Mn in 

MnO2 is reduced to Mn3+ during the discharge process. It is widely acknowledged that Mn3+, 

due to its electronic structure, is prone to Jahn–Teller distor6on, which results in its 
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dispropor6ona6on via the reac6on: 2Mn3+ → Mn2+ + Mn4+. This dispropor6ona6on reac6on 

releases Mn2+ into the electrolyte, contribu6ng to ac6ve material loss.  

The Jahn–Teller distor6on is especially pronounced in Mn3+ due to the electronic 

configura6on of the MnO6 octahedral units that form the basis of Mn-based oxides,91 as 

shown in Figure 1.11. In these structures, Mn ions are coordinated by six oxygen atoms, 

forming MnO6 octahedra that are interconnected via corner or edge sharing. The Mn4+ ion, 

with a 3d3 configura6on, has its electrons occupy the lower-energy triply degenerate t2g 

orbitals, forming a stable octahedral geometry. However, upon reduc6on to Mn3+ (3d4), the 

addi6onal electron enters one of the higher-energy doubly degenerate eg orbitals, typically 

the dz2 orbital. This uneven occupancy of the eg orbitals (dz2 vs. dx2-y2) leads to an asymmetric 

electron distribu6on, causing a distor6on of the MnO6 octahedron from ideal octahedral, 

typically through axial elonga6on or compression.92 The resul6ng structural instability 

promotes the dispropor6ona6on of Mn3+ and exacerbates Mn dissolu6on into the electrolyte. 

 

Figure 1.11 Schematic illustration of the Jahn–Teller distortion associated with Mn3+ in a 
MnO6 octahedron. The distortion arises due to the electronic configuration of high-
spin Mn3+ (d4), 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 dissolu6on can also occur prior to ba\ery opera6on, simply upon contact 

between the cathode material and the aqueous electrolyte. Several studies have 

demonstrated that Mn-based cathode materials are suscep6ble to chemical dissolu6on in 

mildly acidic aqueous electrolytes. For instance, Hunter reported that spinel LiMn2O4 

undergoes Mn dissolu6on when treated with aqueous acid, resul6ng in the chemical 

delithia6on of LiMn2O4 and its transforma6on into nearly pure λ-MnO2.93 Further 

inves6ga6ons have examined the dissolu6on behaviour of various Mn oxides including MnO2, 

Mn2O3, Mn3O4, and MnO by immersing them in 3 M ZnSO4 electrolyte (pH ≈ 3.88) for 8 

hours.94 The results revealed no significant dissolu6on for MnO2, Mn2O3, and Mn3O4; however, 

MnO exhibited substan6al dissolu6on, with 28.2% of Mn leached into the electrolyte.94 

Interes6ngly, Mn dissolu6on is not always detrimental. In the case of MnO, its spontaneous 

dissolu6on in ZnSO4 electrolyte has been linked to performance ac6va6on.94 The dissolved 

Mn2+ ions par6cipate in Zn–Mn hybrid redox reac6ons and facilitate the ZHS-assisted 

deposi6on/dissolu6on mechanism. Moreover, a posi6ve correla6on was observed between 

the ba\ery’s capacity and the rest 6me of MnO in the electrolyte, sugges6ng that controlled 

Mn dissolu6on plays a crucial role in ac6va6ng electrochemical performance. 

Third, a cri6cal degrada6on pathway in Zn–MnO2 ba\ery systems arises from cathode 

dissolu6on under overcharging condi6ons, par6cularly at elevated voltages exceeding 1.7 V 

vs Zn2+/Zn. This phenomenon has been elucidated by Bischoff et al.,95 who demonstrated that, 

although the bulk electrolyte pH remains rela6vely stable, the local microenvironment at the 

cathode–electrolyte interface experiences severe acidifica6on during overcharge. This 

localised acidifica6on is driven by the electrochemically induced oxygen evolu6on reac6on 

(OER) that occurs at the cathode surface when the poten6al surpasses 1.7 V: 

6H2O → O2 + 4H3O+ + 4e- (E⁰ = +1.23 V vs SHE) 
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The OER effec6vely acts as a proton pump, genera6ng hydronium ions (H3O+) 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+ 

concentra6on. Crucially, this acidic microenvironment persists even aber overcharging ceases. 

At a C/3 rate (with 1C defined as 150 mAh g-1), it takes approximately 30 minutes for the local 

pH to return to baseline levels.95 During this extended recovery window, the combined factors 

of elevated opera6onal 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 dissolu6on is thermodynamically favoured and kine6cally accessible. 

1.4.3 Current Strategies and Their Limita.on 

In the literature, Mn dissolu6on is oben regarded as a major contributor to capacity 

fading in Mn-based cathodes due to the associated loss of ac6ve material. Consequently, 

various strategies have been proposed to suppress this dissolu6on. 

Cathode Engineering Approaches 

On the cathode side, both elemental doping and surface modifica6on strategies have 

been ac6vely inves6gated. For example, Ni2+ doping into Mn2O3,96 Mo5+ into MnO2,97 and Co2+ 

into Mn3O4
98 have been reported to effec6vely suppress Mn dissolu6on. The underlying 

ra6onale is twofold:(i) Transi6on metal doping enhances the electronic conduc6vity of Mn-

based oxides, thereby improving charge transfer kine6cs; and (ii) Dopants act as structural 

stabilisers, reinforcing the Mn–O framework and mi6ga6ng Jahn–Teller distor6on, which 

supress Mn dissolu6on under electrochemical cycling. In addi6on to doping, surface coa6ngs 

have been widely adopted as an effec6ve strategy to reduce Mn dissolu6on by ac6ng as 

physical barriers at the cathode–electrolyte interface. Materials such as Mn3(PO4)2,99 
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carbonaceous layers,100 and conduc6ve polymers like poly(3,4-ethylenedioxythiophene) 

(PEDOT)101 have been employed to coat Mn-based cathode surfaces.  

However, there remains a cri6cal lack of direct evidence demonstra6ng that Mn 

dissolu6on is inherently detrimental to ba\ery performance. Without conclusive proof that 

Mn dissolu6on directly correlates with capacity fading, efforts aimed solely at suppressing 

dissolu6on may be misguided. As discussed before, three scenarios could lead to Mn 

dissolu6on: 

The first is opera6on-induced Mn dissolu6on, which may be intrinsically linked to the 

Mn dissolu6on–deposi6on mechanism, now recognised by many studies as a dominant 

contributor to charge storage in Mn-based cathode systems. Some researchers a\ribute Mn 

dissolu6on to the Jahn–Teller distor6on of Mn3+ formed during discharge.102 However, there 

is limited evidence suppor6ng significant forma6on of Mn3+ via ca6on intercala6on (e.g., H+ 

or Zn2+), as the intercala6on capacity is typically small. If only a minor frac6on of Mn4+ is 

reduced to Mn3+, the dispropor6ona6on reac6on (2Mn3+ → Mn2+ + Mn4+) would not be 

pronounced and unlikely to account for the extent of Mn dissolu6on observed. Instead, it is 

plausible that Mn4+ undergoes direct reduc6on and dissolu6on to Mn2+ without passing 

through a Mn3+ intermediate. In this context, Mn dissolu6on is not necessarily a parasi6c side 

reac6on but may be an integral component of the reversible energy storage mechanism. 

The second mechanism is chemical (spontaneous) dissolu6on. In certain manganese 

oxides, such as MnO, dissolu6on can occur even in the absence of an applied current when 

exposed to mildly acidic aqueous electrolytes (e.g., ZnSO4). Interes6ngly, this spontaneous 

dissolu6on has been reported to ac6vate electrochemical performance, indica6ng that, under 

specific condi6ons, Mn dissolu6on may not signify material degrada6on but rather serve as 

an essen6al part of the charge storage mechanism. 
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The third scenario involves overcharging-induced Mn dissolu6on, which is generally 

undesirable. Overcharging is typically accompanied by the OER at the cathode, an irreversible 

process that leads to structural degrada6on and capacity fading. To mi6gate this, cells must 

be operated within a carefully controlled voltage window. Specifically, limi6ng the upper 

cutoff voltage is cri6cal to avoid triggering OER and the associated Mn loss. 

If researchers assert that Mn dissolu6on is detrimental and should be suppressed, 

then it is impera6ve to rigorously demonstrate that the observed energy storage arises 

exclusively from ca6on intercala6on, whether by H+ or Zn2+, with no contribu6on from 

dissolu6on-deposi6on processes. However, many studies fall short of this standard. In most 

cases, the evidence provided relies heavily on ex situ XRD to detect laLce parameter changes, 

an approach that, while useful for phase iden6fica6on, cannot quan6ta6vely resolve the 

capacity contribu6ons from different charge storage mechanisms. More defini6ve analysis is 

needed. For instance, ICP-OES conducted at mul6ple states of charge, is essen6al for 

quan6fying Mn dissolu6on. Furthermore, XANES or inverse par6al fluorescence yield (IPFY) 

spectroscopy should be employed to accurately track changes in Mn valence states. These 

techniques are necessary to directly correlate redox ac6vity with electrochemical capacity and 

to verify whether Zn2+ or H+ intercala6on alone can account for the observed charge storage. 

Electrolyte Engineering Approaches 

To mi6gate manganese dissolu6on, researchers have introduced soluble Mn2+ addi6ve 

directly into the electrolyte.103 This strategy primarily targets the suppression of the Mn3+ 

dispropor6ona6on reac6on, by u6lising excess Mn2+ shibs the dispropor6ona6on away from 

the forma6on of soluble Mn2+ products (according to this reac6on: 2Mn3+ → Mn2+ + Mn4+).86 

Empirically, numerous studies have demonstrated that the inclusion of Mn2+ salts (e.g., MnSO4) 
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leads to improved capacity reten6on and enhanced cycling stability in Mn-based cathodes. 

89,104-106 

However, this approach introduces a significant complica6on, as several studies have 

reported that the added Mn2+ is electrochemically ac6ve. During the charging process, Mn2+ 

ions present in the electrolyte can undergo direct electrochemical oxida6on at the cathode 

surface, leading to the re-deposi6on of Mn oxide (oben as MnO2). This re-deposited MnO2 is 

electrochemically ac6ve and contributes to the measured capacity in subsequent cycles. 

This dual role of Mn2+, as reported to be both a stabilising agent and an ac6ve redox 

par6cipant, introduces fundamental ambiguity in interpre6ng electrochemical performance. 

In par6cular, it becomes difficult to disentangle the intrinsic capacity of the Mn-based cathode 

from the extrinsic contribu6on of the Mn2+ addi6ve. As a result, performance comparisons 

across studies that u6lise Mn2+-containing electrolytes may be misleading, unless this 

contribu6on is carefully isolated and quan6fied. 

As emphasised earlier, without conclusive evidence that Mn dissolu6on is intrinsically 

detrimental, or a defini6ve understanding of the dominant charge storage mechanism in Mn-

based systems, efforts to suppress Mn dissolu6on may be misdirected. Given that Mn2+ itself 

can be redox-ac6ve under typical opera6ng condi6ons, its role in the overall charge storage 

process warrants deeper mechanis6c inves6ga6on. In par6cular, elucida6ng how Mn2+ 

par6cipates in oxida6on and deposi6on reac6ons during cycling is crucial for the ra6onal 

design of future Mn-based cathodes and electrolyte formula6ons. 
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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 conduc6vity, low cost, environmental safety, and ease of processing. Common Zn salts 

used include ZnSO4, Zn(ClO4)2, Zn(Ac)2, Zn(OTf)2, and ZnBr2. Regardless of the specific salt, the 

aqueous solu6on typically exhibits a mildly acidic character due to the strong Lewis acidity of 

Zn2+ ions. At a standard concentra6on of 1 M, the pH usually falls within the range of 3 to 5.107 

As previously discussed, Zn metal anodes are thermodynamically unstable in such mildly 

acidic aqueous electrolytes, leading to parasi6c reac6ons including Zn corrosion, HER, and by-

product forma6on. Simultaneously, the mildly acidic environment also promotes the 

dissolu6on of transi6on metals at the cathode, such as Mn,108 V,109 Fe,110 and Cu.111 As a result, 

the aqueous electrolyte triggers complex degrada6on 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,112 as shown in Figure 1.12. This narrow voltage 

window restricts the use of high-voltage cathodes, which are essen6al for improving the 

overall energy density of the ba\ery system. 

1.5.2 Co-Solvent Electrolytes 

Introducing organic co-solvents into aqueous Zn2+-based electrolytes has proven 

effec6ve in mi6ga6ng side reac6ons at the anode and delaying water-spliLng, thereby 

expanding the electrochemical stability window. Unlike “water-in-salt” systems that require 

large quan66es of salt, co-solvent electrolytes maintain low salt concentra6ons by par6ally 

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 addi6ve. When the organic content exceeds 10 vol%, the 

solvent begins to influence the solva6on environment significantly and can be referred to as 

a co-solvent. 

 

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.112-118 

The inclusion of organic co-solvents reduces the ac6vity of H2O in the Zn2+ solva6on 

sheath, which in turn suppresses parasi6c reac6ons and the forma6on of ZHS origina6ng from 

H2O decomposi6on. Electrolyte-derived species (from both anions and organic solvents) can 

contribute to the forma6on of solid electrolyte interphase (SEI). The SEI has been reported to 

consist of ZnF2,119 ZnCO3,120 Zn3(PO4)2,121 ZnP2O6,121 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 reac6ons. 

Examples of such co-solvent systems include 1 M Zn(ClO4)2 in H2O and succinonitrile 

(SN),115 and 1.3 m ZnCl2 in H2O and DMSO.116 These systems have demonstrated expanded 
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electrochemical windows of up to 2.7 V, significantly broader than that of conven6onal 

aqueous electrolytes (Figure 1.12). 

However, reduced water ac6vity can also be a limita6on, par6cularly for tunnel-

structured Mn-based oxides like α-, β-, and R-MnO2, where Zn2+ intercala6on is limited, and 

capacity mainly arises from dissolu6on–deposi6on mechanisms. Such processes are less 

compa6ble with co-solvent electrolytes. In contrast, vanadium-based cathodes, which rely 

primarily on Zn2+ intercala6on, are more compa6ble with co-solvents but may suffer from 

desolva6on penal6es that hinder ion transport. 

1.5.3 Non-Aqueous Electrolytes  

Replacing water en6rely with organic solvents yields a non-aqueous electrolyte, which 

achieves a significantly broader electrochemical stability window (oben exceeding 3.5 V, as 

shown in Figure 1.12),116,117 enabling the development of high-voltage ZIBs. The complete 

elimina6on of water drama6cally improves Zn anode performance: it enhances 

electrochemical reversibility, suppresses HER, eliminates Zn corrosion, and prevents 

irreversible byproducts formed through water decomposi6on. Addi6onally, dendrite growth 

on Zn anodes is oben mi6gated 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 SEI forma6on, irreversible capacity loss, and the crea6on of localised regions that 

can ini6ate dendrite growth. In addi6on, organic electrolytes are generally more expensive 

and flammable, with lower ionic conduc6vity 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 reac6ons, they introduce their own interfacial and 

transport limita6ons that must be carefully managed. 

Beyond the electrolyte itself, pairing nonaqueous electrolytes with compa6ble 

cathode materials presents a significant challenge due to two interrelated issues: First; a large 

effec6ve solva6on shell. In organic electrolytes, solvated Zn2+ ions have a much larger effec6ve 

ionic radius compared to their hydrated counterparts in aqueous systems. This size oben 

exceeds the interlayer spacing of common layered cathode materials, crea6ng a severe 

desolva6on energy barrier during Zn2+ inser6on. As a result, charge transfer resistance 

increases, and ion diffusion becomes sluggish. As shown in Figure 1.13, V3O7·H2O, a vanadium-

based oxide, relies solely on Zn2+ intercala6on and deintercala6on for its charge storage 

mechanism.77 This is further evidenced by the similar charge-discharge profiles observed in 

both aqueous and nonaqueous electrolytes, indica6ng that Zn2+ intercala6on/deintercala6on 

governs the energy storage process in both electrolytes. However, in the aqueous electrolyte, 

V3O7·H2O demonstrates a significantly higher capacity at high current densi6es, whereas in 

the nonaqueous electrolyte, the capacity is notably lower even at low current densi6es.77 This 

disparity highlights the substan6al desolva6on energy penalty associated with Zn2+ ions in 

nonaqueous electrolytes, which impedes efficient Zn2+ intercala6on and limits capacity under 

those condi6ons.  

Second; strong electrosta6c interac6ons: The divalent nature of Zn2+ leads to intense 

electrosta6c repulsion within host laLce frameworks. This limits the range of materials that 

can support fast, reversible Zn2+ (de)intercala6on. Typically, MnO2 with layered or spinel 

structures has the ability to support Zn transport, while tunnel structures are more limited. 

However, these materials s6ll struggle to fully exploit their redox capacity due to limita6ons 

imposed by Zn2+ inser6on. For instance, in layered δ-MnO2, the theore6cal redox window 
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spans from Mn4+ to Mn2+. Yet in prac6ce, only par6al reduc6on occurs, resul6ng in a final 

composi6on of Zn0.2MnO2 at the end of discharge (as shown in Figure 1.8) corresponding to a 

redox transi6on of Mn4+ to Mn3.6+.80 This incomplete reduc6on highlights the difficulty of 

achieving full Mn4+/Mn2+ redox ac6vity due to Zn2+ repulsion. Similarly, in γʹ-V2O5, Zn2+ 

inser6on leads to a final composi6on of Zn0.41V2O5, involving a limited redox transi6on of V5+ 

to V4.59+ rather than a full V5+/V3+ transi6on.122 This again underscores how electrosta6c 

repulsion limits deep Zn2+ inser6on and full redox u6lisa6on. 

 

Figure 1.13 Electrochemical zinc storage performance of the V3O7·H2O cathode in aqueous (1 
M ZnSO4/H2O) and nonaqueous (0.25 M Zn(OTf)2/acetonitrile) electrolytes.77 Aqueous 
electrolyte: (a) Charge-discharge curves at 375 mA g-1; (b) Cycling stability at 3000 mA 
g-1. Nonaqueous electrolyte: (c) Charge-discharge curves at 5 mA g-1; (d) Cycling 
stability at 5 mA g-1.77 

Even in spinel-type MnO2, par6al Zn2+ intercala6on during discharge results in the 

forma6on of ZnMn2O4 (structurally equivalent to Zn0.5MnO2), u6lising only the Mn4+/Mn3+ 

redox couple. The parent spinel MnO2 possesses a cubic Fd-3m structure, but upon Zn2+ 
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incorpora6on, coupled with the Jahn–Teller distor6on of Mn3+, induces a phase 

transforma6on to a tetragonal I4₁/amd structure ZnMn2O4. This structural distor6on, driven 

by both Zn2+ repulsion and electronic instability, illustrates the difficulty of accommoda6ng 

Zn2+ while accessing the full redox range without compromising structural integrity. Moreover, 

there are very few viable Zn-containing cathode materials that offer fast kine6cs. Although 

organic electrolytes can mi6gate transi6on metal dissolu6on, these limita6ons significantly 

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

1.6 Thesis ObjecKves and Scope 

Over the past decade, ZIBs have garnered significant interest due to the favourable 

redox poten6al of zinc and its intrinsic compa6bility with aqueous electrolytes. These 

a\ributes offer compelling advantages in terms of safety, cost, and environmental 

sustainability. However, persistent interfacial instabili6es, such as parasi6c reac6ons and 

dendrite forma6on at the Zn anode, and Mn dissolu6on and structural degrada6on at Mn-

based cathodes, con6nue to constrain the cycle life and prac6cal viability of ZIBs. While 

substan6al 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 holis6c, mechanis6c 

understanding of interfacial degrada6on and proposing coordinated strategies to enhance 

overall ZIB performance. 

The first part of this work inves6gates the zinc anode–electrolyte interface in aqueous 

ZIBs. It is established that planar Zn deposi6on is essen6al for suppressing side reac6ons and 

achieving high reversibility. Although high current densi6es (>20 mA cm-2) can promote such 

deposi6on, these condi6ons are typically incompa6ble with cathode opera6on. 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 deposi6on under cathode-

compa6ble current densi6es, reinforcing the importance of designing coordinated anode–

cathode interac6ons at the full-cell level. 

The second part of this thesis focuses on elucida6ng the interac6ons between MnO2 

cathodes and aqueous electrolytes. Using operando techniques to monitor changes in Mn 

concentra6on within the electrolyte, it was established that the primary charge storage 

mechanism proceeds through reversible Mn dissolu6on and redeposi6on. In addi6on, the 

influence of Mn2+ addi6ves on Zn/MnO2 ba\ery performance was systema6cally inves6gated 

to evaluate their effects on cycling stability and capacity reten6on. Together, these findings 

reveal a strong coupling between electrolyte composi6on and cathode behaviour, 

underscoring the need to consider cathode–electrolyte interfacial processes in the design and 

op6misa6on of the full ba\ery system. 

Recognising that many challenges associated with Zn metal originate from the 

aqueous environment, the third sec6on of this thesis explores an anode-free ZIB architecture. 

In this configura6on, no metallic Zn is present at the start of opera6on, which helps reduce 

parasi6c side reac6ons that typically occur between Zn metal and the aqueous electrolyte 

during storage. To complement this design, Zn-containing cathodes were developed and can 

release Zn2+ ions during the ini6al charge, thereby providing the Zn source required for 

subsequent cycling. The resul6ng anode-free cells demonstrated promising electrochemical 

performance, highligh6ng the feasibility of this approach. This strategy simplifies cell 

construc6on while also offering the poten6al for longer shelf life during storage and higher 

energy density through the elimina6on of heavy metallic Zn. 

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

aimed at addressing the intrinsic limita6ons of aqueous systems. Replacing water with organic 



 47 

electrolytes significantly broadens the electrochemical stability window, enabling opera6on 

at higher voltages and poten6ally increasing energy density. However, these systems require 

cathode materials with structural stability and the ability to reversibly intercalate Zn2+ ions. To 

meet this need, new cathode frameworks were developed and evaluated, demonstra6ng 

stable cycling, high-voltage opera6on, and efficient Zn2+ transport in non-aqueous 

environments. 

Together, the studies presented in this thesis form a cohesive strategy, from 

mechanis6c understanding to full-cell implementa6on, for overcoming the interrelated 

limita6ons 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 prac6cal realisa6on of next-genera6on zinc-based energy storage technologies. 
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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 ra6os and 

subjected to high temperature calcina6on (commonly between 500 and 1500 °C). At these 

temperatures, atomic diffusion across par6cle interfaces drives nuclea6on and growth of the 

target phase.1 Because diffusion rates depend strongly on par6cle size, achieving uniform, 

submicron to nanometer scale powders by mechanical pre-treatment both increases 

interfacial contact area and introduces defects that accelerate reac6vity, allowing phase 

forma6on at lower temperatures or in shorter 6mes. 

Key synthesis parameters must be carefully balanced. Temperature provides the 

energy to overcome diffusion barriers, but excessive heat can induce par6al mel6ng, 

exaggerated grain growth, or phase decomposi6on; intermediate calcina6on steps and 

controlled hea6ng rates help ensure complete reac6on while minimising kine6c bo\lenecks. 

Likewise, the gas atmosphere dictates oxida6on state and stoichiometry: an oxygen rich 

environment preserves higher valence ca6ons in transi6on metal oxides, whereas reducing 

(H2/Ar) or inert (Ar, N2) atmospheres are employed to stabilise lower oxida6on states or 

prevent unwanted side reac6ons with air-sensi6ve precursors.  

2.1.2 Hydrothermal Synthesis 

Hydrothermal synthesis is a widely employed solu6on-phase method for the 

prepara6on of crystalline inorganic materials under elevated temperature and pressure 
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condi6ons.2 This technique involves carrying out chemical reac6ons in water (or occasionally 

in organic solvents) inside sealed, high-pressure vessels known as autoclaves. The 

combina6on of elevated temperature and the autogenous pressure generated from solvent 

vapour allows reac6ons to proceed at rela6vely low temperature compared to tradi6onal 

solid-state methods. This makes hydrothermal synthesis par6cularly a\rac6ve for the 

forma6on of metastable or low-temperature crystalline phases that are otherwise 

inaccessible under ambient or high-temperature condi6ons. 

The method operates on the principle of enhanced solubility and reac6vity of 

precursors under hydrothermal condi6ons, which facilitates a dissolu6on–recrystallisa6on 

mechanism. In this process, precursor species dissolve into the solvent at elevated 

temperature and subsequently nucleate and grow into well-defined crystals, oben exhibi6ng 

controlled size, shape, and crystallographic orienta6on. 

The outcome of hydrothermal synthesis is highly sensi6ve 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 proper6es. At these temperatures, water exhibits 

a reduced dielectric constant and enhanced ionic mobility, which significantly impacts 

reac6on 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 kine6cs of nuclea6on and 

crystal growth. Other cri6cal factors include solvent composi6on, precursor concentra6on, 

reac6on dura6on, and pH, all of which can be tuned to control phase purity, par6cle 

morphology, and crystallinity.  
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2.1.3 Ball-Milling Synthesis 

While tradi6onally ball milling method is employed for par6cle size reduc6on and 

powder mixing, this technique has evolved into a powerful synthe6c 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 composi6on. When subjected to high-

speed rota6on or vibra6on, the milling media undergo violent collisions, genera6ng 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 genera6ng instantaneous temperature spikes 

(reaching several hundred degrees Celsius) and transient pressure pulses.3 Simultaneously, 

shear forces and fracturing create fresh and reac6ve surfaces. This unique combina6on of 

effects enables the forma6on of metastable phases and novel materials that would ordinarily 

require extreme temperature or pressure condi6ons in conven6onal synthesis.  

Cri6cal process parameters govern the outcome of ball mill synthesis, with milling 

dura6on, rota6onal velocity, the size of balls, ball-to-powder mass ra6o serving as key 

variables. These factors collec6vely determine the energy transfer dynamics between the 

milling balls and powder, influencing the balance of chemical transforma6on.  

