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Abstract 

This PhD thesis addresses the fundamental components of calcium-based batteries, i.e., electrolytes, 

cathodes, and anodes, through a systematic and integrated investigation aimed at advancing both the 

understanding and the feasibility of this emerging energy storage technology. 

The electrolyte studies focused on the development and evaluation of two novel calcium salts, Ca-

FPB and CaB₁₂H₁₂, as well as on the adoption of Ca(TFSI)₂ in glyme- and phosphate-based solvents. 

Ca-FPB demonstrated high electrochemical stability and reversible Ca plating/stripping, though its 

complex, moisture-sensitive synthesis limits scalability. CaB₁₂H₁₂ exhibited promising reversibility 

in specific solvent/additive combinations but with restricted stability windows. These studies 

highlighted the critical role of electrolyte formulation in enabling stable interphases and reproducible 

electrochemistry.  

To support accurate electrode testing, a pseudo-capacitive three-electrode setup was also developed, 

providing a stable environment without the complications of metallic calcium. 

On the cathode side, intercalation materials such as the Prussian Blue Analogue MF21 were 

investigated. MF21 demonstrated reversible Ca²⁺ intercalation with structural retention, though 

capacity fading in full-cell configurations underscored persistent interfacial issues. Tests in the 

pseudo-capacitive setup confirmed improved stability, at the expense of capacity, pointing to complex 

electrolyte–electrode interactions that remain to be fully understood. 

Anode investigations comprised both intercalation- and alloy-type materials. TiO₂-nanotubes in the 

anatase phase showed modest but reversible Ca²⁺ intercalation while maintaining structural integrity, 

suggesting potential for divalent ion storage. Alloy-type anodes were studied in detail, with Ca–Zn 

and Ca–Sn systems prepared via different synthetic approaches. A systematic screening demonstrated 

that arc melting is the most effective route for producing homogeneous alloys, outperforming 

annealing and ball milling. Comparative studies revealed superior cycling stability for Zn-rich Ca–

Zn alloys, leading to the identification of CaZn₂ as the most promising formulation, further 

characterized structurally and electrochemically. In parallel, Ca–Sn alloys were preliminarily 

evaluated, showing initial activity but also rapid deactivation linked to volume expansion and 

unstable SEI growth. 

Overall, this work provides a comprehensive assessment of the limitations and prospects of calcium-

based batteries. It establishes methodological guidelines for electrolyte formulation, electrode testing, 

and alloy synthesis, while identifying CaZn₂ as a benchmark alloy composition for further studies. 
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Although commercialization of Ca-based batteries remains distant, the results presented here 

contribute to understanding the fundamental processes governing their performance and to laying the 

groundwork for the rational design of next-generation multivalent energy storage technologies. 
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Résumé 

Cette thèse de doctorat traite des composants fondamentaux des batteries au calcium, c’est-à-dire les 

électrolytes, les cathodes et les anodes, à travers une investigation systématique et intégrée visant à 

faire progresser à la fois la compréhension et la faisabilité de cette technologie émergente de stockage 

de l’énergie. 

Les études sur les électrolytes se sont concentrées sur le développement et l’évaluation de deux 

nouveaux sels de calcium, Ca-FPB et CaB₁₂H₁₂, ainsi que sur l’utilisation de Ca(TFSI)₂ dans des 

solvants de type glymes et phosphates. Le Ca-FPB a démontré une grande stabilité électrochimique 

et la possibilité de dépôt/dissolution réversible du calcium métallique à température ambiante, bien 

que sa synthèse complexe et sensible à l’humidité limite son extensibilité. Le CaB₁₂H₁₂ a montré une 

réversibilité prometteuse dans certaines combinaisons solvant/additif, mais avec des fenêtres de 

stabilité restreintes. Ces résultats ont mis en évidence le rôle critique de la formulation des électrolytes 

pour permettre la formation d’interphases stables et une électrochimie reproductible. 

Afin de soutenir une évaluation précise des électrodes, un dispositif pseudo-capacitif à trois électrodes 

a également été développé, fournissant un environnement stable sans les complications liées au 

calcium métallique. 

Du côté des cathodes, des matériaux d’intercalation tels que l’analogue bleu de Prusse MF21 ont été 

étudiés. Le MF21 a démontré une intercalation réversible de Ca²⁺ avec maintien de la structure, bien 

que la perte rapide de capacité en configuration pile entière ait souligné des problèmes interfaciales 

persistants. Les tests dans la configuration pseudo-capacitive ont confirmé une meilleure stabilité, au 

détriment de la capacité, indiquant des interactions complexes électrolyte–électrode qui restent à 

élucider. 

Les investigations sur les anodes ont porté à la fois sur des matériaux d’intercalation et d’alliage. Les 

nanotubes de TiO₂ en phase anatase ont montré une intercalation modeste mais réversible de Ca²⁺ tout 

en conservant leur intégrité structurelle, suggérant un potentiel pour le stockage d’ions divalents. Les 

anodes d’alliage ont été étudiées en détail, en particulier les systèmes Ca–Zn et Ca–Sn préparés par 

différentes approches de synthèse. Un criblage systématique a démontré que la fusion par arc est la 

méthode la plus efficace pour produire des alliages homogènes, surpassant le recuit et le broyage 

mécanique. Les études comparatives ont révélé une stabilité de cyclage supérieure pour les alliages 

Ca–Zn riches en zinc, menant à l’identification de CaZn2 comme la formulation la plus prometteuse, 

caractérisée plus en détail sur les plans structural et électrochimique. En parallèle, les alliages Ca–Sn 

ont été évalués de manière préliminaire, montrant une activité initiale mais également une 

désactivation rapide liée à la croissance instable de la SEI. 
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Dans l’ensemble, ce travail fournit une évaluation complète des limites et des perspectives des 

batteries au calcium. Il établit des lignes directrices méthodologiques pour la formulation des 

électrolytes, l’évaluation des électrodes et la synthèse des alliages, tout en identifiant CaZn₂ comme 

composition de référence pour de futures études. Bien que la commercialisation des batteries au 

calcium demeure lointaine, les résultats présentés ici contribuent à une meilleure compréhension des 

processus fondamentaux qui régissent leurs performances et posent les bases de la conception 

rationnelle des technologies de stockage multivalent de nouvelle génération. 
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1 Chapter I: Introduction 

 

1.1 Context and Motivation 

Batteries constitute one of the most vital technologies driving modern society, serving crucial roles 

across various sectors, including electric mobility, consumer electronics, and energy storage systems 

for renewable sources. The escalating demand for portable and efficient energy solutions drives the 

battery sector into a realm of continuous research and innovation aimed at enhancing performance, 

lowering production costs, and mitigating environmental impact.1 A striking projection, shown in 

figure 1.1, indicates that global electricity consumption is expected to grow at its most rapid rate 

between 2025 and 2027, driven by factors such as increased industrial production and a surge in air 

conditioning usage, alongside significant expansion of global data centers.2 Notably, a 4.3% rise in 

global and it is expected to stabilize at nearly 4% annually leading up to 2027. Over this period, an 

unprecedented increase of approximately 3,500 TWh in electricity consumption is anticipated, 

roughly equivalent to the annual electricity needs of Japan,2 alongside a marked escalation from a 

mere 2.5% increase in 2023 linked to fluctuations in regions like China, India, and Southeast Asia.3 

In addition, climate change is increasingly recognized as the most urgent global challenge, a feeling 

shared by a large consensus of scientists worldwide. The Intergovernmental Panel on Climate Change 

(IPCC) consistently provides comprehensive assessments illustrating the current state of climate 

change and its severe implications.4 Data demonstrates that the ten warmest years on record have 

transpired since 2005, with five of the hottest years clustered between 2015 and 2020, evidencing a 

significant global temperature rise of approximately 1.2°C since pre-industrial times (see figure 1.2).5 

Figure 1.1.1 International Energy agency (IEA, 2025), Change in electricity demand by region, 2021-20274 
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Projections signal that unless drastic reductions in greenhouse gas emissions occur, the pivotal 

threshold of 1.5°C may be breached within the next 15 to 20 years. The commitments established by 

the 2015 Paris Agreement have been overshadowed by a surge in fossil fuel usage and deforestation, 

intensifying temperature escalations and threatening dire consequences, which include extreme 

weather phenomena, rising sea levels, and profound ecological disruptions.6,7 

In this context of urgent carbon emission reductions, energy storage has emerged as a cornerstone for 

establishing a more flexible and sustainable energy infrastructure. Vital to achieving decarbonization 

across electricity, heating, and transportation sectors is the enhancement of energy storage capacities. 

8–11 An array of energy storage technologies continues to be explored and refined, categorized based 

on materials employed, mechanisms for energy storage, responsiveness, and duration. This broad 

spectrum encompasses mechanical, electrochemical, electrical, thermochemical, chemical, and 

thermal energy storage systems.8,12 

 The development of efficient and cost-effective batteries is increasingly recognized as a key factor 

in achieving environmental sustainability. This assertion is supported by a growing body of literature 

that emphasizes the vital role of advanced battery technologies.13 Renewable energy sources such as 

wind and solar are essential replacements for fossil fuels, but their inherent intermittency drives the 

demand for robust storage solutions that ensure energy availability throughout differing demand 

periods. Wind energy generation, for example, is contingent on weather conditions, while solar energy 

production is confined to daylight hours; consequently, scalable and economical battery technologies 

are fundamental for reliable energy access.11,14 Moreover, economic drivers, along with 

environmental and strategic motivations, propel the gradual transition from conventional combustion-

based energy mechanisms towards renewable sources,15–17 thereby amplifying the imperative for 

Figure 1.2Change in global surface temperature compared to the long-term average from 1951 to 1980. on the right shows the change in global 

surface temperatures. Dark blue shows areas cooler than average. Dark red shows areas warmer than average.6 



 

18 
 

advanced battery solutions that can readily meet rising demand associated with transportation 

electrification. 

 

1.2  From Lithium-Ion Batteries (LIBs) to Multivalent Metals 

 

Lithium-ion batteries (LIBs) represent a leading technology due to their high energy efficiency, 

making them appear as ideal candidates to facilitate this energy transition. The achievements of the 

LIB technology catalysed the widespread adoption of portable electronic devices within society, 

presenting a near-term avenue for sustainable transportation solutions that require reduced 

environmental impacts alongside providing stationary energy storage capabilities for renewable 

energy derived from solar and wind sources. While LIBs have seen significant optimization over the 

past two decades and the costs associated have evidenced a declining trajectory,18,19 the technology 

is currently approaching inherent limits regarding energy density which typically range between 200 

and 250 Wh/kg depending on the specific chemistry used.19,20  Historically, the pursuit of higher 

energy densities has been a significant impetus driving innovations within battery research. 

Nonetheless, intrinsic constraints imposed by the existing material and structural paradigms of LIBs 

pose increasingly challenging obstacles to overcome.21,22 

Taken together, these factors indicate that conventional LIBs technology alone is unlikely to meet the 

long term demands for higher energy density and large-scale deployment, thereby providing a strong 

motivation for the development of post lithium-ion chemistries. 

Furthermore, LIBs rely on critical materials such as lithium (Li), nickel (Ni) and cobalt (Co), elements 

notorious for their prohibitive costs and susceptible to geopolitical supply disruptions, as well as with 

environmental ramifications and market fluctuations. In addition to technical limitations, this strong 

dependence on critical and unevenly distributed raw materials further increases the strategic risk 

associated with relying solely on LIB technology for future energy storage needs.23 These 

considerations render the exploration and development of alternative battery chemistries not just 

advantageous but essential for creating more sustainable, less resource-dependent solutions poised 

for scalable application.24,25 

Application of multivalent ions such as Mg²⁺, Ca²⁺, or Al³⁺ as charge carriers is particularly 

compelling. Such multivalent ions hold the potential to enable an increased capacity for storage and 

electron transport per ion, theoretically doubling the charge storage capacity compared to monovalent 

ions such as Li⁺ or Na⁺. This capacity can alternatively translate to achieving equivalent charge 
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storage with approximately half the number of ions, thereby diminishing the demands placed on ionic 

transport, potentially enhancing overall battery performance.26,27 

Within this broader family of multivalent systems, calcium has recently attracted particular attention 

as it combines several of these advantages with favourable abundance, cost and redox properties. 

Among the spectrum of candidate multivalent metals, calcium emerges as an exceptional candidate 

due to its advantageous integration of properties. Being the fifth most abundant element on Earth's 

crust, it is more readily available than lithium, sodium, potassium, magnesium, and zinc, coupled 

with its economically favourable profile owing to its low industrial costs.28 Notably, calcium is non-

toxic, presents a high melting point (842 °C) for safe operations and exhibits the most negative redox 

potential (−2.87 V vs. SHE) among its multivalent counterparts. Furthermore, with a density of 1.54 

g/cm³ and a specific charge capacity of 1.34 Ah/g, calcium metal anodes possess a theoretical 

volumetric energy density of 2.06 Ah/cm³. In comparison, conventional graphite anodes utilized in 

current LIBs average around 0.97 Ah/cm³, indicating the potential for achieving a twofold 

enhancement in energy density using calcium-based materials.29 

These metrics illustrate why calcium-based devices are increasingly regarded as promising candidates 

for next generation rechargeable batteries that could offer higher energy density with lower reliance 

on critical raw materials. Moreover, it is anticipated that theoretically Ca²⁺ ions display superior ionic 

mobility in liquid electrolytes relative to Mg²⁺ or Al³⁺, attributable to a comparatively lower charge 

density (or charge-to-radius ratio).28,30 This results in a diminished polarizing effect, enhancing the 

transport kinetics. The ionic radius of Ca²⁺ is remarkably similar to that of Na⁺, i.e., approximately 

1.00 Å, while that of Na⁺ is around 1.02 Å. This close correspondence in ionic dimensions facilitates 

the behaviour of these cations in various chemical contexts, particularly regarding their capacity for 

intercalation and deintercalation within a range of materials. Na⁺ ions are known for their ease of 

insertion into and extraction from layered structures, such as transition metal oxides and clays, largely 

because their size allows effective coordination within a wide range of host structures, which 

facilitates ion insertion and extraction.31–33 Although interest in calcium-ion batteries has surged only 

in recent years (see Figure 1.3), the use of calcium in electrochemical systems has historical roots that 

precede the development of lithium-based battery technologies.34 A pictorial timeline of the use of Ca 

and Li in batteries is shown in the Figure 1.4 a and b respectively.34,35 

Taken together, these considerations justify the significant research efforts currently devoted to 

calcium-based systems, which aim to combine the high energy density and cost advantages of calcium 

metal with more sustainable, large scale and geopolitically robust energy storage technologies. 
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1.3  History of Progress in Calcium Batteries 

 

The earliest documented application of calcium within the domain of battery technology can be traced 

back to 1935, wherein the element was utilized not as an electroactive constituent but rather as an 

alloying agent to reinforce lead grids in lead-acid batteries.36,37 The identification of calcium as an 

electrochemically active metal dates back to 1964, emerging from studies on primary thermal 

batteries designed for use in aerospace and defence sectors. Essential to these designs were high-

melting-point electrolytes characterized by mixtures of various metal chlorides that remained inert at 

ambient conditions to prevent self-discharge during prolonged storage, only activating thermally 

when required. A notable example of such a cell configuration was the Ca/KCl–LiCl–AgCl–

K₂CrO₄/Ag cell, which exhibited discharge capabilities extending up to 450 °C for approximately 11 

minutes, despite enduring challenges associated with Li–Ca alloy formation at the anode.38 

Subsequent explorations concerned the surface modification of calcium anodes, particularly through 

the formation of CaCO₃ via treatment with acetic acid. However, this pathway elucidated complex 

interfacial chemistries, often resulting in mixed corrosion products, such as Ca₂CrO₄Cl and KCaCl₃.39 

Moreover, attempts to replace chloride-based electrolytes with lower-melting nitrates encountered 

limitations attributed to the formation of a passivation layer primarily composed of CaO, restricting 

the redox catalysis of calcium to a single-electron transfer per calcium atom, drastically hampering 

reversibility. Additives, such as halide salts, were explored to disrupt these passivation layers and 

enhance ionic mobility.40 

Simultaneously, high-temperature battery concepts were broached, encompassing rechargeable 

systems employing Ca–Si alloy anodes and β″-alumina solid electrolytes conducting Ca²⁺ ions 

operating at approximately 580 °C, along with configurations utilizing Ca–Y alloy anodes 

Figure 1.3 Scopus analysis of Ca battery publications 37 
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complemented by fluoride-conducting solid electrolytes. Investigations even spanned into assembling 

Ca–O₂ cells engaging zirconia-based electrolytes.41,42 While limited charge-discharge cycles could be 

demonstrated, insufficient characterization of the fundamental redox mechanisms precipitated a 

pronounced decline in further inquiry into these avenues. 

Around the same period, Staniewicz et al. proposed Ca–SOCl₂ cells as prospective alternatives to Li–

SOCl₂ systems, accentuating safety advantages conferred by calcium’s incapacity to form plating 

during reversible operations.43 Subsequent characterizations attributed this behavior to the production 

of ionic insulator  passivation layers predominantly composed of CaCl₂, which limited 

electrochemical performance.44–46 Future research ventured into related designs achieving slightly 

elevated cell voltages, yet prominent issues surrounding calcium electrode corrosion produced rapid 

capacity losses, with an estimated decline of 10% observed within a mere two-week shelf-storage 

period.47 

Advancements included the investigation of additives, such as Ca(AlCl₄)₂, Sr(AlCl₄)₂, and Ba(AlCl₄)₂, 

aimed at modifying passivation layers and curtailing corrosion.43,47,48 Notably, the reactivity between 

calcium metal and the stainless-steel casing materials, echoes challenges reflected in lithium systems, 

 

Figure 1.4 Timeline of Ca use in battery technology,35 b) Evolution and advances of lithium38 
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became evident during investigations. Despite these diverse explorations, calcium-based systems 

consistently failed to present compelling advantages compared to established lithium technologies, 

resulting in their retention within niche military applications.49 

The challenges associated with calcium metal deposition stymied further explorations into secondary 

calcium batteries. Despite these setbacks, foundational studies conducted by Aurbach et al. evaluated 

the behavior of calcium metal in organic electrolytes typified by those eulogized during the early 

evolution of lithium-ion battery technology.50 These investigations encompassed solvents such as 

acetonitrile (ACN), tetrahydrofuran (THF), γ-butyrolactone (gBL), and propylene carbonate (PC), 

utilizing calcium-containing salts such as Ca(ClO₄)₂ and Ca(BF₄)₂. The findings confirmed that the 

established passivation layers on calcium metal were largely impermeable to Ca²⁺ ions, mirroring 

observations from SOCl₂-based systems, thus blocking te reversible plating and stripping of calcium. 

By the early 2000s, LIBs were firmly established within the market landscape,51 the renewed interest 

in metal anodes and multivalent-ion chemistries emerged as a strategic route to enhance energy 

density, with calcium-based systems viewed as an exotic research avenue. Despite promising findings 

in magnesium systems utilizing organohaloaluminate-based electrolytes that permitted reversible Mg 

deposition,52 parallel breakthroughs for calcium failed to materialize principally due to the 

unavailability of suitable electrolytes. This limitation shifted early investigations toward studying 

Ca²⁺ intercalation into host materials, frequently utilizing non-metallic anodes such as activated 

carbon. 53 

The genesis of early studies into Ca²⁺ intercalation traces back to the 1960s and 1970s, inspired by 

pioneering research within intercalation chemistry.54 These formative explorations focused on layered 

compounds with van der Waals structures (specifically, WS₂, TaS₂, TiS₂, MoO₃, and V₂O₅) facilitating 

the intercalation of various cations. While lithium and other alkali metals dominated earlier studies, 

occasional investigations into calcium were conducted, predominantly through chemical intercalation 

employing aqueous hydroxide solutions or through calcium metal dissolved in liquid ammonia.55–57 

The emergence and rapid advancement of LIBs technology during the 1970s gradually shifted 

attention away from multivalent systems, resulting in a long period of limited exploration into 

calcium-based electrochemistry. However, interest in calcium began to re-emerge in the early 21st 

century, driven by the aforementioned motivations. This resurgence was marked by electrochemical 

investigations into Prussian Blue Analogues (mostly hexacyanoferrates) in aqueous electrolytes.58,59 

Additional efforts utilizing organic solvents, such as ACN and PC, employing V₂O₅ as host material, 

demonstrated Ca²⁺ intercalation validated through electrochemical assessments and powder X-ray 

diffraction.60–62 
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In the subsequent decade, the growing demand for sustainable energy storage solutions reinvigorated 

attention towards calcium-based systems, strongly motivated by the previously discussed challenges. 

