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Abstract

This thesis investigates the degradation mechanisms that limit the stability and perfor-
mance of bifunctional gas diffusion electrodes (GDEs) in electrically rechargeable zinc—
air batteries (ZABs), with a focus on -MnO,-based catalysts. The work is structured
around four main objectives: to define a reproducible laboratory-scale benchmark for elec-
trode ageing; to elucidate the role of active layer architecture in degradation; to develop
material- and device-level strategies based on those insights; and to implement a platform
for in situ and operando spectroscopic investigations. Spray-coated GDEs incorporating
-MnO; and Ni/NiO nanoparticles were fabricated and electrochemically evaluated under
controlled conditions. Their ageing behavior was studied through galvanostatic cycling,
post-mortem electron microscopy, and soft X-ray spectromicroscopy (STXSM). The for-
mation of inactive Zn—-Mn phases and nanostructural transformations in both MnO, and
Ni/NiO were identified as key degradation pathways. Chemical-state mapping at the Mn
L-edge revealed that Mn(IIT) /Mn(IV) ratios correlate with electrocatalytic activity, while
Mn(II) accumulation reflects irreversible deactivation. Ni/NiO additions were found to
stabilize active redox states and reduce overpotentials, thereby mitigating performance
loss.
To extend the analysis to low-density systems, soft X-ray ptychography at the Ni L-
edge was implemented for nanoscale spectral mapping. A computational workflow based
on the Kramers—Kronig transform enabled the retrieval of absorption-equivalent spectra
from phase contrast data. This approach was applied to samples previously character-
ized at the Mn L-edge, allowing correlation between Ni oxidation state and Mn valence,
and demonstrating the feasibility of high-resolution spectral mapping in weakly absorbing
nanostructures.
Alternative fabrication methods were explored to improve electrode durability and scal-
ability. Hot-pressing enabled higher catalyst loadings with improved mechanical robust-
ness in MnO,-based GDEs, but led to structural instability when combined with Ni/NiO.
Ink formulation was optimized for automated deposition, demonstrating that the use of
NMP-based media improves dispersion and stability, enabling reproducible GDE fabrica-

tion with enhanced performance.
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A custom wet-cell platform was developed to enable operando soft X-ray spectromi-
croscopy under electrochemical control. The system was validated through preliminary
STXM measurements on -MnO, nanorods, confirming its suitability for spectral imag-
ing of nanostructured electrocatalysts in liquid environment. Overall, this work delivers a
multiscale framework for the rational design, fabrication, and characterization of GDEs,
integrating electrochemical benchmarking with spatially resolved spectromicroscopy. The
approaches developed here offer a foundation for mitigating key degradation mechanisms

and advancing the long-term stability of next-generation air cathodes for ZAB systems.
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Sommario

Questa tesi indaga i meccanismi di degradazione che limitano la stabilita e le prestazioni
degli elettrodi a diffusione gassosa bifunzionali (GDE) in batterie zinco-aria (ZAB) ricar-
icabili elettricamente, con un focus sui catalizzatori a base di -MnQO,. Il lavoro é strut-
turato attorno a quattro obiettivi principali: definire un benchmark riproducibile su scala
di laboratorio per I'invecchiamento degli elettrodi; chiarire il ruolo dell’architettura dello
strato attivo nei processi di degradazione; sviluppare strategie a livello di materiale e di
dispositivo basate su tali evidenze; e implementare una piattaforma per indagini spettro-
scopiche in situ e operando. GDE realizzati mediante spray-coating contenenti -MnO,
e nanoparticelle di Ni/NiO sono stati fabbricati e valutati elettrochimicamente in con-
dizioni controllate. Il loro comportamento all’invecchiamento ¢ stato studiato tramite cicli
galvanostatici, microscopia elettronica post-mortem e spettromicroscopia a raggi X molli
(STXSM). La formazione di fasi Zn—Mn inattive e le trasformazioni nanostrutturali sia nel
MnO; che nel Ni/NiO sono state identificate come principali vie di degradazione. La map-
patura degli stati chimici all’L-edge del Mn ha mostrato che il rapporto Mn(IIT) /Mn(IV)
correla con lattivita elettrocatalitica, mentre 'accumulo di Mn(II) riflette una disatti-
vazione irreversibile. L’aggiunta di Ni/NiO ha dimostrato di stabilizzare gli stati redox
attivi e di ridurre gli overpotenziali, mitigando cosi il calo prestazionale.

Per estendere 'analisi a sistemi a bassa densita ottica, ¢ stata implementata la ptychogra-
phy a raggi X molli all’L-edge del Ni per la mappatura spettrale su scala nanometrica. Un
algoritmo basato sulla trasformata di Kramers—Kronig ha permesso di ricostruire spettri
equivalenti all’assorbimento a partire da dati di contrasto di fase. Questo approccio &
stato applicato a campioni gia caratterizzati all’L-edge del Mn, consentendo di correlare
lo stato di ossidazione del Ni con la valenza del Mn, e dimostrando la fattibilita della
mappatura spettrale ad alta risoluzione in nanostrutture debolmente assorbenti.

Sono stati esplorati metodi alternativi di fabbricazione per migliorare la durabilita e
la scalabilita degli elettrodi. L’hot-pressing ha consentito di ottenere carichi catalitici
maggiori e una migliore robustezza meccanica nei GDE a base di MnO,, ma ha por-
tato a instabilita strutturale nei sistemi bifunzionali contenenti Ni/NiO. La formulazione

dell’inchiostro ¢ stata ottimizzata per la deposizione automatica, dimostrando che 1'uso
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di inchiostri a base di NMP migliora la dispersione e la stabilita, permettendo una fab-
bricazione riproducibile di GDE con migliori prestazioni.