2.2 Electrochemical Techniques 

2.2.1 Electrode Prepara.on 

Dry electrode prepara6on was employed in this thesis in place of conven6onal slurry-

based electrode fabrica6on. Given the inherently low electronic conduc6vity of transi6on 

metal oxide and sulphide cathode materials, a carbon addi6ve (20 wt%) was homogeneously 

blended with the ac6ve 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 ac6ve material and carbon 

par6cles, providing both mechanical integrity and electrical connec6vity. 

The resul6ng dry mixture was subsequently calendered to a thickness of several 

hundred micrometres. While thick electrodes are advantageous for achieving high areal 

capaci6es in prac6cal ba\eries, it is essen6al to maintain a certain degree of porosity to 

ensure sufficient electrolyte penetra6on and weLng of the electrode par6cles. Finally, the 

electrodes were cut to the desired size and weighed for electrochemical tes6ng. 

2.2.2 Coin Cell Assembly 

 

Figure 2.1 Schema6c of coin cell and pouch cell configura6ons. 

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 sequen6ally 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 posi6oned, aber which a spacer and spring are added to maintain consistent internal 

pressure and ensure proper electrical contact throughout the cell's opera6on. The assembly 
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is completed with the anode case, which forms the upper enclosure. The components are 

herme6cally sealed under controlled pressure to provide controlled and stable internal 

environment, preven6ng unwanted chemical reac6ons and electrolyte loss. Stable contact 

between electrodes is achieved through the deforma6on 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/pla6ng 

efficiency, while Zn/aqueous electrolyte/cathode cells were assembled to inves6gate full-cell 

performance. For non-aqueous electrolytes, assembly was carried out in an inert atmosphere 

(e.g., an argon-filled glovebox) to avoid contamina6on 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-plas6c film as the outer 

casing, resul6ng 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 

inves6gate the effect of pressure on Zn pla6ng behaviour. 

Pouch cells offer higher energy density than conven6onal cell formats due to their 

lightweight and compact packaging. Also benefi6ng from their cost-efficiency and design 

flexibility, pouch cells represent the most scalable manufacturing approaches in commercial 

lithium-ion ba\ery produc6on. 
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2.2.4 Cell Cycling 

Galvanosta6c cycling is a widely used electrochemical technique for evalua6ng the 

performance of ba\ery 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-1) or area (mA cm-2) during charge and discharge processes, while con6nuously 

monitoring the corresponding voltage response. This method closely simulates real-world 

ba\ery opera6on, where devices oben func6on under constant-current condi6ons, making it 

highly relevant for both fundamental research and prac6cal applica6ons. 

Cycling protocols are generally defined by upper and lower voltage cutoffs to prevent 

overcharging or overdischarging, both of which can trigger irreversible side reac6ons and 

electrolyte decomposi6on. 

Key performance metrics derived from galvanosta6c cycling include specific capacity, 

coulombic efficiency (CE), and voltage hysteresis. Specific capacity (typically expressed in mAh 

g-1 or mAh cm-2) indicates the amount of charge the material can store, while CE, the ra6o of 

discharge to charge capacity or the ra6o of charge to discharge capacity, reflects the 

reversibility of electrochemical reac6ons. The voltage profile, plo\ed as poten6al versus 

capacity, provides further insights into redox mechanisms, phase transi6ons, kine6c 

limita6ons, and polarisa6on effects. 

Moreover, advanced techniques such as the galvanosta6c intermi\ent 6tra6on 

technique (GITT) can be employed to extract addi6onal thermodynamic and kine6c 

informa6on, offering a deeper understanding of diffusion processes and material behaviour 

under opera6ng condi6ons. 
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2.3 Imaging CharacterisaKon Techniques 

2.3.1 Scanning Electron Microscopy (SEM)  

Scanning electron microscopy is a powerful analy6cal technique for characterising 

surface morphology with micro- to nanoscale resolu6on. In this thesis, SEM was employed to 

inves6gate Zn anode deposi6on, where achieving uniform and planar morphology is cri6cal 

for ensuring stable cycling performance. SEM was also used to examine the par6cle size and 

surface features of cathode materials, as these parameters significantly influence Zn2+ 

diffusion kine6cs and overall electrochemical behaviour. 

 

Figure 2.2 Schema6c illustra6on of electron beam interac6ons with sample material in SEM. 

During SEM opera6on, a focused electron beam raster scans the sample surface. The 

beam penetrates the sample to a depth of a few microns, before interac6ng with atoms in the 

sample. The extent of the interac6on volume will depend upon the accelera6ng voltage of the 

primary electrons and the density of the sample material. Low-density samples facilitate a 

tear-drop interac6on volume, as shown in Figure 2.2. As the beam interacts with the sample, 

it generates various signals, most notably secondary electrons, backsca\ered electrons, and 

characteris6c X-rays.4 Secondary electrons, emi\ed when primary electrons dislodge surface-
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level electrons, are especially valuable for high-resolu6on imaging due to their sensi6vity to 

surface topography. Backsca\ered electrons, which are primary electrons reflected by atomic 

nuclei, provide composi6onal 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 

characteris6c X-ray. These X-rays are unique to specific elements and their electronic 

transi6ons. With the addi6on of an EDX detector, SEM can perform elemental analysis, 

offering both qualita6ve and quan6ta6ve insights into the sample’s composi6on. However, it 

is important to note that EDX has limited sensi6vity for detec6ng light elements, such as 

hydrogen. In this thesis, EDX was employed to analyse the elemental distribu6on 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 characterisa6on of materials. Unlike SEM which primarily provides 

surface morphology informa6on using secondary or backsca\ered electrons, STEM achieves 

much higher resolu6on by transmiLng a finely focused electron probe through an ultrathin 

sample. This configura6on allows for the simultaneous acquisi6on of high-resolu6on 

structural and elemental informa6on with excep6onal spa6al precision. 

One of the most widely used imaging modes in STEM is high-angle annular dark-field 

(HAADF) imaging, which provides atomic-resolu6on contrast that is highly sensi6ve to 

differences in atomic number (Z-contrast). In HAADF-STEM, electrons sca\ered at high angles 

are collected by an annular detector, producing images in which heavier elements appear 

brighter due to their greater sca\ering power.5 
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To complement HAADF imaging, STEM is oben integrated with EDX for spa6ally 

resolved elemental mapping. The combined use of HAADF-STEM and STEM-EDX provides a 

powerful correla6ve approach to materials characterisa6on, linking local chemistry with 

atomic-scale structural features. 

For sample prepara6on, powders are typically dispersed in a vola6le solvent such as 

ethanol or acetonitrile and drop-cast onto a holey carbon-coated Cu TEM grid. Individual 

par6cles are suspended over the holes in the grid, allowing the electron beam to probe their 

protruding edges. As electron transmission is significantly a\enuated by thick regions of the 

sample, meaningful imaging and analysis are generally limited to the thinner edge regions 

where sufficient beam penetra6on is possible. 

2.3.3 Transmission Electron Microscopy (TEM)  

Transmission Electron Microscopy u6lises a broad, coherent electron beam to enable 

high-resolu6on visualisa6on of the internal structure of materials at the atomic level. When 

the electron beam is transmi\ed through an ultra-thin sample, interac6ons such as sca\ering 

and absorp6on convey detailed informa6on about the specimen’s structure, composi6on, and 

other physical proper6es. These interac6ons are used to form both real-space images and 

diffrac6on pa\erns. 

Image forma6on in TEM relies on contrast mechanisms to dis6nguish between 

different features within a sample.6 The primary sources of contrast include: 1. Mass-thickness 

contrast, which arises from varia6ons in atomic number and specimen thickness. Regions with 

higher mass or greater thickness sca\er more electrons, resul6ng in fewer transmi\ed 

electrons and thus darker areas in the image. 2. Diffrac6on contrast, which is commonly used 

to visualise crystalline defects such as disloca6ons, grain boundaries, and stacking faults. This 

contrast occurs due to varia6ons in electron diffrac6on between different crystallographic 
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orienta6ons. 3. Phase contrast, which is essen6al in high-resolu6on TEM (HRTEM) for imaging 

atomic columns and laLce fringes. It originates from the interference between the incident 

and sca\ered electron waves, producing intensity varia6ons that reveal atomic-scale features. 

Due to the strong interac6on between electrons and sample material, TEM requires 

specimens to be extremely thin, typically less than 100 nanometers, to allow electron 

transmission. The same sample prepara6on techniques used for STEM can oben be applied 

to TEM to achieve the necessary thinness and dispersion. 

Selected Area Electron Diffrac=on (SAED) 

When a high-energy electron beam passes through a thin specimen, it interacts with 

the atomic planes of the crystal laLce, producing a diffrac6on pa\ern that reveals cri6cal 

informa6on about the material’s phase, crystallographic orienta6on, laLce symmetry, and 

defects. Unlike XRD, electron diffrac6on in TEM offers localised structural informa6on, 

allowing the analysis of individual nanopar6cles and grains. While XRD provides excellent 

resolu6on in reciprocal space, its measurements represent an average over a large sample 

volume, whereas TEM-based electron diffrac6on can probe structural varia6ons at the 

nanometer scale within specific regions of interest. 

The forma6on of electron diffrac6on pa\erns is governed by Bragg’s Law, where 

construc6ve interference occurs when the electron beam sa6sfies specific angle-wavelength 

condi6ons rela6ve to the crystal laLce. The resul6ng diffrac6on pa\ern 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 

posi6ons and intensi6es of these features, researchers can extract detailed structural 

informa6on such as the Bravais laLce type, space group, laLce parameters, and iden6fy 

phases through comparison with reference or simulated pa\erns. 
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A commonly employed technique in TEM is selected-area electron diffrac6on (SAED), 

in which a small aperture is used to isolate a specific region of the sample for diffrac6on 

analysis. This allows precise correla6on between the real-space microstructure and reciprocal-

space informa6on. 

In-situ Liquid Cell TEM 

 

Figure 2.3 Schema6c of an in-situ liquid cell TEM setup, including a small fluidic chamber for 
real-6me observa6on of electrochemical processes under liquid condi6ons. 

In situ liquid cell transmission electron microscopy (TEM) is enabled through a sealed 

liquid environment, where silicon nitride (SiNx) membranes confine the liquid electrolyte, 

preven6ng its leakage into the TEM vacuum while s6ll permiLng electron transmission for 

imaging.7 As shown in Figure 2.3, a typical liquid cell consists of two silicon chips: a smaller 

bo\om chip and a larger top chip. The bo\om 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 reac6ons. Both chips feature a central, ultrathin SiNx membrane that is 

electron-transparent, allowing beam transmission for high-resolu6on imaging. 

The imaging resolu6on 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. Resolu6on improves with decreasing total thickness and increasing 

electron beam dose rate. However, thinner liquid layers, while beneficial for resolu6on, 

reduce ion mobility and limit the observable volume. In this thesis, the total liquid cell 

thickness was typically between 500 nm and 1 μm, offering a balance between ionic diffusion, 

par6cle observa6on, and imaging clarity. 

Although higher beam dose rates enhance resolu6on, they can introduce significant 

beam-induced damage, especially in liquid environments. Inelas6c interac6ons between the 

accelerated electrons and the liquid can lead to radiolysis, thermal effects, and knock-on 

damage. Among these, radiolysis is the most cri6cal in aqueous systems, as it leads to chemical 

decomposi6on, local pH changes, and gas bubble forma6on, which can distort the experiment. 

Therefore, beam dose op6misa6on tests were performed prior to imaging to determine the 

minimum dose necessary for adequate resolu6on while minimising damage.  

2.4 Structure CharacterisaKon Techniques 

2.4.1 X-ray Diffrac.on (XRD) 

Powder X-ray diffrac6on is a powerful technique for iden6fying the long-range atomic 

arrangement in crystalline materials that exhibit structural symmetry. It is widely used to 

determine phase composi6on in mul6-phase samples and to quan6fy phase frac6ons in 

crystalline mixtures. Addi6onally, XRD can provide informa6on about atomic site occupancies 

within the crystal structure. 
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Figure 2.4 Schema6c illustra6on demonstra6ng Bragg’s Law and the condi6ons for 
construc6ve interference of X-rays sca\ered by atomic planes. 

Diffrac6on arises from the interac6on between incident X-ray radia6on and the 

periodic arrangement of atoms in a crystal. When the X-ray beam enters a crystalline material, 

it is sca\ered by the electrons surrounding the atoms. Due to the highly ordered nature of the 

crystal laLce, these sca\ered waves can interfere construc6vely, producing measurable 

diffrac6on peaks. 

As shown in Figure 2.4, this construc6ve interference occurs when the difference in 

path length between waves sca\ered from successive atomic planes equals an integer 

mul6ple of the X-ray wavelength. This condi6on is described by Bragg’s Law: 

𝑛𝜆 = 2𝑑 sin 𝜃 

where n is the order of reflec6on, λ is the X-ray wavelength, d is the interplanar spacing, and 

θ is the angle of incidence. 

Each set of atomic planes in the crystal is indexed by a set of integers (h, k, l), known 

as Miller indices, which represent the reciprocal intercepts of the plane with the 

crystallographic axes (a, b, and c). The resul6ng diffrac6on pa\ern serves as a fingerprint for 

the crystalline structure, enabling phase iden6fica6on, laLce parameter determina6on, and 

structural refinement. 
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The number and posi6ons of peaks in a powder XRD pa\ern are determined by the 

crystal’s space group and unit cell parameters, which together define the interplanar spacings 

(dhkl) for different laLce planes. In contrast, the absolute intensity (Ihkl) of each diffrac6on 

peak is governed by the atomic arrangement within those planes, as described by the 

structure factor. The structure factor is calculated using the atomic sca\ering factors of all 

atoms in the unit cell. Addi6onally, peak broadening can result from several factors, including 

limited crystallite size (described by the Scherrer effect), thermal vibra6ons, and microstrain 

within the crystal laLce. 

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 

interac6on produces X-rays at discrete wavelengths characteris6c of the target metal. The 

most commonly used radia6on in lab-based diffractometers is Cu Kα1 (λ = 1.541 Å), which 

provides strong and well-defined diffrac6on. To isolate this primary wavelength, 

monochroma6on is required. A nickel filter is oben used to suppress the unwanted Cu Kβ 

radia6on, while a germanium monochromator can further refine the beam by removing Cu 

Kα2 components, improving resolu6on and peak shape. 

Refinement of XRD 

The Rietveld refinement method is a powerful computa6onal technique used in XRD 

to extract detailed structural and microstructural informa6on from powder diffrac6on data. 

Rietveld refinement fits the en6re experimental diffrac6on pa\ern using a theore6cal model 

that accounts for both structural parameters (e.g., laLce constants, atomic posi6ons, 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 

minimisa6on approach to itera6vely adjust these parameters un6l the calculated pa\ern 
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closely matches the observed data, quan6fied by reliability factors such as Rp, Rwp, and χ2. This 

method enables precise determina6on of phase composi6on, even in mul6phase samples, 

through quan6ta6ve phase analysis, while also providing insights into crystallite size, 

microstrain, and preferred orienta6on. In this thesis, Rietveld refinement of XRD data was 

performed using the GSAS-II sobware package.  

2.4.2 X-ray Pair Distribu.on Func.on (XPDF) 

X-ray pair distribu6on func6on analysis is derived from total sca\ering data. When 

high-energy X-rays interact with a material, they sca\er from electron clouds through both 

elas6c and inelas6c processes. The total sca\ering signal includes contribu6ons from both. 

This elas6c component consists of Bragg sca\ering, which arises from periodic laLce planes, 

and diffuse sca\ering, which originates from local devia6ons from perfect crystallinity. By 

u6lising the total sca\ering signal, XPDF enables the inves6ga6on of structural features at 

local length scales that extend beyond the tradi6onal crystallographic unit cell. 

The transforma6on from reciprocal-space total sca\ering data to real-space structural 

informa6on involves a mathema6cal procedure.8 The total sca\ering structure func6on, S(Q), 

is first extracted from the data. A Fourier transform of this func6on, using a sine kernel 

Q[S(Q)−1], yields the pair distribu6on func6on, G(r). This real-space func6on provides a 

measure of the probability of finding pairs of atoms separated by a distance r. The posi6ons 

of peaks in G(r) correspond to specific interatomic distances and reflect bond lengths and unit 

cell geometry. The areas under these peaks are propor6onal to coordina6on numbers and 

atomic occupancies, while the peak widths reflect thermal vibra6ons. The damping of the 

signal with increasing r indicates the degree of sta6c disorder within the material. This real-

space representa6on allows for intui6ve interpreta6on of local structural mo6fs, par6cularly 
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in materials with disorder, nanoscale features, or amorphous character, which are oben 

inaccessible to conven6onal diffrac6on techniques. 

2.5 Spectroscopy Techniques 

2.5.1 SoS X-ray Absorp.on Spectroscopy (sXAS) 

 

Figure 2.5 Schema6c illustra6on of core electron excita6on from the K, L, and M edges in 3d 
TMs as observed in XAS. 

X-ray absorp6on spectroscopy is a powerful technique for probing the electronic 

structure and local coordina6on environment of materials by measuring the excita6on of core 

electrons to unoccupied states.9 The technique is based on the absorp6on of high-energy 

photons by atoms in a material, which promotes electronic transi6ons from filled to empty 

orbitals. These transi6ons are governed by selec6on rules that allow excita6ons only between 

adjacent electron shells. As shown in Figure 2.5, the absorp6on edges are labelled K, L, M, etc., 

according to the principal quantum number of the core electron being excited. Transi6on 

metal L-edges typically require low-energy (sob) 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, sob XAS (sXAS) at the Mn L-edge was employed. Among the available 

detec6on modes, fluorescence yield (FY) detec6on, which monitors emi\ed photons 

following core excita6on, offers bulk-sensi6ve informa6on but is prone to self-absorp6on 

effects that can distort spectral line shapes. To overcome this limita6on, inverse par6al 

fluorescence yield (IPFY) has been developed as an advanced detec6on approach. IPFY 

measurements at the Mn L-edge oben use the oxygen K-edge emission as a detec6on channel 

to mi6gate the severe self-absorp6on that affects conven6onal FY. When sob X-rays excite the 

Mn 2p core level, the relaxa6on process can induce secondary excita6ons of oxygen 1s 

electrons in Mn–O systems. The resul6ng O Kα photons (~525 eV) have significantly lower 

energy than the Mn L-edge features (~640–660 eV), allowing them to escape the sample 

without substan6al reabsorp6on 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 L3/L2 branching ra6o and pre-edge structure. 

The penetra6on depth of incident X-rays is strongly influenced by their energy. Sob X-

rays, with rela6vely low photon energies, exhibit limited penetra6on into ma\er and are thus 

typically employed in reflec6on geometry combined with fluorescence detec6on. Within the 

sample, the X-ray intensity a\enuates exponen6ally with depth according to the Beer–

Lambert law, governed by the a\enua6on coefficient (μ), which itself depends sensi6vely on 

the photon energy and the material's composi6on. As a result, the effec6ve probe depth in 

sob X-ray absorp6on spectroscopy varies with incident energy—an important considera6on 

for depth-dependent studies and the interpreta6on of signals in systems with chemical or 

structural gradients. 
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2.5.2 X-ray Absorp.on Near Edge Structure (XANES) 

 

Figure 2.6 Different spectral regions in Mn K-edge XAS, including XANES and EXAFS. 

X-ray absorp6on near edge structure spectroscopy serves as a powerful analy6cal tool 

for probing the electronic structure and local coordina6on environment of specific elements 

within materials.9 This technique is par6cularly 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 absorp6on 

edge, reveals subtle transi6ons that are exquisitely sensi6ve to local symmetry distor6ons and 

orbital hybridisa6on effects, par6cularly in transi6on metal oxides where metal 3d-oxygen 2p 

mixing occurs. The main edge posi6on shows systema6c shibs of 1-3 eV per oxida6on state 

change, serving as a reliable indicator of valence state. Beyond the edge, the post-edge region 

transi6ons into the extended X-ray absorp6on fine structure (EXAFS) regime where sca\ering 

phenomena dominate. 

In standard transmission mode XANES measurements, the absorp6on spectrum is 

derived from the logarithmic ra6o of incident to transmi\ed beam intensi6es (ln(I0/It)). 

However, for samples with dilute element concentra6ons, fluorescence detec6on is preferred, 
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where the absorp6on profile is constructed from the fluorescence yield (If/I0) to maintain 

adequate signal-to-noise.  

2.5.3 Extended X-ray Absorp.on Fine Structure (EXAFS) 

Extended X-ray absorp6on 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 absorp6on spectrum beyond the edge oben 

displays a series of oscilla6ons (Figure 2.6). These oscilla6ons arise from interac6ons between 

photoelectrons and neighbouring atoms and contain rich structural informa6on about the 

local environment of the absorbing atom.10 

When the incident X-ray energy exceeds the absorp6on edge, core electrons are 

ejected into the con6nuum, and they escaped atom as photoelectrons. These photoelectrons 

propagate outward and are par6ally sca\ered by nearby atoms. The interference between the 

outgoing and backsca\ered photoelectron waves modulates the X-ray absorp6on coefficient, 

producing the characteris6c EXAFS oscilla6ons.9 These modula6ons encode quan6ta6ve 

informa6on about interatomic distances, coordina6on numbers, and structural disorder. 

The EXAFS signal is typically described by the χ(k) func6on, where k is the 

photoelectron wave vector. To enhance features at higher energies, a k-weigh6ng (e.g., k2χ(k) 

or k3χ(k)) is applied. Fourier transforma6on of the weighted χ(k) func6on yields a radial 

distribu6on func6on that reveals the distances to neighbouring atoms. Each peak in the 

resul6ng spectrum corresponds to a specific coordina6on shell, with peak posi6ons indica6ng 

bond lengths and peak intensi6es reflec6ng coordina6on numbers and thermal or sta6c 

disorder. 
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2.6 Elemental Analysis Technique 

2.6.1 Induc.vely Coupled Plasma (ICP) – Op.cal Emission Spectroscopy 

(OES)/ Mass Spectrometry (MS) 

Induc6vely coupled plasma–op6cal emission spectroscopy (ICP-OES) is a highly 

sensi6ve analy6cal technique used for the quan6ta6ve determina6on of elemental 

composi6on in a sample. The technique operates by introducing the sample into a high-

temperature argon plasma (typically 6,000–10,000 K), where the cons6tuents are atomised 

and excited, leading to the emission of element-specific op6cal signals. 

The analy6cal process involves three main steps: sample introduc6on, plasma 

excita6on, and spectral detec6on. 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 characteris6c wavelengths corresponding to their unique 

electronic transi6ons. These emissions are detected using a photomul6plier tube or a charge-

coupled device (CCD), which records the intensity of light at selected wavelengths. The 

measured intensi6es are compared against those of calibra6on standards of known 

concentra6ons, allowing for the construc6on of calibra6on curves to determine the elemental 

concentra6ons in the sample. 

Accurate analysis requires careful sample prepara6on. 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 solu6on. This solu6on is then diluted to 

ensure the elemental concentra6ons fall within the op6mal detec6on range of the instrument, 

which normally lies below 1 ppm. As ICP-OES is a destruc6ve technique, it can only be 

performed ex situ. 
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While ICP-OES offers reliable mul6-element detec6on with reasonable sensi6vity and 

throughput, induc6vely coupled plasma–mass spectrometry (ICP-MS) is oben used when even 

higher sensi6vity and lower detec6on limits are required. Like ICP-OES, ICP-MS uses an argon 

plasma to atomise and ionise the sample. However, instead of measuring emi\ed light, ICP-

MS detects and quan6fies ions based on their mass-to-charge ra6o using a mass analyser, 

typically a quadrupole or 6me-of-flight detector. 

2.6.2 X-ray Fluorescence (XRF) 

 

Figure 2.7 Schema6c of X-ray excita6on and the genera6on of characteris6c fluorescent X-ray 
emission, illustra6ng the fundamental process of XRF analysis. 

X-ray fluorescence spectroscopy is a non-destruc6ve analy6cal technique used to 

determine the elemental composi6on of materials by detec6ng the characteris6c secondary 

(fluorescent) X-rays emi\ed from a sample when it is irradiated with high-energy X-rays.11 As 

shown in Figure 2.7, the fundamental principle involves the interac6on of the incident 

radia6on 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, crea6ng vacancies in the atom’s inner orbitals. These vacancies are 

unstable, and electrons from higher energy levels (typically from the L, M shells) transi6on 

downward to fill them, releasing fluorescent X-rays whose energies are specific to the element 

and the electronic transi6on involved (e.g., Kα, Kβ lines). 
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The emi\ed X-rays are detected and analysed using an energy-dispersive (ED-XRF) 

spectrometer. In ED-XRF, a semiconductor detector measures the energy of the emi\ed 

photons, producing a spectrum in which the peak posi6ons iden6fy the elements present, and 

the peak intensi6es correspond to their rela6ve concentra6ons. Recent advancements, such 

as micro-XRF, have enabled spa6ally resolved elemental mapping with micron-scale precision, 

greatly broadening the technique’s applicability. Owing to its non-destruc6ve nature, XRF is 

par6cularly well-suited for in situ analysis of elemental distribu6on in ba\ery systems, 

providing cri6cal insight into dynamic processes without compromising sample integrity. 
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3.1 IntroducKon 

Opera6ng at high current densi6es (typically 20–200 mA cm-2) has emerged as an 

effec6ve strategy to enhance the pla6ng/stripping efficiency of Zn anodes without requiring 

modifica6ons to the electrolyte or electrode composi6on. High current opera6on induces a 

large nuclea6on overpoten6al, which promotes widespread nuclea6on events across the 

current collector. The resul6ng dense distribu6on of nuclea6on sites leads to the forma6on of 

a macroscopically uniform zinc layer with improved surface coverage. While this approach 

effec6vely mi6gates dendrite forma6on and anode degrada6on, it poses a significant 

challenge when viewed from a full-cell perspec6ve. Most cathodes used in aqueous ZIBs 

cannot sustain such high current densi6es due to limita6ons in ion transport, electronic 

conduc6vity, and interfacial kine6cs.  