New battery concepts like Ca/S batteries displayed initial electrochemical activity despite limited 

reversibility.63 Concurrently, the advent of liquid metal batteries unfolded, employing molten salt 

electrolytes positioned between two immiscible liquid metal electrodes.64 Although pure calcium 

proved unsatisfactory due to its significant reactivity and solubility in molten salts, Ca-based alloys 

with melting points near 600 °C retained advantageous potential when infused with halide 

electrolytes.65–68 However, practical implementation is still obstructed by unresolved engineering 

challenges surrounding corrosion resistance, sealing integrity, and thermal regulation.37 

Further investigations into hexacyanoferrates within aqueous69 and organic70 mediums yielded 

markedly reversible Ca²⁺ insertion behaviours. The incorporation of water into organic electrolytes 

proved beneficial, albeit the nuances defining precise redox mechanisms and the influence of water 

molecules—both intrinsic and introduced—remain elusive.71,72 Drawing from prevailing literature 

surrounding LIBs cathodes, efforts to repurpose similar intercalation materials for calcium have 

intensified, although the disparity between the electrochemical traits of Li⁺ and Ca²⁺ accentuates the 

need for bespoke materials designed specifically for calcium applications.73,74 

The end of 2016 marked a watershed moment when the feasibility for reversible calcium metal plating 

and stripping was empirically demonstrated, as elucidated in foundational studies by Ponrouch et al., 

who employed conventional alkyl carbonate-based organic electrolytes to facilitate this 

phenomenon.75 While limitations in interfacial stability and oxidative resistance remained, the results 

catalyzed further research into electrode materials for calcium battery applications. 

Progression was punctuated by findings from Bruce et al., who illustrated reversible Ca plating at 

ambient temperature using a liquid electrolyte based on calcium borohydride Ca(BH₄)₂ in 

tetrahydrofuran (THF).76 A solid electrolyte interphase (SEI) rich in calcium hydride (CaH₂) emerged 

as a critical enabler facilitating this reversibility; however, the electrochemical stability of this 

electrolyte was confined to approximately 2.5 V vs. Ca2+/Ca, thereby considerably constraining its 

feasibility for full-cell configurations demanding escalated operational voltages. 

A transformative shift transpired alongside unprecedented endeavours from both the Zhao-Karger 

and Nazar research groups, who concurrently introduced calcium bis-

tetrakis(hexafluoroisopropyloxy) borate, Ca[B(hfip)₄]₂, as a pioneering electrolyte formulation.77,78 

This advancement allowed reversible calcium metal plating and stripping at room temperature, within 

an impressively large electrochemical stability window (ESW) ascending to 4.0 V vs. Ca2+/Ca. 

Nevertheless, ongoing investigations into how Ca[B(hfip)₄]₂/DME solutions influence passivation 



 

24 
 

during aging and cycling have produced enlightening yet surprising results. While the initially formed 

passivation layers during aging allowed for reversible calcium plating and stripping, prolonged 

exposure to CaB(hfip)₄₂/DME electrolytes induced progressive degradation of the calcium metal 

surface, leading to the development of a secondary passivation layer. This ongoing corrosion process 

significantly increased interfacial resistance, ultimately resulting in electrochemical failure of the 

electrode. 79 Thus, underscoring the dualistic behavior of CaB(hfip)₄₂, which not only promote initial 

SEI formation but concurrently generates extensive instability through continual chemical assault on 

the interfacial structures.  

Parallel explorations into unique electrochemical cell configurations, particularly those integrating 

activated carbon (AC) as the counter electrode alongside a quasi-reference electrode (QRE), were 

launched aimed at evaluating Ca-ion positive electrode materials.80–82 These studies emerged in 

response to the limited spectrum of electrolytes capable of sustaining effective Ca stripping and 

deposition, typically characterized by low coulombic efficiency. This scenario rendered calcium 

metal an unreliable candidate for counter/reference electrode application.81 The absence of a 

dependable and standardized configuration for characterizing candidate positive electrode materials 

within Ca²⁺ injection systems constrained the advancement of the field. However, the AC/QRE setup 

exhibited commendable stability and reproducibility with 0.5 M Ca(TFSI)₂ in DME, proving 

instrumental in the electrochemical characterization of bilayered V₂O₅ cathodes, thus presenting a 

viable methodology for the screening of cathode materials within calcium-battery architectures.81 

The confluence of these breakthroughs has birthed a practical trajectory towards the plausible 

development of calcium battery technologies operable at ambient temperatures, laying the 

groundwork for future innovations aimed at high-energy-density and cost-effective energy storage 

systems. 

1.4  Ongoing Challenges 

Summarizing the pivotal insights gleaned from the extensive exploration of calcium batteries yields 

several critical observations: 

1.4.1  Ca metal negative electrode (or counter-electrode): 

The challenges associated with calcium metal are prominently underscored by the interphase 

formation dominated by the development of a Ca-ion impermeable interface largely constituted of 

oxides and other stable species like CaF2 in the case of fluorinated electrolytes, hindering Ca 

reactivity.83,84 An exploration into the stability dynamics of CaO relative to other metals is elucidated 

by the Ellingham−Richardson diagram,85 which plots the Gibbs free energy (ΔG) shifts of oxidation 

reactions against temperature. A more negative ΔG for a reaction signifies a higher thermodynamic 
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drive supporting its spontaneous occurrence. The downward trajectory of metal lines encased within 

the diagram indicates increasing metal reactivity and progressively challenging oxide reduction. 

Consequently, the superior stability of CaO compared to MgO and Al₂O₃ clearly indicates that the 

formation of CaO-based passivation layers is thermodynamically favoured. This poses significant 

challenges for calcium electrochemistry, as such layers hinder Ca²⁺ ion transport and prevent effective 

interaction between Ca²⁺ ions and the metal electrode. The use of metallic calcium as an anode in 

calcium batteries has only recently become viable, primarily due to the development of tailored 

electrolyte formulations. 

 

1.4.2 Electrolytes:  

The nature of calcium electrolytes plays a pivotal role in the development of calcium batteries, as 

their degradation behavior influences both calcium ion activity and the reversibility of 

electrochemical processes. Electrochemical reversibility of calcium at room temperature has long 

been recognized as a critical challenge. Emerging electrolyte candidates exhibit promising 

performance at room temperature against calcium metal, suggesting the feasibility of practical 

calcium-based batteries.  

However, these systems face significant limitations, including high costs, complex or moisture-

sensitive synthesis protocols, and limited electrochemical stability. Some innovative electrolyte 

formulations, enable reversible calcium plating; however, the complexity of achieving stable 

electrochemical processes remains critical in the realization of fully functional cells86. Consequently, 

the research surrounding calcium battery technologies identifies critical challenges that necessitate 

further investigation, including the need for cost-effective and stable electrolyte systems that are less 

sensitive to environmental conditions.87 

1.4.3 Ca cathodes:  

Despite the progress made within the domain of calcium cathodes, the notable absence of 

standardized electrolytes and efficient negative electrodes significantly decelerates advancements in 

this field.34,88  It is worth noting that one of the benchmark positive electrode materials for magnesium 

batteries, the Chevrel phases,89,90 is unfortunately not suitable for calcium-based systems. Despite the 

similar divalent nature of Mg²⁺ and Ca²⁺, the significantly larger ionic radius of Ca²⁺ (~1.00 Å vs. 

~0.72 Å for Mg²⁺) hinders its diffusion within the relatively narrow diffusion channels of the Chevrel 

structure, leading to poor electrochemical performance. 84,89 Research indicates that the compatibility 

of calcium with cathode materials remains a significant challenge, requiring extensive 

characterization of materials. To address these challenges, several investigations have explored 
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capacitive counter electrodes that balance cathodic charges through the formation of electric double 

layers on activated carbon surfaces.91–94 Activated carbon electrodes are noted for their excellent 

charge storage capabilities due to this formation of electric double layers, enhancing performance in 

various electrochemical applications. However, notable challenges persist, particularly due to 

inefficiencies in the standardization of procedures for material evaluation and development.34,91 

Nonetheless, major obstacles remain, particularly reflected in the lack of standardized protocols for 

the evaluation and development of materials. 

 

1.5 Goal and Structure of the Thesis 

Recent advancements in calcium battery research, particularly the demonstration of reversible 

calcium metal plating and stripping at room temperature, have renewed interest in calcium-based 

energy storage as a promising post-lithium alternative. Although calcium exhibits several intrinsic 

advantages, numerous fundamental challenges remain and must be addressed before this chemistry 

can be translated into practical and functional devices. 

In this context, this doctoral research aims to investigate the three fundamental components of 

calcium batteries: the anode, the cathode, and the electrolyte. These components are deeply 

interconnected, and their mutual interactions give rise to specific scientific and technological 

challenges that must be overcome to enable the advancement of this technology. 

Electrolyte — As a crucial bridging component linking the anode and cathode, the electrolyte plays 

a pivotal role in battery function. Its development requires careful consideration of both chemical and 

electrochemical stability across wide voltage ranges. This work investigates the electrochemical 

behavior of two innovative calcium-based salt formulations, aiming to achieve optimal performance 

and compatibility with calcium metal. 

Positive electrode — The divalent nature of Ca²⁺ presents substantial limitations in terms of diffusion 

kinetics and intercalation into conventional host structures, which were primarily designed for 

monovalent ions like Li⁺. Therefore, this thesis focuses on Prussian Blue Analogues, which open 

framework structure offer promising pathways for accommodating calcium ions. 

Negative electrode — While calcium metal is theoretically ideal as an anode due to its high capacity 

and low redox potential, achieving stable and reversible calcium deposition remains a major obstacle. 

After considerable attention to the synthesis and optimization of novel electrolytes capable of 

supporting calcium metal. In parallel, different type of calcium-based negative electrodes have been 

investigated, including an intercalation-type TiO₂ nanotube anode and two alloy-based systems: Ca–
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Zn and Ca–Sn with the common goal of achieving compatibility with more conventional electrolyte 

formulations. 

 

By addressing these three interdependent elements through a multidisciplinary lens, this research 

aspires to contribute significantly towards advancing both the fundamental grasp and the practical 

advancement of calcium battery technology.  
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2 Chapter II: Calcium aprotic electrolytes 

2.1 2.1 Introduction 

This chapter focuses on calcium-based electrolytes, with particular emphasis on the development of 

new electrolytes compatible with calcium metal. To provide context and highlight the rationale behind 

the design of novel systems, we will first report what an electrolyte is, and which are its main 

characteristics. It will follow a first review on calcium electrolytes studied until now, starting from 

traditional formulations and progressing to more innovative approaches. The recent advancements 

have inspired the development and investigation of two new undocumented salts, which represent the 

core of this chapter. 

2.1.1  Electrolytes characteristics  

The electrolyte is one of the three fundamental components of electrochemical cells, playing a pivotal 

role in facilitating ionic conduction between the anode and cathode. It enables the redox reactions 

that are critical for energy conversion and storage processes.1,2 The composition and aggregation state 

of the electrolyte, being liquid, solid, or gel, are essential for the performance of electrochemical 

systems, as they must include freely dissociated ions to enable efficient ionic transport when subjected 

to an electric field.1,2 The fundamental characteristics for electrolytes in electrochemical applications, 

particularly in batteries, include: 

1. Ionic Conductivity: A successful electrolyte must exhibit sufficient ionic mobility to minimize 

the internal resistance of the cell, ensuring efficient charge transport. The ionic conductivity 

of electrolytes directly impacts the battery's performance, with higher ionic conductivities 

correlated with better energy efficiency in energy storage systems.3–5 

2. Electrochemical Stability: The electrolyte must possess a wide electrochemical stability 

window to prevent decomposition at the operating potentials of the cell. A stable electrolyte 

ensures that the performance remains reliable over extended usage.6–8 

3. Chemical Compatibility: it is essential that the electrolyte exhibits minimal chemical 

reactivity with electrode materials and other cell components. However, a limited interfacial 

reactivity is unavoidable, particularly in systems employing highly reducing or oxidizing 

electrodes, and typically results in the formation of a solid interphase composed of electrolyte 

decomposition products on the electrode surface, known as the Solid Electrolyte Interphase 

(SEI). 8–10 

4. Interfacial stability: the electrolyte should promote the spontaneous formation of a stable SEI 

on the negative electrode surface. This SEI layer should be electronically insulating to prevent 
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further parasitic reactions, yet ionically conductive to allow continued transport of charge 

carriers (e.g., Ca2+). Its stability, both chemical and mechanical, over prolonged cycling and 

varying temperatures is also critical, along with maintaining a thin and homogeneous profile 

to avoid the increase of the interfacial resistance.9–11 

The rational design of electrolytes that consider both bulk and interfacial properties is critical for 

improving the performance, longevity, and safety of electrochemical energy storage and conversion 

systems. This design complexity reflects the need for a balanced approach to enhance the operational 

benchmarks expected of modern batteries.10–13 

Once established the general framework for electrolyte functionality, attention can now be devoted 

to calcium electrolytes. The next section explores their historical evolution, current challenges, and 

the motivations driving the search for novel calcium salt chemistries. 

 

2.1.2 Early Developments of Calcium Electrolytes for Rechargeable Batteries 

Early investigations into liquid calcium electrolytes were driven by the research of safer alternatives 

to Li-based primary batteries, specifically Li/Thionyl chloride (Li–SOCl₂), dating back to the 

1980s.14,15 Calcium–SOCl₂ (Ca–SOCl₂) batteries were explored as a promising alternative due to their 

comparable electrochemical properties: they offered a cell voltage of 3.64 V and an energy density of 

1230 mWh g⁻¹, closely matching the 3.65 V and 1474 mWh g⁻¹ of Li–SOCl₂ cells. Stankiewicz 

hypothesized that the higher melting point of calcium (839 °C) relative to lithium (180 °C) would 

mitigate risks related to anode melting during possible short-circuit events.14 

In one of the foundational studies, a Ca(AlCl₄)₂–SOCl₂ electrolyte with concentrations up to 2.0 M 

was synthesized by reacting CaCl₂ and AlCl₃ in a 1:2 molar ratio within SOCl₂ as the solvent.15,16 The 

resulting electrolyte was evaluated for its corrosive behavior on calcium metal. It was observed that 

Ca corrosion followed a battery-like electrochemical reaction pathway, leading to the formation of 

CaCl₂ on the metal surface, as characterized by X-ray diffraction (XRD) and infrared spectroscopy 

(IR). Gaseous SO₂ and elemental sulphur were proposed as additional byproducts. Notably, SOCl₂ 

alone resulted in a significantly slower corrosion rate, suggesting that Ca²⁺ solvation accelerates 

solvent reduction at the Ca surface. Due to ongoing corrosion, the capacity of Ca–SOCl₂ batteries 

was observed to decline to 50% after just one month of storage. The study also revealed that the 

presence of residual water and excess AlCl₃ in the electrolyte can significantly enhance calcium 

corrosion. Two additional electrolytes—Ca(FeCl₄)₂–SOCl₂ and Ca(SbCl₆)₂–SOCl₂—were also 

synthesized, though both exhibited even faster degradation of the calcium anode.14,16,17 
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Staniewicz found limited evidence for Ca plating through the passivating CaCl₂ layer, which appeared 

to function as a SEI. 14 He proposed that Cl⁻ ions migrate through defects in the CaCl₂ layer, enabling 

the deposition of Ca metal at highly negative potentials (–10 V vs. Ca2+/Ca at 1.24 mA cm⁻²). Peled 

and colleagues extended this work, also using Ca(AlCl₄)₂–SOCl₂ electrolytes, and concluded that 

CaCl₂ formed a passivation layer (<100 Å thick) with poor Ca²⁺ conductivity.15,16 They observed that 

this layer could only be electrolyzed under high overpotentials, precluding the possibility of 

rechargeability as potential safety advantage over Li–SOCl₂ systems. Additionally, battery 

performance was found to be sensitive to both electrolyte composition and temperature.  

In 1991, Aurbach and co-workers examined the electrochemical behavior of calcium electrodes in 

various electrolytes, including Ca(ClO₄)₂, Ca(BF₄)₂, TBA(ClO₄), and TBA(BF₄) (where TAB stands 

for tetrabutylammonium), dissolved in acetonitrile, γ-butyrolactone (BL), tetrahydrofuran (THF), and 

propylene carbonate (PC).18 Limited details were provided for Ca(BF₄)₂, but the results indicated that 

both the electrolyte salt and the solvent significantly influenced the morphology and passivation of 

the Ca anode.18 ClO₄⁻ was found to undergo reduction more readily than BF₄⁻, leading to the formation 

of CaCl₂ and higher stripping currents in Ca(ClO₄)₂-BL compared to TBA(ClO₄)₂-BL. The reaction 

between Ca metal and solvents such as BL and PC yielded various products, including esters, 

carboxylates, and inorganic species such as CaCO₃, rather than the ROCO₂Li observed in Li 

systems.19 The presence of even trace water (20 ppm) led to Ca(OH)₂ formation, and exposure to air 

caused CaCO₃ formation. Overall, no evidence of calcium deposition was found at room temperature 

in any of the studied systems, primarily due to the formation of insulating passivation films, 

underscoring the challenge of reversible Ca deposition and stripping.18,19 

2.1.3 Revisiting of the Traditional Calcium Salts 

Early investigations into traditional calcium electrolytes (e.g., Ca(BF₄)₂, Ca(ClO₄)₂, Ca(TFSI)₂) 

showed limited success due to the formation of passivation layers on Ca metal with poor Ca²⁺ 

conductivity at room temperature. However, in 2016, Palacín and colleagues revisited these salts in 

carbonate solvents (EC/PC mixture), highlighting that Ca(BF₄)₂ enabled quasi-reversible Ca 

plating/stripping at 100 °C with relatively low overpotential (0.10 V) and high ionic conductivity.20 

Yet, coulombic efficiency remained low (~40%) due to side reactions. Among the salts tested, only 

Ca(BF₄)₂ showed significant deposition, indicating the importance of the anion. 

Later, Hosein et al. demonstrated that 1.0 M Ca(BF₄)₂ in EC/PC could achieve Ca with improved 

coulombic efficiency (up to 95%), although with broader overpotential range (from -1.7 to 2V vs 

Ca2+/Ca), suggesting sluggish electron transfer. SEM, XRD, and FTIR analysis revealed that the SEI 

formed at room temperature was mainly organic, lacking the CaF₂ observed at high temperatures.21 
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Ponrouch et al. further studied the SEI composition formed with Ca(BF₄)₂ and Ca(TFSI)₂ in 

carbonate-based electrolyte.22 TEM showed a thinner SEI with TFSI⁻ (12–20 nm) compared to BF₄⁻ 

(70–80 nm). However, despite the thinner SEI with TFSI⁻ based electrolyte, it mainly consists of 

degradation products of the electrolyte, such us calcium carbonate and traces of CaF₂ derived from 

salt decomposition. XPS and FTIR suggested that borate species (BOx-based polymers) in the SEI 

formed from BF₄⁻ anion decomposition that play a key role in facilitating Ca²⁺ transport. In fact, the 

TFSI⁻-based SEI, although thinner, does not exhibit significant electrochemical activity unless pre-

passivated with BF₃ diethyl ether, which improves performance even in TFSI-based electrolytes. 