E stata infine sviluppata una piattaforma wet-cell personalizzata per abilitare la spet-
tromicroscopia a raggi X soffici operando sotto controllo elettrochimico. Il sistema é
stato validato tramite misure STXM preliminari su nanorod di -MnQO;, confermandone
I'idoneita per I'imaging spettrale di elettrocatalizzatori nanostrutturati in ambiente lig-
uido. Nel complesso, questo lavoro propone un framework multiscala per la progettazione
razionale, la fabbricazione e la caratterizzazione dei GDE, integrando il benchmarking
elettrochimico con la spettromicroscopia a risoluzione spaziale. Gli approcci sviluppati
forniscono una base solida per mitigare i principali meccanismi di degradazione e miglio-

rare la stabilita a lungo termine dei catodi ad aria di nuova generazione per sistemi ZAB.
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1 | Introduction

The accelerating rise in global temperatures, primarily driven by greenhouse gas emissions
[1 3], is one of the most pressing challenges of our time. Among the various contributors,
energy production stands as one of the principal sources of €@missions [4 7], espe-
cially from non-renewables energy sources [8 10]. As global energy demand continues to
increase driven by economic development, population growth, and the electri cation of
mobility and industry the need to decarbonize energy production becomes ever more
urgent [11 13].

A widely acknowledged strategy to mitigate emissions involves the large-scale deployment
of renewable energy sources such as solar, wind, hydroelectric, and geothermal power.
These sources are inherently cleaner and signi cantly reduce lifecycle emissions compared
to fossil fuels [14 18]. However, they present unique challenges. Renewable energy gener-
ation is intrinsically dependent on environmental conditions sunlight for photovoltaics,
wind for turbines which introduces variability and intermittence in the energy supply.

As a result, there is often a mismatch between energy production and user demand, which
can occur across timescales ranging from hours to seasons [19 21].

To bridge this gap, energy storage systems are essential [21 26]. Batteries serve a dual role
in modern energy systems: on one hand, they compensate for the uctuating output of
renewables by storing excess energy and releasing it when needed; on the other hand, they
provide portable and on-demand energy for a growing range of applications, from electric
vehicles (EVs) to o -grid systems and the expanding network of Internet-of-Things (10T)
devices.

Currently, lithium-based batteries are one of the leading chemistries for secondary (rec-
heargable) batteries, with lithium-ion batteries (LIBs) being the most widespread tech-
nology [27]. LIBs o er several key advantages: high energy and power densities, relatively
long cycle life, and high e ciency [28 31]. These characteristics have made LIBs the tech-
nology of choice for portable electronics, electric mobility, and, increasingly, stationary
grid storage. Global LIBs demand is growing exponentially in recent years, surpassing
700 GWhlyear in 2022 and projected to reach 4700 GWh/year by 2030 [32].

However, the rise of LIBs is accompanied by a number of critical limitations. First and
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foremost, the materials required for LIB manufacturing are not only expensive but also
geographically concentrated, posing risks related to resource scarcity, supply chain stabil-
ity, and geopolitical tensions [33 36]. In particular, cobalt extraction has been associated
with signi cant environmental and ethical issues, including labor rights violations [37 40].
Safety remains another important concern; LIBs, especially in large-format con gurations,
carry risks of thermal runaway and combustion, requiring careful design and thermal man-
agement strategies [41 44].

Additionally, while LIBs exhibit long cycle life under optimized conditions, performance
degradation over time remains a limiting factor for some applications, particularly in
stationary storage systems that demand ultra-long service lifetimes [45, 46]. Finally,
end-of-life management is a major challenge: despite growing interest in LIB recycling,
e ective recovery processes for valuable materials are still under development and have
yet to reach industrial maturity [47 50].

The growing limitations of current lithium-based technologies have driven the exploration
of alternative battery chemistries collectively known as post-lithium systems that uti-

lize earth-abundant, safe, and cost-e ective materials. Among these emerging solutions,
rechargeable metal air batteries have attracted signi cant interest due to their high the-
oretical energy densities and the use of oxygen from ambient air as a cathodic reactant
[51 55]. Within this class, rechargeable Zinc air batteries (rZABs) stand out as particu-
larly promising candidates, o ering a favourable balance between performance, material
availability, safety, and cost [56 58]. This has led to an increasing focus on their develop-
ment and optimization.

Zinc air batteries rely on the electrochemical oxidation of zinc at the anode and the re-
duction of atmospheric oxygen at the air cathode. This con guration eliminates the need
for a traditional cathode material, instead utilizing a gas di usion electrode (GDE) to
catalyze the oxygen reduction reaction (ORR). Non-rechargeable (primary) ZABs are al-
ready commercially available and widely used in low-power applications such as hearing
aids and medical devices, owing to their aforementioned characteristics [56, 59].
Rechargeable zinc air batteries, however, remain largely con ned to the research and de-
velopment stage due to several unresolved challenges. The reversibility of the oxygen
electrochemistry at the air cathode is limited by sluggish kinetics and catalyst degrada-
tion during cycling [56, 59, 60]. Furthermore, the zinc anode is prone to shape change,
dendrite formation, and passivation phenomena that impair battery life and reliability

[56, 60, 61]. Overcoming these hurdles requires advances in catalysts for both ORR and
the oxygen evolution reaction (OER), as well as innovations in electrolyte formulation
and electrode architecture.

Despite these obstacles, the unique advantages of zinc air batteries such as their use
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of abundant and non-toxic materials, potential for very high theoretical energy density,
and environmental compatibility make them promising candidates for future large-scale
energy storage, especially in applications where cost and safety outweigh compactness and
power density.

1.1. Zinc air batteries

As said previously, zinc air batteries are electrochemical energy storage devices consisting
of three main components: a zinc metal anode, an alkaline electrolyte (typically aqueous
KOH), and an air cathode. During discharge, zinc undergoes oxidation to zincate ions
(Zn(OH)? ), releasing electrons into the external circuit. Oxygen from ambient air is
reduced at the cathode, forming hydroxide ions (OH). Conversely, during charging,
rZABs perform the oxygen evolution reaction (OER), where hydroxide ions oxidize back
to molecular oxygen. The key electrochemical reactions are summarized below:

Discharge reactions:
Anode: Zn+40OH ! Zn(OH); +2e
Cathode (ORR): O, +2H,0+4e ! 40H
Charge reaction:
Anode: 2Zn(OH)2 +4e ! 2Zn+80OH
Cathode (OER): 40H ! O,+2H,0+4e

E cient bifunctionality (ORR/OER) at the cathode (and the anode) is essential to achieve
long cycle life, high round-trip e ciency, and practical implementation of rechargeable
ZABs.