To illustrate this high rate limita6on for AZB cathodes, here we highlight some of the 

best performing cathodes in the current literature: (i) Manganese-based oxides. An α-MnO2 

nanorod cathode exhibited discharge capaci6es of 353 mAh g-1 at an areal current density of 

0.0512 mA cm-2 (16 mA g-1),1 while mesoporous γ-MnO2 has been reported to deliver a high 

discharge capacity of 285 mAh g-1 at an equivalent areal current rate of 0.05 mA cm-2.2 (ii) 

Vanadium-based oxides. V2O5 nanofibers have been shown to demonstrate a remarkable 

discharge capacity of 319 mAh g−1, but at a low areal current density of 0.04 mA cm-2 

(20 mA g−1).3 (iii) Prussian blue analogues. Zinc hexacyanoferrate, ZnHCF, has been shown to 

deliver a capacity of 65.4 mAh g−1 at 0.48 mA cm-2 (60 mA g-1).4 (iv) Organic materials. The 

conduc6ve polymer polyaniline (PANI) supported on Ni foam has been found to reach up to 

183.28 mAh g-1 capacity at a rate of 2.5 mA cm-2.5 

These examples illustrate that the current densi6es at which the four main cathode 

candidates operate are orders of magnitude lower than the high current densi6es 
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(>20 mA cm-2) that have been proposed for stable anode deposi6on. 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 Zn2+ means designing new 

cathodes with speedier kine6cs will be inherently challenging. It is therefore worthwhile to 

explore alterna6ve approaches that enable uniform and dense Zn deposi6on under cathode 

compa6ble current densi6es, facilita6ng stable full-cell cycling without compromising overall 

energy storage performance. 

This chapter proposed the applica6on of pressure to improve the reliability of Zn 

pla6ng and stripping processes under low to moderate current densi6es of 1 and 10 mA cm-2. 

The pressure-induced force confinement in the z-direc6on restricts the orienta6on and 

growth of plated Zn, ul6mately resul6ng in dense and uniform coverage that resembles that 

achieved by high current density pla6ng. The influence of pressure on deposi6on 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 

pla6ng, demonstra6ng that pressure-assisted deposi6on provides a viable strategy for 

achieving stable cycling under current densi6es compa6ble with prac6cal cathode opera6on. 

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 Prepara=on:  
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Synthesis of MnO2 was achieved by taking KMnO4 (98%, Alfa Aesar) and 

Mn(CH3COO)2·4H2O (99%, Sigma-Aldrich) with a stoichiometric ra6o of 

KMnO4:Mn(CH3COO)2·4H2O = 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. Aber the reac6on, the 

resul6ng black powder was rinsed by dis6lled 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 densi6es. 

Zn foil (0.25 mm and rolled to 0.18 mm thick, Sigma Aldrich) was cut to 5 mm ´ 5 mm squares 

and Ti foil (0.15 mm thick, Sigma Aldrich) was cut to 7 mm ´ 7 mm squares. The Zn/Ti pouch 

cells were assembled using prepared Zn foil and Ti foil with a glass fiber separator (10 mm ´ 10 

mm, Whatman) soaked into 1 M ZnSO4 (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-2, and the charging/discharging process was 

operated under constant current densi6es of 1, 10, 30, 60, 120 mA cm-2. The cut off voltage 

for stripping was set at 0.6 V vs. Zn/Zn2+.  

Full-cell pouch cell assembly: Pouch cells were assembled using a Zn anode (0.18 mm 

thick foil), glass fiber separator, and 80 μL of 1 M ZnSO4 electrolyte, with cathodes prepared 

from MnO2, and V2O5 (98%, Sigma-Aldrich). For all cathodes, the ac6ve material, Super P 

carbon, and PTFE binder were mixed in a mass ra6o of 7:2:1 and rolled onto Ti foil. The MnO2 

cathodes were fabricated with a film thickness of 50 μm, resul6ng in a loading of 
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approximately 3.6 mg cm-2. The V2O5 cathodes were prepared with a film thickness of ~100 

μm, resul6ng in loadings of 8.16 mg cm-2. Aber assembly, external pressures of 0, 1.2, or 5.6 

MPa were applied to the cells using calibrated spring clamps. Galvanosta6c charging and 

discharging were performed at a current density of 1 A g-1, and all electrochemical 

measurements were conducted at room temperature using a Biologic VMP3 poten6ostat. 

In-situ Characterisa=on: 

In situ liquid cell TEM: A Protochips Poseidon 510 TEM holder was u6lised for in situ 

liquid cell study. This holder facilitates real-6me electrochemical observa6ons within a thin 

electrolyte layer (1 M ZnSO4) enclosed between two Si-SiN chips. The electrolyte was 

constantly flowed through the holder during the experiment with a flow rate of 120 µL h-1, 

which is managed by a syringe pump. The chips featured three Pt electrodes (working, counter 

and reference electrodes) pa\erned onto them. The galvanosta6c study was carried out 

between working and counter Pt electrodes using a Gamry Reference 600 poten6ostat with 

current densi6es of 10 or 120 mA cm-2. 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 poten6al 

electrode roughness and porosity contribu6ng to its effec6ve area. The TEM imaging was 

executed using a JEOL 3000 TEM opera6ng at 200 kV, u6lising a 50 µm condenser aperture 

and a spot size of 2. Beam current calibra6on was achieved via a Faraday cup with 20 pA 

measured under this condi6on, corresponding to a low dose rate of 0.04 electrons Å-2 s-1. To 

minimise beam-induced damage, the total imaging 6me 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 ImageJ sobware. 
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In situ op6cal microscopy: The in situ op6cal microscopy setup for Zn pla6ng 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 pla6ng process. The experimental cell configura6on involves a 

transparent cuve\e housing a Ti foil as the working electrode (with the exposed side for 

op6cal microscopy), a Zn foil as the counter electrode, and a 1 M ZnSO4 electrolyte solu6on. 

The galvanosta6c test was conducted on a Gamry Reference 600 poten6ostat with current 

densi6es of 10, 120 mA cm-2 with a capacity of 1 mAh cm-2. Videos were recorded on the 

digital camera-included op6cal microscope (GXML 3030, GT Vision). 

Ex-situ Characterisa=on:  

Electroplated Zn on Zn foil and Ti foil cycled under different current densi6es (1, 10, 

30, 60, 120 mA cm-2 with a capacity of 1 mAh cm-2) without or with addi6onal 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 applica6on of pressure 

made removing the glass fiber separator challenging, resul6ng 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. 

Indenta=on Measurement:  

Nanoindenta6on tes6ng was used to determine the elas6c modulus and hardness of 

electroplated Zn with and without applied pressure using an MTS nanoindenter XP with a 

diamond Berkovich 6p calibrated against fused silica. Elas6c modulus and hardness were 

calculated using the Oliver-Pharr method. 100 indenta6ons were performed at different 

loca6ons on each sample to obtain sta6s6cally 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-1. A 60-second holding was conducted at maximum 

load to inves6gate the creep behaviour.  

Calcula=on of Rela=ve Texture Coefficients (RTC):  

RTC((2#) =
𝐼((2#)/𝐼4((2#)
∑𝐼((2#)/𝐼4((2#)

× 100% 

where I(hkl) is the measured intensity of a plane (hkl), and I0(hkl) is the intensity of the plane (hkl) 

from the original sample, which is Zn foil in this case. It shows the main preferred orienta6ons 

of Zn crystal. 

3.3 Results and Discussion 

3.3.1 Electrochemical Performance 

To unravel the impact of external pressure on the Zn pla6ng 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 an6-corrosion proper6es against the 

electrolyte (unlike stainless steel)7 and its inability to form an alloy with Zn (unlike copper).8 

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 

exer6on of the deformed spring.9-11 The inconsistent nature of the intrinsic pressure resul6ng 

from varying degrees of spring deforma6on may lead to inter-cell variability, yet the effect of 

this pressure is oben overlooked since the stacking pressure is inherent to the coin cell’s 

design. Pouch cells allow for the direct applica6on of external pressure, providing more 

precise control over the experimental condi6ons, whereas the internal spring of a coin cell 
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prevents the selec6on of a specific pressure due to the inconsistent spring deforma6on. In 

this experiment, uniaxial pressure was applied to the pouch cell using spring clamps, with the 

applied pressure measured by a load cell sensor.  

 

Figure 3.1 (a) Schema6c of the asymmetrical cell which features a Zn/Ti configura6on. (b) CE 
of the Zn/Ti cell under varied pressure of 0, 1.2, 5.6, 8.4 MPa. CE plo\ed against cycle 
number, along with the corresponding charging/discharging curves, under varying 
current densi6es: (c, d, e) 1 mA cm-2, (f, g, h) 10 mA cm-2, (i, j, k) 30 mA cm-2, and (l, m, 
n) 120 mA cm-2 for both applied pressure of 5.6 MPa and no applied pressure 
condi6ons. All voltages are vs. Zn2+/Zn. 

The Zn pla6ng 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-2 while maintaining a fixed 
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capacity of 1 mAh cm-2. As shown in Figure 3.1b, increased pressure not only improves the CE, 

but also significantly reduced the inter-cycle varia6on in CE for all current densi6es. In the 

absence of applied pressure, the CE is low and exhibits significant fluctua6ons. 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 addi6onal 

performance benefit. For the rest of this study, unless specified otherwise, an applied pressure 

of 5.6 MPa is used to inves6gate the influence of pressure on Zn pla6ng and stripping 

performance.  

 

Figure 3.2 Cumula6ve coulombic efficiency versus cycle number data for Zn/Ti pouch cells 
tested without pressure under various current densi6es. 

As shown in Figure 3.1c-n, the CE between cycles exhibited wide varia6on, especially 

with cells cycled at low current density, which is indica6ve of the cell losing and subsequently 

regenera6ng capacity from one cycle to the next.12 This is due to the forma6on and 

subsequent reconnec6on of dead Zn, a phenomenon that has been proposed in Li metal 

ba\eries.11,13 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 poten6al to reconnect and recover in subsequent cycles, resul6ng 
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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 insula6ng interphase layer forming 

around dead Zn should make this effect significantly more common in aqueous ZIBs compared 

to other metal anode chemistries. The cumula6ve coulombic efficiency (CCE) was calculated 

to confirm no anomalous capacity was gained overall (Figure 3.2). The CCE considers the 

rolling sum of stripping capaci6es over all cycles rela6ve to the sum of pla6ng capaci6es over 

all cycles, and confirms that our observed stochas6c high CEs are due to par6al 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 pla6ng 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 subjec6ng the cycled cell to applied pressure significantly lowered the 

growth overpoten6al, with detailed values presented in Figure 3.4. This reduc6on in growth 

overpoten6al signifies that the applica6on of pressure reduces the driving force required for 

Zn growth, making the growth in the deposi6on process more favourable. A marked difference 

was found in the extent of pressure-induced CE improvement at different current densi6es. 

At low current densi6es (1 and 10 mA cm-2), the applica6on of pressure significantly enhances 

the stripping efficiency and largely removed the inter-cycle CE varia6on. However, this 

improvement with pressure becomes less pronounced at higher current densi6es (30, 60, 

120 mA cm-2).  

Table 3.1 The fluctua6on of the CE measured as the average of CE values and standard 
devia6on between cycles 0 and 120 for 1 mA m-2 and between 0 and 600 for 10, 30, 120 mA 
cm-2 (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-2) 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-2) 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-2) 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-2) 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 cm-2, the addi6on of pressure resulted in a significant 

enhancement and stability in stripping efficiency. The average CE stabilised at 96.90% with 

standard devia6on of 1.13% when operated under pressure of 5.6 MPa. In contrast, without 

pressure the CE exhibited fluctua6ons, with an average of 91.28% and a larger standard 

devia6on 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 irregulari6es and 

waves, indica6ng poor contact and the occurrence of severe side reac6ons. However, the 
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applica6on of pressure resulted in smoother curves and reduced growth overpoten6al (Figure 

3.1e).  

 

Figure 3.3 CE of the Zn/Ti cell at (a) 10 mA cm-2, 3mAh cm-2, (b) 120 mA cm-2, 3 mAh cm-2, (c) 
10 mA cm-2, 4 mAh cm-2, (d) 120 mA cm-2, 4 mAh cm-2 for both applied pressure of 5.6 
MPa and no applied pressure condi6ons. 

At a moderate current density of 10 mA cm-2, the cells subjected to applied pressure 

also showed an improvement and stabilisa6on in CE (Figure 3.1f). However, as the current 

density increased to 30 mA cm-2 (Figure 3.1i), the impact of pressure was less, with the 

addi6on of pressure only slightly increasing the average CE from 99.12 to 99.78%, and 

standard devia6on from 2.07 to 0.39%, compared with the no-pressure case. At an extremely 

high current density of 120 mA cm-2, slight enhancements in CE were also observed with the 

applica6on of pressure, indica6ng that stability of Zn deposi6on had already been largely 

achieved without the need for added pressure under these high-rate condi6ons (>30 mA cm-

2). Moreover, to validate the universality of these findings, the electrochemical performance 

was also assessed at higher capaci6es of 3 and 4 mAh cm-2 (Figure 3.3). 
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Figure 3.4 Voltage curves of Zn pla6ng 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,o) 5.6 MPa and (d,h,l,p) 8.4 MPa. 

During the Zn pla6ng process, the voltage profile typically exhibits two dis6nct 

overpoten6als. As shown in Figure 3.4a, the voltage ini6ally rises sharply as Zn2+ ions begin to 

reduce on the Zn metal surface. When the voltage reaches its peak, nuclea6on occurs, this 

point corresponds to the nuclea6on overpoten6al. Following nuclea6on, the voltage drops as 

the system transi6ons to the growth phase, which requires less driving force than ini6al 

nucleus forma6on. The subsequent plateau represents the growth overpoten6al, where Zn 

deposi6on proceeds more steadily. In later sec6ons, this voltage profile will be frequently 

referenced to analyse and interpret the Zn deposi6on mechanism. 
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3.3.2 Microstructure Change 

 

Figure 3.5 SEM images of Zn deposits on Zn foil under different pla6ng condi6ons. (a–d) 
Without applied pressure at current densi6es of (a) 1 mA cm-2, (b) 10 mA cm-2, (c) 30 
mA cm-2, and (d) 120 mA cm-2. (e–h) With applied pressure of 1.2 MPa at (e) 1 mA cm-

2, (f) 10 mA cm-2, (g) 30 mA cm-2, and (h) 120 mA cm-2. (i–l) With applied pressure of 
5.6 MPa at (i) 1 mA cm-2, (j) 10 mA cm-2, (k) 30 mA cm-2, and (l) 120 mA cm-2. (m–p) 
With applied pressure of 8.4 MPa at (m) 1 mA cm-2, (n) 10 mA cm-2, (o) 30 mA cm-2, 
and (p) 120 mA cm-2. 

Post-deposi6on characterisa6on 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 aber cycling under pressure, whereas they remain well-adhered 

to the Zn foil. Our characterisa6on demonstrates that pressure has a significant impact on the 

Zn deposi6on, encompassing altera6ons in the microstructure and deposi6on coverage.  

SEM (Figure 3.5a-d) reveals significant transforma6ons to the microstructure of the Zn 

deposit across different pla6ng current densi6es under no applied pressure. At a low current 
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density of 1 mA cm-2, 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 nuclea6on 

overpoten6al, as shown in Figure 3.4), has been a\ributed to “spiral” growth of crystalline 

Zn.14 As the current density increases to 10 mA cm-2, the Zn deposit undergoes a transi6on to 

a more well-defined crystalline morphology composed of par6culate 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 cm-2, 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 cm-2. 

 

Figure 3.6 XRD of Zn electrodeposi6on of varying current densi6es when pla6ng (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 
deposi6on was fixed at 1 mAh cm-2 for all cells. 

The morphology of plated Zn deposits formed under various pressures and at different 

current densi6es was inves6gated (Figure 3.5e-p). The applica6on of pressure made removing 

the glass fiber separator challenging, resul6ng in the residual glass fiber seen in the images. 

Pla6ng at a low current density (1 mA cm-2) 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-2 the morphology of the Zn 

deposit undergoes significant fla\ening under pressure compared to the no applied pressure 

counterpart. However, at high current densi6es such as 30 and 120 mA cm-2, the morphology 

of the deposited Zn is already densely packed without the need for addi6onal pressure. 

Consequently, when Zn deposi6on takes place under pressure at high current densi6es, the 

morphology remains rela6vely unaffected, displaying only minor changes.  

 

Figure 3.7 XRD of Zn electrodeposi6on of varying current densi6es when pla6ng without 
applied pressure on (a) Ti foil and (b) glassy carbon. 

The texture behaviour of the Zn deposited under varying current densi6es without 

applied pressure was studied using XRD, as shown in Figure 3.6a. The results demonstrate that 

as the deposi6ng current density increases, the Zn deposit favours orien6ng in the (002) 

direc6on. This finding is consistent with recent work that a\ributed the (002) orienta6on 

preference to the high response nuclea6on overpoten6al during deposi6on at high current 

densi6es (Figure 3.4).15,16 The high nuclea6on overpoten6al provides addi6onal deposi6on 

energy, weakening the substrate effect and promo6ng the growth of non-epitaxial (002) Zn.16 

The influence of other substrates – Ti and glassy carbon – on the observed texturing behaviour 
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of the Zn deposit was also inves6gated. 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 orienta6on of the plated Zn. The results demonstrate that the 

applica6on 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.17 RTC indicates that, while 

deposited under pressure, the plated Zn exhibits a stronger preference for growth along the 

basal plane, resul6ng in a fla\er anode surface. These findings are consistent with the SEM 

images. Interes6ngly, the extent of the influence of applied pressure in encouraging 

orienta6on changes depends on the plated current density. At low current densi6es of 1 and 

10 mA cm-2, the RTC of Zn (002) increases by approximately 15% when deposi6ng under 

pressure. In contrast, at high current densi6es of 30, 60, and 120 mA cm-2, the increase in RTC 

of Zn (002) is less significant. RTC of the Zn (100) plane further confirms that the orienta6on 

changes are more pronounced at lower current densi6es compared to higher current densi6es.  

Zinc exhibits pronounced elas6c anisotropy, where its s6ffness varies significantly with 

crystallographic orienta6on.18 Consequently, when applying mechanical pressure during 

electrodeposi6on, individual grains of differing orienta6ons will experience different elas6c 

strains. Under a given applied stress, grains aligned along elas6cally s6ffer direc6ons store 

lower elas6c strain energy, whereas grains oriented along elas6cally sober direc6ons store 

more.19 As the system evolves toward lower-energy states, this anisotropic distribu6on of 
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strain energy provides a thermodynamic driving force for texture evolu6on.20 In this study, the 

applica6on of external pressure favours grain orienta6ons that minimise the total elas6c strain 

energy. Consequently, under uniaxial pressure, grains with energe6cally unfavourable 

orienta6ons, such as those associated with the (100) plane, are suppressed, while the low-

strain-energy (002) orienta6on becomes increasingly dominant in the resul6ng microstructure. 

 

Figure 3.8 XRD of Zn electrodeposi6on of varying current densi6es when pla6ng (a) without 
pressure and (b) with pressure of 5.6 MPa. 

As shown in Figure 3.8, XRD also confirmed the forma6on of side product ZHS. The 

applica6on of pressure was found to mi6gate the forma6on of ZHS to some extent during Zn 

electrodeposi6on, as supported by the observa6on of reduced intensity of side product peaks 

in the XRD analysis. This is due to the influence of pressure on the microstructure and 

crystallographic orienta6on 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 reac6ons. Addi6onally, 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.21 Aber applying pressure, the 
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Zn electrodeposi6on across different current densi6es becomes more oriented along the (002) 

plane. Both the pressure-induced microstructure and orienta6on modifica6on contribute to 

the mi6ga6on of side reac6ons.  

Based on the results discussed above, it is evident that pressure plays a construc6ve 

role in enhancing pla6ng and stripping efficiency. This effect is par6cularly pronounced at low 

pla6ng current densi6es (1 and 10 mA cm-2), and becomes less significant as current densi6es 

rise to 30 mA cm-2. Our SEM images suggest this phenomenon is closely 6ed to the 

microstructure changes in Zn deposi6on, with cycling condi6ons linked to apparently denser 

morphologies yielding far less varia6on in CE. This is true regardless of the morphology being 

achieved by pla6ng under pressure, or pla6ng under high current density. This large varia6on 

in CE can be a\ributed to re-a\aching of detached dead Zn, with the sparser and more 

tortuous plated morphologies more suscep6ble to this. However, SEM images of samples only 

provide a limited and inherently qualita6ve understanding of the integrity of an electroplated 

anode. To build a more complete understanding of how Zn deposi6on structure influences CE 

varia6on, the micro-scale mechanical proper6es of Zn deposi6on formed under different 

pla6ng current density were inves6gated, allowing us to quan6ta6vely ascertain which 

deposi6on morphologies were more or less suscep6ble to mechanical deformity.  

3.3.3 Mechanical Proper.es of Electroplated Zn 

The mechanical proper6es of electroplated Zn deposits were measured by 

nanoindenta6on with a Berkovich diamond 6p, calibrated against fused silica. The 

experiments were conducted on Zn deposits prepared without pressure, and mul6ple 

indenta6ons were performed at different loca6ons on each sample to obtain sta6s6cally 

significant results. The indenta6on was performed to a maximum load of 50 mN with a hold 

6me of 60 s at the peak load. 
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Figure 3.9 (a) The typical load displacement of Zn deposited at different current densi6es 
without external pressure. Distribu6on histogram of (b) elas6c modulus and (c) the 
hardness of Zn deposit electrode. (d) The rela6ons of creep depth with 6me during the 
holding 6me of 60 s. The fixed capacity of Zn sample prepara6on is 10 mAh cm-2. 

The fluctua6on in the load-displacement curve can be a\ributed to the inherent 

heterogeneity of deposi6on microstructure. From these data, typical load-displacement 

curves (Figure 3.9a) were selected based on the expecta6on value of indenta6on depth using 

a Gaussian distribu6on. The loading and unloading curves indicate that during the loading 

process, the displacement increases and con6nues to increase during the holding 6me. 

Subsequently, upon unloading, the material demonstrates elas6c recovery by several 

nanometres, signifying the dominance of plas6c deforma6on over elas6c deforma6on.22,23 

Notably, an upward trend can be observed in the maximum displacement depth as the pla6ng 

current density is heightened. This correla6on implies a connec6on between the pla6ng 

current density and the observed mechanical response of the plated Zn.  

The elas6c modulus (E) and hardness (H) of the Zn deposit were determined using the 

Oliver-Pharr method,24 and their distribu6on was described by fiLng Gaussian func6ons 
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(Figure 3.9b-c). The results reveal that both the elas6c modulus and hardness of the Zn deposit 

increase with higher pla6ng current densi6es. Specifically, when deposited at low current 

densi6es like 1 and 10 mA cm-2, the Zn deposit exhibits rela6vely lower modulus and hardness, 

which can be a\ributed to the compliance of the porous microstructure. However, at higher 

current densi6es, the Zn deposit demonstrates higher modulus and hardness due to the 

denser microstructure it acquires.  

Figure 3.9d shows the indenta6on displacement of different samples during the 

maximum load holding 6me 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 pla6ng current 

density. This trend is related to the porosity of the Zn deposit, and similar results have been 

reported in other materials.25-27 The presence of pores in a material can act as stress 

concentrators, accelera6ng the movement of disloca6ons and the diffusion of atoms, 

ul6mately leading to an increase in the creep compliance.22,25 Consequently, the high porosity 

characteris6c of the deposited Zn at 1 mA cm-2 leads to heightened localised stress and 

increased creep deforma6on. Conversely, the low porosity of the deposited Zn at 120 mA cm-

2 signifies reduced stress concentra6on and, therefore, diminished creep deforma6on.  

As shown in Figure 3.10, under the applied pressure of 1.2 MPa, both elas6c modulus 

and hardness of deposited Zn are enhanced compared to non-pressure samples across all 

current densi6es, indica6ng dense deposi6on. 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 nanoindenta6on tests. 



 98 

 

Figure 3.10 Distribu6on histogram of (a) elas6c modulus and (b) the hardness of deposited Zn 
under applied pressure of 1.2 MPa. 

The indenta6on tests comprehensively diagnose the mechanical proper6es of Zn 

plated under various current densi6es, and show these proper6es correlate with the dis6nct 

microstructures formed under the different current densi6es. The porous mossy features of 

Zn plated at low current densi6es render it suscep6ble to being squashed under pressure due 

to its low modulus and hardness. Conversely, the denser morphology of plated Zn at high 

current densi6es makes it more resistant to deforma6on, as evidenced by its elevated 

modulus and hardness. This explains how there are pronounced pressure-induced 

microstructural changes in Zn electroplated at low current densi6es, while minimal pressure 

effect is seen at high current densi6es.  
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3.3.4 Deposi.on Coverage Change 

 

Figure 3.11 Photos of Zn electrodeposi6on on Zn foil at current densi6es of (a,f) 1, (b,g) 10, 
(c,h) 30, (d,i) 60, (e,j) 120 mA cm-2 under 0 MPa and 5.6 MPa. The darker area is 
electroplated Zn and the shining area is underlying Zn foil substrate.  

In addi6on to the observed varia6ons in microstructure influenced by current densi6es 

and applied pressure, there are dis6nct differences in macroscopic deposi6on coverage, as 

illustrated by the photographs of Zn foil in Figure 3.11. At low current densi6es of 1 and 

10 mA cm-2, Zn deposi6on appears sparse and unevenly distributed on the Zn foil. In contrast, 

at higher current densi6es ranging from 30 to 120 mA cm-2, Zn deposi6on is more uniform, 

completely covering and concealing the underlying Zn foil. Notably, the applica6on of pressure 

is seen to enhance this coverage. The extent that the current collector is covered following 

pla6ng is an important macroscopic property, as it reflects the pla6ng quality and is necessary 

to achieve op6mal 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 ini6al nuclea6on which are 

crucial in shaping the final morphology and coverage of zinc deposi6on. In situ 
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electrochemical liquid-cell TEM, allowed us to directly visualise these ini6al nuclea6on 

processes at the sub-microscale.28 Electropla6ng from 1 M ZnSO4 electrolyte on to a Pt 

working electrode was performed at 10 mA cm-2 (Figure 3.12a), and revealed a strong 

preference for nuclea6on along the electrode edges, as confirmed by the intensity profile 

taken across the electrode (Figure 3.12b). The coverage uniformity of Zn electrodeposi6on at 

high pla6ng current density of 120 mA cm-2 (Figure 3.12c) showed nuclea6on sites were 

ac6vated 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).  