In 2018, Bruce et al. demonstrated the first calcium electrolyte operating at room temperature, 

consisting of 1.5 M Ca(BH₄)₂ in tetrahydrofuran (THF).23 Cyclic voltammetry on Au electrodes 

showed efficient Ca plating/stripping (94.8%) with anodic stability up to 3.0 V and an initial 

overpotential of ~250 mV, which decreased to ~100 mV upon cycling. Coulombic efficiency 

increased from 93% to ~96% over 25 cycles. Powder XRD and Fourier-transform infrared 

spectroscopy (FTIR) identified metallic Ca as the main product, with minor CaH₂. SEM , time-of-

flight secondary ion mass spectrometry (TOF-SIMS), and gas chromatography–mass spectrometry 

(GC-MS) indicated that CaH₂ forms via chemical reaction between deposited Ca and THF, acting as 

a passivation layer but not as an active SEI. 

Gewirth et al. further investigated the Ca(BH₄)₂–THF system, revealing via Raman spectroscopy that 

Ca²⁺ is primarily solvated by THF.24 Electrochemical studies on Au and Pt (platinum) microelectrodes 

(2–20 mV s⁻¹) showed scan rate–dependent deposition behavior. The authors proposed a 

dehydrogenation step of BH4
- prior to Ca deposition, with BH3(THF) detected via LIFDI-MS (liquid 

injection field desorption ionization mass spectrometry) and H⁻ species facilitating nucleation. CaH₂ 

forms atop the deposited Ca. Numerical simulations indicated higher catalytic activity of Pt (38.7 s⁻¹) 

vs. Au (3.0 s⁻¹) for BH4
- dehydrogenation, influencing Ca morphology: slower kinetics on Au favour 

uniform deposition, while limited hydride diffusion on Pt leads to irregular growth. 

Jiao et al. achieved further improvement using a mixed Ca(BH4)2
-/LiBH4 electrolyte. This 

formulation enabled over 200 cycles at room temperature with coulombic efficiencies up to 99.1% 

and stable full-cell performance (Ca‖LTO).25 SEM showed spherical Ca deposition, while XPS and 

MD simulations revealed that LiBH₄ reduces the solvation strength of Ca2+, thus improving 

deposition efficiency. LiBH4 acts as a solvation structure modulator, enhancing electrolyte 

performance. 
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2.1.4 Advanced Calcium Electrolytes with weakly-Coordinating Anion (WCA) 

As previously discussed, one of the main limitations in the application of conventional calcium salts 

in non-aqueous electrolytes is their poor compatibility with calcium metal, primarily due to the 

formation of passivating interphases that hinder Ca2+ transport and suppress reversible 

electrodeposition. To overcome this issue, recent research has focused on the use of weakly 

coordinating anions (WCAs), a class of large, chemically inert anions characterized by their low 

Lewis basicity and poor nucleophilicity. 25–30  WCAs function by minimizing strong interactions with 

metal cations, thereby promoting higher degrees of ionic dissociation within the electrolyte.25,28–30 

This leads to enhanced cation mobility and reduced formation of contact ion pairs, both of which are 

essential for achieving efficient charge transport and stable electrochemical interfaces.28–30 

This approach was first proven effective in magnesium-based battery systems, where WCAs such as 

CB11H12⁻,
31 Al(hfip)4

-,32 and B(hfip)4
- 33 enabled high electrochemical stability and reversible Mg2+ 

deposition by suppressing side reactions at the metal interface and facilitating the formation of 

conductive SEIs.34–37 Building on these advances, the same design principles have been successfully 

applied to calcium-based electrolytes. Notably, salts such as Ca(B(hfip)4)2 have demonstrated 

excellent oxidative stability (up to 4.5 V vs. Ca2+/Ca) and allow for reversible calcium plating and 

stripping at room temperature.27 The weak interaction between the B(hfip)4
- anion and Ca2+ favours 

labile solvation structures and lowers the desolvation energy at the metal surface, improving 

electrochemical reversibility.38,39 Similarly, Ca(CB11H12)2 exhibits high chemical and electrochemical 

stability and forms thin, stable SEIs that enable efficient calcium ion transport even under strongly 

reducing conditions.26,40 

Overall, the development of electrolytes based on weakly coordinating, non-nucleophilic anions 

represent a promising strategy to enable practical and reversible calcium electrochemistry.19 These 

systems address critical limitations such as high overpotentials, irreversible side reactions, and limited 

interfacial conductivity, thus paving the way for the design of high-performance calcium batteries. 

For this reason, in the following sections, two innovative calcium salts will be discussed: one based 

on a fluorinated borate anion and the other featuring a halogen-free anionic structure. 

 

2.2  Preliminary examination of Ca-FPB: a promising Salt for Aprotic Electrolytes in Calcium-

based Secondary Batteries 

2.2.1 Introduction  

Taking inspiration from Mg perfluorinated pinacolatoborate, Mg[B(O2C2(CF3)4)2]2 (abbreviated as 

Mg-FPB), which is anodically stable, electrochemically active Mg electrolyte featuring the low 
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coordination anion FPB, 41 herein we report the synthesis and characterization of Ca perfluorinated 

pinacolatoborate, Ca[B(O2C2(CF3)4)2]2 (abbreviated as Ca-FPB) which reveals promising  behavior 

as salt for calcium batteries in terms of electrochemical stability window and the ability to reversibly 

deposit and dissolve calcium metal. 

2.2.2 Experimental section  

2.2.2.1  Synthesis of Ca-FPB 

Ca[B(O2C2(CF3)4)2]2 (Ca-FPB) was synthesized synthetized from Calcium Borohydride and 

Hexafluoro-2,3-bis(trifluoromethyl)-2,3-butanediol. In an argon-filled glovebox (MBraun, T = 25°C, 

H₂O ≤ 0.1 ppm, O₂ ≤ 0.1 ppm), 0.055 g (0.8 mmol) of Ca(BH4)2 was dissolved in 60 mL of dry DME 

with stirring for 1 hour. Separately, 1.123 g (3.36 mmol) of hexafluoro-2,3-bis(trifluoromethyl)-2,3-

butanediol (5% excess) was dissolved in 8 mL of anhydrous DME. This solution was then added 

dropwise over 1 hour to the Ca(BH4)2 solution using a syringe pump, during which hydrogen gas (H₂) 

was released. After the addition of the hexafluoro-2,3-bis(trifluoromethyl)-2,3-butanediol solution, 

the mixture was stirred for an additional 2 hours. After this time, the solution was transferred to a 

hermetically sealed bottle and removed from the glovebox. The bottle was then placed in an oven at 

80°C and stirred for 24 hours. 

After heating, the bottle was returned to the glovebox, and the resulting solution was added dropwise 

to 150 mL of dry cyclohexane under stirring. A white suspension was formed, filtered, and washed 

with fresh dry cyclohexane three times. The resulting powder was dried overnight under dynamic 

vacuum inside the glovebox chamber. 1 g of powder was obtained, corresponding to 92% of the 

theoretical yield. A schematic representation of the synthesis route of this salt is shown in Figure 2.1a. 

2.2.2.2 Physico-chemical characterization 

The synthesised salt was characterised by IR using a Nexus spectrometer (ThermoFisher, equipped 

with an attenuated total reflection accessory from 600 to 4000 cm-1). The sample was transferred to 

the IR apparatus in a vial under Ar atmosphere to minimize the direct contact with ambient air. 

Complementary nuclear magnetic resonance (NMR) analyses were carried out with a BRUKER 

Ultrashield Avance 400 (11B and 19F nucleus, 128 MHz) 

2.2.2.3 Electrolyte formulation and preparation  

The electrolyte formulations were obtained by dissolving an appropriate amount of the synthesized 

Ca-FPB salt in dry DME in order to obtain a concentration of 0.25 M. The solvent (i.e., DME) used 

for the electrolyte formulation (anhydrous grade from Sigma Aldrich/Merck) was opened and dried 

for 5 days with activated molecular sieves (3A, Sigma Aldrich/Merck) in the glovebox before use. 

After the addition of a weighted amount of Ca-FPB to the solvent in the glovebox, the solution was 
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stirred overnight in sealed vials also kept inside the same glovebox. A clear solution was obtained 

after filtration through a 45μm PTFE syringe filter. All materials handling was performed inside an 

argon-filled glovebox. 

2.2.2.4  Electrochemical tests 

Calcium metal disk electrodes with a diameter of 12 mm were punched out from a Ca metal foil (ACI 

alloy Inc.). The surface of the calcium metal disks was scratched with a scalpel immediately before 

use. Whatman glass fibre separators (GF/A Cytiva, thickness 0.26 mm) were soaked with a known 

volume (80 μL) of each electrolyte during cell assembly (ECC-STD laboratory cells by El-Cell 

Gmbh) inside an Ar-filled glovebox. Asymmetric stainless steel (SS)| electrolyte | Ca cell 

configurations were employed for preliminary electrochemical experiments such us cyclic 

voltammetry (CV) at scan rates of 25 mV s-1 with current limitation of 10 mA. Additionally, as a 

preliminary investigation asymmetric SS | electrolyte | Ca configuration was employed to evaluate 

the electrochemical stability window (ESW) of the electrolyte by cathodic linear sweep voltammetry 

(LSV) up to 5.5 V vs. Ca and anodic CV up to 0.01 V vs Ca with scan rate of 2 mV s-1 in two different 

cell. In order to verify the successful deposition of Ca metal onto an inert substrate, a specific 

asymmetric cell (Ca | electrolyte | Al carbon coated) was subjected to extended galvanostatic plating, 

and the nature and morphology of the deposited material was characterized by SEM coupled with 

energy dispersive X-ray (EDX) analysis (Oxford Instruments X-Max 50 mm2). All electrochemical 

tests were carried out using Biologic MPG electrochemical testing devices at room temperature. 

2.2.3 Results and discussion  

2.2.3.1 Physico-chemical characterization 

The IR spectrum of Ca-FPB is presented in Figure 2.1b, and the bands were assigned accordingly. 

The bands cantered at 2900 cm-1 and 1470 cm-1 correspond to the stretching and rocking vibrational 

modes of C−H bonds. Some solvent molecules remain coordinated to the structure and cannot be 

removed, even after drying the sample under a dynamic vacuum. The absence of bands in the ranges 

of 3000-3400 cm-1 (O−H stretching) and 2100-2500 cm-1 (B−H stretching) confirms that all Ca(BH4)2 

and hexafluoro-2,3-bis(trifluoromethyl)-2,3-butanediol were consumed.42 Between 700 and 1300 cm-

1, several bands are observed, which are attributed to the stretching modes of the C−F (100-1300 cm-

1), B−O (800-1000 cm-1), and C−O (1000-1200 cm-1) bonds in the FPB anion, as well as the bending 

modes of the C−H in the coordinated solvent. 43–46 All bands are consistent with the expected 

molecular structure shown in Figure 2.1a. 
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Figure 2.1. (a) Schematic representation of the Ca-FPB synthesis; (b) Infrared spectrum with 

vibrational modes of the different bonds indicated; (c) 11B- and (d) 19F NMR spectra; (e) 11B- and (f) 

19F NMR spectra in the presence of water over 7 h. 

In order to confirm a uniform product distribution, Ca-FPB was analysed by liquid-state NMR (Figure 

1 c and d). The 11B and 19F spectra both show a single environment, centred at 11.4 ppm and -70.4 

ppm, respectively. This is consistent with the tetrahedral geometry of the FPB anion and aligns with 

similar FPB analogs based on Li, Na, and Mg.41,47,48   

To assess the chemical stability of the compound in the presence of water, a small amount of Ca-FPB 

(2.4x10-4 mmol) was contacted with a slightly higher amount of water (2.7x10-4 mmol), and the 

sample was analysed over 7 h by NMR (Figure 2.1 e and f). No significant changes were observed in 

11B or 19F spectra. While borates typically undergo hydrolysis in the presence of water, indicating 

good stability of Ca-FPB in the presence of moisture.   

2.2.4 Electrochemical characterization  

A survey of the electrochemical activity of Ca-FPB-based electrolytes was performed evaluating the 

ability to deposit and dissolve calcium from an inert stainless-steel electrode by cyclic voltammetry 

(CV) in asymmetrical Ca | electrolyte | SS cell configuration shown Figure 2.2a.  

The CV shows the first three cycles with large anodic peak and low reversibility probably due to the 

conditioning of the SS electrode with the formation of the so-called SEI. The further cycles reveal 
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reversible deposition/stripping behavior with almost negligible overpotential for deposition (0.15 V) 

and stripping (0.2 V) for more than 45 cycles.  

 

Since it is of great interest to utilize Ca electrolytes in high voltage energy storage applications, the 

ESW of the 0.25 M Ca-FPB/DME electrolyte was evaluated by cathodic CV and anodic LSV in 

asymmetric cells Ca | Ca-FPB 0.25M in DME | SS. As seen in figure 2.2b, this electrolyte discloses 

promising ESW.  

In particular, the cathodic LSV reveals an anodic stability up to 4.5 V vs. Ca2+/Ca with current below 

15 μA and exhibits almost negligible cathodic degradation down to 0.01 V vs. Ca2+/Ca after the first 

cycles, symptoms of the formation of a stable SEI on the first cycle that hinder the degradation for 

the further cycles.  

To prove the effective formation of calcium metal during plating with the 0.25 M Ca-FPB/DME 

electrolyte, a long chronopotentiometric deposition of calcium (4 hours) was performed on a 

aluminium carbon coated substrate at a current density of 0.1 mA cm-2. Post mortem SEM and EDX 

analyses (Figure 2.2 c and d) of the electrode recovered from this cell confirm the successful 

deposition of Ca metal particles on the Al carbon coated surface. In particular, from the EDX analysis 

the presence of the degradation of the electrolyte can be observed on the Ca metal deposit, while the 

presence of fluorine coming from the absorbed salt on the electrode can be excluded since is not 

observed in spectrum 4 representing the carbon coating far from the calcium deposit. However, the 

Figure 2.2 (a) CV and (b) electrochemical stability window of 0.25M Ca-FPB/ DME; (c) SEM and (d)EDX 

analysis of Ca deposit on carbon coated aluminium respectively. 
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presence of Al, C and O is observed in all the spectra. The observation of aluminium and carbon 

suggest the formation of a thin Ca deposit that allow the detection of the substrate of nucleation under 

the calcium, while the presence of oxygen may come from both the nucleation substrate or from 

atmospheric contamination as a consequence of the rapid exposure of the sample during the charging 

in the SEM analysis chamber. 

2.2.5 Conclusion  

Overall, we introduced and successfully evaluated Ca-FPB as a novel salt for calcium-based aprotic 

electrolytes, leveraging the properties of its weakly coordinating anion. The 0.25 M Ca-FPB solution 

in DME demonstrated the ability to reversibly plate and strip calcium metal from an inert substrate 

with low overpotentials. Furthermore, the electrolyte showed wide electrochemical stability, with 

anodic decomposition potentials reaching up to 4.5 V vs. Ca2+/Ca, confirming its suitability for high-

voltage applications. These results identify Ca-FPB as a promising candidate for further development 

in both synthetic optimization and electrolyte engineering for calcium-ion battery systems. 

Nonetheless, its synthesis remains challenging due to the need for strictly inert conditions, the release 

of hydrogen gas, and high sensitivity to contamination. These limitations prompted the investigation 

of an alternative salt system with a more accessible and scalable synthetic route, which is introduced 

in the following section. 

2.3  Extending the boron-based salt variety: the case of CaB12H12  

2.3.1 Introduction 

As previously discussed, in recent years novel electrolyte systems based on calcium 

tetrakis(hexafluoroisopropyloxy)borate, Ca[B(hfip)4]2, and its analogues, including Ca-FPB, have 

demonstrated the ability to enable reversible calcium metal deposition at room temperature, along 

with high oxidative stability. These features make them particularly attractive candidates for the 

development of next-generation calcium-based electrochemical energy storage systems.38,39 

However, their synthesis produces large amounts of hydrogen gas41 and requires dedicated equipment 

for synthesis since everything must be done under inert atmosphere. Kisu et al. propose calcium 

monocarborane as efficient and stable electrolyte for CBs,49 however, its production is prohibitively 

expensive.50 

As already mentioned, given the lack of a commercially available, low cost or easily synthesized 

electrolyte, exploring new potential cathodes and anodes for calcium ion batteries has become even 

more challenging. In the light of these factors, the development of easily accessible electrolytes is 

one of the most critical prerequisites for the advancement of calcium-based energy storage systems. 
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In this study we propose a novel concept of electrolyte with a simple synthesis pathway inspired by 

the work of Wang et al. , who reported a high yield synthesis of alkaline dodecaborate (M B12H12; 

with M= Na, K). In the following, it will be demonstrated that this synthesis pathway can be optimized 

for calcium dodecaborate as well. Dodecaborates are already well known, mainly as hydrogen storage 

51–53 but have also been studied as possible solid electrolytes for solid state batteries.52,54,55  

In particular, Koettgent et al. explored the potential of CaB12H12 as a solid-state electrolyte in a Ca-

based system, revealing, however, a high migration barrier for Ca2+ ion. Consequently, in the present 

study, it was decided to study the electrochemical behaviour of Ca dodecaborate simply as an 

electrolyte salt in conventional and non-conventional electrolyte systems. In particular, despite some 

solubility issues, it was demonstrated that a Ca dodecaborate-based electrolyte produced with a non-

conventional solvent such as N-methyl-2-pyrrolidone (NMP) enables reversible plating/stripping of 

calcium metal.  

In the following sections, after the description of the synthesis and the characterization of Ca 

dodecaborate, its electrochemical performance as calcium electrolyte salt are presented. 

2.3.2 Experimental section  

2.3.2.1  Synthesis of calcium dodecahydro-closo-dodecaborate 

The synthesis of CaB12H12 was carried out under an inert atmosphere, either inside an argon-filled 

glovebox (MBraun, O2≤0.1 ppm; H2O≤0.1 ppm), or in a stainless-steel autoclave, by adaptingthe 

synthesis route from a solvothermal method reported elsewhere 52 and schematised in Figure 2.3. 

In a typical experiment, 0.04 g of Ca(BH4)2 was dissolved in 12 mL of diglyme under stirring for 15 

min. The solution was transferred to a Teflon chamber and then, 1.2 mL of DMS·BH3 was added to 

the system. The Teflon chamber was put into the autoclave and closed, transferred outside the 

glovebox and put inside an oven at room temperature. The temperature was increased by 20°C every 

10 minutes up to the required temperature. The autoclave was left 24 h at this temperature and then 

cooled down to room temperature. In this study, three temperatures were investigated (200°, 215° and 

230°C). The corresponding samples are named CaB12H12@T (Where T=200, 215 or 230°C). The 

autoclave was transferred back to the glovebox and the obtained solid was filtered and washed with 

fresh diglyme (3x10 mL), followed by a drying process under vacuum overnight. 
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2.3.2.2 Physico-chemical characterization 

The samples were characterized by different techniques. IR spectra were collected using a Nexus 

instrument (ThermoFisher, equipped with an attenuated total reflection accessory from 600 to 4000 

cm-1). The samples were transferred to the IR apparatus in a vial under Ar atmosphere, and they were 

analyzed under air (avoiding the contact with air until the last minute). NMR analyses were carried 

out in a BRUKER Ultrashield Avance 400 (11B nucleus, 128 MHz, deuterated solvent: dimethyl 

sulfoxide DMSO).  