1.1.1. Zinc anode

The zinc anode plays a central role in the performance, reversibility, and overall lifespan
of zinc air batteries ZABs. Despite the advantages of zinc including low cost, high the-
oretical capacity (820 mAh g 1), and environmental benignity its practical deployment

Is hindered by a series of complex degradation mechanisms. Among the most pressing
challenges are the formation of dendrites during repeated plating/stripping cycles, the
accumulation of insulating ZnO layers, and parasitic hydrogen evolution reactions (HER)
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triggered by the aqueous alkaline environment. These phenomena not only lead to poor
Coulombic e ciency and shortened cycle life, but also raise serious safety concerns due
to the risk of internal short-circuiting. Furthermore, spontaneous corrosion of zinc in al-
kaline media continues even at rest, consuming active material and degrading electrolyte
quality.

E orts to address these issues have led to the development of advanced zinc architectures,
including 3D structured electrodes, alloying strategies, surface coatings, and electrolyte
additives aimed at suppressing dendrite formation and passivation. For instance, porous
zinc sca olds or host structures can bu er volume changes and promote uniform zinc de-
position, thereby mitigating dendritic growth. Meanwhile, protective coatings such as
metal oxides, polymers, or carbonaceous layers can serve as ion-selective barriers that
regulate Zr* ux while limiting direct contact with the electrolyte. In parallel, elec-
trolyte engineering, through the use of inhibitors or pH-stabilizing agents, o ers another
route to reduce self-corrosion and side reactions.

A comprehensive understanding of the nucleation, growth, and dissolution behavior of
zinc under realistic battery conditions is essential to achieving stable anode operation.
Combining morphological studies with electrochemical analysis enables the identi cation
of key degradation pathways and the evaluation of mitigation strategies. Ultimately, the
development of robust and reversible zinc anodes is crucial for unlocking the full potential
of rechargeable ZABs, patrticularly in systems designed for long-term cycling and practical
energy storage applications.

1.1.2. Electrolyte

This work focuses on rZABs which operate in strongly alkaline electrolyte, tipically NaOH
or KOH for multiple reason. First and foremost, compared to acidic electrolytes, alka-
line electrolytes allow the use of a broader range of materials, which remain stable under
operating conditions. It is the case of metal-oxides, carbonaceous compounds and more
complex structures such as perovskites. Expecially in the case of ORR reaction, the
interaction between oxygen and the electrode surface plays a key role in determining
the rate and selectivity of it. This is governed by the oxygen adsorption energy, which
typically follows a volcano-type trend when plotted against catalytic activity. In acidic
electrolytes, protonation of adsorbed @ species is essential to lower the energy barrier
for dissociation. This step signi cantly reduces the dissociation energy, as shown for Pt-
based systems. However, in alkaline media, proton availability is much lower, and the
reaction mechanism shifts accordingly. Importantly, the energy barrier for the rst elec-
tron transfer to O, considered the likely rate-determining step drops signi cantly with
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increasing pH. As a result, non-precious catalysts, which are less active in acid, become
more competitive in alkaline environments due to the reduced overpotential required for
oxygen activation [62]. In the case of the present work, 6M KOH aqueous solution is used
as the electrolyte.

1.1.3. GDE

Usually, ZABs cathodes are typically designed as a gas di usion electrodes (GDEs) [58].
The GDE consists of two main components: the gas di usion layer (GDL) and the active
layer (AL).

The GDL provides mechanical support to the electrode, ensures electronic conductivity,
and allows e cient di usion of oxygen from the ambient air toward the reaction sites
(the so-called triple phase boundaries [63]). It is generally composed of hydrophobic
carbon-based materials [56]. This hydrophobicity prevents ooding by the electrolyte,
maintaining the optimal gas liquid balance within the electrode.

The AL is deposited onto the GDL by various techniques, including spray-coating and
blade-coating [64, 65]. It consists of a catalyst, a conductive additive (typically carbon
black), and a binder (usually polytetra uoroethylene, PTFE). Each component plays a
speci c role: the catalyst promotes the electrochemical reactions (ORR and OER), carbon
black ensures electronic conductivity throughout the layer, and PTFE provides mechanical
stability and controls hydrophobicity. Proper distribution and optimal ratio of these
components are essential. Uniform catalyst dispersion guarantees high catalytic activity,
carbon black reduces charge-transfer resistance, and appropriate binder content ensures
structural stability and balanced electrolyte gas transport. Thus, both the careful choice
of catalytic materials and the precise engineering of the electrode structure determine the
overall performance and durability of zinc air batteries.

1.1.3.1. Catalysts for ORR and OER: combined approach

Bifunctional catalysts in rZABs GDEs are pivotal for enabling both the oxygen reduction

reaction during discharge and the oxygen evolution reaction during charge. They dra-

matically improve electrode performance by accelerating the inherently sluggish, multi-

electron oxygen reaction kinetics and lowering the large overpotentials that would oth-

erwise severely limit the battery's power density and e ciency [66, 67]. In practice, an

ORR/OER bifunctional catalyst promotes the forward reaction (3 + H,O+4e ! 40H

in alkaline media) by facilitating O, conversion to OH and easing electron/proton transfer
thus reducing the ORR overpotential while also expediting the reverse reaction (40H