 

Figure 3.12 Liquid-cell TEM imaging of Zn electroplated on a Pt working electrode. (a) 
Galvanosta6c Zn pla6ng at 10 mA cm-2. Annota6on 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) Galvanosta6c 
Zn pla6ng at 120 mA cm-2. (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 densi6es, the supplied extra nuclea6on energy is rela6vely small, 

leading to nuclei preferen6ally forming at loca6ons where the energy condi6ons are most 

favourable.29 In this case, the electrode's edges represent energe6cally-favourable sites due 

to the uneven distribu6on of the electric field.30 This phenomenon is associated with the lower 

nuclea6on overpoten6al at low current densi6es. As pla6ng current densi6es increase, the 

nuclea6on overpoten6al also rises (Figure 3.4), facilita6ng the forma6on of more nuclea6on 
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sites.29,31-34 These many nuclea6on sites, not just limited to energe6cally preferred edge/defect 

loca6ons, allow for high electroplated coverage across a whole electrode at high current 

densi6es. 

In situ op6cal microscopy (OM) provides a much larger field of view for observing Zn 

deposi6on on Ti foil electrodes (Figure 3.13), complemen6ng the higher-resolu6on 

observa6ons from liquid-cell TEM. At high current densi6es, OM reveals a more uniform 

distribu6on of nuclea6on sites, resul6ng in a more homogeneous and con6nuous deposi6on 

layer. 

 
Figure 3.13 The in situ op6cal microscopy images of Zn electrodeposi6on in 1 M ZnSO4 at a 

current density of (a) 10 mA cm-2 and (b) 120 mA cm-2 with a fixed capacity of 1 mAh 
cm-2. The scale bar is 400 µm. 

Electropla6ng 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 

electrodeposi6on plated at 10 and 120 mA cm-2 with and without pressure (Figure 3.14). 

Uneven Zn deposi6on at 10 mA cm-2 was largely removed by cycling under pressure (Figure 

3.14b,d), offering an analogous result to cycling under a high 120 mA cm-2 current density 

(Figure 3.14g). This shows that the favourable coverage performance found when 

electropla6ng under high current densi6es 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 

nuclea6on overpoten6al does not consistently increase with the applica6on 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 applica6on is dis6nct to the high nuclea6on rate found by 

pla6ng at high current rates. Therefore, the improvement in coverage instead is due to 

pressure-induced changes to the growth stage of electrodeposi6on, rather than nuclea6on. 

 

Figure 3.14 SEM image and schema6c of Zn electrodeposi6on on Zn foil in pouch cell when 
deposited (a) without applied pressure at 10 mA cm-2, (b) with applied pressure of 
5.6 MPa at 10 mA cm-2, (c) without applied pressure at 120 mA cm-2, and (d) with 
applied pressure of 5.6 MPa at 120 mA cm-2. 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 a\ributed to similar effects found in previous Li and Na metal anode studies,10,35,36  where 

the applica6on of pressure changes the post-nuclea6on growth stage of the deposi6on. 

Without addi6onal external pressure, Zn deposi6on grows freely in the ver6cal direc6on, 

perpendicular to the anode surface (Figure 3.14e, schema6c). 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 ini6al nuclea6on sites.37,38 This 

behaviour is due to the addi6onal force experienced by the dendrite as it comes up against 

the separator in a squeezed cell, causing further deposi6on along this interface to be 

energe6cally unfavourable due to increasing the compressive stress component of the 
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deposi6on’s Gibbs free energy.39  Zhang et al. used a mechano-electrochemical phase field 

model to reproduce metal deposi6on under various pressures, and found that there is 

maximum hydrosta6c pressure at the 6p of dendrite, which largely inhibits 6p growth and 

promotes the lateral growth.38 Further deposi6on 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 

suscep6ble to be compressed over the electrode surface. 

3.3.5 Full Cell Study  

To demonstrate the prac6cal u6lity of applying an external pressure, a standard full 

cell aqueous ZIBs configura6on was assembled to show the effect of pressure on the 

performance of a Zn anode paired with a MnO2 cathode. When comparing the performance 

of the full cell under different pressure condi6ons, it was observed that all three cells exhibited 

similar ini6al discharge capaci6es of approximately 74 mAh g-1 (Figure 3.15a-c). However, 

aber undergoing 100 cycles, the cell without applied pressure experienced a severe capacity 

decline, retaining only 23.6% of its ini6al capacity. In contrast, the cell subjected to 1.2 MPa 

of applied pressure showed improved capacity reten6on of 59.2%, and the cell cycled under 

5.6 MPa of pressure demonstrated remarkable performance, retaining an impressive 99.3% 

of its ini6al capacity (Figure 3.15d).  
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Figure 3.15 The charging/discharging curve of a Zn/MnO2 pouch cell with loading mass of 3.6 
mg cm-2 in 1 M ZnSO4 electrolyte cycled at 3.6 mA cm-2 (1 A g-1) (a) without external 
pressure, (b) with 1.2 MPa pressure, and (c) with 5.6 MPa pressure. (d) The cycling 
performance of a Zn/MnO2 pouch cell under different pressures. (e-g) SEM images of 
the Zn anode aber cycling 100 6mes (e) without external pressure, (f) with 1.2 MPa 
applied pressure, and (g) with 5.6 MPa applied pressure. 

To further inves6gate the influence of pressure on the Zn anode, the Zn/MnO2 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 no6ceable clusters of 

large Zn flakes present on the surface of the anode. However, when pressure was applied, the 

Zn anode appears to have a fla\er 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/V2O5 pouch cell with loading mass of 8.16 
mg cm-2 with 1 M ZnSO4 electrolyte cycled at 8.16 mA cm-2 (1 A g-1) (a) without external 
pressure, (b) with 5.6 MPa pressure. (d) The cycling performance of a Zn/V2O5 pouch 
cell under different applied pressures.  

To verify the compa6bility of cell pressurisa6on across different full cell types, full cells 

with other cathode materials V2O5 was also studied. As shown in Figure 3.16, the cells 

subjected to externally applied pressure exhibited be\er capacity reten6on compared to 

those without applied pressure. The ini6al increase in capacity may be a\ributed to structural 

changes within the cathode. According to previous studies,40 during the ini6al cycling process, 

the inser6on of water molecules and H+ ions ac6vates V2O5, transforming it into a hydrated 

phase, V2O5·nH2O. This hydrated phase serves as the host material for subsequent cycling. The 

expanded interlayer spacing in V2O5·nH2O compared to pris6ne V2O5 facilitates Zn inser6on 

and enhances structural stability. Further confirma6on of this transforma6on 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 applica6on of pressure plays a crucial role in maintaining the 
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structural stability of the Zn anode, poten6ally mi6ga6ng the forma6on of detrimental Zn 

flakes and improving overall cell performance. 

3.4 Conclusion 

Electropla6ng Zn metal anodes under externally applied pressure enables durable 

repeatable cycling under cathode-compa6ble areal current densi6es of between 1 and 

10 mA cm-2. This is due to the pressure-induced morphology changes of the deposited 

structures, resul6ng in a Zn microstructure that is more robust to metal detachment during 

stripping. This limits anode degrada6on from both dead Zn forma6on and corrosion losses. 

Mechanical microstructure measurements show that Zn electroplated under cathode-

compa6ble areal current densi6es is more pliant to compression-induced deforma6on, hence 

the significant improvement in cycling performances found when electropla6ng under 

pressure with these lower rates. These pliant electrodeposited Zn structures also permit well 

anode coverage when plated under pressure, comparable to pla6ng under high rates, due to 

the restric6on of zinc growth outward from the electrode and instead confining it to the 

electrode plane. These findings are reflected in dras6cally improved full-cell cycling 

performances when they are operated under applied pressure. While applying pressure in the 

prac6cal applica6on presents challenges, lessons learned from solid-state ba\eries, 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 IntroducKon 

Many studies have claimed that introducing Mn2+ addi6ves into the electrolyte can 

suppress MnO2 degrada6on. The intent is to shib the dispropor6ona6on equilibrium (2Mn3+ 

→ Mn2+ + Mn4+) and suppress further Mn dissolu6on by stabilising Mn2+.1 This strategy has 

become widespread in the field, with numerous reports demonstra6ng substan6al 

improvements in cycling performance from including Mn electrolyte addi6ve.2-5 However, 

emerging evidence challenges this interpreta6on. Recent operando and ex situ studies 

suggest that Mn2+ can ac6vely par6cipate in the charge storage process.5 This duality renders 

the role of Mn2+ ambiguous, and raises cri6cal ques6ons about the nature of MnO2 dissolu6on: 

Is it inherently detrimental, or is it an essen6al component of the redox cycle? If both solid-

phase MnO2 and Mn2+ addi6ve contribute to capacity, how can their individual contribu6ons 

be decoupled and quan6fied? Does the Mn2+ electrolyte addi6ve genuinely suppress cathode 

dissolu6on or does it merely compensate for it, ac6ng as a Mn reservoir? These unresolved 

ques6ons are central to how MnO2-based AZIBs are designed, evaluated, and interpreted.  

In this chapter, the electrochemical role of Mn2+ addi6ves in Zn/MnO2 ba\eries was 

systema6cally inves6gated based on electrochemical profiling and characterisa6on method 

with operando XRF mapping.  

By decoupling capacity contribu6ons, it is found that Mn2+ addi6ves have no effect 

during the ini6al discharge. However, during the first charge, Mn2+ significantly contributes to 

capacity. Over long-term cycling, Mn2+ addi6ves improve cycling stability, but not by 

suppressing Mn dissolu6on. Instead, the Mn2+ addi6ves act as a soluble redox reservoir, 

supplying addi6onal ac6ve material during charging. For instance, in a typical CR2032 cell with 

140 µL of electrolyte, 0.1 M and 0.4 M Mn2+ addi6ve correspond to ~1.23 mg and ~4.92 mg 

of MnO2-equivalent ac6ve material, respec6vely. This ar6ficially inflates coulombic efficiency 



 111 

and masks the irreversible losses origina6ng from the MnO2 cathode, giving the false 

impression of long-term cycling stability. However, the addi6ve does not address the cathode’s 

irreversible degrada6on. 

Our results iden6fy capacity fading persists regardless of Mn2+ addi6ve inclusion, 

arising from two fundamental degrada6on mechanisms: incomplete MnO2 dissolu6on during 

discharge, and incomplete Mn2+ redeposi6on during charge. These inefficiencies result in the 

par6al u6liza6on of both the solid-state MnO2 cathode and the soluble Mn2+ addi6ve ac6ve 

material, limi6ng the full electrochemical poten6al of the system.  

4.2 Experimental Methods 

Materials Prepara=on:  

Synthesis of Alpha Phase MnO2: 

Alpha-phase MnO2 was synthesised using the hydrothermal method. Solu6on A was 

prepared by dissolving 0.486 g KMnO4 (98%, Alfa Aesar) in 60 mL of DI water and magne6cally 

s6rring for 30 minutes. Solu6on B was prepared by dissolving 1.135 g Mn(CH3COO)2·4H2O 

(99%, Sigma-Aldrich) in 20 mL of DI water and s6rring for 30 minutes. Solu6on B was added 

to Solu6on A and s6rred for 60 minutes. The resul6ng mixture was then transferred to a 100 

mL Teflon autoclave and heated at 120 °C for 12 h. Aber the reac6on was complete, the 

powder was rinsed with DI water and vacuum dried at 70 °C for 12 h. 

Synthesis of Delta Phase MnO2: 

Delta-phase MnO2 was synthesised using the hydrothermal method. Solu6on A was 

prepared by dissolving 1.98 g KMnO4 (98%, Alfa Aesar) in 40 mL of DI water and magne6cally 

s6rring for 30 minutes. Solu6on B was prepared by dissolving 0.336 g MnSO4·H2O (99%, Sigma-

Aldrich) in 40 mL of DI water and s6rring for 30 minutes. Solu6on B was added to Solu6on A 
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and s6rred for 60 minutes. The resul6ng mixture was then transferred to a 100 mL Teflon 

autoclave and heated at 160 °C for 24 h. Aber the reac6on was complete, the powder was 

rinsed with DI water and vacuum dried at 70 °C for 12 h. 

Electrochemistry:  

The free-standing MnO2 cathode film was prepared by thoroughly mixing MnO2, 

acetylene black carbon (99.9+%, Thermo Scien6fic Chemicals), and PTFE in a mass ra6o of 

7:2:1 using a pestle and mortar. The resul6ng mixture was mechanically rolled into a film 

approximately 0.1 mm thick. For the operando XRF cells, MnO2 film samples were cut into 0.5 

× 0.5 mm2 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 

µL and two layers of separators (0.6 × 0.6 mm2) incorporated. For coin cells, CR2032 were 

assembled using an anode, MnO2 film (5-10 mg), and two layers of glass fiber separators (22 

mg each) soaked in 140 µL of electrolyte. Three electrolyte composi6ons were inves6gated: 1 

M Zn(CF3SO3)2, 1 M Zn(CF3SO3)2 with 0.1 M Mn(CF3SO3)2, and 1 M Zn(CF3SO3)2 with 0.4 M 

Mn(CF3SO3)2. Zinc trifluoromethanesulfonate (Zn(CF3SO3)2, 98%, Sigma-Aldrich) and 

manganese trifluoromethanesulfonate (Mn(CF3SO3)2, 95%, Sigma-Aldrich) were used as 

received. All electrochemical tests were performed at room temperature using a Maccor 

Series 4000 ba\ery tester.  

In-situ Characterisa=on:  

An MTI operando cell was employed to monitor Mn and Zn species in real 6me during 

electrochemical cycling. The cell configura6on consisted of a Zn anode, an α-MnO2 cathode, 

and an electrolyte soaked into two stacked separators. Due to the compact design, the 

separators were sized at 6 mm × 6 mm, and the total electrolyte volume was limited to 50 µL. 
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As a result of this reduced electrolyte volume, the electrochemical performance of the 

operando cell differs from that of a conven6onal coin cell. Three electrolyte formula6ons were 

inves6gated in this setup: 1 M Zn(CF3SO3)2, 1 M Zn(CF3SO3)2 + 0.1 M Mn(CF3SO3)2, and 1 M 

Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2. A Kapton film was applied to the top of the cell to ensure X-

ray transparency.  

Operando micro-XRF (μ-XRF) mapping was carried out at the PolyX beamline1 at 

SOLARIS Na6onal Synchrotron Radia6on Centre. A monochroma6c 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 μm spot using ellipsoidal monocapillary op6cs (Sigray) with a 

20 nm-thick Pt inner coa6ng and a 20 mm working distance. Samples were mounted on a 

motorised transla6on stage system to perform 2D raster scans with 15µm scan step. X-ray 

fluorescence spectra were acquired using two Hitachi Vortex EM360 silicon drib detectors 

(ML3.3 extreme, 25 μm Be windows, 0.5 mm Si sensor thickness, 100 mm2 ac6ve area), each 

coupled to an XGlab Dante digital pulse processor. The detectors were posi6oned in a 

backsca\er geometry (45° from the sample surface), with the incident beam oriented normal 

to the sample. 2D elemental maps were collected in con6nuous scan mode for horizontal 

mo6on and point-by-point for ver6cal mo6on. Count rates within the selected energy regions 

of interest were normalised by the detectors’ live 6me and the incident beam intensity, 

measured using an ionisa6on chamber. Data from the two detectors were summed with 

appropriate scaling, accoun6ng for their rela6ve sensi6vity to Mn and Zn signals. 

Micro-XAS data at PolyX beamline were collected from the separator during cell 

opera6on aber each XRF mapping was taken using focusing monocapillary op6cs (Sigray) with 

5µm focal spot. All electrochemical measurements were performed at room temperature 

using a Gamry poten6ostat. 
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Ex-situ Characterisa=on:  

The ex-situ characterisa6on was conducted on MnO2 film or powder samples aber 

charging/discharging to specific states of charge and disassembly from coin cells. The cathode 

film or powder was thoroughly rinsed several 6mes with DI water to remove any residual 

electrolyte, followed by vacuum drying at 70 °C.  

Powder X-ray diffrac6on (PXRD) was performed using a Rigaku Miniflex diffractometer 

with Cu Kα1 radia6on. The PXRD data were analysed using the Rietveld refinement method 

with GSAS-II sobware.  

SEM images were obtained using a Carl Zeiss Merlin field emission scanning electron 

microscope. HRTEM was carried out using a JEOL JEM-2100 opera6ng at 200 kV.  

Hard XAS was conducted at beamline BM28 XMaS of the ESRF (European Synchrotron 

Radia6on Facility) synchrotron source. In BM28, XAS measurements were performed in 

transmission yield. The beamline op6cs consists of an LN2 cooled Si <111> monochromator, 

as the primary op6cal element, followed by toroidal mirror focusing the beam onto the sample. 

Oken ion chambers were used to record both the “I0” and “It” absorp6on 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 prepara6on was carried out by me, while the 

measurements were performed by Dr. Lijiang Song at the university of Warwick. 
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4.3 Results and Discussion 

4.3.1 Electrochemical Performance 

 

Figure 4.1 (a) Rietveld refinement of the XRD pa\ern of α-MnO2, showing a tunnel structure 
with K+ ions and refined using the I4/m space group. (b) HRTEM images of α-MnO2 
nanorods. 

To inves6gate and decouple the rela6ve roles of Mn2+ electrolyte addi6ve and the 

MnO2 cathode, the α-MnO2 cathode was studied in aqueous ZIBs. The α-MnO2 polymorph 

was selected due to its rela6vely high capacity and extensive prior study, making it a 

compelling star6ng point. α-MnO2 was synthesised via a hydrothermal method using KMnO4 

and Mn(CH3COO)2 as precursors. This synthesis route inherently introduces residual K+ ions 

into the tunnel structure of α-MnO2, as confirmed by Rietveld refinement of the XRD pa\ern 

with the I4/m space group (Figure 4.1a). HRTEM images reveal that the synthesised α-MnO2 

exhibits a nanorod morphology, with rod lengths of several micrometers and widths of 

approximately 10 nanometers (Figure 4.1b). The high magnifica6on HRTEM (Figure 4.1b) 

shows a laLce spacing of 3.1 Å, which correlates with the (130) plane diffrac6on data. 

To directly monitor Mn spa6al dynamics in electrolyte during electrochemical cycling 

and to resolve the respec6ve contribu6ons of Mn2+ addi6ves and the MnO2 cathode, it is 

essen6al to monitor Mn content in the electrolyte in real 6me during ba\ery opera6on. 

Conven6onal techniques, such as ICP-OES and ultraviolet-visible (UV-Vis) spectroscopy, have 
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some limita6ons. ICP-OES requires disassembling the cell and destroying the separator, 

making it incompa6ble with operando measurements. Operando UV-Vis spectroscopy 

experiments would typically require a significant electrolyte volume (~ml) to reliably measure 

concentra6ons, skewing the electrolyte to electrode ra6o well beyond that found in a prac6cal 

cell.6,7 In this work, operando XRF spectroscopy is employed to enable real-6me, element-

specific quan6fica6on 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 

representa6ve setup. 

 

Figure 4.2 (a) Cycling performance (discharge capacity) of operando electrochemical cells with 
α-MnO2 cathodes in three different electrolytes: 1 M Zn(CF3SO3)2, 1 M Zn(CF3SO3)2 + 
0.1 M Mn(CF3SO3)2, and 1 M Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2. (b) First-cycle voltage 
profiles of α-MnO2 cathodes in the three electrolytes. The cells are operated at a 
current density of 100 mA g-1. 

The cycling performance of this operando electrochemical cell used for XRF is shown 

in Figure 4.2a. α-MnO2 cathodes were tested in three electrolytes: a baseline of 1 M 

Zn(CF3SO3)2, and two modified electrolytes containing Mn2+ addi6ves at concentra6ons of 0.1 

M and 0.4 M, respec6vely. As expected, increased Mn2+ addi6ve concentra6ons lead to 

improved cycling performance, a commonly observed phenomenon in aqueous Zn/MnO2 

cells.2-5 This improvement is oben a\ributed by the literature to the added Mn2+ suppressing 

Mn dissolu6on from the cathode, thereby enhancing stability.8 
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However, our electrochemical curve of the first cycle challenges this conven6onal 

interpreta6on (Figure 4.2b). Across all three electrolyte condi6ons, the ini6al discharge 

capaci6es are nearly iden6cal, sugges6ng that Mn2+ addi6ves do not significantly alter the 

discharge process. However, the first charge capaci6es increase markedly with higher Mn2+ 

addi6ve concentra6ons. This divergence in charge capacity indicates that Mn2+ addi6ves may 

play an ac6ve electrochemical role during charging. Similar first cycle charge and discharge 

behavior resul6ng from including Mn addi6ve has been reported in the literature.9-12 These 

observa6ons suggest that the enhanced cycling performance may stem from a dis6nct 

mechanism involving Mn2+, which will be further explored through operando XRF analysis in 

Figure 4.6 to elucidate the dynamics of Mn dissolu6on and deposi6on. 

 

Figure 4.3 Comparison of the first-cycle performance of α-MnO2 in coin cells and operando 
cells at a current density of 100 mA g-1 in the following electrolytes: (a) 1 M Zn(CF3SO3)2, 
(b) 1 M Zn(CF3SO3)2 + 0.1 M Mn(CF3SO3)2, and (c) 1 M Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2.  

To validate that the electrochemical behaviour observed in the operando cell is 

representa6ve of coin cell performance, a direct comparison between the two configura6ons 

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, resul6ng in reduced 

polarisa6on, as shown in Figure 4.3. Addi6onally, discharge capacity is strongly linked to the 

MnO2 dissolu6on process, which is pH-dependent. The larger electrolyte volume in the coin 
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cell provides more protons at the same concentra6on, allowing more MnO2 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 condi6ons exhibit similar first-cycle discharge capaci6es, and the 0.4 

M Mn2+ addi6ve leads to a higher charge capacity in both configura6ons. These consistent 

trends confirm that our operando cell is representa6ve and suitable for inves6ga6ng the 

fundamental role of Mn2+ addi6ves in aqueous Zn/MnO2 ba\eries. 

 

Figure 4.4 (a) First-cycle voltage profiles of α-MnO2 cathodes in coin cells using different 
electrolytes. (b) Cycling performance (discharge capacity) of coin cells with α-MnO2 
cathodes in three electrolytes: 1 M Zn(CF3SO3)2, 1 M Zn(CF3SO3)2 + 0.1 M Mn(CF3SO3)2, 
and 1 M Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2. All cells were cycled at a current density of 
100 mA g-1. 

4.3.2 Mn Dynamics at First Cycle 

To diagnose the role of Mn2+ addi6ves, operando microprobe XRF mapping was 

employed to monitor the spa6al and temporal varia6ons of Mn and Zn concentra6ons, 

focusing par6cularly on the first cycle. XRF operates by detec6ng characteris6c fluorescence 

X-rays emi\ed by the sample when irradiated with a primary X-ray beam. The beam size used 

was 5 µm, allowing high spa6al resolu6on mapping of Mn and Zn distribu6on within the 

separator. With a penetra6on depth in the micrometer range,13 XRF is well-suited for 
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capturing representa6ve changes in elemental concentra6ons within the separator. The 

beamline setup is shown in Figure 4.5a. Figure 4.5b-c presents a schema6c of the transverse-

type cell design, which features an exposed anode-electrolyte-cathode cross-sec6on to 

enable direct probing of the electrolyte region. The average Mn and Zn concentra6ons were 

derived from the XRF maps across the electrolyte cross-sec6on 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). 

 

Figure 4.5 (a) Schema6c 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 schema6c illustra6ng 
the assembly of the operando cell. 

In the baseline 1 M Zn(CF3SO3)2 electrolyte, α-MnO2 undergoes dissolu6on during the 

first discharge, leading to a no6ceable increase in Mn2+ concentra6on within the electrolyte 

(Figure 4.6a). Ini6ally, the Mn2+ concentra6on was negligible, but during the first discharge, it 

increased to approximately 0.1 M. Given an electrolyte volume of 50 µL, the mass of MnO2 

dissolved into the electrolyte during the first discharge to yield this concentra6on increase 

would be 0.44 mg. Considering the ini6al MnO2 mass was 2.3 mg, this dissolu6on represents 
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approximately 18.9 wt% of the ini6al material. Assuming the en6re discharge capacity (137 

mAh g-1) originates from the MnO2/Mn2+ redox dissolu6on reac6on, which has a theore6cal 

capacity of 618 mAh g-1, the theore6cal dissolved MnO2 frac6on would be approximately 22.2 

wt%. The discrepancy between the theore6cal dissolu6on (22.2 wt%) and the experimentally 

observed value (18.9 wt%) suggests that addi6onal charge storage mechanisms, such as Zn2+ 

intercala6on, 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 a\ributed to 

the MnO2 dissolu6on process. This dissolu6on is reversible, as Mn2+ concentra6on decreases 

during charging due to redeposi6on of Mn. However, a residual Mn concentra6on of ~0.04 M 

remains even at the end of charging, sugges6ng incomplete redeposi6on, 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 addi6ve concentra6on of 0.1 M Mn(CF3SO3)2 

(Figure 4.6b), it is found that the Mn concentra6on trends closely resemble those observed in 

the baseline electrolyte. During the first discharge, the Mn concentra6on change remains 

approximately 0.1 M, indica6ng that the presence of Mn addi6ve does not alter the Mn 

dissolu6on extent. However, aber the first charge, the Mn concentra6on exhibits significant 

reversibility, a\ributed to the involvement of the pre-added Mn2+ in the oxida6ve deposi6on 

process. 