2.3.2.3 Electrolyte formulation and electrochemical characterization  

In order to understand the electrochemical behavior of the newsalts, the activity of 

CaB12H12@200/215/230 in a series of electrolytes (summarized in Table 1) was tested. The solvents 

used for their formulation were all purchased anhydrous from Sigma Aldrich and further dried for 5 

days under activated molecular sieves (3A, Sigma Aldrich). LP30 commercial electrolyte was 

obtained from Solvionic to facilitate a comparative analysis and conductivity calculation of our 

electrolyte. After the drying step, the appropriate amount of CaB12H12 was added to the solvent and 

let stir for 1 week. CaB12H12@215 0.5 M in NMP was also tested with Boron trifluoride diethyl 

etherate (BF3OEt2, Sigma Aldrich) in 0.02 M concentration as additive. Ca electrode disks (9 mm 

diameter) were made by scratching and punching a Ca foil from ACI alloy Inc. Whatman glass fibre 

disks (thickness 1.55mm) soaked with known volume (80 μL) of electrolyte were employed as 

separators. The assembly of the cell and all the manipulations were carried out inside an Ar-filled 

glovebox. The testing cells used for the electrochemical experiment were ECC-STD EL-Cell, 

assembled in symmetric Ca | electrolyte | Ca configuration. This configuration was employed for 

Figure 2.3 Schematic representation of autoclave synthesis of CaB12H12 
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preliminary electrochemical experiments, includingLSV and CV, aimed at elucidating the optimal 

electrolyte formulation in relation to charge transfer current and the reversibility of the 

plating/stripping process. Furthermore, it was utilized for advanced tests, such as galvanostatic 

cycling (GC), with electrochemical impedance spectroscopy (EIS) measurements carried out after 

each discharge cycle. Stainless steel (SS) electrodes were employed as blocking electrodes in a 

symmetrical configuration: SS | electrolyte | SS, for conductivity tests performed by EIS. 

Additionally, an asymmetrical SS | electrolyte | Ca configuration was employed to determine the 

ESW. 

Finally, to demonstrate the successful deposition of Ca metal onto an inert substrate, an asymmetrical 

configuration (Ca | electrolyte | Au) was utilized. Subsequently, an extended plating under 

galvanostatic conditions was conducted, and the deposited material was characterized via ex situ 

dispersive EDX analysis (Oxford Instruments X-Max 50 mm2) and optical microscopy (Keyence). 

All the electrochemical tests were performed using Biologic MPG and VSP potentiostats. 

 

2.3.3 Results and discussion 

2.3.3.1  11B Nuclear Magnetic Resonance  

The 11B NMR spectra of the analysed samples are shown in Figure 2.4a. The solids obtained at 200°, 

215° and 230°C show a doublet centred at -15 ppm, characteristic of the 12 boron atoms of the 

[B12H12]
2- anion56–58. This is the main signal, and it is an indication of the successful synthesis of 

CaB12H12. However, other signals are also present in the spectra. All solids present two doublets 

centred at -29 ppm and -1 ppm, indicating the formation of the [B10H10]
2- anion59. CaB12H12@200°C 

and CaB12H12@230°C also show a multiplet between -16 and -22 ppm, which is attributed to the 

presence of the [B11H11]
2- anion60. None of the syntheses conducted at three different temperatures 

produced a single pure compound. However, among the three attempts, the temperature of 215°C 

resulted in the purest form of calcium dodecaborate. 

The absence of intense signals between 5 and 20 ppm discards the presence of B─O environments 

(as in borates), confirming that the O─H bonds present in the IR spectra shown below are due to 

adsorbed water. 

2.3.3.2 Infrared Spectroscopy 

The spectra of the synthesized calcium dodecahydro-closo-dodecaborate at different temperatures 

and those of commercial Ca(BH4)2 and diglyme (as references) are shown in Figure 2.4b. The 

spectrum of commercial diglyme shows the C─H stretching and bending bands between 2700-3000 

cm-1 and 1200-1400 cm-1, respectively. The intense band at 1050 cm-1 corresponds to the C─O 
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stretching vibration of the molecule. Ca(BH4)2 exhibits bands between 2200 and 2400 cm-1, which 

correspond to the stretching of the B─H bonds, and another group of signals between 1000 and 1300 

cm-1, attributed to the deformation modes of the (BH4)
- anion61,62. 

The spectra of the CaB12H12 samples synthesized at different temperatures are very similar. The B─H 

stretching mode has shifted in comparison with Ca(BH4)2: it appears in the 2350-2600 cm-1 region, 

similarly to other dodecahydro-closo-dodecaborates.63,64 The B─H stretching bands of Ca(BH4)2 are 

not visible anymore in the CaB12H12 spectra, indicating a complete transformation of the borohydride. 

The band centred at 1050 cm-1 is the typical stretching mode of the B─B bond of the boron cage, 

while the bands between 650 and 800 cm-1 correspond to the rocking and bending modes of the B─H 

bond.59,65 The broad band between 3300 and 3600 cm-1 is assigned to the stretching band of O─H 

bonds, probably representing adsorbed water. All synthesized samples show the stretching C─H 

bands between 2700-3000 cm-1, indicating that some solvent is still present in the structure.

 

Figure 2.4 a) 1H CP-MAS 11B NMR spectra of the solids obtained after synthesis at 200°, 215° and 

230°C (the solids were dissolved in DMSO); b) IR spectra of Ca(BH4)2, diglyme and the CaB12H12 

synthesized salts at the three different temperatures    

2.3.3.3 Electrochemical characterization  

From the outset, the critical solubility of all the salts was evident. When dropped onto the Whatman 

separator, they can induce asymmetric behavior due to the insoluble particles being confined to one 

side of the glass fibre separator. The electrochemical behavior of CaB12H12 was evaluated testing all 

the electrolyte formulations, summarized in Table 1, even with partial solubility by LSV and CV in 

symmetric cell configuration Ca / electrolyte / Ca (Figure 2.5 a and b respectively).  
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Table 1 Schematic representation of electrolyte formulations 

 

 

From this preliminary evaluation, CaB12H12@215 and CaB12H12@230 in NMP overcome all the other 

formulations in terms of plating/stripping reversibility and current. For this reason, the 

electrochemical characterisation was specifically carried out only on electrolytes produced with these 

two salts dissolved in NMP, aiming to achieve the optimal formulation that minimizes 

plating/stripping overpotential and maximizes reversibility. Both salts, CaB12H12@215 and 

CaB12H12@230, were compared in LSV and CV tests in symmetric cell Ca | electrolyte | Ca, at three 

different concentrations: 0.1, 0.25 and 0.5 M. Based on a preliminary analysis of the CV shown in 

Figure 2.6, it is evident that the more concentrated formulations at 0.5 M of both salts exhibit the 

highest currents in CV. However, for all the three concentrations, CaB12H12@230 shows also higher 

deactivation and worse reversibility during cycling than CaB12H12@215. For this reason, further 

characterisations were carried out only with CaB12H12@215.  

 

a) b) 

Figure 2.5 a) LSV and b) CV of all the electrolytes formulations. 
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Figure 2.6 LSV and CV of CaB12H12@215 in line a) and CaB12H12@230 in line b) at the three 

different concentrations. 

In Figures 2.7 a and b, are shown the LSV and the firsts cycles of CV of CaB12H12@215 in NMP at 

the three concentrations. These voltammograms are important to understand the stripping/deposition 

behavior of calcium. To highlight anodic and cathodic overpotential and to compare the current of 

charge transfer, the LSV were plotted as log(J) vs the Cell Voltage (V vs. Ca2+/Ca). The LSV of 

CaB12H12@215 in Figure 2.7a, shows a non-ideal increase of the current with increasing 

concentration. In fact, the results of the Tafel fitting summarized in Table 2 shows similar charge 

transfer current for 0.5 and 0.1 M formulations, whereas that at 0.25 M, while showing lower charge 

transfer current, it exhibits a higher symmetry in the anodic and cathodic processes. On the contrary, 

the curves for 0.5 and 0.1 M solutions disclose inverted limitations for the cathodic and anodic 

reactions.  

 

 

a) b) 

Figure 2.7 a) LSV and b) CV of CaB12H12@215 in NMP at 0.1, 0.25 and 0.5M 
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To go deeper in understanding the behavior of this electrolyte, conductivity tests were carried out for 

the tree concentration in symmetric SS | electrolyte | SS cells. The molar conductivity (Λ) of the 

electrolyte at each concentration was evaluated using equations 1 and 2 which, combined in eq. 3, 

lead to eq. 4 below: 

Eq.1                          𝑅 = 𝜌 ⋅
𝐿

𝑆
          Eq. 2           𝜒 =

1

𝜌
= 𝛬 ⋅ 𝐶𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 

Eq.3                         
𝑅𝑥

𝑅𝐿𝑃30
=

𝜌𝑥

𝜌𝐿𝑃30

𝐿

𝑆

𝑆

𝐿
=

𝜒𝐿𝑃30

𝜒𝑥
=

𝛬𝐿𝑃30𝐶𝐿𝑃30

𝛬𝑥𝐶𝑥
  

Eq.4                                    𝛬𝑥 = 𝛬𝐿𝑃30
𝐶𝐿𝑃30

𝐶𝑥
⋅

𝑅𝐿𝑃30

𝑅𝑥
 

In this equation, R is the resistance of the electrolyte measured by EIS (Ω), 𝜌 is the resistivity of the 

electrolyte (Ω*cm), L is the distance between the electrodes or the cell thickness (cm), S is the cross-

sectional area of the electrode (cm²), χ is the ionic conductivity (S/cm) and, Λ is the molar 
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Table 2. Result of the Tafel fitting for CaB12H12@215 for the three concentrations    

 

Figure 2.8 conductivity plot of CaB12H12@215 at 0.1, 0.25 and 0.5M 
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conductivity (S·cm²·mol⁻¹), C is the concentration in the electrolyte (M=mol/L),  and  𝜒 is the 

conductivity(S/cm, the known value for LP30 is 𝜒25°𝐶
𝐿𝑃30 = 1.  119 ∗ 10−2 𝑆

𝑐𝑚
 at 𝐶𝐿𝑃30 = 1 𝑀)66 

 

The results of these tests, shown in Figure 2.8 and Table 3, are consistent with the CV response 

reported in Figure 2.7. In particular, the decrease of the molar conductivity Λ with increasing 

concentration reflects the growing degree of ionic association in solution, which leads to a marked 

non-ideal behaviour of the electrolyte. This trend is typical of weakly dissociated salts, where ion–

ion interactions become progressively more significant at higher concentrations. 

It is also worth noting that CaB₁₂H₁₂@215 at 0.25 M exhibits the lowest charge-transfer current in the 

Tafel analysis, yet it shows the highest ionic mobility and thus the highest molar conductivity. This 

apparent discrepancy highlights the fact that ionic mobility in the bulk electrolyte does not directly 

translate into interfacial charge-transfer kinetics, which are strongly influenced by local phenomena 

at the electrode–electrolyte interface. 

Taken together, these results underline the need to identify an electrolyte formulation that balances 

bulk ion transport with interfacial charge-transfer efficiency. For this reason, further investigations 

focused on the 0.25 M and 0.5 M solutions of CaB₁₂H₁₂@215, which exhibited the highest ionic 

mobility and the highest current response, respectively, allowing us to evaluate the trade-off between 

these two key properties. 

To determine the electrochemical stability window of these electrolytes, anodic and cathodic CV 

analyses were carried out in asymmetric Ca | CaB12H12@215 0.25 and 0.5M in NMP | SS cells, both 

starting from OCV. For the anodic CV, the voltage is increased up to 5 V vs. Ca2+/Ca in order to 

complete the first degradation pick, while the potential limit was decreased for the consecutive cycles 

to 4 V vs Ca2+/Ca to evaluate the continuation of the oxidative degradation processes. To evaluate the 

degradation in reduction before plating, the cathodic CV was stopped at 0.01 V vs Ca2+/Ca. Figures 

2.9 a and b show the ESW of the electrolyte at 0.5 and 0.25 M respectively. As expected, the 

electrolyte at 0.25 M exhibits nearly half the degradation currents compared to the 0.5 M 

Table 3. Value of conductivity plot compared to LP30 values. 
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concentration, indicating that the degradation is primarily due to the decomposition of the salt rather 

than the solvent. These ESW demonstrate, for both salts, low cathodic degradation and anodic 

stability up to 3 V with currents below 0.02 mA/cm2 after the first irreversible degradation process 

for CaB12H12@215 0.5 M concentration and up to 4 V with current below 0.02 mA/cm2 for the 0.25 

M one.  

To understand the plating/stripping behavior of Ca with 0.5 and 0.25 M CaB12H12@215 in NMP 

electrolytes, and its evolution in galvanostatic cycling conditions, polarisation tests with constant 

current were carried out in symmetric Ca | electrolyte | Ca cells. The resutls of these tests agre shown 

in Figures 2.10 and 2.11 for the electrolyte with 0.5 and 0.25 M concentrations, respectively. The 

galvanostatic cycling is preceded by 1 hour of OCV with EIS every 10 minutes and proceeds at low 

current for the first two cycles to facilitate the formation of the SEI and at higher current for the 

subsequent cycles. All the cycles of the GC are followed by EIS after every discharge.  

  

 

a) b) 

Figure 2.9 Electrochemical stability window of CaB12H12 a) 0.5M and b) 0.25M in NMP 
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a) 

b) c) 

 

a) 

b) c) 

Figure 2.11. Ca | CaB12H12@215 0.25M in NMP | Ca cell tested by a) OCV and GC at different current with b) 

EIS after every 10 minutes during OCV and c) after every discharge of the GC. 

Figure 2.10. Ca | CaB12H12@215 0.25M in NMP | Ca cell tested by a) OCV and GC at different current with b) 

EIS after every 10 minutes during OCV and c) after every discharge of the GC 
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The EIS spectrum measured at OCV, shown in Figure 2.10b, indicates a gradual increase in 

capacitance and resistance, probably due to the thickening of the SEI. CaB12H12@215 0.25M in 

Figure 2.10b shows a similar trend but, with almost half of the resistance of the electrolyte, in 

accordance with the conductivity tests. After the beginning of the galvanostatic cycling (Figure 2.10a 

and 2.11a), both electrolytes show overpotentials below 0.5 V for the first cycles at lower current and 

exhibit an initial voltage peak probably due to the breaking of the passivation film at the surface of 

the electrode before the start of the plating/stripping processes. As the cycles progress, this behaviour 

is maintained showing the instability of the SEI and the growth of the overpotential upon cycling for 

CaB12H12@215 0.5M while, despite the potential peak still visible in the galvanostatic profile, a 

similar growth of the overpotential with time was not observed for the 0.25 M concentration.  

The growth of overpotentials in Figure 2.10a can be explained by the evolution of the EIS spectra 

during galvanostatic cycling shown in Figure 2.10c. These EIS highlight a gradual increase of the 

resistance of the electrolyte from around 100 to 200 Ohm after cycles. This behavior can be due to 

the degradation of the salt and so the loss of active species in solutions, leading to the increase of the 

plating/stripping potentials. As already mentioned, the CaB12H12@215 0.25M formulation shows a 

similar trend for the first cycles, even though with a lower potential peaks, and with overpotentials 

below 1 V for all the cycles at 0.1mAcm-2, sign of higher stability and reversibility. In particular, it is 

interesting to notice that the EIS during galvanostatic cycling (Figure 2.11c) shows an activation 

process leading to an increase of the electrolyte resistance during the first cycles, which however 

increases again upon cycling, ending at a value very similar to that measured at OCV. These tests 

revealed that both electrolytes allow reversible plating/stripping at 0.01 and 0.1 mAcm-2, even though 

with limiting overpotential at high current densities In particular, CaB12H12@215 0.25M discloses the 

best electrochemical performance in terms of plating/stripping overpotentials and reversibility. 

Furthermore, to improve the performances of this electrolyte, CaBF3OEt2 was tested as additive at a 

0.02 M concentration in CaB12H12@215 0.5M. The same conditions for CV and galvanostatic test 

were used to evaluate its performance. The two electrodes with and without additive are compared in 

Figure 2.12.  

  



 

57 
 

 

. 

The results shown in Figure 2.12b clearly indicate that the electrolyte with the additive exhibits 

similar overpotential to the other one, with however a significant increase in plating/stripping 

currents.  

However, as shown in Figure 2.13, the use of this additive reduces the ESWto 2.75 V vs. Ca2+/Ca. In 

spite of this reduction in ESW, the galvanostatic profile and the EIS spectra shown in Figure 2.11 

clearly indicate that this additive promotes the growth of a more stable and conductive interface on 

 

a) b) 

 

Figure 2.12 CV of a) CaB12H12@215 0.5M and b) with BF3OEt2 as additive. 

Figure 2.13 ESW of CaB12H12@215 0.5M with BF3OEt2 as additive 
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Ca metal. Moreover, the galvanostatic profile shown in Figure 2.12a exhibits a smoother profile than 

that measured in the absence of the additive (Figure 2.14a). Indeed, the absence of voltage peaks and 

the lower overpotential observed during the plating and stripping of Ca clearly evidence the creation 

of more stable and less passivating interfaces on Ca metal. The EIS spectra shown in Figure 2.14b, 

on the other hand, confirm the positive effect of this additive, which promotes the electrolyte 

conductivity which decreases from around 165 Ohm at OCV without the additive to 18 Ohm.  

As shown in Figure 2.14c, the distance of high frequency intercept of the AC response with the real 

axis, with respect to the axes origin, slightly increases during galvanostatic cycling, indicating the 

consumption of the mobile Ca2+ ions in the electrolyte. However, the electrolyte resistance after the 

test is still lower (around 50 Ohm) than the initial resistance of the electrolyte without additive.   

  

 

a) 

b)                                                        c) 

Figure 2.14  Ca | CaB12H12@215 0.5M in NMP +0.01M BF3OEt2 | Ca cell tested by a) OCV and GC at different 

current with b) EIS after every 10 minutes during OCV and c) after every discharge of GC. 
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To validate the effective ability of our electrolyte to electrodeposit calcium onto an inert substrate, a 

long plating test on an Au electrode was carried out. Post mortem characterization by optical 

microscopy clearly revealed the formation of deposits of Ca metal, further confirmed by EDX 

analysis (Figure 2.15). 

 

2.3.4 Conclusion  

 In this section, a new electrolyte for calcium batteries based on CaB₁₂H₁₂ is introduced and validated. 

Different synthesis temperatures and solvents were tested in order to achieve the best electrolyte 

formulations. CaB12H12 synthetized at 215°C shows the highest purity and dissolved in NMP, enables 

reversible plating/ stripping of Ca metal. The effect of the concentration on the electrochemical 

performance was analysed in detail, revealing CaB12H12 0.5M in NMP as the formulation with the 

highest current in CV, and CaB12H12 0.25M in NMP as the best electrolyte formulation in terms of 

 

a) b) 

c) 

Figure 2.15 a) potential profile of the galvanostatic plating of Ca on Au; b) light optic microscope image of 

Ca deposit; c) backscattered electrode image of Ca deposit with, on the right, the EDX elemental mapping. 
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conductivity, ESW and reversible Ca plating/stripping performance in galvanostatic conditions. This 

electrolyte can be further improved by adding BF₃OEt₂, which enhances ionic conductivity and helps 

stabilize the calcium metal surface under galvanostatic cycling Finally, Ca metal plating on Au was 

proved by post mortem characterization using optical microscopy and EDX. 

To contextualise the performance of CaB₁₂H₁₂@215 within the broader landscape of calcium 

electrolytes, the 0.25 M formulation exhibits an ionic conductivity of 0.67 mS cm⁻¹ and an oxidative 

stability of approximately 3 V vs Ca²⁺/Ca at room temperature. hese values can be compared with 

those of Ca(TFSI)₂-based electrolytes. Several studies report room-temperature conductivities below 

0.1 mS cm⁻¹ in carbonate-based solvents,84 and only modest improvements up to 0.2–0.3 mS cm⁻¹ in 

ether-based formulations,95 in agreement with broader literature surveys.96 

Calcium monocarborane electrolytes97 achieve higher room-temperature conductivities (≈3–4 mS 

cm⁻¹) and anodic stabilities of about 4 V, placing them among the most competitive non-fluorinated 

systems currently available. The present state-of-the-art is represented by Ca[B(hfip)₄]₂ in DME, 

which delivers conductivities close to 8 mS cm⁻¹ and oxidative stability up to 4.8 V.77 These 

comparisons indicate that CaB₁₂H₁₂@215 performs consistently with weakly dissociated calcium salts 

and highlight both its promise and its current limitations relative to the highest-performing 

electrolytes reported to date. 