I O, + 2H,0 + 4e ) during charging by catalyzing the evolution of @ from hydrox-
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ide. Designing a single catalyst that excels in both ORR and OER is inherently di cult,
however, because the optimal active-site characteristics and reaction pathways for the
two processes di er fundamentally and are often mutually incompatible [67, 68]. Both
reactions involve multiple proton-coupled electron transfers, but their rate-determining
steps and intermediate species are distinct; a surface that binds oxygenated intermediates
with ideal strength for ORR (a reductive, bond-breaking process) may bind too weakly
or strongly for the OER (an oxidative, bond-forming process), or vice versa [67]. This
means that a catalyst optimized for one half-reaction typically performs sub-optimally for
the other [67, 68]. For example, cobaltite spinels or NiFe oxyhydroxides that are highly
e ective OER catalysts in alkaline media tend to exhibit poor ORR kinetics, while noble-
metal or M N C catalysts prized for fast ORR can lack stability or activity under the
harsh oxidative potentials of OER [68, 69]. These opposing requirements create funda-
mental material trade-o s: the catalyst must balance contradictory needs such as bonding
energetics vs. catalytic phase stability, and ionic/electronic conductivity vs. corrosion re-
sistance, in order to minimize the overall charge discharge voltage gap without sacri cing
longevity [67, 68]. Indeed, many bifunctional catalysts inevitably favour one reaction
over the other, or degrade when subjected to the wide potential window of a recharge-
able air electrode (e.g., carbon supports can oxidize and detach at OER potentials) [68].
Given these challenges, researchers have explored using a combination of separate ORR
and OER catalysts in tandem rather than a single all-in-one material [70, 71]. In such
designs, distinct catalysts each tailored to one reaction (for instance, a platinum or doped-
carbon-based ORR catalyst alongside a transition-metal oxide/hydroxide for OER) are
integrated into the air electrode or employed on dedicated discharge/charge electrodes,
so that each catalyst operates predominantly under the conditions it handles best [70].
This approach can provide signi cant performance advantages by leveraging two spe-
cialized active materials, one can achieve higher combined activity and durability than a
compromise catalyst alone. Furthermore, recent theoretical studies have clari ed that the
activity of oxygen electrocatalysts is fundamentally limited by linear scaling relationships
between intermediates such as OH*, O*, and OOH*, which constrain the minimum achiev-
able overpotential [72 74]. These relationships give rise to volcano-type behavior, with
the optimal catalyst occupying a narrow range of adsorption energies. E orts to circum-
vent these intrinsic limits, for example via dual-site mechanisms or dynamic restructuring
of active sites, have shown promise in decoupling the binding energies of OER/ORR in-
termediates and pushing performance beyond the conventional scaling-imposed threshold
[75 77].
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1.1.3.2. MnO »-based electrocatalysts for ORR

MnOx-based electrocatalysts for the oxygen reduction reaction (ORR) have been ex-
tensively investigated due to their potential for sustainable and e cient energy conver-
sion [78 81]. The ORR mechanism in alkaline media has been elucidated through DFT
(Density Functional Theory) calculations and electrochemical studies [82, 83]. Ryabova et
al. [84] provided a comprehensive analysis of the Mn(l11)/Mn(lV) redox couple, propos-
ing a multistep mechanism: (1) the Mn(IV)/Mn(lll) transition at the catalyst surface
facilitates the conversion of adsorbed D(0,4) to OH,g; (2) O, adsorbs preferentially
on Mn(lll) sites; (3) O, is reduced to HO; ; (4) H,O, desorbs and subsequently read-
sorbs on Mn(lll) sites, maintaining interaction with active centers; (5) further reduction
of H,O, g proceeds through a surface reaction followed by an electrochemical step in-
volving the Mn(IV)/Mn(l1l) redox couple. This cycle regenerates Mn(lV), completing
the catalytic loop. The redox potential of the Mn(IV)/Mn(lll) couple is closely tied to
catalytic activity, governing the reaction kinetics. Additionally, the catalyst's structure
and composition signi cantly in uence performance. Conductive additives such as car-
bon black (CB) and carbon nanotubes (CNTs) enhance charge transport and catalyst
utilization. MnOx exists in over 30 polymorphs [85, 86], each exhibiting di erent ORR
activities [87, 88]. Lima et al. [89] compared MnO, Mn& and Mn,O3 mixed with carbon,
observing superior performance for Mn&C and Mn ,03/C due to the higher MnO, con-
tent. MnO,, is particularly e ective within speci ¢ potential windows, bene ting from its
redox activity and its role in mediating electron transfer via the Mn(IV)/Mn(lll) couple,
as supported by XANES (X-ray Absorption Near Edge Structure) data. Meng et al. [90]
investigated various MnQ crystal structures for ORR and OER, identifying -MnO, as
the most e cient, exhibiting the lowest overpotentials. Its high activity is attributed to
structural characteristics: the 2 2 tunnels of MnQ; units enhance water accessibility;
its large surface area increases the density of active sites; and its &lsorption capacity,
con rmed by TPD (Temperature Programmed Desorption), promotes stronger interaction
with reactants. These results were corroborated by Cao et al. [91], who also recognized
-MnO, as the most active polymorph. Several studies indicate that-MnO, primarily
follows the four-electron ORR pathway [82, 92], which is the most desirable route. In
addition to intrinsic properties, catalytic performance can be further improved by intro-
ducing conductive phases. For -MnO,, combinations with CB, CNTs [93 95], or metal
nanoparticles [87] reduce charge-transfer resistance and enhance conductivity. These ad-
ditives facilitate electron transport and support the Mn(IV)/Mn(lll) redox transitions,
maximizing catalyst utilization. The synergy between MnOx and conductive materials
boosts both electrochemical and surface-mediated processes, which is crucial for enhanced
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ORR performance. Collectively, these studies highlight both the potential of MNOx ma-
terials and the complexity of their catalytic behavior in alkaline ORR.

1.1.3.3. Ni/NiO-based electrocatalysts for OER

Nickel-based materials have attracted considerable attention as electrocatalysts for the
oxygen evolution reaction due to their low cost, high availability, and promising elec-
trochemical performance in alkaline media [96]. Among the various forms of Ni-based
catalysts, nickel oxides, hydroxides, layered double hydroxides (LDHs), metallic Ni, and
sul des have been widely explored. In particular, metallic nickel has shown intrinsic OER
activity and serves as a stable and conductive sca old in various composite systems. For
example, Ni/C composites, where nickel nanoparticles are dispersed on conductive car-
bon supports, bene t from the high surface area and electrical conductivity of carbon,
which enhances charge transport and catalyst dispersion [96]. Also Nickel oxides show
good activity towards OER [97], making them viable alternatives to noble metal catalysts
like IrO, and RuG, [96]. These ndings highlight the potential of nickel-based systems,
including metallic Ni, Ni/C composites and Ni oxides, in the development of e cient and
scalable water-splitting technologies.

1.2. Challenges and aim of the thesis

The long-term stability and durability of ZABs remain critical obstacles to their widespread
application. Core degradation processes such as irreversible ZnO accumulation, den-
dritic zinc growth, and corrosive by-products like hydrogen peroxide induce progressive
structural and chemical breakdown of both the zinc anode and the air cathode [56]. For
example, dendrite formation not only leads to capacity losses but can also puncture sepa-
rators, causing internal short circuits and reducing Coulombic e ciency and cycle life [98].
Concurrently, carbon-based air electrodes undergo oxidative corrosion under oxygen evo-
lution reaction conditions, losing electrical conductivity and hydrophobicity over repeated
deep-charge cycles a degradation that ultimately diminishes catalytic performance and
electrode stability [99].