To clarify this behaviour, a higher Mn addi6ve concentra6on of 0.4 M was also studied 

(Figure 4.6c). Consistent with previous observa6ons, the amount of MnO2 dissolved during 

the first discharge remains unchanged. Interes6ngly, aber the first charge, the Mn 

concentra6on decreases to 0.33 M, even lower than the ini6al pris6ne value of 0.36 M. This 

net consump6on of Mn2+ directly explains the observed first-cycle coulombic efficiency 
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exceeding 100%. The excess Mn2+ present in the ini6al electrolyte contributes addi6onal 

charge capacity via electrodeposi6on (Mn2+ ® MnO2) during charging. Although coulombic 

efficiencies above 100% during the first cycle are frequently reported in aqueous Zn/MnO2 

ba\eries with Mn addi6ve in the electrolyte,2,5,14,15 the underlying mechanisms have not been 

extensively studied. The operando XRF mapping provides direct evidence and insight into this 

process. 

 

Figure 4.6 (a–c) First-cycle electrochemical performance of α-MnO2 in different electrolytes, 
with corresponding average Mn and Zn concentra6ons across the electrolyte cross-
sec6on derived from XRF mapping. Operando XRF maps show Mn K-edge (blue) and 
Zn K-edge (red) distribu6ons at key states of charge, labelled as A, B, C, D, E in the load 
curve. Electrolyte composi6ons: (a) 1 M Zn(CF3SO3)2, (b) 1 M Zn(CF3SO3)2 + 0.1 M 
Mn(CF3SO3)2, (c) 1 M Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3) 2. The Mn and Zn concentra6ons 
were calibrated using reference solu6ons. The mapped area of the separator in the 
operando measurement is approximately 400 × 160 µm. 

By combining the operando XRF with the electrochemical data, the respec6ve 

contribu6ons of Mn2+ addi6ves and the MnO2 cathode during both discharge and charge 
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processes were decoupled. This finding shows that across all electrolytes, regardless of 

whether Mn2+ addi6ves are present or their concentra6on, the extent of MnO2 dissolu6on 

during discharge remains unchanged. This indicates that Mn2+ addi6ves do not suppress MnO2 

dissolu6on, directly challenging the tradi6onal assump6on that Mn2+ inhibit cathode 

dissolu6on to enhance cycling stability.  

 

Figure 4.7 Histogram showing the contribu6ons to α-MnO2 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 Mn2+ addi6on actually lies 

in the first charging process. In the baseline electrolyte without Mn2+ addi6ves, the charge 

capacity is en6rely a\ributed to the cathode, via reoxida6on of dissolved Mn2+ (originally from 

the cathode) and Zn2+ deintercala6on from the solid MnO2. However, when Mn2+ addi6ves are 

present (at 0.1 M or 0.4 M), an addi6onal charge capacity manifests that can be a\ributed to 

the electrochemical oxida6on of the addi6ve Mn2+. Quan6ta6vely, at 0.1 M Mn2+, 21% of the 

charge capacity originates from the addi6ve, while 79% is from the cathode. At 0.4 M Mn2+, 

the addi6ve accounts for 29%, and the cathode for 71%. These results are summarised in the 

histogram shown in Figure 4.7. The new deposited MnO2 from Mn2+ addi6on then par6cipates 

in the subsequent discharge, contribu6ng to a higher capacity in the second cycle, ar6ficially 
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improving capacity reten6on. Operando XRF mapping directly reveals that this enhanced 

performance upon Mn2+ addi6on results from the increased soluble Mn ac6ve material rather 

than suppression of Mn dissolu6on. 

In addi6on to tracking Mn redox behavior, the operando setup also enables 

simultaneous monitoring of Zn concentra6on dynamics (Figure 4.6a-c), revealing an 

interes6ng trend: the Zn concentra6on decreases during the first discharge. Although Zn 

dissolu6on at the anode generates Zn2+ during discharge, a compe6ng process at the cathode 

dominates. Specifically, MnO2 dissolu6on consumes protons, increasing the local pH and 

promo6ng the precipita6on of zinc hydroxide triflate Znx(CF3SO3)y(OH)2x-y·nH2O (ZHT), as 

confirmed later in Figure 4.12. As a result, ZHT precipita6on at the cathode consumes Zn2+ 

more rapidly than it is generated at the anode, leading to a net decrease in Zn2+ concentra6on. 

During charging, Mn2+ redeposi6on at the cathode releases protons. This acidic shib drives 

ZHT dissolu6on (as confirmed in Figure 4.12), releasing Zn2+ back into the electrolyte. This 

causes Zn2+ levels to rise again. However, Zn2+ does not fully return to its ini6al concentra6on 

by the end of the cycle, likely due to some irreversible ZHT precipita6on at the anode. 

This dynamic fluctua6on of Zn2+ concentra6on observed via operando XRF highlights 

a cri6cal limita6on in commonly used normalisa6on strategies for measuring electrolyte 

concentra6on changes. Studies typically rely on Mn/Zn intensity ra6os for normalisa6on, 

oben derived from ICP-OES to assess Mn concentra6on changes in the electrolyte.8,16,17 

However, the operando XRF results show that this approach is not appropriate, as the Zn2+ 

concentra6on in aqueous electrolytes is not constant; it fluctuates due to reac6ons at both 

the anode and cathode side (see reac6on scheme below).  

At the cathode: 

MnO2 + 4H+ + 2e- ⇌ Mn2+ (aq) + 2H2O 
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xZn2+ + yCF3SO3
2- + (2x-y)OH- + nH2O ⇌ Znx(CF3SO3)y(OH)2x-y·nH2O 

At the anode: 

Zn(s) ⇌ Zn2+(aq) + 2e- 

xZn2+ + yCF3SO3
2- + (2x-y)OH- + nH2O → Znx(CF3SO3)y(OH)2x-y·nH2O 

To illustrate the importance of this dependence, XRF data was plo\ed in two ways 

(Figure 4.8): one based on absolute Mn concentra6on, and the other using the Mn/Zn ra6o. 

Although both methods show a broadly reversible trend, the numerical values differ 

significantly, underscoring the poten6al inaccuracies introduced by relying on rela6ve ra6os 

for quan6fica6on.  

 

Figure 4.8 (a) Absolute Mn concentra6on and (b) rela6ve Mn/Zn ra6o in the electrolyte at 
different states of charge for cells containing 1 M Zn(CF3SO3)2, 1 M Zn(CF3SO3)2 + 0.1 
M Mn(CF3SO3)2, and 1 M Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2. All data are based on 
operando XRF results from the operando cell.  

Taking advantage of the beamline configura6on, 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 solu6on before dispropor6ona6ng into Mn2+ (aq) and MnO2.18,19 Using the 

operando setup, micro X-ray absorp6on spectroscopy (µXAS) at the Mn K-edge (Figure 4.9) 

was performed on the electrolyte aber 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 

oxida6on state throughout the cycling process. 

 

Figure 4.9 Micro-XAS spectra at the Mn K-edge collected from the electrolyte at different 
states of charge—pris6ne (P), full discharge (FD), and full charge (FC)—for cells using 
(a) 1 M Zn(CF3SO3)2, (b) 1 M Zn(CF3SO3)2 + 0.1 M Mn(CF3SO3)2, and (c) 1 M Zn(CF3SO3)2 
+ 0.4 M Mn(CF3SO3)2.  

4.3.3 Spectroscopic and Structural Characterisa.on 

To further confirm that the majority of the capacity originates from the Mn 

dissolu6on/redeposi6on process, with minimal contribu6on from Zn2+ 

intercala6on/deintercala6on, ex situ XANES spectroscopy at the Mn K-edge was performed 

(Figure 4.10a,c,e). Regardless of the presence or absence of Mn addi6ves, only a slight 

reduc6on in Mn valence was observed during discharge, corresponding to limited Zn2+ 

intercala6on. Based on the XRF results discussed earlier (Figure 4.6), approximately 85% of 

the discharge capacity originates from Mn dissolu6on, with the remaining ~15% a\ributable 

to Zn2+ intercala6on. During the charging process, the Mn valence did not return to its pris6ne 

state, sugges6ng an even smaller contribu6on from Zn2+ deintercala6on to the charge capacity. 

To further isolate the contribu6on of Zn2+ intercala6on/deintercala6on, α-MnO2 was cycled in 

a pure organic electrolyte, where the dissolu6on–deposi6on mechanism is largely suppressed. 

Interes6ngly, the Mn K-edge XANES spectra (Figure 4.11) displayed spectral shibs comparable 

to those in aqueous systems. This indicates that even in the absence of significant Mn 
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dissolu6on, the redox ac6vity associated with Zn2+ intercala6on/deintercala6on remains 

limited. 

 

Figure 4.10 Mn K-edge XANES and EXAFS of α-MnO2 cathodes at P, first-cycle FD, and first-
cycle FC states in different electrolytes: (a, b) 1 M Zn(CF3SO3)2, (c, d) 1 M Zn(CF3SO3)2 + 
0.1 M Mn(CF3SO3)2 and (e, f) 1 M Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2. 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 α-MnO2 in organic electrolyte 1 M Zn(CF3SO3)2 
in acetonitrile. (b) Mn K-edge XANES of α-MnO2 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 g-1. 

EXAFS analysis was employed to inves6gate the local structural evolu6on of MnO2 

during cycling (Figure 4.10b,d,f), providing atomic-scale insights into the dissolu6on-

redeposi6on mechanism. The pris6ne MnO2 spectrum exhibits characteris6c peaks at 1.5 Å 

(Mn-O), 2.3 Å (Mn-Mn edge-sharing), and 3.1 Å (Mn-Mn corner-sharing), confirming the 

characteris6c tunnel structure of α-MnO2. Upon discharge, all three peaks exhibit comparable 

a\enua6on, indica6ng similar dissolu6on extent of the α-MnO2 in all electrolytes.  The 

subsequent charge cycle exhibits dis6nct recovery behaviour that varies depending on the 

electrolyte composi6on. The Mn–O coordina6on shows limited recovery in 1 M Zn(CF3SO3)2 

due to less MnO2 redeposi6on, but significantly improves with 0.4 M Mn(CF3SO3)2, reflec6ng 

enhanced MnO2 deposi6on due to the supplemental addi6ve Mn2+ present, consistent with 

XRF results. 

Notably, the Mn–Mn corner-sharing interac6on at 3.1 Å which is a key structural 

fingerprint of the α-MnO2 tunnel framework decreases even when Mn–O coordina6on is 

recovered at the top of charge. This indicates that the original α-MnO2 structure is lost, and 
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the redeposited MnO2 adopts a different structure rather than restoring the original tunnel 

framework.  

 

Figure 4.12 (a–c) XRD pa\erns of α-MnO2 cathodes at P, first-cycle FD, and first-cycle FC states 
in the following electrolytes: (a) 1 M Zn(CF3SO3)2, (b) 1 M Zn(CF3SO3)2 + 0.1 M 
Mn(CF3SO3)2, (c) 1 M Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2. 

To further explore these structural changes, ex situ XRD was performed on α-MnO2 

during the first cycle in three electrolytes (1 M Zn(CF3SO3)2 without Mn addi6ve, and with 0.1 

M and 0.4 M Mn(CF3SO3)2 addi6ves). In all cases (Figure 4.12), the discharged samples 

exhibited diffrac6on peaks corresponding to ZHT,20-22 which is due to Mn dissolu6on during 
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discharge. This dissolu6on consumes protons, leading to a local increase in pH and subsequent 

ZHT precipita6on. Interes6ngly, the charged samples in all three electrolytes displayed 

diffrac6on pa\erns nearly iden6cal to that of the pris6ne α-MnO2, with no addi6onal peaks 

observed, making it difficult to determine the exact phase of the electrodeposited MnO2. 

Minor laLce expansion during discharge and par6al recovery during charge were observed in 

all samples, consistent with XANES data and indica6ng limited Zn2+ intercala6on and 

deintercala6on (Figure 4.12). 

4.3.4 TEM Characterisa.on  

 

Figure 4.13 HRTEM images of the α-MnO2 cathode at the FC state in: (a) 1 M Zn(CF3SO3)2, (b) 
1 M Zn(CF3SO3)2 + 0.1 M Mn(CF3SO3)2 and (c) 1 M Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2. 
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To iden6fy structural changes that can elude the ensemble measurement of XRD, 

HRTEM was performed on the charged α-MnO2 samples. Compared to the pris6ne nanorod 

morphology of α-MnO2 (Figure 4.1b), newly formed nanopar6culate features were observed 

decora6ng the nanorods aber charging. The abundance of these nanopar6cles increased with 

higher concentra6ons of Mn2+ addi6ve in the electrolyte, correla6ng with the enhanced 

charge capacity and sugges6ng their iden6ty as electrodeposited MnO2, as shown in Figure 

4.13.  

Enlarged HRTEM is shown in Figure 4.14a-c and high magnifica6on HRTEM imaging 

(Figure 4.14d,e) revealed laLce fringes within these par6cles, demonstra6ng that they are 

crystalline rather than amorphous. Although many studies have described electrodeposited 

MnO2 as amorphous based on the absence of corresponding peaks in XRD,23,24 this result 

challenge this interpreta6on. The absence of dis6nct diffrac6on features is more accurately 

a\ributed to the nanoscale size of the newly formed MnO2. The strong diffrac6on from the 

dominant α-MnO2 phase likely masks the weaker signals from these nanocrystalline deposits. 

 

Figure 4.14 (a–c) HRTEM images of the α-MnO2 cathode at the FC state in: (a) 1 M Zn(CF3SO3)2, 
(b) 1 M Zn(CF3SO3)2 + 0.1 M Mn(CF3SO3)2, (c) 1 M Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2. 
(d–e) HRTEM images of electrodeposited MnO2 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 electrodeposi6ng MnO2 from a 

solu6on containing 1 M Zn(CF3SO3)2 and 1 M Mn(CF3SO3)2 (Figure 4.15), a widely adopted 

approach for construc6ng electrode-free cells in which the ac6ve cathode material is formed 

in situ from the electrolyte.25-27 The electrodeposited MnO2 displayed signature diffrac6on 

peaks corresponding to the ε-MnO2 phase.16,28,29 The diffrac6on peaks of ε-MnO2 par6ally 

overlap with those of the original α-MnO2 phase, making it even more challenging to 

dis6nguish between the two using XRD alone. Measurement of the laLce features captured 

by HRTEM (Figure 4.14e) provide further confirma6on, revealing reflec6ons at 2.4 Å and 2.1 

Å, which can be assigned to the (100) and (101) laLce spacings of ε-MnO2. 

 

Figure 4.15 XRD pa\ern of electrodeposited MnO2 on carbon paper from a solu6on containing 
1 M Zn(CF3SO3)2 and 1 M Mn(CF3SO3)2, deposited at a current density of 0.5 mA cm-2 
with a total capacity of 0.2 mAh cm-2. The diffrac6on peaks confirm the forma6on of 
ε-MnO2 phase. 

4.3.5 Capacity Degrada.on Mechanism  

To pinpoint the degrada6on mechanism over mul6ple cycles, operando XRF mapping 

during several cycling was performed in all three electrolytes, focusing here on the evolu6on 

of Mn concentra6on.  
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Figure 4.16 (a–c) The ini6al four cycle load curves of α-MnO2 in different electrolytes, with 
corresponding average Mn concentra6ons across the electrolyte cross-sec6on derived 
from XRF mapping. Operando XRF maps show Mn K-edge (blue) distribu6ons at key 
states of charge. Electrolyte composi6ons: (a) 1 M Zn(CF3SO3)2 (b) 1 M Zn(CF3SO3)2 + 
0.1 M Mn(CF3SO3)2 (c) 1 M Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2.  

Figure 4.16 presents the Mn concentra6on evolu6on over mul6ple cycles in the three 

different electrolytes. In the baseline 1 M Zn(CF3SO3)2 electrolyte, Mn behaviour during the 

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

concentra6on during discharge, followed by a par6al decrease during charge. However, the 
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Mn level does not return to the pris6ne state aber charging, indica6ng incomplete 

redeposi6on.  

Interes6ngly, when examining the second discharge (2FD), the Mn concentra6on 

increase is smaller than in the first discharge (1FD), sugges6ng that not all redeposited MnO2 

is re-dissolved. This observa6on leads us to propose a new framework for describing the 

reversibility of MnO2 in aqueous ZIBs. Specifically, it is defined as: 

RedeposiLon efficiency: the extent to which dissolved Mn2+ is converted back into solid 

MnO2 during charge. 

DissoluLon efficiency: the degree to which redeposited MnO2 returns to Mn2+ in the 

electrolyte during discharge. 

Because the electrochemical capacity arises from both dissolu6on/redeposi6on along 

with a minor contribu6on from intercala6on processes, relying solely on coulombic efficiency 

(i.e., the discharge-to-charge capacity ra6o) is insufficient to fully capture the reversibility of 

Mn redox reac6ons. 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 aber each charge, indica6ng incomplete redeposi6on. Similarly, the discharge 

trend (1FD → 2FD → 3FD → 4FD → 5FD) shows a gradual decrease in Mn content, confirming 

incomplete dissolu6on of previously deposited MnO2. 

These two inefficiencies, both the par6al redeposi6on and par6al dissolu6on, lead to 

the observed capacity fading that occurs both within a single cycle (intra-cycle) and over 

mul6ple 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 addi6ve 

condi6on (0.1 M Mn2+), while addi6onal Mn enhances the ini6al charge capacity, the same 

trends persist.  
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In the high Mn addi6ve case (0.4 M), the ini6al charge capacity exceeds the discharge 

capacity, consuming Mn from the electrolyte and reducing Mn concentra6on from the pris6ne 

state to 1FC. However, subsequent cycles s6ll exhibit increasing residual Mn aber each charge 

(1FC → 2FC → 3FC → 4FC) and decreasing Mn (1FD → 2FD → 3FD → 4FD) release aber each 

discharge. This again confirms that even with an abundant Mn supply, the system suffers from 

intrinsic inefficiencies in both Mn redeposi6on and dissolu6on. 

These observa6ons underscore a broader issue: neither the MnO2 cathode nor the 

Mn2+ addi6ve is fully u6lised during electrochemical cycling, primarily due to incomplete Mn 

dissolu6on and redeposi6on. This underu6lisa6on directly limits the achievable energy 

density of the system. In the baseline Zn electrolyte, the limited reversibility of Mn dissolu6on 

and re-electrodeposi6on restricts the effec6ve use of the MnO2 cathode. Even when Mn2+ 

addi6ves are introduced, they only par6ally par6cipate in the redox process, while a 

substan6al por6on of the Mn2+ addi6ves is not reincorporated into the cathode. As a result, 

both the solid cathode material and the soluble Mn ac6ve species suffer from low u6lisa6on, 

leading to wasted resources and unnecessary energy expenditure without contribu6ng 

meaningfully to capacity. 

A key implica6on of our study is that the addi6on of Mn2+ does not fundamentally 

resolve the limita6ons associated with the MnO2 cathode. Instead, our findings suggest that 

efforts should focus on enhancing the dissolu6on-redeposi6on mechanism itself. Unlike 

conven6onal conversion- or intercala6on-type cathodes, which undergo only solid–solid 

phase transi6ons, this process involves a solid–liquid-solid phase transi6on. Such transi6ons 

are inherently heterogeneous, governed by surface reac6on kine6cs that are highly sensi6ve 

to interfacial condi6ons, including current collector proper6es and electrode surface area.30-

32 To demonstrate this, MnO2 was electrodeposited from a solu6on containing 1 M 
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Mn(CF3SO3)2 and 1 M Zn(CF3SO3)2 onto Ti foil and carbon paper current collectors, to evaluate 

how substrate characteris6cs influence MnO2 nuclea6on and growth voltage (Figure 4.17). 

The results revealed that carbon paper exhibited both lower nuclea6on and growth 

overpoten6als compared to Ti foil, likely due to its higher surface area, which provides more 

favourable sites for nuclea6on. This underscores the poten6al of structuring the electrode 

interface to enhance the dissolu6on/deposi6on process. 

 

Figure 4.17 Galvanosta6c charge curves (0.5 mA cm-2, charged to 0.2 mA h cm-2) for Zn/Ti and 
Zn/carbon paper cells in an electrolyte containing 1 M Zn(CF3SO3)2 and 1 M 
Mn(CF3SO3)2. 

Up to this point, our discussion has focused primarily on the behaviour of the α-phase 

MnO2. However, due to the polymorphic nature of MnO2, many other structural variants exist, 

including β-, γ-, and δ-MnO2. Previous studies have shown that while different MnO2 

polymorphs exhibit dis6nct voltage profiles during the ini6al cycles in aqueous ZIBs, their 

electrochemical behaviour tends to converge aber extended cycling,33,34 sugges6ng 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 pa\ern of δ-MnO2, showing a layered structure 
with K+ ions and water molecules and refined using the Cm/m space group. (b) First-
cycle voltage profiles of δ-MnO2 cathodes in the three these electrolytes. Mn K-edge 
XANES and EXAFS of δ-MnO2 cathodes at P, first-cycle FD, and first-cycle FC states in 
different electrolytes: (c) 1 M Zn(CF3SO3)2 (cd) 1 M Zn(CF3SO3)2 + 0.1 M Mn(CF3SO3)2 
and (e) 1 M Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2. (f) The rela6ve Mn/Zn ra6o 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 δ-MnO2 cathodes 
in three electrolytes: 1 M Zn(CF3SO3)2, 1 M Zn(CF3SO3)2 + 0.1 M Mn(CF3SO3)2, and 1 M 
Zn(CF3SO3)2 + 0.4 M Mn(CF3SO3)2. All cells were cycled at a current density of 100 mA 
g-1. 
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To explore the applicability of our descrip6on to other polymorphs, layered δ-MnO2 

was synthesised, with its structure confirmed by XRD (Figure 4.18a), and evaluated it in three 

electrolytes: the baseline 1 M Zn(CF3SO3)2, and baseline electrolyte with 0.1 M and 0.4 M 

Mn(CF3SO3)2 addi6ves (Figure 4.18b). XANES measurements revealed a more pronounced 

edge shib compared to α-MnO2, indica6ng greater Zn2+ intercala6on due to the larger inter 

spacing (Figure 4.18c-e). However, the electrochemical performance exhibited similar first 

discharge capaci6es and increased charge capaci6es with higher Mn addi6ve concentra6on, 

which implied that Mn2+ addi6ves also play a key role in the redox process (Figure 4.18b). This 

was further corroborated by the Mn/Zn molar ra6o changes observed via ICP-OES analysis 

which is conducted by Dr. Lijiang Song from university of Warwick (Figure 4.18f). Although ICP-

OES cannot quan6fy the absolute mass frac6on of dissolved MnO2, the trends reflect the 

contribu6on of the dissolu6on/deposi6on mechanism and the role of Mn2+ addi6ve. 

4.4 Conclusion 

Through operando XRF mapping and ex-situ spectroscopic analyses, the dis6nct role 

of Mn from addi6ves and the MnO2 cathode at different states of charge was decoupled. Our 

findings demonstrate that Mn2+ addi6ves did not suppress Mn cathode dissolu6on, but rather 

their role is as an ac6ve material reservoir that compensates for cathode capacity loss rather 

than preven6ng it. Excess Mn2+ addi6ve can ar6ficially inflate apparent capacity, masking the 

underlying degrada6on mechanisms and crea6ng a misleading impression of electrochemical 

reversibility. Cri6cally, even with Mn2+ addi6ves, the fundamental issue of capacity fade 

persists, origina6ng from two intrinsically irreversible processes: incomplete MnO2 dissolu6on 

during discharge and incomplete Mn2+ redeposi6on during charge. To address these 

limita6ons, alterna6ve strategies, such as surface func6onalisa6on or the use of porous 
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scaffolds, may provide strategies to improve both dissolu6on and nuclea6on kine6cs during 

deposi6on. 
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5.1 IntroducKon 

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.1 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.2,3 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.4,5 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 Zn2+ 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 LiCoO2 for the anode-free lithium-ion battery. 

In ZIBs, most of the studied cathode materials, including the leading candidates MnO2 and 

V2O5, 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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ZnMn2O4,6,7 Zn3V3O8,8,9 Zn0.56VOPO4·2H2O,10 Zn3V4(PO4)6,11 Zn3[Fe(CN)6]2,
12,13

 ZnMn2(PO4)2 
14 

and Zn2Mo3O8.15 However, each of these materials has significant limitations.  

In this chapter, a novel cathode material, ZnMnO2, was synthesised and demonstrated 

to be chargeable at first cycle, making it a viable candidate for anode-free ZIBs. ZnMnO2 

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.16 Anode-free cells employing ZnMnO2 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 ZnFeO2 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 Prepara=on:  
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Synthesis of ZnMnO2 and ZnFeO2: 

ZnMnO2 was synthesised using a mechanochemical ball milling method. ZnO (99%, 

Sigma Aldrich) and MnO (99%, Sigma Aldrich) were mixed in a 1:1 molar ra6o and sealed in 

air-6ght zirconia jars inside an argon-filled glovebox to prevent Mn oxida6on. The mixture was 

ball-milled for 8 hours at 700 rpm in a Fritsch Pulverise\e 7 planetary ball mill. Milling was 

carried out in 5-minute intervals, separated by 10-minute rests to prevent overhea6ng. 

ZnFeO2 was synthesised using the same method, with ZnO (99%, Sigma Aldrich) and FeO 

(99.9%, Sigma Aldrich) in a 1:1 molar ra6o. 

Synthesis of ZnMnO3: 

ZnMnO3 was synthesised using a co-precipita6on method. Solu6on A was prepared by 

dissolving 3 mmol of Mn(CH3COO)2·4H2O (99%, Sigma-Aldrich) and 3 mmol of 

Zn(CH3COO)2·2H2O (97%, Alfa Aesar) in 10 mL of EG (Merck Life Science UK Limited). Solu6on 

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. Solu6on 

B was then added dropwise to Solu6on A under con6nuous s6rring, and the mixture was 

s6rred for 12 hours. The resul6ng 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 ZnMnO3 was used as a reference material for XAS 

analysis. 

Electrochemistry:  

The free-standing ZnMnO2 cathode film was prepared by mixing ZnMnO2, acetylene 

black carbon (99.9+%, Thermo Scien6fic Chemicals) and PTFE (Goodfellow) in a mass ra6o 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 ZnMnO2 film per cell is around 5-10 mg. The same procedure 
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was employed to prepare ZnFeO2 cathode film and TiS2 (99.9%, Sigma Aldrich) anode films. 