Despite these promising advances, further efforts are required to enhance the solubility of CaB₁₂H₁₂ 

in more conventional solvents. Additionally, detailed studies aimed at characterising the nature and 

evolution of the SEI, together with long-term degradation mechanisms, remain essential to fully 

assess the applicability of this electrolyte in practical calcium-based battery systems. 

2.4 General conclusion  

This study explored the development of Ca-FPB and CaB12H12 as innovative calcium salts as aprotic 

electrolytes for calcium batteries, with the aim of addressing the limitations of currently available 

commercial salts. Ca-FPB exhibited excellent electrochemical stability and enabled reversible 

calcium plating/stripping at room temperature with low overpotentials, though its complex synthesis, 

requiring strictly inert conditions and high sensitivity to contamination, presents challenges for 

scalability. To overcome these limitations, CaB12H12 was investigated as an alternative. When 

synthesized at 215 °C and dissolved in NMP, it demonstrated favourable electrochemical 

performance, with the 0.25 M formulation offering optimal conductivity, stability, and reversibility. 

The addition of BF3OEt2 further improved calcium metal interface stability. Despite these promising 

results, both systems require further investigation, particularly regarding the formation and evolution 

of the solid electrolyte interphase (SEI). 
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Taken together, these findings highlight that the development of calcium-compatible electrolytes must 

balance performance with synthetic accessibility. Future efforts should prioritize understanding the 

interfacial processes at the calcium metal surface, especially the SEI formation and composition, 

which are critical to enabling long-term reversibility. While many challenges remain, this work 

represents an initial step toward the rational design of next-generation electrolytes for calcium-based 

energy storage systems. 
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3 Chapter III: 

Pseudocapacitive carbon electrodes as counter electrodes in calcium-ion batteries 

 

3.1 Introduction 

The aim of this chapter is to develop a reliable, metal-free electrochemical setup for calcium-ion 

systems by exploring a pseudo-capacitive configuration. Here we demonstrate the use of a capacitive 

carbonaceous electrode suitable for application in Ca-ion batteries, together with its experimental 

validation in Ca-ion cells. A key focus is the establishment of a stable reference framework, which is 

essential for the accurate characterization of novel electrode materials and for overcoming the 

limitations typically associated with calcium metal electrodes. 

As discussed in Chapters 1 and 2, the use of calcium metal as a reference or counter-electrode presents 

significant challenges due to interfacial passivation and poor reversibility, which undermine both 

stability and reproducibility of electrochemical testing.1–3 To address these issues, we adopt a pseudo-

capacitive configuration based on activated carbon (AC) which avoids the complications of calcium 

metal and provides a stable, inert environment for electrochemical measurements.4 

AC operates within the electrochemical stability window of calcium-based electrolytes and stores 

charge via the formation of an electrostatic double-layer, enabling a cleaner and more reliable setup 

for studying calcium-ion intercalation materials.4,5 On the other hand, being AC a capacitive 

electrode, its its successful implementation requires a careful calibration of its working potential and 

the validation of the applicability in different  cell configurations to ensure accurate and consistent 

results.4 

Although well established in lithium-based systems,6 this strategy has only recently begun to be 

explored in calcium-ion cells.4 In this chapter, we evaluate its feasibility through the electrochemical 

characterization of two insertion-type materials: a Prussian Blue Analogue (PBA) as a positive 

electrode and titanium oxide nanotubes (TNTs) as a negative electrode, enabling comparative 

investigation of their calcium-ion storage behavior. 

The following sections will first describe the manufacturing of the activated carbon (AC) as a 

capacitive electrode, followed by the electrochemical evaluation of the AC as a capacitive electrode. 

The subsequent chapters will address the characterization of the selected positive and negative 

electrode materials. 
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3.2 Manufacture of AC electrode 

Active carbon electrodes were prepared starting from a high-surface-area activated carbon (NC-series 

carbon, PC NC2-3 Ultracapacitor electrode material), dispersed with PTFE (aqueous solution, 60% 

w/w) in a weight ratio of 95:5. The mixture was placed in a beaker containing ethanol to facilitate 

dispersion and mixing of the two components. The suspension was stirred with a magnetic stirrer at 

60 °C until complete evaporation of ethanol. The resulting AC–PTFE powder was then further 

processed by adding a few drops of ethanol to improve particle cohesion, and pressed on a glass plate 

until a homogeneous, rubber-like mass was obtained. This mass was subsequently flattened on the 

glass plate using a glass stick, producing a uniform and flexible film with a thickness below 100 µm. 

Circular electrodes with a diameter of 12 mm were then punched from the film and subsequently 

dried under vacuum at 150 °C for 24 h. 

3.3 Pseudo-capacitive approach  

To validate the pseudo-capacitive electrochemical setup for calcium-ion battery testing, preliminary 

experiments were conducted to evaluate the electrochemical behavior of AC as a counter-electrode 

and Au as quasi-reference electrode (QRE). The AC electrode was first calibrated with ferrocene (Fc) 

and in three electrode cell configurations (illustrated in figure 3.1a) using a common calcium-based 

electrolyte based on Ca(TFSI)2 dissolved in DME. 

Figure 3.1 a) Scheme of the three-electrode Swagelok cell. b) Cyclic voltammogram (CV) of 0.05 M Fc in 0.5 M 

Ca(TFSI)2 in DME solution at 10 mV s−1 (WE and QRE: Au, CE: AC). c) Position of the Fc+/Fc vs. SHE (upper), 

vs Au QRE and the Ca2+/Ca (below). 
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Figure 3.1a shows the schematic of the three-electrode Swagelok cell employed in this study. The key 

advantage of using AC as the counter-electrode lies in its purely capacitive charge storage mechanism, 

which does not involve faradaic processes. This ensures minimal contamination of the electrolyte by 

decomposition products. However, it should be considered that its functioning alters the activity of 

Ca2+ in the electrolyte, and therefore the corresponding thermodynamic and kinetic 

landscapes.5Nevertheless, this issue is mitigated by using an excess amount of electrolyte, which 

keeps concentration variations almost negligible.6–8  

In this study, 0.5 M Ca(TFSI)₂ in DME was chosen due to its well-documented electrochemical 

stability in this type of system.4 To validate the use of Au as a QRE, careful calibration and stability 

test were carried out.6 The calibration procedure employed the ferrocenium/ferrocene (Fc⁺/Fc) redox 

couple, a well-established reference system whose redox potential versus the standard hydrogen 

electrode (SHE) is relatively insensitive to the electrolyte composition.9 Therefore, it serves as an 

effective reference for calibrating the Au QRE. It is important to know that any drift in the Fc⁺/Fc 

redox potential versus the Au QRE reflects changes in the potential of the Au QRE itself.9 

Figure 3.1b presents the cyclic voltammogram (CV) obtained for a three-electrode cell using a 

solution of 0.05 M Fc in the 0.5 M Ca(TFSI)₂/DME electrolyte, AC used as the counter electrode, 

and two Au sheets as working and reference electrodes. The redox potential of Fc⁺/Fc versus Au QRE 

was calculated using the equation: 

φ(Fc⁺/Fc) = (φp,c + φp,a) / 2 

where φp,c and φp,a are the cathodic and anodic peak potentials, respectively. Figure 3.1c compares the 

redox potential of Fc⁺/Fc versus SHE and Au QRE. The Fc⁺/Fc redox potential versus Au QRE that 

is 0.07 V lower than versus SHE, resulting in a 0.33 V versus SHE and shift in all potential values 

measured against Au. Consequently, the redox potential of the Ca²⁺/Ca couple is estimated at 3.198 

V vs. Au QRE. It is worth noting that the potential of the Au QRE vs. SHE may vary with changes in 

electrolyte composition or the physical and chemical properties of the AC material due to alterations 

in ionic speciation that influence the double-layer formation at the AC/electrolyte interface.9 

Furthermore, the surface chemistry of the AC, particularly the presence of different chemical groups 

at its surface, can significantly affect interface charging phenomena.10–12 Thus, recalibration is 

necessary whenever the electrolyte or AC material is changed. 
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To assess the stability of the Au as QRE, continuous CV measurements were performed, monitoring 

any drift in the Fc⁺/Fc redox couple versus AC QRE. Figure 3.1b shows overlapping CV curves 

recorded in a three-electrode configuration using AC as the counter electrode, and Au as both QRE 

and working electrode in a 0.05 M Fc + 0.5 M Ca(TFSI)₂ in DME electrolyte. The close overlap of 

the CV curves confirms the stability of the AC QRE. The time-dependent potential of the Fc⁺/Fc 

redox couple versus Au QRE is reported in Figure 3.2b. In figure 3.2a we confirm that AC operates 

within the electrochemical stability window of these calcium-based electrolytes, i.e., between 0 and 

4.5 V vs. Ca2+/Ca. In pseudo-reference systems, the redox couple that corresponds to the 

thermodynamic equilibrium is not well-defined. Hence, measurement stability depends on 

maintaining a constant electrode potential and bulk solution composition. The effectiveness of 

carbon-based CE relies on their high surface area to minimize potential drift. 

Generally, potential drift is associated with the specific adsorption or desorption of ions on the AC 

surface, which charges the electrode and alters the interface potential.9 In the systems studied here, 

the ionic composition and concentration remained constant throughout the measurements thanks to 

the high surface area of the AC and quite large amount of electrolyte in the cell, as confirmed in figure 

3.2b. 

These results demonstrate that AC counter-electrodes and Au QREs can be reliably employed in 

DME-based electrolytes. This validation step is essential for establishing a consistent alternative for 

the further evaluation of novel cathode and anode materials in calcium-ion systems. 

 

 

 a)                                                                              b) 

Figure 3.2 a) stability CV with same cell configuration and scan rate of Figure 3.1; b) calculated redox potential 

of the CV in figure 3.1. plotted versus time.  
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3.4 Conclusions 

In this chapter, we have validated the use of a pseudo-capacitive electrochemical setup employing 

AC as a counter-electrode and gold (Au) as QRE for calcium-ion systems. This configuration has the 

potential to overcome key limitations associated with the use of calcium metal electrodes, such as 

interfacial passivation and poor reversibility, enabling more stable and reproducible electrochemical 

measurements. 

Through systematic calibration using the Fc⁺/Fc redox couple, we confirmed the stability of the Au 

QRE in Ca(TFSI)₂/DME-based electrolytes and demonstrated that AC electrodes operate well within 

the electrochemical stability window of this system. Continuous CV tests confirmed minimal 

potential drift and reliable performance of the AC/Au combination, provided that ionic concentration 

and electrode surface conditions remain stable. 

These findings establish a robust and inert platform suitable for fundamental studies on calcium-ion 

intercalation materials. With this validated setup, we are now equipped to investigate the 

electrochemical behavior of candidate electrode materials, such as the Prussian Blue Analogue and 

titanium oxide nanotubes, under controlled and reproducible conditions, as discussed in the following 

sections. 
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4 Chapter IV 

Positive electrode for CIBs 

 

4.1 Introduction to Cathode Materials for CIBs: Focus on Prussian Blue Analogues 

The development of efficient and stable cathode materials remains a central challenge in the 

advancement of calcium-ion battery technology.1 Since the initial investigations into Ca2+ 

intercalation in metal oxides and sulphides in the 1960s, progress in this area has been limited for 

decades, primarily due to the lack of suitable electrolytes that could support reversible calcium 

cycling.2,3 A major breakthrough occurred in 2016, when Ponrouch et al. reported reversible calcium 

plating and stripping in conventional organic solvents, 4 renewing interest in the design of viable 

cathode materials.5–7 Despite this progress, the number of experimental studies on positive electrodes 

for CIBs remains relatively small, and the field is still in an early phase of development.8,9 

Various families of materials have been proposed and tested as potential cathodes, including layered 

oxides,10,11 spinels,12 perovskites,13 chalcogenides,14 phosphates,15,16 nitrides,17 and carbon-based 

compounds.18,19 Conversion-type materials have also drawn attention due to their potential to bypass 

the kinetic limitations associated with calcium intercalation.20 However, many of these materials 

exhibit slow ion diffusion, poor structural stability, or irreversible electrochemical behavior.1,21 For 

instance, early studies on V2O5-based materials showed only partial or limited calcium intercalation.21 

Nanostructured vanadium oxide aerogels demonstrated higher specific capacities, but maintaining 

performance over extended cycling remained challenging.22 

Other promising efforts include the use of hydrated vanadium oxides, such as V2O5·0.63H2O, and 

one-dimensional CaV6O16·7H2O nanostructures, both of which benefit from large diffusion channels 

and hydrated frameworks that facilitate Ca2+ mobility. 23,24 In these systems, good capacity retention 

and rate capabilities have been observed, suggesting that nanostructuring and water-mediated ion 

transport can partially overcome the intrinsic limitations of Ca2+ intercalation. 

Layered molybdenum oxides such as α-MoO3 have also been explored in organic calcium 

electrolytes, delivering moderate reversible capacities.10,11 Even though structural stability during 

intercalation and deintercalation was confirmed, the calcium content has to be restricted to preserve 

reversibility (0<x<0.3 in CaxMoO3).
10 Similarly, spinel-type Mn2O4

 and related polymorphs of 

CaMn2O4 have been analysed both theoretically and experimentally.12,25 Among them, spinel-like 

structures exhibited more favourable Ca2+ mobility due to larger polyhedral diffusion paths, although 

practical implementation remains limited.25 
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Research into calcium cobaltite, such as Ca3Co2O6 and Ca2Co2O5, has revealed that the 

dimensionality of the Co-O framework significantly influences ion mobility and structural stability.26–

28 Experimental and DFT studies confirmed that one-dimensional and two-dimensional arrangements 

enable more accessible diffusion pathways than fully three-dimensional frameworks.25,27 However, 

issues of limited reversibility and electrolyte compatibility persist.27,29 

As previously discussed in Chapter I, molybdenum chalcogenides with the general formula Mo₆X₈ 

(X = S, Se, Te), known as Chevrel phases, are of particular interest for their unique structural and 

electrochemical characteristics. 1 Computational investigations by Smeu et al.30 have suggested their 

suitability for calcium-based energy storage, though no experimental validation has yet been 

reported.31 Alongside these, the layered dichalcogenide TiS₂ has been examined by Tchitchekova et 

al. for its ability to intercalate Ca²⁺ and Mg²⁺ using carbonate-based electrolytes.32 Their study 

provided the first clear demonstration of reversible calcium intercalation in TiS₂, supported by X-ray 

diffraction (XRD) and Ca L₂-edge absorption tomography. Verrelli et al. expanded on this by showing 

that reversible Ca²⁺ insertion is achievable at room temperature in propylene carbonate-based 

electrolytes through solvent co-intercalation. 33 

Among the various materials investigated, Prussian Blue Analogues (PBAs) have emerged as 

particularly promising candidates for calcium-ion cathodes due to their no toxicity, unique structural 

properties and electrochemical behavior. 1,34  PBAs exhibit a highly ordered, open-framework 

structure, typically described by the general formula AxMM′(CN)₆·nH₂O, where A denotes interstitial 

alkali and alkaline earth cation (including Ca²⁺), M is connected to the nitrogen ends of the cyanide 

groups and is usually high-spin (HS), while M', bonded to the carbon end of the cyanides, is low-spin 

(LS), since these two ends behave respectively as weak and strong field ligands.35 The framework of 

PBAs, characterized by the three-dimensional network of transition metals and cyanide ligands, 

provides substantial lattice stability and allows for efficient ion diffusion.36–38 Their cubic lattice and 

large interstitial voids offer sufficient space for relatively large cations, while the framework’s 

chemical tunability allows optimization of ionic diffusion and structural stability.37,38 

Materials like K₂BaFe(CN)₆ demonstrated modest yet reversible capacities, though with limited cycle 

life.39 More recently, PBAs such as KNiFe-PBA have shown enhanced structural stability and 

electrochemical reversibility in Ca-based organic electrolytes using a pseudocapacitive approach with 

Ag as QRE and an activated carbon based counter electrode.40 These materials preserve their 

framework integrity over repeated cycling, despite delivering only moderate absolute capacities 

(around 40mAh/g).40 
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Early studies on PBA such us K1.67Mn0.65Fe0.35Fe(CN)60.92·0.45H2O, exhibit good cycling stability 

and remarkable electrochemical performance, making them candidates for large ion intercalation such 

us K+.36 The ability of PBAs to accommodate larger calcium ions in their crystal lattice is facilitated 

by their large channels and open cubic framework, which contrasts favourably with traditional 

intercalation materials that often struggle with ion size constraints34,36,40. Consequently, the structural 

characteristics of PBAs, alongside their performance in potassium-ion systems, suggest potential for 

the development of high-performance CIBs.37 

However, the specific performance of K1.67Mn0.65Fe0.35Fe(CN)60.92·0.45H2O in calcium intercalation 

has never been reported so far in the literature36 and for this reason and considering its structural 

features and potential suitability for multivalent ion storage, the following section presents a detailed 

investigation and electrochemical characterization of this material as a cathode for CIBs. 

4.2 PBA as cathode for CIBs 

4.2.1 Introduction 

The PBA K1.67Mn0.65Fe0.35[Fe(CN)6]0.92·0.45H2O (MF21) represents an interesting candidate positive 

electrode active material for calcium metal and CIBs. In this chapter we investigate the reversible 

intercalation reactions of calcium ions into MF21 in a nonaqueous electrolyte. This material was 

synthesised by a simple precipitation method and its functional properties were investigated by 

combining several complementary ex situ and operando physico-chemical characterization 

techniques. This MF21 demonstrates reversible redox activity of Ca intercalation/deintercalation 

demonstrated by galvanostatic cycling and confirmed by XRD, X-ray fluorescence (XRF) and the 

redox active species were identified by Mossbauer spectroscopy. Overall M21 shows Mn redox 

activity despite suffering a quick fade in capacity likely due to the passivation products on Ca counter-

electrode surface that hinder any redox activity after a few cycles. To circumvent this setback further 

electrochemical characterisation was performed by adopting the pseudo-capacitive approach outlined 

in chapter III. 

4.2.2 Experimental Section 

4.2.2.1 Synthesis of the PBA 

K1.67 Mn 0.65Fe0.35[Fe(CN)6 ]0.92·0.45H2O (MF21) was synthesised by precipitation method. Two 

solutions A and B were prepared at 60 °C. Solution A was obtained by dissolving 8 mmol of 

K4Fe(CN)6.3H2O in 100 mL of saturated KCl solution; solution B was a mixture of 8 mmol of 

MnSO4.H2O and FeSO4.7H2O at the required 2:1 stoichiometric ratio in 80 mL of KCl. Solution B 

was poured rapidly into solution A under intense stirring. The temperature was kept at 60 °C for 24 

hours of agitation. The obtained suspension was washed five times with deionized water and then two 
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times with ethanol and finally centrifuged at 20000 rpm before being dried under vacuum. An 

additional drying step at 100 °C overnight was applied before the characterizations and electrode 

formulation to ensure that the interstitial water was removed completely. 

4.2.2.2 Materials characterization and data analysis 

Powder XRD patterns of the synthesised materials were collected on a Bruker Advance D8 

diffractometer with a Cu Kα radiation source (λ = 1.5418 Å) and a step size of 0.02° in the range of 

10-100 °. Lattice parameters were obtained by profile matching using Fullprof package40. 

Transmission 57Fe Mossbauer spectra were collected at room temperature with a triangular velocity 

waveform. A gas-filled proportional counter was used for the detection of γ-rays. A 0.5 GBq 57Co:Rh 

source, kept at room temperature. Velocity calibration was performed with an α-Fe foil at room 

temperature. Absorbers containing 5 to 25 mg cm–² were protected from air using thermally sealed 

coffee-bags. The Mössbauer spectra were fitted by using the PC-Mos II computer program with 

appropriate superpositions of Lorentzian lines. In this way, hyperfine parameters such as the isomer 

shift (δ), the electric quadrupole splitting (Δ), the full line width at half maximum (Γ) and the relative 

resonance areas (Area) of the different components of the absorption patterns were determined. 