To overcome these intertwined failure modes, signi cant e ort has been devoted to engi-
neering advanced air-electrode architectures. Strategies including the design of hierarchi-
cal 3D frameworks, pore-tuned meso/macroporous structures, and binder-free electrode
con gurations aim to improve mass transport and enhance active-site accessibility [56].
Binder-free carbon nano ber electrodes, for instance, o er direct contact with current
collectors and reveal enhanced mechanical integrity and catalytic surface area [100]. How-
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ever, the dynamic evolution of the gas electrolyte catalyst interface remains incompletely
understood: withoutin situ and ex situ analyses, it is challenging to unravel how degrada-
tion initiates and propagates at these interfaces, particularly under bilaterally demanding
ORR/OER cycling.

Thus, a rational, materials-focused approach centering on in-depth degradation analysis
of both catalyst and architecture is essential. By characterizing morphological, com-
positional, and interfacial transformations through advanced techniques (e.gperando
microscopy, spectroscopy), it becomes possible to identify failure pathways and quantify
their impact on performance. Among these techniques, scanning transmission X-ray mi-
croscopy (STXM) stands out as a powerful tool, uniquely suited for spatially resolved,
spectrally selective investigations of chemical states at the nanoscale. STXM enables the
direct mapping of redox-active components, dissolution products, and structural inho-
mogeneities under conditions relevant to electrochemical operation. Despite its proven
utility in lithium- and sodium-based systems, no comprehensive studies to date have
applied STXM to dissect degradation phenomena in rechargeable zinc air batteries. Es-
tablishing STXM as a viable platform for ZAB research o ers the opportunity to unlock
new mechanistic insight into bifunctional cathode failure and guide the development of
next-generation electrode architectures. Addressing degradation through this lens is piv-
otal for realizing zinc reversibility, enhancing bifunctional stability, and extending cycle
life and e ciency toward benchmarks that remain challenging for current rZABs.

1.3. Objectives and thesis structure

The main objective of this thesis is to investigate the degradation mechanisms of Mn-
based gas di usion electrodes for zinc air battery applications, with a particular focus on
morphochemical and structural transformation of the -MnO, catalyst during operative
conditions (ORR/OER). To this end, the work is structured around the following speci c
goals: (i) to establish a reproducible laboratory-scale benchmark under controlled ageing
conditions, providing a consistent reference point for future comparative studies; (ii) to
elucidate the role of the active layer architecture in driving the electrochemical ageing
behavior of GDEs; (iii) to develop targeted material- and device-level strategies informed
by insights gained through the rst two objectives; and (iv) to design and implement a
toolkit enabling in situ and operandocharacterization experiments using soft X-ray spec-
tromicroscopy.

The following chapters are then brie y introduced. Chapter 2 outlines the main exper-
imental and analytical techniques employed throughout this thesis. Chapters 3 and 4
evaluate the performance and degradation mechanisms of laboratory-scale spray-coated
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GDEs using a combination of device-level approaches (accelerated ageing in half-cell con-
gurations) and material-level techniques (electrochemical benchmarking via voltammetry
and ex situ mapping of catalyst valence states). In this context, Chapter 6 presents a dedi-
cated spectromicroscopic analysis based on soft X-ray ptychography at the Ni L-edge. This
chapter introduces a computational framework for retrieving absorption-like spectra from
phase contrast data using the Kramers Kronig transform, and integrates this methodol-
ogy with STXM results at the Mn L-edge to reveal nanoscale degradation patterns and
redox correlations in Ni/Mn-based catalyst systems. Chapter 5 investigates GDEs fabri-
cated via hot-pressing, a method o ering improved scalability and reproducibility. The
objective is to compare the ageing behavior of the same catalyst when embedded within
di erently structured active layers.

Building upon the results of Chapters 3, 4, 6, and 5, Chapter 7 introduces a strategy to
address the inhomogeneous distribution of OER catalysts. This includes the synthesis
of Ni/NiO-based catalysts and their electrochemical evaluation both in GDE form and
as standalone materials. In parallel, Chapter 8 presents the development of a new ink
formulation suitable for automated and scalable spray-coating, aiming to overcome the
limitations of manual deposition in lab-scale production.

Chapter 9 describes the fabrication and validation of a wet-cell platform fayperandosoft
X-ray spectromicroscopy, along with preliminary experiments on-MnO, nanorods under
electrochemical bias. Finally, Chapter 10 summarizes the main ndings and outlines fu-
ture directions for the development of advanced cathode materials and in situ diagnostic
platforms.
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2 | Methods

2.1. Electroanalytical Methods

Electrochemistry is the branch of chemistry that revolve around the correlation between
charge and chemical changes in a system. In general, two main types of processes can
occur: on one hand, an electric current can induce chemical reactions; on the other
hand, chemical reactions can generate an energy in the form of electric current. For these
reasons, electrochemistry applies to multiple systems and phenomena, from electroplating
to batteries. This thesis is centred on batteries and, in particular, electrocatalysis. For
this reason, analytical techniques based on electrochemistry are of crucial importance to
assess the properties of the materials and devices studied in this work. At the material
level, techniques such cyclic voltammetry (CV) or rotating ring-disk electrode (RRDE)
can be used to evaluate catalyst quality, providing information on overpotentials (i.e., the
extra energy required beyond the thermodynamic value to drive a reaction, typically due

to kinetic barriers or device non-idealities) and on reaction intermediates. At the device
level, simple methods such as potentiostatic or galvanostatic measurements can help assess
and compare di erent electrodes under controlled conditions. These techniques are of
crucial importance in the context of this work as understanding complex processes like
catalysis and degradation requires the ability to both decouple material-level behavior
from device-level performance.

References for this section and its subsections are collected from these textbooks: [1], [2],
[3] and [4].