For the free powder cell, ZnMnO2 was mixed with acetylene black carbon in a mass ra6o of 

7:2 using a mortar and pestle. The loading mass of ZnMnO2 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 weigh6ng 

22 mg) soaked in 140 µL electrolyte of 2 M ZnSO4 with 0.2 M MnSO4. The anode configura6ons 

used were a Zn foil (0.18 mm thick) for the Zn anode cell, carbon paper for the anode-free cell, 

and TiS2 anode for the rocking chair cell. All electrochemical tes6ng was carried out using a 

Maccor Series 4000 at room temperature. 

Characterisa=on:  

The ex-situ characterisa6on was conducted on ZnMnO2 film or powder samples aber 

charging/discharging to specific states of charge and disassembly from coin cells. The cathode 

film or powder was thoroughly rinsed several 6mes 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 Kα1 radia6on. The 

PXRD data were analysed using the Rietveld refinement method with GSAS-II sobware.  

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 opera6ng at 200 kV.  

STEM with HAADF imaging and EDX were performed using an aberra6on-corrected 

JEOL ARM 200F, equipped with an Oxford Instruments windowless EDX detector. STEM was 

performed by my supervisor Dr. Alex Robertson. 

Bulk-sensi6ve 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 sca\ering data were collected at beamline I15-1 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 sobware.  

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 prepara6on 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 Characterisa.on 

 

Figure 5.1 (a) Powder XRD pa\ern of pris6ne ca6on-disordered ZnMnO2, refined using the 
Rietveld method to the Fm3Bm space group. (b) PDF analysis of pris6ne ZnMnO2, 
derived from total X-ray sca\ering data collected at room temperature, and refined to 
the Fm3Bm space group.  



 147 

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.16 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.18 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 pris6ne ZnMnO2 was refined using Rietveld analysis, 
corresponding to Figure 5.1a. Site occupancies were fixed to the targeted composi6on of 
ZnMnO2. The resul6ng refinement yielded a cell parameter of a = 4.2933(6) Å, with a weighted 
residual factor Rw = 2.540%. 

 

Space Group: Fm3Bm                 a = b = c = 4.2933(6) Å              α = β = γ = 90°  

The cation-disordered rocksalt material ZnMnO2 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 Mn2+ (0.82 Å) and Zn2+ (0.74 Å). 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).18,19  

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 ZnMnO2. The high local heat and 

pressure generated during the ball milling process20 are essential to induce the phase 

transformation of wurtzite ZnO into the rocksalt structure. The powder XRD pattern of the 

resulting DRX ZnMnO2 material (Figure 5.1a and Table 5.1) was analysed using Rietveld 

refinement. The analysis confirmed that the material conforms to the Fm3Bm cubic rocksalt 

space group with no impurities and with a lattice parameter of 4.30 Å.  

PDF analysis of total X-ray scattering data was conducted for as-synthesised ZnMnO2, 

as shown in Figure 5.1b. While XRD provides information of the long-range structural ordering 

of ZnMnO2, PDF analysis allows for examination of the local short-range structure at the 

atomic scale. The refined PDF data agrees well with the Fm3Bm space group of a disordered 

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

 

Figure 5.2 (a) SEM image and (b) HRTEM image of pris6ne ZnMnO2 powder. (c) HAADF-STEM 
imaging and STEM-EDX mapping illustra6ng the elemental distribu6on of Zn, Mn, and 
O in pris6ne ZnMnO2. (d) SAED pa\ern of ZnMnO2 powder. 
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The agglomerated particle of ZnMnO2 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 Å, corresponding to the (111) plane. The spatial uniformity of 

the elemental distribution was further confirmed by HAADF-STEM with EDX mapping (Figure 

5.2c) which was performed by my supervisor Dr. Alex Robertson. The elements Zn, Mn, and 

O are evenly distributed throughout the ZnMnO2, 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 ZnMnO2. 

5.3.2 Cathode Self Dissolu.on  

 

Figure 5.3 (a) Powder XRD pa\erns of ZnMnO2 aber varying res6ng 6mes in an electrolyte of 
2 M ZnSO4 with 0.2 M MnSO4. The peak around 25° can be a\ributed to Super-P 
carbon. (b) ICP-OES analysis showing the Mn/Zn ra6o of the ZnMnO2 cathode aber 
different res6ng periods in the same electrolyte. (c) In situ pH measurement near the 
ZnMnO2 cathode surface while res6ng in electrolyte of 2 M ZnSO4 with 0.2 M MnSO4 
for different 6mes. 
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Given the inherent instability of Mn(II)-based oxides, which are prone to dissolution 

in mildly acidic electrolytes,21 their potential impact on electrochemical performance cannot 

be overlooked. To investigate this behaviour in DRX ZnMnO2, 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, ZnMnO2 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·ZnSO4·nH2O, 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·ZnSO4·0.5H2O (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·ZnSO4·4H2O (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: 

H2O → H+ + OH− 

ZnMnO2 + 4H+	→ Zn2+ + Mn2+ + 2H2O 

4Zn2+ + SO4
2− + 6OH− + nH2O → 3Zn(OH)2⋅ZnSO4⋅nH2O 

To verify this process, ICP-OES analysis (performed by Dr. Lijiang Song) was conducted 

on the cathode material aber different res6ng periods (Figure 5.3b). The Mn/Zn molar ra6o 
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of the cathode increases with rest 6me, corrobora6ng that dissolu6on of ZnMnO2 occurs 

during rest accompanied by the forma6on of ZHS on the cathode. 

 

Figure 5.4 (a) ICP-MS analysis showing the Mn/Al molar ra6o in the electrode (prepared with 
ZnMnO2:C:Al2O3 at a weight ra6o of 7:2:1) aber various res6ng 6mes. (b) Calculated 
weight percentage of dissolved ZnMnO2 during the res6ng period. 

To quantify the dissolution of ZnMnO2, ICP-MS (performed by Dr. Lijiang Song) was 

conducted using a reference-material-based internal calibration method. Al2O3 was chosen 

as the reference material due to its excellent chemical stability in mildly acidic aqueous 

electrolytes. A composite mixture of ZnMnO2 and Al2O3 was prepared at a weight ratio of 7:1 

and assembled in coin cells with 2 M ZnSO4 + 0.2 M MnSO4 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 ZnMnO2 while Al2O3 remained stable. 

Since Al content remains unchanged, the loss of Mn can be used to calculate the degree of 

ZnMnO2 dissolution, which is determined as: Dissolution (wt%) = (1 – 1.74/2.32) × 100 = 25.2 

wt% 

This reveals that 25.2 wt% of ZnMnO2 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.  

 

Figure 5.5 (a) Mn K-edge XANES spectra of the ZnMnO2 cathode aber res6ng in the electrolyte 
for varying 6me. (b) Powder XRD pa\erns and (c) Mn K-edge XANES spectra of the 
ZnMnO2 cathode aber res6ng in DI water for varying 6me. The peak around 25° can 
be a\ributed to Super-P carbon. 

 

Figure 5.6 The first charge/discharge curves of the ZnMnO2 cathode paired with a Zn metal 
anode in 2 M ZnSO4 with 0.2 M MnSO4 at a current density of 10 mA g- 1, with different 
res6ng 6mes prior to opera6on. 

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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ZnMnO2 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 ZnMnO2 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 ZnMnO2 

cathode in a 2 M ZnSO4 electrolyte with 0.2 M MnSO4 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. Mn2+ ion contribution: The increase in capacity can be attributed to the higher 

concentration of Mn2+ ions in the electrolyte resulting from cathode dissolution. During 

charging, it is expected that Mn2+ in the electrolyte are oxidised and redeposited on the 

cathode in the form of Mn-based oxide. To confirm the involvement of Mn2+, a comparison 

experiment was conducted by placing ZnMnO2 in a 2 M ZnSO4 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 Mn2+ ions contribute to capacity. This is 

consistent with previously reported studies.22,23 Therefore, as the resting time increases, 
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more Mn2+ ions dissolve into the electrolyte, and participate in the charging process, leading 

to higher capacity. 

 

Figure 5.7 First two charge/discharge curve of ZnMnO2 at a current density of 10 mA g-1 in the 
electrolyte 2 M ZnSO4 and 2 M ZnSO4 with 0.2 M MnSO4. The cells were rested for 12 
hours before opera6on. 

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 Mn2+ 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 Mn2+ to redeposit on the cathode as an Mn-based oxide is lower, 

facilitating more redeposition.24-27 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 ZnMnO2 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 ZnMnO2 (Figure 5.8a). In the initial cycle, two anodic 

peaks appear at 1.55 V and 1.6 V (vs. Zn/Zn2+), 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.  

 

Figure 5.8 Electrochemical and charge-discharge cycling characterisa6on of DRX ZnMnO2. (a) 
CV of ZnMnO2 at a scan rate of 0.05 mV s-1. (b) The charge/discharge curves of ZnMnO2 
at various current densi6es within the voltage range of 0.8-1.8 V vs. Zn/Zn2+. (c) Rate 
performance of discharge capacity of ZnMnO2 at current densi6es of 10, 20, 100, and 
250 mA g-1. Cycling performance of ZnMnO2 at (d) low current density (20 mA g-1) and 
(e) high current density (100 mA g-1). All cells u6lised a ZnMnO2 cathode paired with a 
Zn metal anode in an electrolyte of 2 M ZnSO4 with 0.2 M MnSO4. All cells were rested 
for 12 h before opera6on. 
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The cathode’s rate capability was tested at current densities of 10, 20, 100, and 

250 mA g-1. 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 g-1, 

the charging capacity reaches 312.8 mAh g-1. Some capacity is lost during discharging 

however, with the discharge capacity reaching 233 mAh g-1 at 10 mA g-1. At a higher current 

density of 250 mA g-1, the discharge capacity decreases further, to 99 mAh g-1. 

The extended cycling performance of ZnMnO2 was evaluated at a current density of 

20 mA g-1 and 100 mA g-1 (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 ZnMnO2 at 100 mA g-1 demonstrated superior capacity retention over 250 cycles, in 

contrast to cycling at 20 mA g-1, which showed reduced retention over 60 cycles. 

The performance of ZnMnO2 is compared with zinc-containing cathodes that can be 

charged first in Table 5.2. The discharge capacity of ZnMnO2 (233 mAh g-1) outperforms 

ZnMn2O4 (120 mAh g-1),6 Zn0.56VOPO4·2H2O (104.2 mAh g-1),10 and Zn3[Fe(CN)6]2 (65.4 mAh g-

1).12 While Zn3V3O8 shows a higher discharge capacity of 285 mAh g -1,8 it operates at a lower 

average discharge voltage (0.7-0.8 V) compared to ZnMnO2 (1.36 V). This combination of high 

capacity and high discharge voltage gives ZnMnO2 a superior energy density of 318.1 Wh kg-1 

based on cathode mass, exceeding those of ZnMn2O4 (202 Wh kg-1),6 Zn0.56VOPO4·2H2O 

(152.6 Wh kg-1),10 and Zn3[Fe(CN)6]2 (100 Wh kg-1).12 Furthermore, compared to the more 

widely studied cathodes, the energy density of ZnMnO2 exceeds that of Zn0.25V2O5·nH2O 

(250 Wh kg-1)28 and V2O5 (175.2 Wh kg- 1),29 although it is still lower than that of the 

incumbent Mn-based cathodes, MnO2 (410.4 Wh kg-1)30 and Od-MnO2 (470 Wh kg-1).31 These 

results emphasise the advantages of ZnMnO2 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 ZnMnO2 with reported Zn-containing cathodes and 
other cathodes, all opera6ng in aqueous electrolytes of moderate concentra6on. 

 

5.3.4 Energy Storage Mechanism  

The energy storage mechanism of the DRX ZnMnO2 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. 

 

Figure 5.9 (a) Ini6al charge/discharge curve of ZnMnO2 at a current density of 10 mA g-1 in 
2 M ZnSO4 with 0.2 M MnSO4 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 a\ributed to Super-P carbon. The labels in the figure 
are: P (rest) for the pris6ne state aber res6ng in the electrolyte for 12 hours, HC for 
half charge, FC for full charge, HD for half discharge, and FD for full discharge. 

Interes6ngly, at full charge, the DRX cathode par6ally 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 pa\ern, the composi6on of the 

spinel phase is determined to be Zn0.79Mn1.11O3, as shown in Table 5.3. Given its non-

stoichiometric nature, this phase is referred to as ZnxMnyO3. 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, indica6ng that this phase transforma6on from 

DRX to spinel is irreversible. The XRD also shows that ZHS reformed due to local pH changes.  

 

 

Figure 5.10 Rietveld refinement of the fully charged ZnMnO2 cathode at 1.8 V of first cycle in 
2 M ZnSO4 with 0.2 M MnSO4 electrolyte. Detailed structure data is shown in Tables 
5.3. The background is from super-P carbon. 

 

Table 5.3 

Diffrac6on data for the ZnMnO2 cathode aber 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 ZnMnO2 and spinel 
phase ZnxMnyO3. 

The crystal structure data for the disordered rocksalt ZnMnO2 phase is as follows: 

 

Space Group: Fm3Bm                 a = b = c = 4.3155(9) Å                    α = β = γ = 90°  

Phase weight frac6on: 9.2% 
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The site occupancy of Zn and Mn, as well as the posi6on of O, were refined. The crystal 
structure data for the spinel ZnxMnyO3 phase is as follows: 

 

Space Group: Fd3Bm                 a = b = c = 8.2178(5) Å               α = β = γ = 90°  

Phase weight frac6on: 90.8% 

The composi6on of ZnxMnyO3 aber the first charge is Zn0.79Mn1.11O3. 

 

To further confirm the cathode composi6on at the top of charge, ICP-OES (performed 

by Dr. Lijiang Song) was conducted on cathode (Figure 5.11) and compared with quan6ta6ve 

phase analysis obtained from XRD Rietveld refinement. The refinement results show that the 

charged cathode consists of 90.8 wt% of spinel-type Zn0.79Mn1.11O3 and 9.2 wt% of residual 

DRX ZnMnO2. 

 

Figure 5.11 ICP-OES results indica6ng the Mn/Zn ra6o in the ZnMnO2 cathode material during 
the ini6al charge/discharge cycle at a current density of 10 mA g-1. The cells were 
rested for 12 h before opera6on. 
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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 Zn0.79Mn1.11O3 and 0.092·m mg for ZnMnO2. Using the respec6ve molar 

masses (160.63 g mol-1 for Zn0.79Mn1.11O3 and 152.32 g mol-1 for ZnMnO2), the molar 

quan66es of each phase are calculated as: 

Moles of Zn0.79Mn1.11O3: (0.908·m)/160.63 

Moles of ZnMnO2: (0.092·m)/152.32 

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

Total Zn = [(0.908·m)/160.63]×0.79+[(0.092·m)/152.32] 

Total Mn = [(0.908·m)/160.63]×1.11+[(0.092·m)/152.32] 

The molar ra6o of Mn to Zn is therefore: 

Total Mn/ Total Zn ≈1.357 

This calculated ra6o aligns well with the experimental Mn/Zn molar ra6o of 1.407 

obtained from ICP-OES (performed by Dr. Lijiang Song, Figure 5.11), indica6ng strong 

agreement between structural and composi6onal data. 

To further elucidate the redox mechanism, laLce changes related with Zn 

deintercala6on/intercala6on 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 Zn2+ movement was monitored (Figure 5.12a). The negligible change in the unit cell during 

charging and discharging indicates that Zn2+ cannot be effec6vely deintercalated from the DRX 

structure due to limited zinc-ion diffusion in the close-packed face-centered cubic laLce.32 In 

contrast, the in situ-formed spinel phase enables reversible Zn2+ intercala6on and 

deintercala6on. 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 

shibs indica6ve of unit cell expansion associated with Zn2+ intercala6on.  
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Figure 5.12 (a) XRD pa\ern focusing on the DRX peak (200) plane around 41° and the (311) 
and (222) planes near 72°-75°, illustra6ng negligible laLce change during the first cycle 
with corresponding states marked in electrochemistry curve. (b) XRD pa\ern focusing 
on the spinel peak (220) plane near 30° and (440) plane around 63°, illustra6ng slight 
laLce expansion caused by Zn ion intercala6on during the first discharge with 
corresponding states marked in electrochemistry curve. 

The irreversible phase transi6on from DRX to a spinel phase reveals a parallel between 

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

transforma6on to a spinel-like ordering during cycling, named as the “δ-phase” by the Ceder 

group.33,34 This transforma6on is accelerated by higher Mn content due to the enhanced 

mobility of Mn,34 and further studies confirm that the transi6on is both thermodynamically 

favourable and kine6cally accessible, but only happen in the delithiated DRX state.35 In 

contrast, Zn-based DRX ZnMnO2 shows a divergence: Zn2+ remains trapped in the DRX 

structure because it cannot deintercalate, leaving no vacancies for Mn migra6on. This raises 

the ques6on as to nature of the driving force behind the transi6on from DRX ZnMnO2 to 
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ZnxMnyO3 spinel, which needs further research. Notably, a similar phenomenon has been 

observed in MnS rocksalt cathodes in aqueous ZIBs, where a transi6on to ZnMnO3 spinel 

occurs during charging,36 sugges6ng that a different mechanism may exist in aqueous ZIB 

systems. 

 

Figure 5.13 (a) Ini6al charge/discharge curve of ZnMnO2 at a current density of 10 mA g-1 in 
2 M ZnSO4 with 0.2 M MnSO4 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 opera6on.  

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 ZnMnO2 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 L3 region allows the discrimination of 
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multiplet features,37 where the peaks at 640.3 eV, 642 eV, and 643.5 eV are assigned to Mn2+, 

Mn3+ and Mn4+, respectively, in good agreement with previously reported studies.37,38 The 

spectra confirmed Mn2+ existence in the pristine state and the Mn2+/Mn4+ redox couple is 

involved during charging. Notably, even at the top of charge, Mn2+ signals remain. This is 

consistent with XRD results showing that a small fraction of DRX persists, retaining Mn2+. 

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. 

 

Figure 5.14 First two charge/discharge curve of ZnMnO2 at a current density of 10 mA g-1 in 
2 M ZnSO4 with 0.2 M MnSO4 electrolyte, along with ICP-OES results showing the 
Mn/Zn ra6o in the electrolyte soaked in separators. 

One possible route involves the oxidation of Mn2+ to Mn4+ during charging and the 

reduction of Mn4+ to Mn2+ 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 ZnMnO2 into the electrolyte. The Mn/Zn ratio during the 
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charging process decreased as ZnMnO2 reacted with Mn2+ and water to form the ZnxMnyO3 

spinel. However, during discharge, Mn2+ 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:  

H2O + (y-1) Mn2+ + ZnMnO2 - (6-2x-2y) e- → ZnxMnyO3 + 2H+ + (1-x) Zn2+ 

3Zn(OH)2⋅ZnSO4⋅nH2O  → 4Zn2+ + SO4
2− + 6OH− + nH2O 

First discharge and following cycle: 

ZnxMnyO3 + 6H+ + (6-2x-2y) e- ⇌ 3H2O + yMn2+ + xZn2+ 

4Zn2+ + SO4
2− + 6OH− + nH2O ⇌ 3Zn(OH)2⋅ZnSO4⋅nH2O 

Since the energy storage mechanism has been iden6fied as a reversible Mn 

dissolu6on–deposi6on 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 pa\erns collected during the second charge–

discharge cycle (Figure 5.15c) indicate that the cathode retains its spinel structure, confirming 

that the ini6al phase transi6on from DRX to spinel during the first charge is irreversible. Subtle 

shibs in the spinel XRD peaks—contrac6on during charging and expansion during 

discharging—indicate that a limited amount of Zn2+ intercala6on/deintercala6on 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 Zn2+ intercala6on contributes 

modestly to the overall capacity.  

 

Figure 5.15 (a) First two charge/discharge curves of ZnMnO2 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 pa\erns 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 laLce 
contrac6on and expansion caused by Zn ion deintercala6on and intercala6on. 

Interes6ngly, with con6nued cycling, the residual DRX phase gradually diminishes and 

eventually transforms en6rely into the spinel phase. Rietveld refinement of the cathode aber 

15 cycles (Figure 5.16 and Table 5.4) at the top of charge reveals diffrac6on peaks 

corresponding exclusively to the ZnxMnyO3 spinel, with no detectable DRX phase remaining. 

The refined composi6on, Zn0.83Mn1.12O3, corresponds to a Mn/Zn ra6o of 1.349, which is in 

excellent agreement with the ICP-OES-derived ra6o of 1.318, confirming the consistency 

between structural and elemental analyses. 

This gradual transforma6on from DRX to spinel during repeated cycling suggests that 

the spinel phase eventually becomes the dominant structure. The forma6on of the spinel 
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phase during cycling likely contributes to the observed capacity increase in the ini6al cycles, 

as it enables greater Zn2+ intercala6on/deintercala6on (Figure 5.8d-e). Addi6onally, this phase 

transi6on may account for the gradual peak shibs observed in the CV curves (Figure 5.8a). 

 

Figure 5.16 Rietveld refinement of the fully charged ZnMnO2 cathode at 1.8 V in an electrolyte 
of 2 M ZnSO4 with 0.2 M MnSO4 aber 15 cycles at a current density of 10 mA g-1. 
Detailed structure data is shown in Table 5.4. The background is from super-P carbon. 

 

Table 5.4 

Diffrac6on data for the ZnMnO2 cathode aber 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 diffrac6on data only contain spinel phase ZnxMnyO3. 

The site occupancy of Zn and Mn, as well as the posi6on of O, were refined. The crystal 
structure data for the spinel ZnxMnyO3 phase is as follows: 

 

Space Group: Fd3Bm                 a = b = c = 8.2628(6) Å               α = β = γ = 90°  

The refined composi6on is Zn0.83Mn1.12O3. 
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The proposed storage mechanism of ZnMnO2 DRX cathode is summarised in Figure 

5.17. When the cathode is resting in a mildly acidic electrolyte the ZnMnO2 will partially 

dissolve and ZHS will be formed as the local pH increases due to proton consumption. During 

the first charge, the DRX ZnMnO2 undergoes an irreversible phase transition to a ZnxMnyO3 

spinel structure, while the ZHS dissolves. In subsequent cycles, the spinel phase becomes the 

dominant cathode material, unlocking the ability to store charge via Zn2+ 

intercalation/deintercalation, but mainly storing energy through the dissolution and 

deposition of Mn. 

 

Figure 5.17 Schema6c of the energy storage mechanism for the ZnMnO2 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 µm, which corresponds 

to a high N/P ratio of 50 for a Zn/ZnMnO2 cell, which is a commonly reported value in several 

studies.2,3,39,40 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. 

 

Figure 5.18 (a) Schema6c of standard and anode-free ZIB using ZnMnO2 DRX cathode and 
their energy density based on the total mass of both cathode and anode. (b) The 
charging/discharging curve of ZnMnO2 based anode-free ZIB with carbon paper as the 
current collector at 100 mA g-1. (c) Cycling performance of ZnMnO2 based anode-free 
ZIB at 100 mA g-1, showing the discharge capacity and coulombic efficiency. All cells 
were rested for 12 h before opera6on. 

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-1 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-1 at current densities of 100 mA g-1. 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-1 drops drastically to 3.1 Wh kg-1 due to the heavy Zn metal, 

which weighs 332 mg (16 mm in diameter with thickness of 180 µm).  

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 µm), the energy density based on the anode 

and the entire cathode reaches 20.9 Wh kg-1—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 TiS2,41 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 ZnMnO2-based ZIB using a TiS2 anode at a 
current density of 100 mA g-1. (b) Cycling performance of the ZnMnO2-based ZIB with 
a TiS2 anode at the same current density. 

 

 

Figure 5.20 (a) XRD and (b) SEM image of pris6ne ZnFeO2 powder. (c) The load curve over 
cycles of ZnFeO2 cathode and (d) its cycling performance in coin cell. The cells u6lised 
a ZnFeO2 cathode film paired with a Zn metal anode in an electrolyte of 2 M ZnSO4 
with 0.2 M FeSO4. The cells were rested for 12h before opera6on. 

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, 

ZnFeO2 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 ZnMnO2 cathode for the aqueous ZIB addresses the lack 

of high-capacity, high discharge voltage Zn-containing cathodes suitable for anode-free cells. 

The ZnMnO2 material, with a cation-disordered rocksalt structure, exhibits a high discharge 

capacity of 233 mAh g-1 and demonstrates stable cycling performance. Notably, the ZnMnO2 

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 ZnMnO2 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 ZnMnO2 and ZnFeO2, as efficient cathode materials, contributing 

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

Nonaqueous electrolytes for Zn-ion ba\eries largely mi6gate parasi6c side reac6ons 

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 intercala6on cathodes for nonaqueous ZIBs remains a 

major challenge. The key obstacle is the strong electrosta6c repulsion of divalent Zn2+ ions, 

which severely hinders their diffusion within cathode laLces. Despite extensive efforts, 

exis6ng materials have shown limited performance, mo6va6ng the search for alterna6ve 

structures. 

One promising candidate is the DRX family, which has demonstrated excellent 

performance in Li- and Na-ion ba\eries.1 DRX materials offer high capacity, small volume 

change, and remarkable composi6onal flexibility because their disordered structure 

eliminates the need for strict size matching between ions. Furthermore, the unique Li-hopping 

mechanism in DRX relies on 0-transi6on metal (0-TM) channels which is shown in Figure 6.1b, 

where the absence of transi6on metals around shared octahedral faces enables Li ions to 

migrate with low energy barriers.2 These features make DRX materials a\rac6ve candidates 

for nonaqueous ZIB cathodes. 

Yet, applying DRX materials to Zn-ion systems presents addi6onal challenges. The 

dense rocksalt framework, coupled with the divalent charge of Zn2+, results in significantly 

slower Zn2+ ion diffusion compared to Li+ or Na+. 

In this chapter, a series of Zn-based DRX compounds, ZnxTM(2–x)O2 were synthesised, 

but no electrochemical capacity was measured in these materials. DFT calcula6ons confirmed 

that Zn2+ faces prohibi6vely high migra6on barriers even in 0-TM channels due to strong 
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electrosta6c interac6ons, indica6ng that the compact DRX framework cannot support Zn2+ 

diffusion. 