Thermogravimetric analysis (TGA) was performed to determine the amount of interstitial water of 

MF21. The measurement was carried out on a thermic simultaneous analyzer model STA 449 F1 

Jupiter® (NETZSCH) from room temperature to 450 °C under Argon atmosphere with a thermal step 

of 5 ℃/min. The amount of interstitial water was calculated based on the mass loss at 100 ℃. 

For the electrochemical tests, electrode films were prepared by tape-casting on aluminum foil (18 

μm, GoodFellow), a slurry obtained by mixing MF21-PBA with Super P carbon (Alfa Aesar) and 

polyvinylidene fluoride (PVdF, Solef® 5130) as conductive additive and binder, respectively, with a 

mass ratio of 60/30/10 in N-methyl-2-pyrrolidone (NMP, Sigma Alrich) in a planetary ball mill. The 

casted film was dried in air before punching out round-shape electrodes with the diameter of 1.27 cm, 

which were then further dried under vacuum at 80 ℃ overnight. Coin cells (CR2032) of MF21, K, 

Li and Ca metal were assembled in an Ar-filled glovebox (O2 < 0.5 ppm, H2O < 0.5 ppm) using 0.5M 

Ca(TFSI)2 and 0.3M Ca[b(HFIP)4]2 in DME as electrolytes, a Whatman glass fibre disks as 

separators. For the evaluation by the pseudo-capacitive approach, three electrode cells were 

assembled with MF21 as working electrode, AC as counter electrode and Au as QRE using 0.5 M 

Ca(TFSI)2 in DME. 

For the ex situ and operando analyses, electrodes were prepared by thoroughly mixing MF21 with 

Super P carbon and PTFE (polytetrafluoroethylene) with a weight ratio of 60/30/10 to form a 

homogeneous film. The film was cut into electrode disks with the diameter of 11 mm (operando XRD 
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and XAS) or 14 mm (ex situ Mössbauer spectroscopy). Operando XRD and XAS experiments were 

carried out using a special electrochemical cell equipped with a Be window. A thin aluminum foil 

(thickness = 2 μm) put between the working electrode and the Be window was used as the positive 

current collector. The mass loading of the electrodes used for the ex-situ Mössbauer spectroscopy was 

around 25 mg cm–2, whereas it was ≤ 10 mg cm–2 for the operando XRD and operando XAS 

measurements. 

4.2.3 Result and discussion  

In this study, we investigated Ca2+ intercalation in MF21-PBA structures by comparing two 

conditions. First, the as-prepared (potassiated) MF21 was cycled against calcium metal in 0.3 M 

Ca[b(HFIP)4]2 electrolyte (Figure 4.1a). Then, the same material was de-potassiated via galvanostatic 

cycling against lithium (using LiTFSi 0.5M in DME as electrolyte), washed with fresh DME and 

subsequently tested against calcium in the same electrolyte and cell configuration (Figure 4.1b). For 

reference, Figure 4.1c shows the cycling behavior of MF21 versus potassium. 

 

Figure 4.1 Galvanostatic cycling of a) pristine MF21 and b) depotassiated (-K)MF21 against Ca 

metal; c) galvanostatic cycling of MF21 vs K. 

 

Comparing Figures 4.1a and 1b, several key differences emerge. Most notably, the de-potassiated 

MF21 exhibits about half the capacity of the potassiated material. Moreover, in the de-potassiated 

sample, the charge/discharge curves show only a single, broad plateau. This suggests that only one 

transition metal is participating to the redox activity during calcium insertion.41 Alternatively, it is 

possible that, unlike the potassiated MF21 (Figure 4.1a) where two distinct voltage plateaus indicate 

sequential redox processes of Fe and Mn, the de-potassiated material exhibits a mixed redox behavior. 

In this case, Fe and Mn may gradually change oxidation state in parallel with the state of charge, 

resulting in a single, sloped plateau during cycling.42 These findings confirm, as already reported, a 

stronger a higher affinity of MF21 for potassium.36,43–45 This suggests that in the pristine sample 

 

 a)                                                     b)                                                    c) 
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(Figure 4.1a), the electrochemical activity is predominantly due to K+ insertion rather than Ca2+. The 

rapid capacity fading observed in the de-potassiated MF21 (Figure 4.1b) could be attributed to surface 

passivation of the calcium metal anode.46 After cycling the de-potassiated MF21, the cell was opened, 

and a black layer was observed on the separator and on Ca metal (Figure 4.2a). This passivation film 

may hinder Ca-ion diffusion at the electrode–electrolyte interface. When the cell was reassembled 

using the same MF21 electrode with a fresh electrolyte, separator and a new calcium metal counter 

electrode, the system nearly recovered its initial capacity (Figure 4.2c). These tests evidence the 

electrochemical activity of the MF21 as positive intercalation electrode, showing a reversible capacity 

of calcium intercalation/deintercalation in MF21 as a cathode for CIBs. 

 

Figure 4.2 a) Whatman and Ca metal electrode after 3 cycles; b) and c) represent the galvanostatic 

cycling of the depotassiated (-K)MF21 against Ca metal, respectively before and after the renewing 

of the passivated Ca electrode and Whatman separator. 

XRF was used to confirm the presence of calcium in the MF21 electrode after cycling, at different 

states of charge. Specifically, one measurement was taken at the end of the first charge (EOC), 

corresponding to the initial de-potassiation vs. Li, and another at the end of the first discharge (EOD), 

i.e., after Ca insertion. The results, summarized in the table shown in Figure 4.3a, confirm the 

presence of calcium in the calciated electrode. 

  

 

a) 

 

 

b)                                                                                                c) 
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To further confirm the intercalation of Ca within the structure and not just adsorbed on the surface, 

the same samples, i.e., pristine electrode, EOC and EOD were analysed by XRD. The XRD pattern 

of dried pristine MF21 (Figure 4.4a) was previously discussed in detail by our group.36 The MF21 

lattice results results slightly contracted and exhibits a greater lattice distortion compared to other 

reported isostructural containing high-spin Mn or Fe.34,38,47,48 This distortion arise from partial 

oxidation of Mn²⁺ or Fe²⁺ to Mn³⁺ or Fe³⁺ at the M1 site during synthesis or drying. 36 

The XRD profiles collected at different states of charge (Figure 4.4 b and c) reveal a noticeable shift 

of diffraction peaks toward smaller angles upon Ca insertion, indicating an expansion of the lattice 

parameters.49 This shift coupled with the XRF results provides direct evidence of bulk calcium 

intercalation into the PBA framework. 

 

Figure 4.3 a)XRF table, b) and c) galvanostatic curve of the samples 

with circled the corresponding state of charge, representing the 

depotassiation and calciation of MF21 respectively 
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To understand the redox activity of the transition metal species during calcium intercalation in the 

MF21 structure as well as the potential partial oxidation of the pristine sample, the material was 

analysed by Mössbauer spectroscopy under the same conditions as the XRF measurements (Figure 

4.5). Mössbauer spectroscopy enables the quantification of both high-spin (HS) and low-spin (LS) Fe 

oxidation states, allowing us to estimate from the fitted area the number of electrons exchanged per 

formula unit at the EOC and EOD. From this, we deduced the contribution of Fe to the overall 

capacity, while the remaining portion was attributed to Mn. Moreover, these results indicate a partial 

oxidation in the pristine MF21 material due to the presence of Fe3+ in the pristine electrode. 

 

  

 

 

Figure 4.4 a) b) c) are the XRD pattern of the samples 

on the right i.e. pristine, at EOC and EOD respectively; 

and d) the corresponding table. 

Figure 4.5 a), b) and c) are the Mossbauer spectroscopy of the 

samples of the electrode pristine, at EOC and EOD respectively; d) 

report the corresponding table results. 
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Based on these calculations and comparing them with the galvanostatic profile of the charge and the 

discharge shown in figure 4.3 b and c, respectively, we estimate that Fe accounts for approximately 

62 mAh/g at EOC and 54.3 mAh/g at EOD. Comparing the capacity achieved in the galvanostatic 

profiles, with the redox activity calculated from Mössbauer analysis, we conclude that potassium 

deintercalation is mainly supported by Fe redox activity, with a minor contribution from Mn, and that 

the calcium intercalation is mainly supported by the Fe activity.  

To further understand the calcium intercalation mechanism within the MF21 lattice, we conducted 

operando XRD analysis during galvanostatic cycling measurements shown in Figure 4.6. The in situ 

XRD patterns reveal a structural “breathing” behaviour, i.e., reversible variation in lattice parameters 

during charge and discharge. This observation indicates a monophasic intercalation mechanism, 

wherein the structural framework of MF21 remains intact while undergoing the galvanostatic cycle, 

disclosing reversible expansion and contraction during Ca²⁺ insertion and extraction. 

We subsequently tested the MF21 electrode using a three-electrode configuration, employing 

activated carbon as the counter electrode, as described in Chapter III. This setup was designed to 

isolate the behaviour of the cathode material from the complications associated with calcium metal 

as previously shown in Figure 3.1a. 

 

Figure 4.6 galvanostatic curves of charge and discharge on the left and on the right the corresponding in situ 

XRD on the right of   MF21 vs Ca; the patterns of the PBA show obvious peaks at about 19.5; 28.8; 35.4; 

40.7 and 43.8 that gradually shift to smaller angles by monophasic mechanism. 
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Figure 4.7 presents the galvanostatic cycling obtained with this configuration. An initial, non-

reversible charge is observed, which is likely attributed to parasitic reactions or initial irreversible 

intercalation processes. Despite a rapid initial capacity fade, the system quickly stabilizes into a 

highly reversible cycling pattern, even if with limited capacity. This behavior, characterized by 

limited capacity but good reversibility, is similar to what has already been reported for other PBAs 

cycled with calcium.40 

The reduced capacity may also be influenced by the different electrolyte used in this configuration, 

highlighting the strong dependence of intercalation behavior on electrolyte chemistry. 

These results suggest that, when using this cell setup, MF21 exhibits a limited but stable intercalation 

capability and raises new questions about the possible parasitic reactions occurring when calcium 

metal is used, which should be further investigated to better understand and control their effect on 

cell performance. 

4.2.4 Conclusion 

In summary, our findings confirm that calcium reversibly intercalates into the MF21 structure in 

aprotic electrolyte, without compromising the integrity of the open-framework PBA lattice. However, 

in full cells using calcium metal as the counter electrode, a rapid capacity fade is observed. This is 

likely caused by the formation of passivation products at the Ca/electrolyte interface, which 

progressively hinder Ca²⁺ transport and block intercalation.50 

Figure 4.7 Galvanostatic cycling of MF21 against AC counter electrode and Au as QRE with Ca(TFSI)2 0.5M 

in DME as electrolyte. 
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Ex-situ XRD confirmed that the MF21 framework remains crystalline during cycling, Mössbauer 

analysis reveals an initial partial oxidation of the material and that the electrochemical activity is 

mainly supported by Fe redox activity, with only a minor contribution from Mn. Operando XRD 

revealed a monophasic intercalation/deintercalation mechanism, characterized by reversible lattice 

expansion and contraction. Altogether, these results highlight the need for improved electrolyte 

formulations and optimized cell designs to fully exploit MF21 as a cathode for CIBs.  

To discriminate the activity of MF21 cathode to the issues related to calcium metal, the material was 

tested in a three-electrode configuration using activated carbon as a capacitive counter electrode and 

Au as quasi-reference electrode in a pseudo capacitive cell setup described in Chapter III. In this 

setup, the system showed a clear stabilization of the electrochemical response over cycling; however, 

with limited capacity. This suggests that possible electrolyte-dependent reactions may occur during 

cycling and further investigations of MF21 in this configuration are needed in order to assess possible 

solvent co-intercalation and initial dissolution of the active material. 

Although no literature reports are available on the electrochemical behaviour of this specific Prussian 

Blue Analogue composition with Mg²⁺ or Zn²⁺ ions, meaningful contextualisation can be achieved by 

considering structurally related PBAs studied in other multivalent systems. PBAs explored for Mg²⁺ 

intercalation typically exhibit limited capacities, generally ranging between 20 and 60 mAh g⁻¹, 

reflecting the slow diffusion kinetics imposed by the high charge density and strong solvation of 

Mg²⁺.⁵¹ In contrast, several PBAs investigated for Zn²⁺ storage, mostly in aqueous electrolytes, display 

higher capacities between 100 and 150 mAh g⁻¹, although their behaviour is strongly influenced by 

framework composition and water-mediated co-intercalation processes.⁵²⁻⁵³ 

These comparisons highlight that the electrochemical performance of PBAs is governed not only by 

the nature of the migrating ion and electrolyte environment but also by structural parameters such as 

vacancy content, hydration degree and transition-metal distribution within the framework. In this 

context, the studied PBA (MF21) cathode delivers reversible Ca²⁺ intercalation with capacities 

ranging from 80 to 40 mAh g⁻¹ at 5 mA g⁻¹ in Ca-metal half-cells, and approximately 30 mAh g⁻¹ in 

the pseudo-capacitive configuration, values that are fully consistent with the expectations for 

divalent-ion storage in PBAs under aprotic conditions. Altogether, these observations emphasise both 

the intrinsic challenges associated with Ca²⁺ intercalation and the crucial role of framework chemistry 

in determining the electrochemical response of multivalent-ion insertion materials. 
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5 Chapter V 

Novel negative electrodes for electrochemical calcium redox reactions 

5.1 Introduction 

Although the use of calcium metal as a negative electrode remains a promising avenue, particularly 

in the light of the recent progress discussed in chapter II, it does not yet meet the requirements for 

practical applications, largely due to its low coulombic efficiency. An alternative strategy involves 

the use of materials capable of reacting electrochemically with calcium, thereby forming the basis of 

CIB systems that do not rely on metallic calcium. While this approach may involve a trade-off in 

terms of specific capacity, it offers several practical benefits. First, calcium-based compounds are 

generally less prone to surface passivation than metallic calcium,1 

Subsequently, Lerner et al.2 synthesized a graphite intercalation compound (GIC) with the 

composition [Ca(EN)2]C26 through a chemical reaction between calcium metal and graphite powder 

in liquid ethylenediamine (EN), carried out under inert conditions at moderate temperatures (25–

100 °C). These studies confirmed that chemical calcium intercalation into graphite can occur under 

specific thermal conditions. 

In 2008, Ogumi et al.3 reported for the first time the electrochemical insertion of Ca²⁺ into graphite 

using an organic electrolyte. Graphite (either natural or synthetic i.e. Highly Oriented Pyrolytic 

Graphite, HOPG) served as the working electrode, while a 0.2 M Ca(CF3SO3)2 solution in dimethyl 

sulfoxide (DMSO) was used as the electrolyte. Although the authors suggested simultaneous Ca²⁺ 

insertion and solvent co-intercalation, the details of this process were not fully elucidated. Later, 

Takao et al.4 explored the electrochemical behavior of Ca²⁺ intercalation into graphite using 0.5 M 

Ca(ClO4)2 in an EC:EMC (1:2, v/v) electrolyte. The degree of calcium intercalation ranged from 14.5 

to 42.3 µmol, corresponding to chemical formulas between Ca0.0318C6 and Ca0.0444C6. However, 

evidence for Ca²⁺ de-intercalation from graphite remains limited. 

More recently, substantial progress has been made. It has been shown that graphite functions as a 

viable Ca²⁺ host anode in the presence of Ca(TFSI)₂ dissolved in tetraglyme (G4).5 Under these 

conditions, the graphite anode delivered reversible capacities of 62 mAh g⁻¹ at 0.05 A g⁻¹ and 

47 mAh g⁻¹ at 1.0 A g⁻¹. Both experimental and theoretical analyses confirmed the co-intercalation of 

Ca²⁺ solvated by a single G4 molecule, forming the ternary compound, Ca-G4·C72. Despite the 

associated dimensional changes, this system demonstrated unprecedented electrochemical 

performance for Ca-ion storage. 
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Further advances were achieved by Kang et al.6 , who demonstrated reversible Ca²⁺ intercalation into 

graphite using a dimethylacetamide (DMAc)-based electrolyte. The system employed natural 

graphite as the working electrode and Ca metal as the counter electrode. Galvanostatic cycling, 

between 0.2 and 1.5 V showed a stable capacity at 50 mA g⁻¹, with multiple voltage plateaus possibly 

representing different staging intermediates. The graphite anode delivered a capacity of 85 mAh g⁻¹ 

over 200 cycles and retained 75% of its specific capacity (67 mAh g⁻¹) even at high rates 

(2000 mA g⁻¹). Cyclic Voltammetry (CV) at scan rates from 0.025 to 1 mV s⁻¹ revealed four distinct 

de-intercalation processes, consistent with the GC results. DFT calculations and experimental data 

evidence jointly indicate that the intercalated phase corresponds to a ternary graphite intercalation 

structure of nominal composition [Ca-(DMAc)₄]C₅₀, rather than an isolated molecular compound. 

These findings provide critical insights into the design of CIBs using commercially available graphite. 

Nevertheless, the large size of solvated Ca²⁺ could restrict capacity and requires further 

optimizations.7 

Other intercalation anode such us spinel-structured lithium titanate (Li₄Ti₅O₁₂, LTO) is recognized as 

one of the most promising anode materials for lithium-ion batteries due to its favourable 

electrochemical characteristics.8 Building on its performance in Li-based systems, Jeong et al.9 

explored its applicability in CIBs. Their investigations revealed that LTO-based CIBs delivered 

discharge capacities around 85 mAh g⁻¹ when employing a 0.1 M Ca(SO₃CF₃)₂ electrolyte in a 

PC:DMC (1:10 v/v) mixture, and approximately 145 mAh g⁻¹ when using 0.1 M Ca(TFSI)2 in THF. 

These results underscore the critical influence of electrolyte composition on the electrochemical 

response of LTO in CIBs. Nevertheless, there is still a lack of direct evidence confirming whether the 

recorded capacities result from reversible Ca²⁺ intercalation into the bulk LTO. Further investigations 

are necessary to clarify the mechanisms and the effect of electrolyte composition.7 

Transition metal oxides (TMOs), such as two-dimensional (2D) VO₂ and MoO₂ have also been 

proposed as viable anode materials for CIBs. 10,11 Theoretical modeling has shown that VO₂ offers 

excellent Ca²⁺ mobility, with a low diffusion barrier of 0.306 eV and a specific capacity up to 260 

mAh g⁻¹ when Ca²⁺ ions occupy the centre of hexagonal V–O coordination environments. 

Importantly, the metallic properties of the VO₂ layers are preserved upon ion adsorption. Similarly, 

DFT simulations for MoO₂ have revealed ultrafast Ca²⁺ diffusivity (barrier: 0.22 eV) and a theoretical 

capacity of 1256 mAh g⁻¹ with an average voltage of 0.35 V, associated with the formation of 

Ca₃MoO₂; however, the reported stoichiometry appears rather unconventional. In particular, the 

oxygen deficiency implied by Ca₃MoO₂ would require atypical oxidation states of Mo that are not 
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commonly observed in stable molybdenum oxides. This raises questions regarding the chemical 

plausibility and thermodynamic stability of such a phase. 

Notably, while the reversible incorporation/de-incorporation of Li⁺, Na⁺, or K⁺ into crystalline 

inorganic hosts such as TiO₂, MoO₂, or graphite has been well established, similar evidence for bare 

Ca²⁺ intercalation into structurally preserved ordered anode materials remains absent from the current 

literature.12–16  

In this context, in the next paragraph, we present our investigation on nanostructured titanium oxide 

nanotubes as a promising negative electrode capable of reversibly accommodating Ca²⁺ ions.  