2.1.1. The electrochemical cell

Every characterization technique is based on the basic principle of giving a certain input
signal to the system of interest, record its response and extrapolate with a model the
investigated material properties or, for more complex systems, other parameters such as
kinetic descriptors or type of mechanisms involved. In general, the necessary equipment
to carry out the aforementioned study is an input source, a model system and an output
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recorder. In the case of electrochemistry, the potentiostat acts both as an input source and
an output recorder, while the model system is created inside the electrochemical cell. A
typical setup is schematised in Figure 2.1: it consists of three electrodes in an electrolyte.
In the picture, electrode "a" is the working electrode (WE), usually corresponding to
the electrode to be investigated; electrode "b" is the reference electrode, corresponding
to a stable system (usually enclosed in a separate environment and in contact with the
outer world by a porous septum) that serves as a stable reference point for potential
measurement; electrode "c" is the counter electrode, which is the electrode that ensure a
closed loop for the charge in the system. The electrolyte (indicated with the "d" letter

in Figure 2.1) has di erent functions: on one hand it must be su ciently conductive so

to allow charge ow inside the cell and, on the other hand, to avoid charge build-up at
the electrodes interface. Moreover, in certain type of reactions (such as the ones explored
in this work) the electrolyte provide reactants to the electrodes, actually participating to
the reactions. The next paragraphs will brie y describe these components singularly.

2.1.1.1. Working electrode

The working electrode is the central element of the electrochemical cell, where the reac-
tion of interest occurs and whose behavior is under investigation. In the present work,
both bulk electrodes and powder-based samples were analyzed using di erent strategies
depending on the sample form.

For solid electrodes, direct electrical contact was established using clamps that connected
the electrode to the potentiostat. In cases involving specialized electrochemical cells, such
as the FlexCell system for half-cell testing (Gaskatel GmbH), dedicated contact pins were
used. These pins ensured stable electrical contact with the electrode surface and were
connected to the working electrode terminal of the potentiostat.

For powdered samples including nanoparticles and particle mixtures, such as catalyst
inks a di erent preparation route was employed. The materials were rst dispersed in

a solution and subsequently drop-cast onto a standard solid support, typically a glassy
carbon disk electrode. Prior to deposition, the glassy carbon surface was cleaned with
deionized water and isopropanol, then polished using alumina abrasive pastes of decreas-
ing particle size in a gure-eight motion to ensure a uniform and reproducible surface
nish.

The catalyst ink was prepared by dispersing the active material in a solution composed
of 40 mL deionized water, 10 mL ethanol, and 3.5 mL Na cen-solution (per uorinated
resin solution, 5 wt.% in a mixture of lower aliphatic alcohols and water, Sigma-Aldrich),
yielding a concentration of 4 mg/mL. The dispersion was homogenized using a tip son-
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icator (P200St, Ultrasonic Processor, Hielscher Ultrasonics GmbH) operating at 10 W
for 1 minute. The ink was then drop-cast onto the pre-polished glassy carbon electrode,
which was kept rotating during the drying phase to promote uniform distribution of the
material.

In cases where the presence of Na on was undesired such as when it might interfere
with the reaction or surface chemistry an alternative ink was prepared by dispersing
the patrticles in isopropanol only, maintaining the same concentration and drop-casting
procedure.

2.1.1.2. Reference Electrode

The reference electrode provides a stable and well-de ned potential against which the
working electrode potential can be measured. Unlike two-electrode systems, where the
potential is measured between the working and counter electrode (making interpretation
more ambiguous due to the polarization of the counter electrode), the three-electrode
con guration allows for accurate monitoring of the working electrode potential relative to

a non-polarizable reference system.

Several types of reference electrodes are available, each with di erent operational ranges
and compatibility with speci c electrolytes. The Standard Hydrogen Electrode (SHE)

is considered the universal reference point, arbitrarily assigned a potential of 0 V at all
temperatures. However, due to the practical di culty of implementing SHE in most lab
environments, the Reversible Hydrogen Electrode (RHE) is often adopted as the standard
reference in aqueous electrochemistry, particularly in acidic and neutral media.

The RHE potential depends on the pH of the electrolyte and can be derived from the
Nernst equation, based on the redox half-reaction:

2H™ +2e | Hyy (2.1)
The Nernst equation for the hydrogen electrode at 2% is:

RT 1
Erve = Epecp, + ?In .

=0 0:059 pH (2.2)

Thus, the RHE potential shifts negatively by 59 mV per unit increase in pH. This rela-
tionship enables straightforward conversion of potentials measured versus other reference
electrodes (such as Ag/AgCl or Hg/HgO) into the RHE scale using appropriate correction
formulas.

In this work, di erent reference electrodes were used depending on the electrolyte and
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cell con guration. For most experiments performed in strongly alkaline environments, a
Hg/HgO electrode (1 M NaOH) was employed due to its stability and widespread use in
basic media [5]. The potential of Hg/HgO (1 M NaOH) versus RHE can be calculated or
taken from tabulated values (typically +0.140 V at 25°C and pH = 0). To account for
real-world deviations from ideal behavior, all potential conversions to the RHE scale were
performed using an experimentally determined o set. This was obtained by measuring
the potential di erence between the reference electrode used in each experiment and a
standard RHE electrode (Gaskatel GmbH) in the same electrolyte.

2.1.1.3. Counter Electrode

In a three-electrode setup, the counter electrode serves to complete the electrical circuit,
enabling current to ow through the electrochemical cell. While the potential is measured
between the working and reference electrodes, the counter electrode provides the comple-
mentary half-reaction required to sustain current ow.

When using a half-cell con guration focused solely on the behavior of the working elec-
trode, it is essential that the counter electrode does not introduce interfering species into
the system. To minimize its in uence on the electrochemical environment, the counter
electrode should remain chemically stable and ideally inert. In this work, where ex-
periments were conducted in strongly alkaline media, platinum was used as the counter
electrode material. Platinum is a common choice due to its excellent chemical resistance
and ability to sustain either oxygen or hydrogen evolution reactions, depending on the
direction of current ow. These gaseous products were released away from the active
material, further minimizing interference.

The spatial positioning of the counter electrode also plays a role, as it in uences the
shape and distribution of current lines within the cell. In cases where precise measure-
ments are required, consistent placement of the counter electrode becomes important to
ensure reproducibility and minimize geometry-related artifacts, similar to the care taken
in positioning the reference electrode.

2.1.1.4. Electrolyte

The electrolyte constitutes the nal component of the electrochemical cell setup. Its pri-
mary function is to provide su cient ionic conductivity, enabling charge transfer between
the electrodes. In many electrochemical reactions such as the oxygen reduction reaction
(ORR) and the oxygen evolution reaction (OER) the electrolyte also serves as a source
of reactants (e.g., H+ or OH- ions), playing an active role in the reaction mechanism.