 

Figure 6.1 Possible environments for an o-t-o Li hop in rocksalt-like Li–TM oxides.2 (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).2 

To overcome this barrier, ca6on vacancies were introduced to create percola6ng 

diffusion pathways. By delithia6ng Li-based DRX precursors to introduce intrinsic ca6on 

vacancies, reversible Zn2+ (de)intercala6on in DRX was achieved for the first 6me. This result 

confirms the cri6cal role of ca6on vacancies in unlocking Zn2+ diffusion within DRX laLces. 

6.2 Experimental Methods 

Materials Prepara=on:  

Synthesis of ZnxTM(2–x)O2: 

Compounds in the ZnxTM(2–x)O2 DRX family including ZnMnO2, ZnFeO2, ZnCoO2, 

Zn1.2Co0.8O2, ZnNiO2, Zn1.2Ni0.8O2, Zn1.4Ni0.6O2, and ZnMg0.25Cu0.25Co0.25Ni0.25O2, were 

synthesised via a mechanochemical ball-milling method. ZnO (99%, Sigma-Aldrich) was mixed 

with transi6on-metal oxide precursors (MnO, 99%, Sigma-Aldrich; FeO, 99.9%, Sigma-Aldrich; 
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CoO, 99.5%, Sigma-Aldrich; NiO, 99%, Sigma-Aldrich; MgO, 97%, Sigma-Aldrich; CuO, 99% 

Sigma-Aldrich) in stoichiometric ra6os and sealed in air-6ght zirconia jars inside an argon-filled 

glovebox to prevent TM oxida6on. The mixtures were milled for 8 h at 700 rpm using a Fritsch 

Pulverise\e 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 

Pulverise\e 7 planetary ball mill. Milling was performed in 5-min intervals with 10-min pauses 

between cycles to prevent overhea6ng. 

Synthesis of DRX LiMnO2: 

DRX LiMnO2 was synthesised via a mechanochemical ball-milling method star6ng from 

its orthorhombic analogue. Orthorhombic zigzag LiMnO2 was synthesised by mixing Li2CO3 

(with 5% excess, 99%, Sigma-Aldrich) and Mn2O3 (99.9%, Sigma-Aldrich) in a stoichiometric 

ra6o, followed by calcina6on at 900 °C for 12 h under an Ar atmosphere. DRX LiMnO2 was 

then obtained by loading 2 g of the orthorhombic LiMnO2 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 Pulverise\e 7 

planetary ball mill. All sample handling was performed in an Ar-filled glovebox to prevent 

exposure to moisture and air. 

Synthesis of DRX NaMnO2: 

DRX NaMnO2 was synthesised via a mechanochemical ball-milling method star6ng 

from its layered analogue. Monoclinic layered NaMnO2 was synthesised by mixing Na2CO3 

(99.5%, Sigma-Aldrich) and Mn2O3 (99.9%, Sigma-Aldrich) in a stoichiometric ra6o, followed 

by calcina6on at 700 °C for 24 h under an Ar atmosphere. DRX NaMnO2 was then obtained by 

loading 2 g of the layered NaMnO2 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 Pulverise\e 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 Li4Mn2O5: 

DRX Li4Mn2O5 was synthesised via a two-step ball-milling process. Orthorhombic 

LiMnO2 was mixed with Li2O (97%, Sigma-Aldrich) in a 2:1 molar ra6o (∼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 Pulverise\e 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 Li1.2Mn0.4Ti0.2O2: 

DRX Li1.2Ti0.4Mn0.4O2 was synthesised by solid-state reac6on. Li2CO3 (with 10% excess, 

99%, Sigma-Aldrich), TiO2 (99.8%, Sigma-Aldrich), and Mn2O3 (99.9%, Sigma-Aldrich) 

precursors were thoroughly mixed in stoichiometric propor6ons and calcined at 950 °C for 12 

h under an Ar atmosphere. To op6mise electrochemical performance, the as-synthesised 

Li1.2Ti0.4Mn0.4O2 (~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 Pulverise\e 7 planetary ball mill, producing samples with different degrees 

of pulverisa6on. 

Synthesis of DRX LiTiS2: 

DRX LiTiS2 was synthesised via a mechanochemical ball-milling method star6ng from 

its layered analogue. Layered LiTiS2 was synthesised via solid-state reac6on using 

stoichiometric amounts of Li2S (99.98%, Sigma-Aldrich), Ti (99.5%, Thermo Scien6fic) and 

elemental S (99.98%, Sigma-Aldrich). The precursor powders were thoroughly mixed by hand 

grinding and pelle6sed in an Ar-filled glove box. The resul6ng 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 Zn0.5MnO2 and Zn0.75FeO2: 

Zn0.5MnO2 DRX was a\empted by ball milling ZnO, MnO, and MnO2 (99%, Sigma-

Aldrich) in a 1:1:1 molar ra6o at 700 rpm for 8 h. Zn0.75FeO2 DRX was a\empted by ball milling 

ZnO, FeO, and Fe2O3 (96%, Sigma-Aldrich) in a 3:2:1 molar ra6o at 700 rpm for 8 h. However, 

the resul6ng products were not phase-pure. 

Electrochemistry:  

Free-standing cathodes, including ZnxTM(2–x)O2, LiMnO2, NaMnO2, Li1.2Ti0.4Mn0.4O2, 

and LiTiS2 films, were prepared by mixing the ac6ve material, acetylene black, and PTFE in a 

7:2:1 mass ra6o using a mortar and pestle. For Li4Mn2O5, which already contained 5 wt% 

carbon from synthesis, the mixing ra6o was adjusted to 7.37 parts (as-synthesised mixture of 

Li4Mn2O5 and carbon):1.63 parts addi6onal carbon:1 part PTFE, ensuring the final composite 

maintained the standard 7:2:1 mass ra6o of ac6ve material, carbon, and PTFE. 

For Zn cells, Zn metal foil was used as the anode with 1 M Zn(TFSI)2 in acetonitrile as 

the electrolyte. For Li cells, Li metal discs served as the anode with 1 M LiPF6 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 NaPF6 in a 

1:1 (v/v) mixture of EC:DMC (E-lyte Innova6ons) as the electrolyte. Electrode prepara6on and 

cell assembly were performed en6rely in an Ar-filled glovebox. Electrochemical tes6ng, 

including galvanosta6c cycling, was performed on a Maccor Series 4000 system at room 
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temperature, while galvanosta6c intermi\ent 6tra6on technique (GITT) measurements were 

carried out using a BioLogic VMP3. 

Characterisa=on:  

The ex-situ characterisa6on was conducted on cathode film or powder samples aber 

charging/discharging to specific states of charge and disassembly from coin cells. The cathode 

film or powder was thoroughly rinsed several 6mes with acetonitrile or DMC to remove any 

residual electrolyte, followed by vacuum drying.  

PXRD was performed using a Rigaku Miniflex diffractometer with Cu Kα1 radia6on. The 

PXRD data were analysed using the Rietveld refinement method with GSAS-II sobware.  

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 

opera6ng at 200 kV. STEM with HAADF imaging and EDX were performed using an aberra6on-

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 Calcula=on:  

The Li+ or Zn2+ diffusivity can be calculated using the following equa6on: 

𝐷*+!/6/&! =
4
𝜋 J
𝑚7𝑉8
𝑀7𝑆

N
9
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∆𝐸:
∆𝐸;

N
9

, (τ ≪
𝐿9

𝐷*+!/6/&!
)	 

where τ represents the constant current pulse 6me, mB, Vm, and MB are the mass loading, the 

molar volume, and the molar mass of the inserted electrode material, respec6vely. S is the 

area of the electrode–electrolyte interface, ΔES is the change of steady-state voltage during a 
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single-step GITT experiment, and ΔEτ stands for the total change of cell voltage during a 

constant current pulse τ of a single-step GITT experiment regardless of the IR-drop. 

DFT Calcula=on:  

A collaborator YC Wong at university of Warwick performed DFT calcula6on. The 

electronic structure calcula6on sobware CASTEP was used to study the DRX materials. 

Because NEB calcula6ons are computa6onally expensive, we selected a rela6vely small 

supercell of size 2×2×2, containing a total of 64 atoms. The repea6ng images were separated 

by at least 8 Å to minimise interference between them. Pre-convergence tests to determine 

the DFT parameters were performed on pris6ne DRX structures ranging from supercell size of 

1x1x1 to 3x3x3. 

A rela6vely small 3x3x3 k-point sampling was used, as the fully disordered structures 

are highly anisotropic and asymmetric. Since both LiMnO2 and ZnMnO2 are correlated oxides 

with localised d electrons, it was necessary to apply a Hubbard U correc6on 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 

calcula6ons u6lised between 7 and 11 images, with the number of images adjusted based on 

the convergence characteris6cs of individual configura6ons. 

Since ordered LiMnO2 is oben regarded as a magne6c material, it is essen6al to include 

spin polarisa6on in our calcula6ons, par6cularly by assigning ini6al spin moments to the 

transi6on metal ions. Both an6ferromagne6c and ferromagne6c configura6ons were 

inves6gated for single-point energy calcula6ons and structure relaxa6on calcula6ons. The 

choice of ini6al spin configura6on can influence the system to converge toward a state 
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resembling the star6ng configura6on. However, for DRX, the situa6on is less clear due to 

strong local ordering, and either FM or AFM configura6ons could be energe6cally favourable 

depending on the specific atomic arrangement. To simplify the NEB calcula6ons, only 

ferromagne6c configura6ons are considered in this study. 

6.3 Result and Discussion 

6.3.1 Electrochemical Performance of DRX ZnxTM(2–x)O2 Cathodes 

To inves6gate the feasibility of Zn-based DRX oxides as cathode, ZnMnO2 was tested in 

a nonaqueous Zn electrolyte. The material, synthesised via high-energy ball milling, exhibits 

par6cle sizes on the nanometer scale as revealed by SEM, with HRTEM confirming crystalline 

domains of only a few nanometers (Figure 5.2). 

Electrochemical tes6ng, however, shows that ZnMnO2 DRX delivers negligible capacity 

(Figure 6.2a), sugges6ng that the material is electrochemically inac6ve toward Zn extrac6on. 

This indicates that the ZnMnO2 DRX does not provide accessible diffusion pathways for Zn2+. 

 

Figure 6.2 (a) Galvanostatic load curve of ZnMnO2 in organic electrolyte at 10 mA g-1. (b) Ex 
situ XRD patterns of ZnMnO2 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 ZnMnO2 at P, FC, and FD states, with MnO as a reference. 

To substan6ate this conclusion, ex situ XRD (Figure 6.2b) was performed on ZnMnO2 

in the P, FC, and FD states. The diffrac6on pa\erns show no detectable shib in peak posi6ons 
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or change in unit cell parameters, implying the absence of laLce expansion or contrac6on 

normally associated with Zn intercala6on/deintercala6on. This observa6on is consistent with 

chapter 5 studies conducted in aqueous electrolytes, where the diffrac6on peaks indexed to 

ZnMnO2 DRX likewise exhibited no shib 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 oxida6on state between the different electrochemical states. These results 

confirm that ZnMnO2 DRX is not electrochemically ac6ve and does not accommodate Zn-ion 

transport.  

 

Figure 6.3 (a) Galvanostatic load curve of ZnMnO2 ball-milled with carbon (7:2 ratio) at 300 
rpm for 6 h, tested in organic electrolyte at 10 mA g-1. (b) Ex situ Mn K-edge XANES 
spectra of ZnMnO2 at P, FC, and FD states. 

In general, DRX oxides are known to suffer from intrinsically poor electronic 

conduc6vity, which can strongly suppress coupled ion–electron transport during 

(de)intercala6on.3,4 To examine whether this limita6on was responsible for the negligible 

capacity, ZnMnO2 was co-milled with carbon, thereby achieving in6mate par6cle–carbon 

contact and a uniform conduc6ve coa6ng. Despite the improved electronic conduc6vity of 

ZnMnO2 par6cles, electrochemical tes6ng 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 extrac6on is not due 

to electronic limita6ons.  

 

Figure 6.4 (a) Rietveld refinement of XRD data for ZnFeO2 with corresponding unit cell 
parameters. (b) Galvanostatic load curve of ZnFeO2 in organic electrolyte at 10 mA g-

1. (c) Ex situ Fe K-edge XANES spectra of ZnFeO2 at P, FC, and FD states. (d) Rietveld 
refinement of XRD data for ZnCoO2 with corresponding unit cell parameters. (e) 
Galvanostatic load curve of ZnCoO2 in organic electrolyte at 10 mA g-1. (f) Rietveld 
refinement of XRD data for ZnNiO2 with corresponding unit cell parameters. (g) 
Galvanostatic load curve of ZnNiO2 in organic electrolyte at 10 mA g-1. (h) Ex situ Ni K-
edge XANES spectra of ZnNiO2 at P, FC, and FD states. 

To determine whether this limita6on was specific to Mn or universal among Zn-based 

DRX oxides, alterna6ve transi6on metals were inves6gated. Insights from Li-based DRX 

systems are instruc6ve here: DRX LiXO2 (X = Ni, Mn, Co, Fe, Ti) has been inves6gated, and 

electrochemical performance varies drama6cally depending on the transi6on metal.5 LiMnO2 
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delivered the highest reversible capacity, while Ni-, Co-, Fe-, and Ti-based DRXs delivered 

substan6ally lower capaci6es. These differences arise because the transi6on metal strongly 

influences electronic structure (e.g., band gap and conduc6vity), local bonding environments, 

and the extent of short-range ordering (SRO), which governs the forma6on of percola6ng 

diffusion pathways.6  

Following this ra6onale, Zn based DRX with different TM including ZnNiO2, ZnCoO2, 

and ZnFeO2 were synthesised and tested in nonaqueous electrolyte. However, all exhibited 

negligible capacity (Figure 6.4), demonstra6ng that the lack of Zn transport is not unique to 

Mn-based DRXs. Mo6vated by reports that high-entropy strategies can suppress SRO and 

enhance Li transport,7 a high-entropy Zn-based DRX oxide, ZnMg0.25Cu0.25Co0.25Ni0.25O2 was 

synthesised and tested. However, this material likewise showed no electrochemical ac6vity 

(Figure 6.5).  

 

Figure 6.5 (a) Rietveld refinement of XRD data for ZnMg0.25Cu0.25Co0.25Ni0.25O2 with 
corresponding unit cell parameters. (b) Galvanostatic load curve of 
ZnMg0.25Cu0.25Co0.25Ni0.25O2 in organic electrolyte at 10 mA g-1. 

Previous studies on Li-based DRX oxides have shown that Li-rich composi6ons 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 percola6on network for Li transport, leading to 

enhanced capacity.8 In stoichiometric DRX, the number of such 0-TM sites is sta6s6cally too 

small to form a con6nuous percola6ng network, thereby limi6ng long-range Li transport. By 

increasing the Li:TM ra6o, more 0-TM sites are introduced, raising the probability of 

percola6on channels and thus enabling faster Li diffusion.9,10 

 
Figure 6.6 (a) Rietveld refinement of XRD data for Zn1.2Co0.8O2 with corresponding unit cell 

parameters. (b) Galvanostatic load curve of Zn1.2Co0.8O2 in organic electrolyte at 10 
mA g-1. (c) Rietveld refinement of XRD data for Zn1.2Ni0.8O2 with corresponding unit 
cell parameters. (d) Galvanostatic load curve of Zn1.2Ni0.8O2 in organic electrolyte at 
10 mA g-1. (e) Rietveld refinement of XRD data for Zn1.4Ni0.6O2 with corresponding unit 
cell parameters. (f) Galvanostatic load curve of Zn1.4Ni0.6O2.in organic electrolyte at 10 
mA g-1. 
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Mo6vated by this design principle, Zn-rich DRX oxides were synthesised and evaluated 

to assess whether increasing Zn content could enhance Zn2+ mobility. In Mn- and Fe-based 

systems, the large size mismatch between Zn2+ and Mn2+/Fe2+ prevented the forma6on of pure 

Zn-rich DRX phases,11 resul6ng in ZnO impuri6es in the final product. To address this challenge, 

Co- and Ni-based systems were explored, as the smaller ionic radii of Co2+ and Ni2+ rela6ve to 

Zn2+ allow for the stabilisa6on of Zn-rich DRX structures.11 Stable composi6ons such as 

Zn1.2Co0.8O2, Zn1.2Ni0.8O2, and Zn1.4Ni0.6O2 were successfully synthesised (Figure 6.6). These Zn-

rich phases, in principle, should generate a higher number of 0-TM sites, providing more 

poten6al diffusion pathways for Zn2+. However, electrochemical tes6ng revealed negligible 

reversible capacity in all cases. These results demonstrate that Zn-based DRXs remain 

electrochemically inac6ve, regardless of transi6on metal composi6on, entropy effects, or Zn 

excess. This strongly suggests that the fundamental barrier lies in the intrinsic nature of 

compact DRX laLce, where strong electrosta6c interac6ons severely limit Zn diffusion. 

6.3.2 DFT Calcula.ons of Ion Migra.on Barriers in DRX Structures  

In Li based DRX-type oxides, Li+ migra6on between adjacent octahedral sites occurs via 

an intermediate tetrahedral site,2 known as the octahedral–tetrahedral–octahedral (o–t–o) 

pathway (Figure 6.1a). The ac6va6on barrier for this process is dictated by electrosta6c 

interac6ons between the migra6ng ion in the tetrahedral site and the species occupying the 

two face-sharing octahedra. 

This framework highlights a fundamental dis6nc6on between Li+ and Zn2+. While Li+, 

with its lower charge density and weaker electrosta6c interac6ons, can readily form 

percola6ng o–t–o networks under favourable structural condi6ons, Zn2+ owing to its higher 

charge and stronger electrosta6c repulsion, experiences much stronger electrosta6c repulsion, 

severely limi6ng its mobility.12 
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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 Mn2+ as the transition metal and Zn2+ 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 mechanis6c insight into Zn transport in DRX, Zn2+ migra6on barriers were 

calculated using DFT for three representa6ve pathways: 0-TM, 1-TM, and 2-TM channels, 

which correspond to tetrahedral sites sharing faces with zero, one, or two transi6on-metal 

ca6ons, respec6vely. A collaborator YC Wong at university of Warwick performed DFT 

calcula6on. Due to the disordered arrangement of ca6ons in DRX, numerous possible ion 

migra6on configura6ons exist. When Zn migrates between two certain adjacent octahedral 

sites, it can pass through one of two intermediate tetrahedral sites. In this study, a 

representa6ve case was selected in which the lower tetrahedron shares faces with two TM 
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ca6ons, while the upper tetrahedron may represent a 0-TM, 1-TM, or 2-TM pathway (Figure 

6.8). Under these condi6ons, strong electrosta6c repulsion of TM drives the charge carrier ion 

to migrate through the upper, less hindered tetrahedral site.  

 

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

The calculated migra6on barriers for the representa6ve pathways shown in Figure 6.7 

reveal severe transport limita6ons for Zn2+. 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 Zn2+ and Mn2+ are divalent, the increase from the 0-TM 

pathway (facing four Zn2+ ions) to the 2-TM pathway (facing two Zn2+ and two Mn2+ ions) 

cannot be a\ributed to electrosta6cs alone; it also reflects the strong Mn–O covalency, which 

stabilises the laLce and further impedes Zn migra6on. Importantly, the substan6al barrier in 

the 0-TM channel explains why Zn-rich DRX composi6ons despite increasing the number of 0-

TM sites, s6ll fail to deliver measurable electrochemical capacity. 

For comparison, Li+ migra6on 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 Zn2+ fundamentally limits its mobility.  
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While this case provides valuable insight into the fundamental transport behaviour, a 

more comprehensive analysis across mul6ple local environments is needed to achieve full 

sta6s6cal accuracy.13 The migra6on barriers are sensi6ve to local site energy differences, 

leading to asymmetric NEB profiles when the star6ng and ending configura6ons differ. As a 

result, the calculated barrier values represent selected migra6on pathways and should be 

interpreted as indica6ve of the general trend rather than exact quan6ta6ve values. Moreover, 

finite-size effects may influence the results, as rela6vely small supercells were used; 

employing larger supercells would improve accuracy but at a substan6ally higher 

computa6onal cost. Nonetheless, by comparing iden6cal local configura6ons between Zn and 

Li based DRX, this analysis provides a direct and meaningful comparison of their intrinsic ion 

transport characteris6cs. 

It is well established that SRO in DRX materials can influence the connec6vity of 

migra6on pathways and, consequently, ion transport.14-16 However, for Zn2+, the combina6on 

of strong electrosta6c interac6ons and high charge density imposes a fundamental constraint. 

Although SRO may locally alter the arrangement of accessible sites, the high migra6on barriers 

prevent Zn2+ from forming a percola6ng diffusion network. This indicates that the limited 

mobility of Zn2+ is intrinsic to its divalent nature and cannot be mi6gated by SRO alone, 

underscoring the need for addi6onal structural modifica6ons such as vacancy introduc6on. 

 

Figure 6.9 XRD patterns of as-synthesised target compounds (a) Zn0.5MnO2 and (b) Zn0.75FeO2 
obtained by mechanochemical ball milling. 
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To address this challenge, the strategy of introducing ca6on vacancies into the DRX 

laLce was proposed. DFT calcula6ons revealed that vacancies significantly reduce the Zn2+ 

migra6on barrier. In the 0-TM channel, replacing two face-sharing Zn2+ ions with two 

vacancies lowered the barrier to 0.25 eV (Figure 6.7h), compared to 0.514 eV for fully occupied 

channels. This substan6al reduc6on demonstrates that vacancies can create low-energy 

diffusion pathways, offering a viable strategy to unlock Zn2+ mobility and enable the design of 

electrochemically ac6ve DRX cathodes for nonaqueous ZIBs. 

A\empts were made to synthesise vacancy-containing Zn-based DRX materials, such 

as Zn0.5MnO2 and Zn0.75FeO2, to promote Zn diffusion. Introducing Zn vacancies requires 

adjus6ng the transi6on-metal valence states by reducing the amount of rocksalt precursors 

(e.g., MnO and FeO) while incorpora6ng higher-valence sources such as MnO2 and Fe2O3. 

However, this composi6onal adjustment destabilises the DRX framework, leading to the 

forma6on 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-Ion BaYeries 

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 LiMnO2 was chosen for its structural and composi6onal 

similarity to ZnMnO2. This material was then electrochemically charged in a Li cell to varying 

extents, genera6ng controlled concentra6ons of ca6on 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 concentra6ons in the cathode markedly 

enhanced Zn inser6on and discharge capacity, demonstra6ng that vacancies are essen6al for 

enabling Zn diffusion and storage. 
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Figure 6.10 (a) Schematic of delithiation of LiMnO2 DRX in a Li-ion battery to generate a vacant 
DRX structure. (b) Charge curve of LiMnO2 DRX in a Li-ion battery at 10 mA g-1. (c) 
Discharge capacities of partially delithiated LiMnO2, tested in Zn-ion batteries at 10 
mA g-1; the corresponding delithiation states are labeled in panel (b). (d) 
Charge/discharge profile of fully delithiated Li0MnO2 in a Zn-ion battery, with inset 
showing cycling performance at 10 mA g-1. 

 

Figure 6.11 (a) Charge curve of LiMnO2 DRX in a Li-ion battery at 10 mA g-1. (b) Ex situ powder 
XRD of LiMnO2 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 LiMnO2 discharged in a Zn-ion cell 

delivered a discharge capacity of ~170 mAh g-1. The following charge process recovered nearly 
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the same capacity, confirming the reversibility of Zn inser6on and extrac6on. With extended 

cycling, the capacity gradually declined, yet aber 30 cycles the material s6ll retained ~85 mAh 

g-1.  

 

Figure 6.12 (a) First discharge/charge curve of Li0MnO2 in a Zn-ion battery at 10 mA g-1. (b) Ex 
situ powder XRD of pristine LiMnO2, Li0MnO2, Zn FD, and Zn FC, corresponding to the 
points in panel (a). (c) Ex situ Mn K-edge XANES spectra and (d) EXAFS of LiMnO2, 
Li0MnO2, 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 examina6on revealed that LiMnO2 undergoes substan6al structural 

changes during charging in Li-ion cells. As shown in the ex-situ XRD pa\erns in Figure 6.11b, 

the DRX reflec6ons shib to higher angles during charging, consistent with laLce contrac6on 

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,17 the structure progressively and par6ally 

transforms into spinel during cycling. Other LiMnO2 polymorphs, such as layered LiMnO2 and 

orthorhombic LiMnO2 are known to convert to spinel within only a few charge/discharge 

cycles.18-20 Although some reports have claimed that the DRX form of LiMnO2 can suppress 

such structural transforma6on,21,22 our results clearly demonstrate that this is not the case. 

XRD pa\erns reveal broadened reflec6ons characteris6c of a low-crystallinity spinel phase, 
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and Rietveld refinement shows that the spinel frac6on increases progressively with charging, 

reaching ~40 wt% at the top of charge (Figure 6.11d). This progressive phase transforma6on 

provides a plausible explana6on for why non-Li-rich DRX LiMnO2 composi6ons can approach 

nearly full Li extrac6on: the concurrent spinel forma6on facilitates addi6onal electrochemical 

ac6vity.  

 
Figure 6.13 Rietveld refinement of XRD patterns for pristine LiMnO2, Li0MnO2, Zn FD, and Zn 

FC. 

When the delithiated Li0MnO2 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° 

shibed to lower angles during Zn discharge. This systema6c peak shib corresponds to laLce 

expansion, which is characteris6c of ca6on inser6on, indica6ng that Zn ions were incorporated 

into both the spinel and DRX phases. Aber charging, these reflec6ons returned to their original 

posi6ons, confirming the reversibility of Zn intercala6on and deintercala6on 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 inser6on, indica6ng Mn reduc6on. However, the valence change did not fully return to that 
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of pris6ne LiMnO2, consistent with the lower Zn discharge capacity (~170 mAh g-1) compared 

to the Li charging capacity (~285 mAh g-1). Upon re-charging in the Zn cell, the Mn valence 

state recovered, demonstra6ng the reversibility of the redox process. Furthermore, EXAFS 

analysis (Figure 6.12d) showed that both Mn–O and Mn–Mn bond lengths expanded during 

Zn intercala6on and contracted upon Zn extrac6on, providing direct structural evidence for 

the reversible nature of Zn storage in this system. 