5.2 Nanostructured titanium oxide nanotubes as negative electrode for CIBs 

 

The reversible electrochemical activity of anatase nanotubes in galvanostatic tests at room 

temperature is carried out either in a calcium metal half-cell or in a pseudocapacitive hybrid cell using 

a liquid Ca2+ aprotic electrolyte. The experimental evidence of an electrochemical intercalation of 

Ca2+ in the anatase lattice is obtained by ex situ Ti and Ca K-edge X-ray absorption spectroscopy 

(XAS). The structural modifications induced by the incorporation of calcium into the TiO2 structure 

was analysed by modelling the extended X-ray absorption fine structure (EXAFS) region of the XAS 

spectra in close comparison to analogous lithiated and sodiated anatase samples. 

5.2.1 Experimental methods 

5.2.1.1 Synthesis of the anatase nanotubes  

Anatase nanotubes (a-NTs) were synthesized by optimized alkaline hydrothermal route.17 Bulk 

Titania (TiO2 powder, Sigma Aldrich) was dispersed in 10 M NaOH (98%, Sigma Aldrich) solution 

(Ti:Na = 1:13 w/w) with a series of stirring and sonication steps followed by heating at 150 °C for 2 

hours in a Teflon-lined autoclave. The hydrothermal treatment is known to produce sodium-titanate 

nanosheets that roll-up and form nanotubes in solution.17 After this process, the product is filtered and 

washed to remove the excess of NaOH. The product obtained by this stage of the process consists of 

hydrated Na-titanate nanotubes, NayH1-yTinO2n-1, which were ion exchanged, using a 0.01 M aqueous 

solution of hydrochloric acid added dropwise under continuous stirring until pH = 4 was reached to 

obtain the de-sodiated H2Ti3O7. In order to confirm and describe the evolution of morphology and 

composition of the sodiated NTs upon acidification, four samples at different stages of the ion-

exchange were collected and investigated with field-emission scanning electron microscopy 

(FESEM, see below for technical details) and EDX (energy-dispersive X-rays Bruker probe). The 

final product was filtered, washed with a minimal amount of water, and dried overnight at 80 °C 

under vacuum. The sample was annealed at 380 °C for 5 minutes with a heating rate of 0.4 °C/min. 
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5.2.1.2  Physico-chemical characterization 

FESEM coupled with EDX experiments were carried out at the CNIS Center for Nanotechnology and 

Innovation of Sapienza by employing an Auriga Zeiss electron microscope. Wide-angle XRD patterns 

were collected by using either a Philips X'PERT or a Bruker Advance D8 diffractometer, both 

equipped with a Cu Kα source, λ = 1.5418 Å using in all cases an angular scan in the range of 10°-

100°with a step size of 0.02°. Micro-Raman spectroscopy experiments were carried out using a Dilor 

Raman system equipped with an He-Ne (632.7 nm) laser source, a Semrock RazorEdge® ultrasteep 

long-pass edge filter and a Peltier cooled CCD detector. Transmission electron microscopy (TEM) 

analysis was carried out using a FEI Tecnai cryo-TEM instrument: samples were prepared by 

evaporating a drop of an ethanol suspension of anatase NTs onto a holey carbon Cu mesh grid. 

 

5.2.1.3 Cells assembly and electrochemical tests 

Electrode composite films were prepared by tape-casting on Cu foil (0.1mm, Sigma Aldrich). The 

composite slurry was obtained by mixing a-NTs with a conductive carbon additive (Super P, Alfa 

Aesar) and polyvinylidene fluoride (PVdF, Solef® 5130) as the binder with a mass ratio of 70/20/10, 

respectively, in 18N-methyl-2-pyrrolidone (NMP, Sigma Alrich). The casted film was dried in air 

before punching out circular electrodes (diameter 9 mm), which were then further dried in vacuo at 

90 ℃ overnight. a-NTs composite electrodes were also prepared on Al foil (18 μm, GoodFellow) 

following the same procedure to minimize the current collector corrosion in the aprotic electrolyte.18 

Pelletized a-NTs electrodes were manufactured starting from the same composite mixture by using a 

hydraulic press at room temperature and a Specac 13 mm die set at 5 tons cm-2. Free standing 

capacitive electrodes were made using activated carbon (AC, YP-50F, Kuraray) and 

polytetrafluoroethylene dispersion (PTFE 60 wt% in water, Sigma Aldrich), used as received. The 

mass ratio of AC active material and PTFE binder was 95/5. Calcium metal (ACI Alloys, Inc) 

electrodes were obtained starting from calcium foils rolled using a calendaring machine (MTI corp.) 

to an approximate thickness of 100 mm. The surface of the Ca foils was scratched in the glove box 

to remove the passivating layer and punched into disks (diameter 9 mm). Lithium (Li, 99.9 %, Sigma 

Aldrich) and sodium (Na, 99.8 % Sigma Aldrich) electrodes were punched (diameter 9 mm) from 

thin foils and pressed onto a stainless-steel current collector. 

Electrolytes for calcium-based cells were formulated and prepared starting from solvents dried under 

molecular sieves and calcium salts in an Iteco Eng SGS30 Ar-glove box with a moisture content 

below 1 ppm. Molecular sieves (3 Å, Alfa Aesar) were preliminarily dried at 300 °C for 24 h in a 
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Muffle Furnace (Nabertherm up to 1100 °C). Tetrahydrofuran (THF, Sigma Aldrich, 99.9 %), 1,2-

dimethylglycol ether (DME, Sigma Aldrich, 99.5%) were dried over the pre-dried molecular sieves 

for one week. Calcium bis(trifluoromethanesulfonyl imide (Ca(TFSI)2, Solvionic, 99.5 %) was dried 

at 100 °C under vacuum before use, whereas calcium borohydride (Ca(BH4)2, Sigma Aldrich) was 

used as received. Calcium-based electrolytes were prepared by dissolving the appropriate amount of 

Ca(TFSI)2 in DME to obtain a molality of 0.5 mol/kg for the pseudo capacitive cell tests, and by 

dissolving Ca(BH4)2 in THF to obtain a molality of 1 mol/kg for the electrochemical tests in Ca metal 

half-cells. The aprotic electrolyte for lithium cells was a commercial formulation from Merck (i.e., 

LP30, 1 mol/l solution of lithium hexafluorophosphate (LiPF6) in an ethylene carbonate 

(EC) - dimethyl carbonate (DMC) 1:1 vol. solvent mixture). The aprotic electrolyte for the sodium 

cell was prepared by dissolving 1 mol of NaClO4 (Alfa Aesar) per liter of EC-propylene carbonate 

(PC) 1:1 vol solvent mixture (Sigma Aldrich).  

In all cases, Whatman glass fiber disks (thickness 1.55 mm) soaked with 0.1 ml of electrolyte were 

used as the separators. The assembly of cells (a-NTs / electrolyte / CE) and all the manipulations were 

carried out inside Ar-filled glove boxes (O2 and H2O < 1 ppm). The testing cells for the 

electrochemical experiments were made by assembling a-NTs  / electrolyte / Ca, Li, or Na using 

ECC-STD cells, and a-NTs / electrolyte / AC, Ca as reference electrodes using ECC-Ref commercial 

cells from EL-Cell. Electrochemical tests were carried out using an MTI battery testing system or an 

IVIUM Vertex electrochemical testing station. Current rates were calculated with respect to the mass 

of the active material in the electrodes. 

5.2.1.4 XAS measurements and data analysis 

XAS experiments were carried out at the XAFS beamline of ELETTRA Synchrotron19 on pristine 

materials and post mortem electrodes. After cycling, the electrochemical cells were disassembled in 

an Ar-filled glove box to recover the post mortem electrodes, which were carefully washed three times 

in THF and dried in vacuo at room temperature for 30 minutes. For the sake of comparison, similar 

experiments were carried out on cells vs. calcium, sodium and lithium to follow the electrochemical 

incorporation of the corresponding cations in the electrodes. Pristine samples were prepared by 

carefully grinding the powder in an agate mortar inside an Ar-filled glove box with boron nitride as 

dispersing agent to produce pellets with the optimal thickness and mass loading of the atomic species 

under study, i.e., Ca and Ti. All samples were sealed between two Kapton windows to avoid direct 

contact with ambient air and loaded into a multi-sample holder operating in high vacuum conditions. 

Ti K-edge and, when relevant, Ca K-edge XAS measurements were carried out in transmission 

geometry with a Si(111) double crystal monochromator, while the storage ring was operating at 2 
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GeV with a beam current of 200 mA. All spectra were collected with the same experimental set-up, 

allowing for direct comparison among the peak intensities. Energy calibration was carried out using 

as reference standards CaCO3 for the Ca K-edge and a titanium metal foil for the Ti K-edge. No 

relevant drifts or shifts of the photon energy were observed during the experiments. The Ca K-edge 

XAS spectrum of a 0.1 M CaCl2 aqueous solution (slightly acidic) was measured as a reference. The 

experimental setup for this sample can be found in Ref. 20. At least two spectra were recorded and 

averaged for each sample. For the comparison of the X-ray absorption near edge structure (XANES) 

data, a linear background was fit to the pre-edge region and then subtracted from the entire spectrum, 

while the jump was normalized with respect to unity with the post-edge asymptotic value chosen 

where the XAS oscillations are small enough to be negligible. The number of Ca2+ ions trapped into 

the a-NT anode per formula unit of TiO2 was derived by the corresponding jump of the spectra 

collected at the Ca and Ti K-edge on post mortem samples. 

The EXAFS portion of the Ca K-edge XAS spectrum collected on the Ca2+-intercalated a-NTs was 

analysed with the GNXAS code.21,22 Amplitudes and phase shifts were calculated from clusters with 

fixed geometry within the muffin-tin (MT) approximation with MT radii of 0.90 Å for oxygen and 

1.35 Å for calcium and titanium, as previously reported.20 Advanced models for the exchange–

correlation self-energy in the framework of the Hedin–Lundqvist scheme were used to take into 

account the photoelectron inelastic losses in the final state.23 In the GNXAS approach, theoretical 

signals associated with n-body distribution functions are calculated following the multiple-scattering 

(MS) theory and summed to reconstruct the total theoretical contribution. A theoretical Ca-O single 

scattering (SS) signal was calculated to account for the first shell oxygen atoms, while the Ca-Ti 

contribution accounting for the second shell Ti atoms did not substantially improve the fit quality 

(vide infra). The two-body distributions are modelled as Γ-like functions depending on four structural 

parameters, namely the coordination number N, the average distance R, the Debye-Waller factor σ2, 

and the asymmetry index β, which was optimized during the fitting procedure to obtain the best 

agreement with the experimental data. Note that in disordered systems, where large asymmetries in 

the pair distributions are observed, the average distance is no longer the maximum one, while these 

values coincide for symmetric Gaussian distributions (β = 0).20,24,25 Least-squares minimizations were 

carried out directly on the raw data, without preliminary background subtraction or Fourier filtering. 

Additional non-structural parameters such as the edge ionization energy E0, the amplitude reduction 

factor S0
2, and the energy position and amplitude of the KM1 double-electron excitation channel, 

modeled with an arctangent function, were also optimized during the fitting procedure.  
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5.3 Results 

5.3.1 Preliminary anatase nanotubes characterization 

Anatase nanotubes were synthesized following a well-established hydrothermal route forming as 

intermediate product sodiated tri-titania nanotubes, i.e., Na2Ti3O7, which are converted into H2Ti3O7 

by Na+/H+ ion-exchange with HCl.17 In order to monitor the evolution/preservation of the morphology 

of the NTs during ion-exchange, four samples at different stages were collected at various pH and 

investigated by FESEM-EDX as shown in Figure 1. As expected, the titration by 0.01 M aqueous 

HCl is able to ion-exchange the Na+ ions from the Na2Ti3O7 lattice with H+. At the end of the acidic 

washing, the residual Na/Ti atomic ratio is approximately 0.03, in line with the almost complete 

removal of Na+ ions from the structure. This compositional change occurs without major alterations 

in the nano-morphology of the sample that preserves the nanotubular shape in the primary particles 

and morphological homogeneity across the sample (cf. Figure 5.1).  

After the ion-exchange procedure, the H2Ti3O7 precursor was annealed in air at 380 °C to remove the 

structural water and promote the nano-crystallization of the Anatase NTs. 17 This high-temperature 

annealing preserves the nanotubular morphology of the samples as shown by the TEM micrograph in 

Figure 5.2. The de-hydrated nanotubes show a mean outer diameter of approximately 10 nm, an inner 

diameter of about 5-7 nm and a length ranging between 100 and 300 nm, in line with the literature.17 

Figure 5.1 Morphological evolution of the hydrated NTs at various stages of the Na+/H+ ion-exchange process. The 

Na2Ti3O7 phase obtained by hydrothermal reaction has been titrated with 0.01m aqueous HCl and the intermediate 

samples have been collected by filtration at different pH values and were dried at 80 °C overnight in air. The Na/Ti 

atomic ratio has been derived from EDX data. 
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The nature of the NTs after annealing at 380 °C was checked by Raman spectroscopy and XRD 

(Figures 5.3a-b), which confirm the structural rearrangement to well-crystallized anatase, indexed 

within the expected tetragonal systems (space group I41/amd).17 All Raman bands of the annealed 

sample can be assigned to anatase phase:26–32 the three Raman bands at 639, 197, and 149 cm-1 are 

assigned to the Eg modes,26,33 while those at 280 and 698 cm-1 suggest the formation of a tubular 

structure32 and the strong peak at 149 cm-1 is the fingerprint of the active mode of Ti-O-Ti bonds of 

anatase26,32 as well as the 449 cm-1 band.34 The band at 515 cm-1 corresponds respectively to the A1g 

and B1g modes of Ti-O bonds26 whereas the 399 cm-1 band can be assigned to the B1g modes26. 

Figure 5.2 TEM micrograph of the a-NTs after annealing at 380 °C 
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The structural evolution into a nanosized anatase lattice in the post-annealing NTs is also confirmed 

by XRD (Figure 5.3b). The evolution of the XRD pattern from the precursor to the annealed sample 

follows the expected trend35 and discloses an expected increase in crystallinity. While the precursor 

shows the typical feature of a poorly crystalline hydrated titania,17 the XRD pattern of the annealed 

samples reveals the presence of characteristics peaks at 2θ = 25.6, 36.9, 37.8, 38.5, 48.0, 53.9, 55.0, 

62.0 and 68.0° corresponding to the expected reflections of the (101), (103), (004) (112) (200) 105), 

(211) (204) and (116) lattice planes of anatase, respectively.27,36–38 

5.3.2  Electrochemical Performance  

The electrochemical activity of the anatase NTs in CIBs was tested using two remarkably different 

cell configurations: 

C1. (+) Anatase NTs-based composite electrode / Ca(BH4)2 1mol kg-1 THF / Calcium metal (-) 

C2. (+) Anatase NTs-based composite electrode / Ca(TFSI)2 0.5mol kg-1 DME / Activated carbon 

capacitive composite electrode (-) with a Ca metal reference electrode 

These configurations have advantages and disadvantages. (C1) is a typical half-cell configuration 

whereas (C2) is a hybrid faradic-capacitive cell configuration. In the C1 configuration, the electrolyte 

consisted of a 1 mol kg-1 solution of Ca(BH4)2 dissolved in THF. This electrolyte enables a partially 

reversible plating and stripping of Ca2+ ions onto/from a calcium metal foil at room temperature with 

low polarization.39,40 However, it has a very narrow electrochemical stability window 40,41 restricting 

the electrochemical tests vs. Ca metal in the potential window between 0.01 and 1.8 V vs. Ca2+/Ca. 

Unfortunately, up to now, a satisfactory aprotic electrolyte capable of delivering a fully reversible 

Figure 5.3(a) Raman spectra and (b) XRD patterns of the H2Ti3O7 precursor and the TiO2 NTs after annealing. 

The vibrational modes and the Bragg lines are indexed by the TiO2 anatase lattice (space group I41/amd). 

*These peaks are due to the sample holder. 
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Ca2+ ion deposition/stripping from the calcium metal surface is still an elusive task,42 since strongly 

insulating passivation products easily precipitate at the Ca/electrolyte interphase thus easily 

preventing any electrochemical reaction43 The performance recorded for Anatase NTs composite 

electrodes in a (C1) cell configuration is shown in Figure 5.4a. 

In the C1 half-cell configuration, discharge capacities ranging between 110-220 mAhg-1 are observed 

for the anatase NTs electrodes whereas much smaller values of 60-80 mAhg-1 are recorded upon 

charge. These data suggest the possible electrochemical reversible intercalation/deintercalation of 

about 0.09-0.12 eq of Ca2+ in the TiO2 lattice. On the other hand, our data highlight a rather poor 

coulombic efficiency that even in the best case never exceeds 54%, suggesting the occurrence of 

remarkable irreversible and/or parasitic phenomena. 

The average cell voltage in the (C1) half cells is apparently 0.92-0.93 V vs. Ca2+/Ca. This value is 

below the redox potential of the Ti4+/Ti3+ redox couple of the corresponding Li+ (de)intercalation in 

the anatase lattice.17 By considering that (C1) is a two-electrode configuration, the observed average 

working potential can be strongly biased (i.e., underestimated) by the possible occurrence of 

uncontrolled overpotentials at the negative counter-electrodes where the kinetically hindered 

electrochemical Ca-plating/stripping occurs.  

 

Figure 5.4 Performance of the a- NTs electrodes by using the (C1) or (C2) cell configurations. Current 

rate 5 mAg-1; shown cycles are 2-5 of the whole galvanostatic test and are obtained after 1 activation 

cycle. 

To adequately estimate the working electrode potential of anatase electrodes, electrochemical tests 

were also carried out in the C2 configuration (also implying the use of a calcium metal reference 

electrode). The results of these tests are shown in Figure 5.4b. 

0.5 
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In contrast to C1 configuration, a pseudo-plateau below 1.4 V in the discharge curve and above 1.8 V 

upon charge is observed. The reversible specific capacities measured in the (C2) cells are, 

nevertheless, in remarkable agreement with those of the (C1) one, ranging from 60 to 75 mAhg-1 

(fairly below the theoretical capacity of 255 mAhg-1 based on the Ti4+/Ti3+ redox couple) with a 

coulombic efficiency below 59%.  

The most remarkable difference between the experimental results obtained for the a-NTs electrodes 

in (C1) and (C2) cell configurations is the average working potential. In fact, in the case of the hybrid 

configuration with the reference electrode, estimate the mean working potential for the Ti4+/Ti3+ redox 

couple in the anatase lattice while intercalating Ca2+ ions can be estimated at approximately 1.6 V vs. 

Ca2+/Ca, a remarkably larger value than that obtained from the two-electrode (C1) configuration. As 

already mentioned, however, the working potential measured in the (C1) configuration likely 

underestimates the actual value due to the overpotentials of the redox reaction at the calcium metal 

counter-electrode. Furthermore, a E° value of 1.6 V vs. Ca2+/Ca for calcium intercalation in anatase 

NTs nicely matches the working potential of the electrochemical intercalation of Li+ ions in the same 

bulk phase.17 

Overall, despite the technical complexity of the electrochemical tests on the a-NTs electrodes, our 

results suggest that the anatase lattice can reversibly accommodate approximately 0.1 eq. Ca2+ ions 

in its lattice at a working potential of approximately 1.6 V vs. Ca2+/Ca. 

5.3.3 Post mortem analysis by ex situ XANES 

The possible intercalation of Ca2+ into the anatase lattice was studied by Ca and Ti K-edge XAS on 

post mortem electrodes collected from calcium-metal half-cells in the (C1) configuration submitted 

to a controlled discharge process. Among the numerous analytical methods employed to detect 

variations in local structure and oxidation state, in fact, XAS stands out as an ideal technique to study 

disordered or poorly crystalline systems.24,25 The versatility of XAS in simultaneously recording 

information on different elements was therefore exploited to study the local structure of both Ca and 

Ti centres, thus disclosing data from both perspectives. To carry out such dual-edge XAS experiments, 

self-supported pelletized electrodes are mandatory, in consideration of the rather different 

concentrations of Ca and Ti. The performance of a-NT pelletized electrodes in metallic half-cells is 

shown in Figures 5.5a-b-c for Na, Li, and Ca-metal half-cells, respectively. Note that the cathodic 

voltage cutoff for a reversible incorporation of lithium ions in any TiO2 polymorph is 1 V vs. Li+/Li: 

at lower values, lithiated TiO2 is irreversibly converted into other phases.44 Owing to this, and 



 

110 
 

differently from the cases of Na+ and Ca2+ intercalation, the electrochemical reduction of a-NTs vs. 

lithium was limited at potentials above 1 V vs. Li+/Li. 