To minimize ohmic losses and ensure accurate potential control, the electrolyte must ex-
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hibit low resistance. In all experiments described in this thesis, liquid electrolytes were
used.

It is important to note that the electrolyte itself can participate in unwanted side reactions,
particularly at high anodic or cathodic potentials. The range of potentials over which the
electrolyte remains electrochemically inert is referred to as its electrochemical stability
window. This window de nes the operational boundaries within which the system can be
studied without interference from electrolyte decomposition. Prior to each measurement,
the stability window was evaluated to ensure that the observed electrochemical responses
originated solely from the materials under investigation.

2.1.2. Cyclic Voltammetry

Cyclic voltammetry (CV) is a widely employed electroanalytical technique used to in-
vestigate the redox behavior of materials, assess electrochemical stability, and provide
insights into reaction kinetics and surface properties. In this technique, the potential of
the working electrode is linearly swept between two de ned limits at a controlled scan
rate, and the resulting current is recorded. After reaching the upper (or lower) potential
limit, the scan direction is reversed, forming a complete potential cycle. If the scan is
performed in a single direction only without the reversal step the technique is referred

to as linear sweep voltammetry (LSV).

CV is particularly useful in the context of electrocatalysis for evaluating the presence of
redox-active species, determining onset potentials of electrochemical reactions, and esti-
mating the electrochemically active surface area (ECSA). In this work, CV was used to
characterize both the intrinsic activity and surface features of the catalyst materials as
well as to condition the electrodes before steady-state measurements.

Typical measurements were conducted in a potential window chosen to avoid electrolyte
decomposition and adjusted according to the material system under investigation. The
scan rates varied according to the objective: slow scan rates (e.g. 5-10 mV/s) were used to
observe redox transitions and reaction kinetics, while a series of faster scans (e.g. 20-100
mV/s) were used for the estimation of ECSA.

The shape and position of the voltammograms provided qualitative information on the
nature of the redox processes that occur at the electrode surface. In the presence of
well-de ned peaks, the current response can be related to speci ¢ oxidation or reduction
events. For metallic or oxide catalysts, features in the CV were used to infer surface-state
transitions and the potential range over which the material remains electrochemically
active.
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2.1.3. Rotating Disk and Rotating Ring-Disk Electrode Tech-
niques

The Rotating Disk Electrode (RDE) and Rotating Ring-Disk Electrode (RRDE) tech-
nigques are powerful tools in electroanalytical chemistry, particularly valuable for studying
electrocatalytic reactions where mass transport and intermediate detection are crucial.
In both cases, the key feature is the controlled rotation of the electrode, which induces
a well-de ned hydrodynamic ow, enhancing mass transport to the electrode surface and
allowing for steady-state or di usion-limited current conditions.

In the RDE con guration, the working electrode is mounted on a rotator and spun at
controlled rotation speeds. This rotation creates a laminar ow of electrolyte toward the
electrode, e ectively minimizing the e ects of natural convection and ensuring a constant
di usion layer thickness. The resulting current response is in uenced by both the reaction
kinetics and the mass transport rate, and it can be modeled using the Levich equation:

I, =0:62nFAD %= 16 1=2C (2.3)

where |, is the limiting current (A), n is the number of electrons transferredF is the
Faraday constant, A is the electrode area (cA), D is the di usion coe cient of the re-
actant (cm?/s), is the kinematic viscosity of the electrolyte (cr¥/s), ! is the angular
rotation rate (rad/s), and C is the bulk concentration of the reactant (mol/cn?).

In RRDE setups, the disk electrode is surrounded by a concentric ring electrode. This
con guration enables the detection of reaction intermediates or products formed at the
disk that di use outward and are subsequently collected at the ring. The ring and disk
can be held at di erent potentials, allowing selective oxidation or reduction of species
generated during the reaction. This technique is especially useful for multi-step reactions
like the ORR, where the detection of partially reduced species (e.g., hydrogen peroxide)
provides direct information about the selectivity and mechanism of the catalyst under
study.

In this work, RRDE measurements were performed using a RRDE setup (Pine Research
Instrumentation, based on an MSR Rotator), driven by an external speed controller
(Model AFM-SRCE, Pine Instrument Co.), and coupled with a bipotentiostat (VMP-
300, Biologic Science Instruments).

The same con guration was also used without electrode rotation for OER electrocatalysis
tests, since this type of forced convection is not required for gas-evolving electrodes where
di usion is not the limiting factor.

In the RRDE experiments, a glassy carbon disk and platinum ring were employed. The
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disk was used to evaluate the catalyst activity toward the target reaction, while the ring
was poised at a potential suitable for detecting reaction intermediates.

The percentage of hydrogen peroxide produced during the oxygen reduction reaction was
calculated using the following equation:

%H 202 =
° | gisk + | ring =N

(2.4)

and the number of electrons transferred per oxygen molecule) (was determined as:

4 | gisk
n= | gisk + Iring =N (2:3)
wherel g5 and |,ng are the disk and ring currents, respectively, an®N is the collection
e ciency of the RRDE setup, a geometric constant speci ¢ to the electrode used.
All RDE and RRDE experiments were conducted using the same three-electrode con-
guration described previously. Prior to each experiment, the electrodes were polished,
rinsed, and calibrated according to standard procedures to ensure reproducibility.

Figure 2.1: Scheme of an electrochemical cell connected to a potentiostat. a: working
electrode, b: reference electrode, c: counter electrode and d: electrolyte.
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2.1.4. GDE testing

The rst test developed to compare di erent electrodes was based on a half-cell con gu-
ration, referred to as the Rapid Screening Protocol (RSP). The experimental parameters
are summarized in Table 2.1, while the rationale behind the selected current densities is
discussed in Section 3.2.2. The choice of a half-cell setup (Gaskatel FlexCELL) was moti-
vated by the need to isolate degradation phenomena associated with the cathode, avoiding
interference from the zinc anode, which introduces additional complexity as outlined in
Chapter 1. This con guration enabled controlled oxygen supply and the introduction
of Zn?* -containing electrolytes to simulate the presence of zincates resulting from anode
dissolution.