 
Figure 6.14 SEM images of as-synthesised (a) LiMnO2, (b) Li4Mn2O5 and (c) NaMnO2. 
 

 

Figure 6.15 (a) Charge curve of Li4Mn2O5 DRX in a Li-ion battery at 10 mA g-1. (b) 
Discharge/charge profile of delithiated Li0.25Mn2O5 in a Zn-ion battery, with inset 
showing cycling stability at 10 mA g-1. (c) Ex situ powder XRD of pristine Li4Mn2O5, 
Li0.25Mn2O5, Zn FD, and Zn FC. (d) Ex situ Mn K-edge XANES spectra of Li4Mn2O5, 
Li0.25Mn2O5, Zn FD, and Zn FC. 
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Figure 6.16 Rietveld refinement of XRD patterns for Li4Mn2O5, Li0.25Mn2O5, Zn FD, and Zn FC. 

 

Figure 6.17 (a) Charge curve of NaMnO2 DRX in a Na-ion battery at 10 mA g-1. (b) 
Discharge/charge profile of delithiated Na0MnO2 in a Zn-ion battery, with inset 
showing cycling stability at 10 mA g-1. (c) Ex situ powder XRD of pristine NaMnO2, 
Na0MnO2, Zn FD, and Zn FC. (d) Ex situ Mn K-edge XANES spectra of NaMnO2, Na0MnO2, 
Zn FD, and Zn FC. 
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Figure 6.18 Rietveld refinement of XRD patterns for NaMnO2, Na0MnO2, Zn FD, and Zn FC. 

The challenge, however, is that the mobility of Mn ions, combined with the absence of 

d0 metal doping in DRX, drives par6al transforma6on of the DRX phase into spinel during de-

lithia6on,23 making complete separa6on 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 par6cipate in reversible Zn (de)intercala6on. To 

generalise this observa6on, this study was extended to other Mn-based DRX systems, 

including Li-rich Li4Mn2O5 and Na-based NaMnO2, both synthesised by ball milling with 

par6cle sizes ~50-200 nm, comparable to LiMnO2 (Figure 6.14). Similar to LiMnO2, both 

Li4Mn2O5 (Figure 6.15 and 6.16) and NaMnO2 (Figure 6.17 and 6.18) also undergo structural 

transforma6on to spinel upon delithia6on/desodia6on in Li/Na-ion cells due to Mn mobility. 

When these delithia6on/desodia6on materials were cycled in Zn-ion cells, both the DRX and 

the in situ formed spinel phases became electrochemically ac6ve (Figure 6.15b and 6.17b). 

During Zn intercala6on and deintercala6on, both phases exhibited reversible structural 



 200 

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 incorpora6on of at least one 

d0 species is beneficial. d0 ca6ons preferen6ally occupy highly distorted octahedral sites, 

leaving the less distorted sites available for ca6ons with par6ally filled d orbitals, thereby 

lowering the overall energy of the disordered structure.24,25 Guided by this principle, d0 ca6on 

Ti4+ was introduced to synthesise Li1.2Mn0.4Ti0.4O2 as a model system. Unlike the other DRX 

materials discussed in this chapter, which were prepared by high-energy ball milling and 

naturally adopt par6cle sizes of ~50-200 nm, this material was ini6ally synthesised via a solid-

state route and exhibited large par6cles (~10 μm), as shown in Figure 6.19a. Since smaller 

par6cle sizes are generally required to enhance Li diffusivity in DRX systems,26,27 the material 

was subsequently processed by ball milling at 600 rpm for 6 h, reducing the par6cle size to 

~50-200 nm (Figure 6.19c). Then this nanosized material was delithaited to create ca6on 

vacancy in Li-ion cell, delivering a charge capacity of ~320 mAh g-1 (Figure 6.20a), in good 

agreement with previous reports.28 

 

Figure 6.19 SEM images of Li1.2Mn0.4Ti0.4O2: (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 Li1.2Mn0.4Ti0.4O2 cathode was applied to Zn-ion cells, it delivered 

a high reversible capacity of approximately 170 mAh g-1, with cycling performance as shown 
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in the inset of Figure 6.20b. The inclusion of Ti proved cri6cal for structural stability: even in 

the fully delithiated state (Li0.23Mn0.4Ti0.4O2), the material maintained a single-phase DRX 

structure without the forma6on of secondary phases. During Zn intercala6on, XRD pa\erns in 

Figure 6.20c and Figure 6.21 revealed unit-cell expansion upon Zn inser6on, followed by 

contrac6on upon Zn extrac6on, with peaks fully returning to their original posi6ons, 

confirming the DRX structural reversibility of Zn (de)intercala6on.  

 

Figure 6.20 (a) Charge curve of Li1.2Mn0.4Ti0.4O2 DRX (ball-milled at 600 rpm for 6 h) in a Li-ion 
battery at 10 mA g-1. (b) Discharge/charge profile of delithiated Li1.2Mn0.4Ti0.4O2 in a 
Zn-ion battery, with inset showing cycling stability at 10 mA g-1. (c) Ex situ powder XRD 
of pristine Li1.2Mn0.4Ti0.4O2, Li0.23Mn0.4Ti0.4O2, Zn FD, and Zn FC. (d-f) STEM-EDX 
mapping of Mn, Ti, and Zn in LiFC (Li0.23Mn0.4Ti0.4O2), 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 inser6on, showing Zn signals appearing 

during discharge and disappearing upon charge. This confirms that Zn inser6on and extrac6on 
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are highly reversible and uniform at the par6cle level. These findings demonstrate that 

introducing vacancies into a stabilised single-phase DRX framework enables accessible Zn 

diffusion, in strong agreement with the DFT calcula6on result.  

 

Figure 6.21 Rietveld refinement of XRD patterns for Li1.2Mn0.4Ti0.4O2, Li0.23Mn0.4Ti0.4O2, Zn FD, 
and Zn FC. 

Interes6ngly, par6cle size was found to have influence on Zn diffusion. For comparison, 

the as-synthesised material was ball milled under milder condi6ons (300 rpm, 6 h), producing 

submicron par6cles (~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-1 (Figure 6.22a), 

comparable to the ~320 mAh g-1 achieved with the finer nanosized material prepared at 600 

rpm for 6 h (Figure 6.20a). This indicates that Li diffusion can occur effec6vely within 

submicron par6cles, providing sufficient transport pathways for near-full electrochemical 

u6lisa6on. 

In contrast, when cycled in Zn-ion cells, the same submicron material (ball milled 300 

rpm, 6 h) delivered only ~80 mAh g-1 (Figure 6.22b), far below the 170 mAh g-1 obtained with 

the finer par6cles produced under harsher milling condi6ons (600 rpm, 6 h) (Figure 6.20b). 
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This demonstrates that Zn requires much shorter diffusion lengths, only achievable in 

nanoscale par6cles, to overcome its intrinsically sluggish mobility. 

 

Figure 6.22 (a) Charge curve of Li1.2Mn0.4Ti0.4O2 DRX (ball-milled at 300 rpm for 6 h) in a Li-ion 
battery at 10 mA g-1. (b) Discharge/charge profile of delithiated Li0.24Mn0.4Ti0.4O2 in a 
Zn-ion battery, with inset showing cycling stability at 10 mA g-1. (c) Ex situ powder XRD 
of pristine Li1.2Mn0.4Ti0.4O2, Li0.24Mn0.4Ti0.4O2, Zn FD, and Zn FC.  

This stark contrast highlights the fundamental difference between Li+ and Zn2+ 

transport: Li+, with its lower charge density and weaker electrosta6c interac6ons, can migrate 

efficiently even in rela6ve larger par6cles, whereas Zn2+ diffusion is severely constrained, 

demanding fine par6cle sizes to achieve high electrochemical performance. 

To compare the ion transport kine6cs of Li+ and Zn2+ in DRX materials, GITT 

measurements were carried out on delithiated Li1.2Mn0.4Ti0.4O2 which was prepared under 

harsher ball-milling condi6ons (600 rpm, 6 h). Aber electrochemical delithia6on, the resul6ng 

Li0.23Mn0.4Ti0.4O2 phase was used as a star6ng point for subsequent ion inser6on/ectrac6on 

experiments with either Li+ or Zn2+. This material exhibits both Mn and oxygen redox ac6vity. 

Since Zn inser6on delivers a reversible capacity of ~170 mAh g-1, the same cutoff capacity was 
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applied for Li inser6on to ensure that iden6cal redox species were involved in both cases. This 

controlled approach allowed a fair comparison of the kine6c behaviour of Li+ and Zn2+, 

elimina6ng differences that could arise from probing different redox processes. 

 

Figure 6.23 GITT profiles of delithiated Li0.23Mn0.4Ti0.4O2 DRX (ball-milled at 600 rpm for 6 h) 
measured at 10 mA g-1 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 Li1.2Mn0.4Ti0.4O2 DRX during discharge and charge. 

Under these controlled condi6ons, the GITT measurements revealed a clear kine6c 

contrast between Li+ and Zn2+ inser6on. As shown in Figure 6.23b, Li+ inser6on/extrac6on 

curve showed a small polarisa6on of only ~0.3 V. In stark contrast, Zn2+ inser6on/extrac6on 

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 poten6al aber 

each current pulse (dashed lines in Figure 6.23a), it was observed that in the Zn-ion cell, the 

quasi-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 Zn2+ inser6on and extrac6on 

kine6cs. In contrast, for Li+ (Figure 6.23b), the quasi-equilibrium poten6al only slightly 

narrowed the gap between the charge and discharge curves, indica6ng much faster Li+ ion 

transport and lower kine6c barriers. The diffusion coefficients calculated from GITT (Figure 

6.23c) further quan6fy this disparity. Zn2+ exhibited diffusivi6es in the range of ~10-13 to 10-10 

cm2 s-1, nearly two orders of magnitude lower than those of Li+, which ranged from ~10-11 to 

10-9 cm2 s-1. This provides direct, quan6ta6ve evidence that Zn2+ transport is intrinsically 

sluggish compared to Li+ at the cathode level, fully consistent with the high migra6on barriers 

obtained by DFT calcula6ons. 

6.3.4 Delithiated DRX Sulphides as Cathodes in Zn-Ion BaYeries 

To accelerate Zn diffusion in DRX frameworks, it is useful to revisit the established 

diffusion mechanism for Li+ in oxides. The migra6on barrier is primarily determined by 

electrosta6c interac6ons between the migra6ng ion in the tetrahedral site and the ca6ons 

occupying the two face-sharing octahedra. This barrier is strongly influenced by the local 

structural environment, par6cularly the tetrahedral height, which dictates the space available 

for ion relaxa6on during migra6on. Increasing the tetrahedral volume is therefore expected 

to reduce electrosta6c repulsion and lower the migra6on barrier,29 poten6ally enabling more 

facile Zn2+ transport, as shown in Figure 6.24a. Guided by this principle, sulfide-based DRX 

materials were inves6gated, focusing on LiTiS2, where the larger S2- anions expand the 

tetrahedral dimensions rela6ve to oxides,30 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 LiTiS2 DRX in a Li-ion battery at 10 mA g-1. (c) 
Discharge/charge profile of delithiated LiTiS2 in a Zn-ion battery at 10 mA g-1. (d) Ex 
situ powder XRD of pristine LiTiS2, Li0.09TiS2, Zn FD, and Zn FC. (e) Ex situ Ti K-edge 
XANES spectra of LiTiS2, Li0.09TiS2, Zn FD, and Zn FC. 

Based on Rietveld refinement of XRD data (Figure 6.24d and 6.25), the delithiated 

LiTiS2 structure exhibits a unit cell parameter of 4.9075 Å, substan6ally larger than that of the 

delithiated DRX oxide Li1.2Mn0.4Ti0.4O2, which has a unit cell size of 4.0522 Å (Figure 6.21). This 

confirms that sulfide DRX frameworks provide larger tetrahedral sites compared to oxides. 

Electrochemical tes6ng showed that delithiated LiTiS2 delivered a high ini6al 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 6.26c,d) further revealed that Zn2+ 

diffusion coefficients during inser6on 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 Zn2+ 

mobility. Despite this improvement, Zn extrac6on remained sluggish, with a much lower 

diffusion coefficient during charge, highligh6ng a cri6cal kine6c asymmetry that limits 

reversibility. 

 

Figure 6.25 Rietveld refinement of XRD patterns for LiTiS2, Li0.09TiS2, Zn FD, and Zn FC. 

While the poor reversibility limits prac6cal applica6on, these findings provide proof-

of-concept that expanding the tetrahedral size through anion subs6tu6on can reduce the Zn 

migra6on barrier and facilitate Zn diffusion in DRX materials. This approach could be extended 

to other larger anions, such as Cl-,29 to enhance Zn mobility. More broadly, it highlights laLce-

engineering strategies, such as anion subs6tu6on 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 Li1.2Mn0.4Ti0.4O2 DRX (ball-milled at 600 rpm for 6 h) 
measured at 10 mA g-1 with 1 h current pulses followed by 4 h relaxation, tested in a 
Zn-ion battery. (b) Zn diffusion coefficients of delithiated Li1.2Mn0.4Ti0.4O2 DRX during 
discharge and charge. (c) GITT profile of delithiated LiTiS2 DRX measured under the 
same conditions in a Zn-ion battery. (d) Zn diffusion coefficients of delithiated LiTiS2 
DRX during discharge and charge. 

6.4 Conclusion 

To achieve high-voltage ZIBs while minimising side reac6ons at both the cathode and 

anode, nonaqueous electrolytes were explored. To iden6fy suitable and compa6ble cathode 

materials for nonaqueous ZIBs, DRX structures were inves6gated 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 composi6ons were synthesised and evaluated, varying transi6on 

metal species, Zn content, and configura6onal entropy. However, none of these materials 

exhibited measurable capacity. This lack of ac6vity was traced to the intrinsic DRX framework, 

where Zn2+ faces strong electrosta6c repulsion that severely limits its diffusion. 
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DFT calcula6ons confirmed this limita6on, showing that even the most favourable 0-

TM channels present prohibi6vely high migra6on barriers for Zn2+ transport. Introducing 

ca6on vacancies can significantly reduce these barriers. Experimentally, this strategy was 

validated using delithiated Li-based DRX (Li1.2Mn0.4Ti0.4O2), which delivered a reversible 

capacity of 170 mAh g-1 in a Zn-ion cell. GITT measurements further quan6fied Zn2+ diffusivity, 

revealing values nearly two orders of magnitude lower than those for Li+, highligh6ng 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 electrosta6c constraints, thereby lowering migra6on 

barriers. This work provides cri6cal insights into defect engineering strategies to unlock Zn 

mobility in DRX frameworks, offering design principles relevant not only for ZIBs but also for 

other mul6valent ion storage systems. 
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7.1 Conclusion 

Over the past decade, ZIBs have a\racted considerable a\en6on. Due to the 

favourable redox poten6al of Zn, Zn anode is compa6bility with aqueous electrolytes. 

Aqueous electrolyte a\ributes offer compelling advantages in safety, cost, and environmental 

sustainability. However, persistent interfacial instabili6es, such as parasi6c reac6ons and 

dendri6c growth at the Zn anode, along with Mn dissolu6on and structural degrada6on at 

Mn-based cathodes, con6nue to limit cycle life and prac6cal deployment. While many studies 

have examined these issues in isola6on, few have adopted a holis6c, cell-level approach. This 

thesis addresses this gap by developing a mechanis6c understanding of interfacial degrada6on 

and proposing integrated strategies to enhance overall ZIB performance. 

The first part of this thesis focuses on the zinc anode–electrolyte interface. Planar zinc 

deposi6on is iden6fied as cri6cal for suppressing side reac6ons and achieving stable cycling. 

While high current densi6es (>20 mA cm-2) naturally promote planar growth, they are 

incompa6ble with typical cathode opera6on. To overcome this, an approach employing 

uniaxial mechanical pressure was introduced, enabling planar Zn growth at cathode-

compa6ble current densi6es. Zn anodes plated under applied pressure exhibit pliable 

microstructures and uniform deposi6on, which enhance interfacial conformity and resist 

detachment during stripping, thereby minimising the forma6on of dead zinc. Moreover, the 

preferred crystallographic orienta6on induced by pressure-assisted pla6ng provides improved 

resistance to corrosion. Together, these effects significantly enhance full-cell cycling 

performance under cathode-compa6ble opera6ng condi6ons. 

The second part focuses on the cathode–electrolyte interface, with an emphasis on 

the widely studied MnO2 cathode. Using operando XRF mapping and ex-situ spectroscopic 

analyses, the primary charge storage mechanism was shown to proceed via reversible Mn 



 214 

dissolu6on and redeposi6on. The role of Mn2+ addi6ves was clarified: rather than preven6ng 

Mn dissolu6on, they act as a reservoir of ac6ve material, boos6ng capacity. However, two 

intrinsically irreversible processes: incomplete MnO2 dissolu6on during discharge and 

incomplete Mn2+ redeposi6on during charge remain the fundamental cause of capacity fade, 

regardless of Mn2+ electrolyte addi6on. These findings underscore the need to improve 

dissolu6on and deposi6on efficiency to achieve long-term stability, highligh6ng the cri6cal 

role of the cathode–electrolyte interphase in governing MnO2 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 ini6ally, reducing side reac6ons typically associated with zinc metal during 

res6ng. A novel Zn-containing DRX cathode, ZnMnO2, was developed to release Zn2+ during 

the ini6al charge, providing the zinc source for subsequent cycling. ZnMnO2 delivers a high 

discharge capacity of 233 mAh g-1 and demonstrates stable cycling. When paired with a Zn-

free current collector, the energy density is significantly increased—nearly sevenfold 

compared to conven6onal zinc metal anodes—despite a lower overall capacity. The dominant 

capacity mechanism remains Mn dissolu6on and redeposi6on. This work establishes ZnMnO2 

as a promising cathode material for anode-free ZIBs and highlights the broader poten6al of 

DRX oxides based on earth-abundant elements, such as ZnFeO2, 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 inves6gated as poten6al cathodes due to their 

proven success in Li- and Na-ion systems, but Zn-based DRX showed poor ac6vity due to high 

Zn2+ migra6on barriers, confirmed by DFT calcula6ons. To overcome this, ca6on vacancies 
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were introduced, significantly reducing migra6on barriers and validated experimentally using 

delithiated Li-based DRX, which delivered a reversible capacity of 170 mAh g-1. GITT 

measurements revealed Zn2+ diffusion is two orders of magnitude slower than Li+, highligh6ng 

the challenge of mul6valent ion transport. Anion engineering with larger anions further 

enhanced diffusion, providing design principles for next-genera6on mul6valent ba\eries. 

Collec6vely, 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 prac6cal cell-level 

solu6ons, it tackles key degrada6on pathways and demonstrates integrated approaches to 

enhance performance, ul6mately advancing the poten6al 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 dissolu6on–deposi6on 

mechanism that appears largely independent of the parent oxide’s ini6al composi6on or 

crystal structure. To improve long-term cycling stability and enhance cathode u6lisa6on, it is 

crucial to develop a fundamental understanding of the factors that govern this process and to 

iden6fy strategies to control it. Because Mn dissolu6on and deposi6on are cathode-

electrolyte interfacial processes, the electrolyte plays a central role in determining Mn-based 

oxide cathode performance, with both pH and electrolyte composi6on exer6ng significant 

influence. 
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pH is one of the most cri6cal factors governing the dissolu6on–deposi6on behaviour. 

Previous studies have shown that lowering the electrolyte pH decreases the MnO2 dissolu6on 

poten6al to below 1 V vs. Zn2+/Zn while simultaneously providing protons that facilitate Mn 

dissolu6on. This combined effect accelerates Mn dissolu6on, ini6ally increasing the discharge 

capacity by genera6ng a more readily accessible pool of electroac6ve Mn species. While this 

may appear advantageous, low pH also raises the Mn2+ deposi6on poten6al toward ~2 V vs. 

Zn2+/Zn. Such a high deposi6on poten6al can exceed the electrochemical stability window of 

aqueous electrolytes, triggering parasi6c side reac6ons, such as water spliLng. In addi6on, 

acidic condi6ons accelerate corrosion of the Zn anode and promote other undesirable 

interfacial reac6ons that compromise overall cell stability. Transi6oning to near-neutral pH 

electrolytes can mi6gate these parasi6c reac6ons at the anode, yet this shib introduces new 

challenges. At higher pH, the thermodynamic driving force for MnO2 dissolu6on decreases, 

which may limit cathode u6lisa6on and lead to incomplete redox ac6vity. Consequently, 

neither highly acidic nor neutral electrolytes alone offer a perfect solu6on. The rela6onship 

between pH, cathode dissolu6on–deposi6on dynamics, and Zn anode stability remains 

complex and poorly understood. Future studies should systema6cally inves6gate 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, MnO2 exhibits strikingly different electrochemical behaviours in 1 M ZnSO4, 1 M 

Zn(CF3SO3)2, and 1 M Zn(CH3COO)2 electrolytes. While part of this varia6on arises from 

differences in pH, other factors are also at play, including changes in solva6on structure and 

ion coordina6on. The iden6ty and concentra6on of anions directly influence Zn2+ and Mn2+ 

coordina6on environments, affec6ng Gibbs free energies for desolva6on and poten6ally 
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altering surface interac6ons and solvent co-intercala6on behaviour. Carefully designed 

experiments are needed to disentangle these effects and determine how specific anions 

govern Mn dissolu6on, redeposi6on, and cathode performance. A comprehensive 

understanding of this rela6onship will be essen6al for defining an op6mal pH window and 

electrolyte composi6on that maximises Mn u6lisa6on, minimises parasi6c reac6ons, and 

ensures long-term cycling stability and efficiency in prac6cal ZIBs. 

Even beyond the influence of the electrolyte, the dissolu6on–deposi6on process itself 

remains poorly understood. While it is clear that Mn-based oxides dissolve to produce Mn2+ 

in the electrolyte, the nature of the redeposited phase during charging is less well defined. 

For instance, this thesis shows that in DRX ZnMnO2 systems, the phase formed upon charging 

is spinel-type ZnMnO3, whereas in α-MnO2 systems, the redeposited phase is ε-MnO2. This 

suggests that the ini6al cathode structure may act as a template, guiding the nuclea6on and 

growth of the redeposited material. Such structural templa6ng could play a crucial role in 

determining the reversibility and efficiency of the dissolu6on–deposi6on pathway. Electrolyte 

addi6ves have been also reported to influence this deposi6on process, modifying nuclea6on 

pathways and altering the structure of the redeposited phase, but the underlying mechanisms 

are s6ll not fully understood. Achieving controlled deposi6on will not only improve Mn 

u6lisa6on but also enhance long-term cycling stability, ul6mately enabling Mn-based 

cathodes to reach their full poten6al in prac6cal aqueous ZIBs. 

7.2.2 Poten.al Applica.on Scenarios 

Aqueous ZIBs offer several intrinsic advantages, including low cost, high safety due to 

the non-flammable nature of aqueous electrolytes, and compa6bility with environmentally 

benign materials. However, these benefits are coupled with inherent challenges that also arise 

from the aqueous electrolyte itself. The most cri6cal issue is the unavoidable side reac6ons 
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between metallic Zn and electrolyte, which lead to con6nuous hydrogen evolu6on. This 

reac6on poses a serious safety risk: in a sealed system, the accumula6on 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 ba\eries, the mechanical 

failure of a cell due to gas buildup s6ll represents a major hazard for prac6cal deployment. 

Moreover, this side reac6on is chemical rather than purely electrochemical, meaning it can 

occur even when the ba\ery is idle. As a result, catastrophic failure could happen before the 

ba\ery is even put into opera6on, raising substan6al concerns for safe handling and storage. 

In this thesis, anode-free ZIB configura6ons were explored as a strategy to mi6gate 

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, parasi6c reac6ons with water resume, leading again to hydrogen evolu6on and gas 

accumula6on. This represents a fundamental limita6on to the safety of aqueous ZIBs and 

underscores why these systems face persistent challenges in sealed-cell designs. Thus, 

addressing this issue is essen6al for any future commercialisa6on of ZIBs. 

One poten6al route forward is the development of ZIBs using nonaqueous or solid-

state electrolytes. By elimina6ng water from the system, the thermodynamic pathway for 

hydrogen evolu6on can be completely avoided, thereby removing the root cause of gas 

genera6on. However, this approach comes with its own challenges. Because the opera6ng 

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 ZnCl2 dissolved in ethyl acetate (EA), 

which show promise as safer alterna6ves to tradi6onal organic solvents. However, Cl⁻ anions 

are incompa6ble with many high-voltage cathodes due to their limited oxida6ve stability, 

limi6ng their prac6cal u6lity. Solid-state electrolytes are another promising pathway, but even 

in Li-ion systems which are far more mature, solid-state ba\eries face significant challenges, 

including interfacial contact, poor ionic conduc6vity, and mechanical instability. Transla6ng 

these technologies to Zn-based systems will likely encounter similar hurdles. 

Another promising applica6on scenario is in redox flow ba\eries. Unlike sealed 

portable devices, redox flow ba\eries are typically installed in large-scale sta6onary seLngs, 

such as grid energy storage systems. This allows them to safely use aqueous electrolytes while 

managing hydrogen evolu6on more effec6vely. Because redox flow ba\eries are not 

completely sealed, hydrogen gas generated by parasi6c reac6ons 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 reac6vity of Zn with mild acidic aqueous electrolyte 

poses a major barrier to the use of aqueous ZIBs in portable or sealed applica6ons, alterna6ve 

strategies can be envisioned to overcome this challenge. Transi6oning to nonaqueous or solid-

state electrolytes could eliminate parasi6c hydrogen evolu6on altogether, provided the safety 

and cost benefits of Zn are preserved. Alterna6vely, deploying aqueous ZIBs in open or semi-

open systems such as redox flow ba\eries offers a prac6cal pathway by managing hydrogen 

genera6on rather than preven6ng it. Future research should therefore focus on matching the 

electrolyte strategy to the intended applica6on, ensuring that ZIBs can be developed in ways 

that fully leverage their advantages while addressing their fundamental safety limita6ons. 