Step Duration (minutes)

1 | CC @ -60 mA/cnt 20
2 | GEIS 200 kHz 100 mHz

3 | CC @ 10 mA/cn? 120
4 | CC @ -60 mA/cnt 20
5 | GEIS 200 kHz 100 mHz

6 | CC @ 30 mA/cn? 40
7 | CC @ -60 mA/cnt 20
8 | GEIS 200 kHz 100 mHz

9 | CC @ 90 mA/cn? 13.3
10 | CC @ -60 mA/cn? 20
11 | GEIS 200 kHz 100 mHz

12 | CC @ 60 mA/cnt 20
13 | CC @ -60 mA/cn? 20
14 | GEIS 200 kHz 100 mHz

15 | CC @ 90 mA/cn? 13.3
16 | CC @ -60 mA/cn? 20
17 | GEIS 200 kHz 100 mHz

18 | CC @ -60 mA/cn? 20
19 | Go to step 1 for 2 times

Table 2.1: RSP protocol in detail.

2.2. -MnO ,, fabrication

The synthesis of -MnO, was carried out via a microwave-assisted redox reaction in
agueous solution. Precisely 0.314 g of,RO, (Sigma-Aldrich Chemie GmbH), 0.486 g of
K,$,0g (Sigma-Aldrich PTE Ltd.), and 0.203 g of MnSQ-H,O (Merck, ACS, Reag. Ph
Eur) were dissolved in 10 mL of Millipore water (Milli-G® , TKA, resistivity 18.2 M  cm).
The solution was transferred into a 30 mL quartz reaction vial (G30 vessel) equipped with
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a magnetic stirring bar, sealed, and subjected to microwave heating.

The reaction was conducted at 200C for 30 minutes in a Monowave 400 microwave reactor
(Anton Paar GmbH), operating at maximum power to maintain the target temperature.
The stirring speed was maintained at 600 rpm. These synthesis conditions were empir-
ically optimized to favor the formation of phase-pure -MnO,, as con rmed by X-ray

di raction (XRD) and Raman spectroscopy [6].

To improve reproducibility and throughput, the process was modi ed to accommodate
batch production: twelve reaction vials were processed simultaneously using an automated
carousel system. The protocol described in [7] includes a centrifugation step for post-
synthesis puri cation of the product. In contrast, other cases such as those reported in
omit centrifugation, instead collecting the product and performing the washing process
by vacuum ltration through a Buchner funnel, using 200 mL of ethanol and deionized
water. The washing cycle was repeated ve times, and the pH of the ltrate was moni-
tored after each cycle to ensure the removal of residual acidic byproducts.

The nal product was dried overnight in air at 60 °C. The average yield of -MnO, was
105+ 2 mg per vial. After drying, the material was manually ground in an agate mor-
tar for 15 minutes to ensure complete disaggregation of residual millimeter-sized clumps.
Scanning electron microscopy (SEM) con rmed that the nanowire morphology was pre-
served during this nal step, and that the product consisted of micrometric aggregates
composed of -MnO, nanostructures.

2.3. GDE fabrication

Throughout this work, two distinct methods were employed for the fabrication of gas

di usion electrodes. The rst is spray coating, which was used both in manual and
automated con gurations. This method is described in detail in [8], [9], Chapter 7, and
Chapter 8 the latter involving automated spray deposition. The second method is based

on hot pressing a paste composed of the active layer components. This approach was
speci cally adopted for the electrodes described in Chapter 5.

2.3.1. GDE Fabrication via Spray-Coating

GDEs were fabricated by spray-coating two distinct types of catalyst inks, corresponding
to di erent active layer compositions. These formulations are described in detail in the
following sections. The spray-coating process was carried out as follows.
Hydrophobized carbon paper with 60 wt% PTFE (Toray—Paper TGP-H-060, Fuel Cell
Store, 40 cm 40 cm) was cut into strips measuring 9 cm 3 cm. The supports
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were xed to the hot plate of the spray-coating system using magnets. Deposition was
performed using a Badger 350 Mobile Tech Airbrush, operated under a constant nitrogen
ow at 4 bar. To ensure reproducibility and operator-independence, the protocol was
thoroughly optimized and validated through repeated trials yielding a narrow distribution
of electrochemical performances (as reported in [7] and in preliminary works done in our
group). The key aspects of the protocol are as follows:

A

Batches of 20 mL of catalyst ink were processed directly in the airbrush reservoir
and kept under continuous magnetic stirring at 900 rpm until use.

After each deposition run, the airbrush was fully disassembled and meticulously
cleaned with isopropyl alcohol.

The nozzle settings and nozzle-to-substrate distance (180.5 cm) were calibrated
using custom-designed alignment references.

The sweep rate (7 10% cm s?), stroke sequence, and pattern (alternating vertical
and horizontal strokes in clockwise rotation) were precisely de ned and adhered to.

The sweep rate, stroke timing, and hot plate temperature (65 0.1°C) were optimized to
prevent Im cracking and to ensure morphological homogeneity at the micrometer scale, as
con rmed by SEM imaging. Following deposition, the GDEs were heat-treated in a retort
oven at 330°C for 30 minutes under a nitrogen atmosphere to promote uniform PTFE
distribution within the layer. The nal catalyst loading was estimated by measuring the
mass gain of the electrode after spray coating.

2.3.1.1. Monofunctional Catalyst Ink

Monofunctional inks for oxygen reduction reaction (ORR) GDEs were prepared by dis-
persing 40 wt% carbon black (C-NERGY SUPER C65, Imerys Graphite & Carbon),
40 wt% in-house synthesized-MnO,, and 20 wt% PTFE (59 wt% dispersion, 3M-Dy-
neon—PTFE TF 5060GZ) in 16.2 mL of deionized water. The mixture was stirred magnet-
ically for 10 minutes, then sonicated for 1 minute at 10 W using a tip sonicator (UP200St,
Hielscher Ultrasonics GmbH) to promote uniform nanowire dispersion. Homogenization
was completed using a rotor-stator homogenizer (PT2500E Polytron, Kinematica GmbH,;
tip: PT-DA 12/2EC-E157) operated at 30.000 rpm for 1 minute.

2.3.1.2. Bifunctional Catalyst Ink

Bifunctional inks for combined ORR/OER GDEs were formulated by mechanically mix-
ing -MnO, nanowires with Ni/NiO nanoparticles. The optimized composition reported
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