As expected, the increase in mass loading of the electrodes while shifting from casted films (AM = 1 

mg cm-2) to pellets (AM = 20 mg cm-2), slightly decreases the performance for both lithium17 and 

sodium45 intercalation with respect to the literature, as well as calcium in comparison to the data 

shown in Figure 5.4. Despite this, the reduction proceeded for all samples to a reasonable extent, 

confirming the reliability of the experimental approach. Overall, a nominal incorporation of 0.69, 

0.98, and 0.11 eq. of Li+, Na+, and Ca2+ per TiO2 formula unit was obtained, respectively. 

Figure 6a shows the Ti K-edge normalized XANES spectra collected on pristine a-NTs and after full 

electrochemical intercalation of the Li+, Na+, and Ca2+ ions. All the XANES spectra show the typical 

profile of anatase with four distinct features in the pre-edge region, labeled A1, A2, A3, and B (inset 

of Figure 6a), an edge shoulder identified as C, plus two edge peaks labeled as D and E.46–48 While 

the latter features derive from the allowed 1s → 4p main dipole electronic transition, the less intense 

pre-edge features originate from the forbidden 1s → 3d transitions made possible by the p-d orbital 

mixing induced by the lowering of the local symmetry of the TiO6 octahedra.49,50 In the case of TiO2, 

these transitions are caused by the mixture of dipole and quadrupole excitations connecting the Ti 1s 

orbital with 3d-4p-4s hybridized states involving not only the absorbing centre but also the second 

shell Ti atoms, plus hybridization with the 2p orbitals of the neighboring oxygen ligands. The 

assignment of the pre-edge transitions has been the center of a long-standing (and still ongoing) 

debate, in particular concerning the origin of the A2 peak, since this contribution is often more 

susceptible to modifications upon variation of the Ti local environment.46–48,50–53 Nevertheless, a 

Figure 5.5 Performance of the a-NT pelletized electrodes in Li, Na, and Ca metal half-cell 
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consensus has somehow been reached about the relationship between the A2 contribution and the 

degree of crystallinity in the TiO2 lattice.46,48,50,54,55 This conclusion derives from the empirical 

observation that the height of the A2 peak is enhanced in the presence of distorted or defective Ti 

local environments (four- or five- instead of six-fold coordination) as well as for nanostructured 

materials. The latter finding can be correlated with a higher fraction of undercoordinated Ti centers 

at the surface of the nanoparticles compared to bulk anatase.48,55 This is the case of the pristine a-NTs 

studied here, which show an intense A2 transition (inset of Figure 5.6a) accompanied by a shoulder 

at higher energies representing the A3 contribution. In contrast, as previously reported,56 the A2 

transition is much less intense in the XANES spectrum of bulk anatase, where it only appears as a 

shoulder on the low-energy side of the A3 pre-peak. On the other hand, the A2 contribution is even 

more intense in the XANES spectrum on a TiO2(B)-based amorphous phase.56 Furthermore, the 

amorphous phase shows a broadening of the D and E features in the so-called white-line region, which 

was previously connected to the increasing amorphization of the TiO2 lattice.48,51,54,57  

The XANES data collected on the a-NTs electrodes after the electrochemical intercalation of Li+, 

Na+, and Ca2+ ions (Figure 5.6a) show an intensity enhancement of all the four pre-edge transitions 

with respect to pristine a-NTs. This result was already observed for lithium58–61 and sodium54,55,62,63 

uptake by anatase-based materials and connected with loss of crystallinity in the TiO2 matrix caused 

by the electrochemical reaction. It is worth noting that, in the Ca2+-intercalated a-NTs, the intensity 

of the four pre-edge peaks, and in particular of the A2 feature, is higher than in the lithiated sample, 

but lower than in the sodiated one. This evidence suggests that the Ca2+ intercalation introduces a 

degree of configurational disorder in the TiO2 lattice that is between those of Li+ and Na+ 

intercalation, despite the much lower nominal loading of Ca2+ eq. per unit formula compared to Li+ 

and Na+ (vide supra). This trend is confirmed by the smoothing effect in the white-line region, 

following the same Li+ < Ca2+ < Na+ order. This result is perfectly reasonable if one considers the 

ionic radii of the three ions and in particular the smaller size of the Li+ ion,64 while the sodiation 

process in TiO2-based anodes was previously observed to introduce severe structural modifications 

with a considerable degree of irreversibility.54,55,62,63 In particular, Na+ intercalation in anatase 

electrodes based on nanoparticles, where the ion uptake is expected to be more efficient, induces the 

loss of the typical anatase spectral profile In TiO2, the octahedral site for the ions has a radius of 0.52 

Å. All three ions have larger ionic radii (0.76, 1, and 1.02 Å for Li+, Ca2+, and Na+ respectively) 62 

Therefore, since the ionic radii are Li+ < Ca2+ < Na+ this is in line with a significant increasing local 

distortion for the intercalation of Li+, Ca2+ and Na respectively. The characteristic four pre-edge peaks 

are indeed a fingerprint of the anatase polymorph due to the local D2d symmetry of the Ti centers, 

corresponding to a slightly distorted octahedron with two oxide ions in the apical positions with 
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longer bond distances to Ti compared to the equatorial ones.50 The splitting of the two A2 and A3 

bands therefore mirrors a different degree of hybridization due to this distortion, while rutile generally 

shows only three pre-edge peaks due to its centro-symmetric D2h Ti site.46,47 Although the relative 

intensity of the pre-edge transitions in the Ca2+-intercalated a-NTs is altered with respect to the 

pristine a-NTs (Figure 5.6a), the four peak fingerprint is preserved, thus suggesting that the anatase 

shape is substantially maintained in the electrode material even after the Ca2+ incorporation.  

  

Figure 5.6 Normalized experimental XANES spectra (a) at the Ti K-edge, collected on pristine a-NTs and after 

full electrochemical intercalation of the Li+, Na+, and Ca2+ ions; (b) at the Ca K-edge, collected on the CaCO3 

standard, on a 0.1 M CaCl2 aqueous solution,20 and on a-NTs after full electrochemical Ca2+ intercalation. In the 

inset of Figure 6a the pre-edge peak region showing the A1, A2, A3, and B transitions is magnified. The upper 

inset of Figure 6b shows the energy region with the [1s3p] and [1s3s] double-electron excitation channels, while 

the lower inset shows the pre-edge peak region corresponding to the 1s→3d transition 
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In Figure 5.6b, the Ca K-edge XANES spectrum of Ca2+-intercalated a-NTs, is compared with those 

of the CaCO3 standard and of a 0.1 M CaCl2 aqueous solution. The spectral profile of Ca2+-

intercalated a-NTs shows the presence of a small peak and two humps between 25 – 35 eV above the 

edge, plus an additional hump at higher energy (inset of Figure 5.6b). The origin of these features 

was previously identified with the [1s3p] and [1s3s] double-electron excitation channels, respectively, 

the former one appearing as a large multiplet spread in the experimental data due to mixed 

configurations.22 At first glance, the XANES spectrum of the a-NTs is similar to that of the CaCl2 

aqueous solution, both being considerably different from that of CaCO3. In aqueous solution the Ca2+ 

ion is coordinated by eight water molecules interacting via the oxygen atom to form a relatively 

disordered hydration complex.20,65 The higher similarity with a disordered-like liquid system as 

compared to the CaCO3 standard suggests the presence of a quite disordered environment around the 

Ca2+ ions intercalated in the TiO2 lattice. This observation is also supported by the pre-edge peak 

corresponding to the 1s→3d transition (inset of Figure 5.6b). As already pointed out for the Ti K-

edge spectra, this transition is forbidden but relaxation of the selection rule is made possible by the 

broken inversion symmetry introduced by the configurational disorder. The presence of a highly 

disordered coordination around the Ca2+ ions intercalated in the a-NTs is reinforced by the higher 

intensity of this transition compared to both the CaCl2 aqueous solution and CaCO3.  

Finally, the amount of Ca2+ trapped in the a-NTs can be estimated from the ratio of the edge jumps of 

the Ca and Ti K-edge XANES spectra. This gives a Ca/Ti ratio of 0.13, in very good agreement with 

the value of 0.11 eq. per TiO2 formula unit obtained from the electrochemical signature. 

 

5.3.4 EXAFS data analysis 

EXAFS data analysis was carried out to obtain a quantitative determination of the local structure 

around the Ca2+ ion after its incorporation in the a-NT material. To this purpose, the theoretical SS 

signal of the oxide nearest neighbours around the Ca2+ centers was calculated and the structural 

parameters of the Ca-O distribution were optimized to obtain the best agreement with the 

experimental data. The results of the least-squares minimization performed in the k-range 3.2 – 10.0 

Å-1, shown in the upper panel of Figure 5.7, highlight a very good agreement between theoretical and 

experimental signals in both EXAFS and Fourier transform (FT) spectra. Note that the [1s3s] double-

electron excitation was included in the model background function, while the multiplet corresponding 

to the [1s3s] transition falls outside the analyzed energy range.20 
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The optimized structural parameters for the Ca-O distribution are listed in Table 4, with E0 = 5.6 eV 

above the first inflection point of the edge jump and S0
2 = 0.90. These results show that the Ca2+ ions 

are surrounded by an average number of 5.8(5) oxygens at a mean distance of 2.42(2) Å, very similar 

to the case of the Ca2+ aqueous complex. This finding is not surprising given the similarity between 

the XANES spectrum of Ca2+-intercalated a-NTs and that of the CaCl2 aqueous solution (Figure 6b), 

and further corroborates the disordered environment around the incorporated Ca2+ ions.  

 

Table 4 Structural parameters for the Ca-O two-body distribution obtained from the EXAFS data 

analysis of the Ca K-edge absorption spectrum collected on a-NTs after full electrochemical Ca2+ 

intercalation. N is the coordination number, R the average distance, σ2 the Debye-Waller factor and β 

the asymmetry index. 

  N R (Å) σ2 (Å2) β 

Sample A 5.8(5) 2.42(2) 0.009(2) 0.0(2) 

 

It is worth noting that, even though the EXAFS signal is dominated by the first shell oxygen 

contribution, the residual curve in Figure 6a shows the presence of an additional weak oscillation, 

most likely corresponding to Ti atoms sitting beyond the first-shell oxygen atoms. To verify this 

Figure 5.7. Analysis of the Ca K-edge EXAFS spectrum collected on a-NTs after full electrochemical Ca2+ 

intercalation. Upper panel: Ca-O theoretical signal (blue line) compared with the experimental data (red dots) 

and resulting residuals (green dots). Lower panel: non-phase shift corrected FTs of the best-fit EXAFS 

theoretical signal (blue line) and of the experimental data (red dots). 
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hypothesis, the EXAFS data analysis was carried out also by introducing the contribution of the 

second-shell Ti atoms with a SS Ca-Ti theoretical signal at an initial distance of 3.33 Å and a 

coordination number of 8.0, as taken in first approximation from the crystallographic structure of 

sodium titanate NaTi2O4.
66 The results of this fitting procedure are shown in Figure 5.8.  

  

As it can be observed, the inclusion of this additional contribution did not provide a significant 

improvement of the fit quality. Unfortunately, the Ca K-edge experimental XAS spectrum of this 

sample is quite noisy, and the available k-range is limited to 10.0 Å-1. This hampers an adequate 

detection of the higher distance contributions and prevents the Ca-Ti structural parameters from being 

reliably extracted from the EXAFS data. For a similar reason, also the attempt to include a O-Ca-O 

Figure 5.8 Analysis of the Ca K-edge EXAFS spectrum collected on a-NTs after full electrochemical Ca2+ 

intercalation carried out with the inclusion of the Ca-Ti contribution. Upper panel: Ca-O and Ca-Ti theoretical 

signals, total theoretical contribution (blue lines) compared with the experimental data (red dots) and resulting 

residuals (green dots). Lower panel: non-phase shift corrected Fourier transform (FT) of the best-fit EXAFS 

theoretical signal (blue line) and the experimental data (red dots). 
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MS contribution involving the first shell oxygen atoms resulted in a negligible improvement of the 

fit quality. 

To complement the XAS investigation, aNT electrodes were analysed by XRD before and after 

calcium insertion (Figure 5.9). The collected diffractograms reveal a shift towards smaller angles for 

the peak at 2θ = 48, corresponding to the (200) lattice plane reflections of anatase. This shift, observed 

between the pristine and post mortem samples, confirms lattice structural deformation before and 

after calcium ion insertion. 

5.3.5 Conclusions 

The electrochemical incorporation of Ca²⁺ ions in a-NTs synthesized via a hydrothermal route and 

characterized by FESEM EDX, XRD and Raman spectroscopy was demonstrated using both calcium 

metal and an activated carbon pseudo capacitive counter electrode in aprotic electrolytes. The material 

delivered a reversible incorporation of 0.10 to 0.12 equivalents of Ca²⁺ at an operating potential of 

approximately 1.6 V versus Ca²⁺/Ca. Ex situ Ti and Ca K-edge XAS analyses confirmed that this 

electrochemical activity originates from a reversible intercalation process. The intercalation induces 

a noticeable increase in structural disorder around Ti sites, with a local environment intermediate 

between that observed upon lithiation and sodiation, despite the relatively small amount of 

incorporated Ca²⁺. Nonetheless, the characteristic spectral fingerprint of anatase is preserved after 

intercalation. EXAFS fitting further indicates that Ca²⁺ ions occupy sites surrounded by an average 

of 5.8 (5) oxygen neighbours at 2.42 (2) Å, supporting the picture of a partially disordered yet 

structurally retained anatase framework. 

 

Figure 5.9 a) voltage profile of galvanostatic charge of aNT; b) XRD of pristine electrode of aNTS and b) after 

calciation of figure a). the two * peaks are attributed to the copper current collector; c) magnification of the 

shifted peak of figure b). 
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The different electrochemical behaviours observed in the two testing configurations can be attributed, 

at least in part, to the nature of the electrolyte and to the accessible potential window. In pseudo 

capacitive cells, the enlarged voltage range enables the nanotubes to operate closer to their intrinsic 

redox activity, resulting in significantly higher specific capacities compared with Ca metal half cells. 

These results suggest that anatase nanotubes hold promise as anode materials for calcium ion systems, 

provided that suitable electrolyte environments are identified. However, the pseudo capacitive 

configuration also presents intrinsic complications, especially due to the well known initial 

irreversibility of TiO₂ based materials,98,99 which makes the quantitative assessment in this setup more 

difficult. For these reasons, strategies aimed at mitigating the first cycle irreversible reactions, such 

as chemical pretreatments designed to reduce the density of reactive surface groups or to improve the 

initial Coulombic efficiency, could be beneficial and warrant further investigation.98,99 In parallel, the 

development of new electrolyte formulations compatible with calcium metal half cells will be 

essential to enable a more conventional evaluation of TiO₂ nanotubes and to accurately assess their 

long term potential as anodes for calcium ion batteries  



 

118 
 

5.4  Ca-based alloy  

5.4.1 Introduction 

Alloy-type materials have emerged as promising alternatives to calcium metal anodes for CIBs, owing 

to their favourable characteristics such as high theoretical capacities and relatively low reaction 

potentials.1,7,67 These systems, already investigated in the development of high-performance alkali 

metal batteries,68 are now being considered for Ca-based energy storage. 

In this context, Wolverton and co-workers67 assessed the volumetric behavior and energy density of 

various Ca–metal (CaxM) alloy systems by DFT calculations. 67 This analysis showed that certain Ca-

alloying phases could achieve energy densities comparable to or even exceeding those of graphite-

based anodes used in current lithium-ion battery technologies, supporting their potential for 

application in CIBs. Additionally, a high-throughput computational screening method based on four 

selection criteria, i.e., calcination voltage, volume expansion, specific energy, and structural stability, 

to identify favourable Ca–metal systems. Their work highlighted a wide range of promising 

candidates, including metalloids such as Si, Sb and Ge; post-transition and transition metals like Zn, 

Al, Pb, Cu, Cd, CdCu₂, Ga, Bi, In, Tl, and Hg; and several noble metals such as Ag, Au, Pt, and Pd. 

Ingram et al.69 demonstrated a reversible CIB system utilizing a Sn anode, with thermodynamic 

calculations estimating the alloying potential with Ca to be approximately 0.8 V vs. Ca2+/Ca. 

However, the cell suffered from pronounced capacity degradation, retaining only 50% of its capacity 

after 35 cycles. This loss was attributed to substantial volume changes in the Sn anode during cycling, 

insufficient passivation of the Sn surface, and increasing internal resistance. 

Palacín and collaborators70 conducted a detailed investigation of silicon-based anodes for CIBs 

through both theoretical calculations and experimental trials. DFT simulations predicted the 

formation of CaxSi intermetallic (0.5 < x ≤ 2) at an average potential of ~0.4 V vs. Ca2+/Ca, 

accompanied by a significant volume expansion of approximately 306%. Experimental work 

performed in a 0.45 M Ca(BF₄)₂ electrolyte (EC:PC) at 100 °C confirmed the feasibility of Ca–Si 

alloying reactions. Nevertheless, large volumetric changes were observed, leading to the 

amorphization of the dealloyed phase, structural collapse, and pronounced voltage hysteresis. 

5.4.2  Ca-Zn alloy 

5.4.2.1 Introduction  

Alloys such as Ca–Sn have demonstrated enhanced cycling performance and greater electrochemical 

stability compared to pure calcium, primarily due to their ability to moderate the reactivity of calcium 

while enabling more reversible and predictable alloying–dealloying processes. 71–73  
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Among the calcium-metal alloys, Ca-Zn alloys are particularly attractive due to the incorporation of 

zinc, a chemically stable and cost-effective element, which is expected to improve the electrolyte 

compatibility reducing the active calcium content.  

The initial goal of this work was therefore to synthesize Ca–Zn alloys with a high calcium fraction, 

aiming to maximize the theoretical capacity and lower the operating potentials. Different synthetic 

strategies were explored in this regard. Electrochemical alloying, starting from zinc powder and 

metallic calcium, was first attempted but did not result in a reversible reaction. Ball milling mainly 

led to the formation of oxides rather than well-defined alloy phases, while annealing allowed the alloy 

formation and improved crystallinity, though with limited homogeneity and reversibility of the 

electrochemical activity. Ultimately, arc melting proved to be the most effective method, enabling 

rapid synthesis and better homogenization of the product. On the basis of this outcome, a comparative 

analysis was carried out between alloys with different calcium contents, namely a Ca-rich 

composition (Ca:Zn = 5:3) and a Zn-rich one (Ca:Zn = 1:2). 

Based on the initial screening, CaZn2 (1:2 atomic ratio) clearly emerged as the most promising 

formulation. 

In this context, CaZn2 was selected not only for its favourable electrochemical behavior but also 

because it represents the most thermodynamically stable intermetallic phase within the Ca-Zn binary 

system, a key advantage for mitigating phase transitions and degradation under operating 

conditions.71 In this paragraph begins with a preliminary screening of Ca–Zn alloys with high calcium 

content, in which the electrochemical behavior of samples synthesized by arc melting (AM) and by 

annealing is compared. The analysis is then extended to highlight the differences between calcium-

rich and calcium-deficient compositions, providing insight into the role of stoichiometry in 

determining the electrochemical response. Based on these results, particular attention is devoted to 

the CaZn₂ (1:2 atomic ratio) phase, which emerged as the most promising candidate for further 

investigation. This innovative alloy not only reveals good compatibility with Ca(TFSI)₂-based 

electrolytes, but its stability also paves the way for a standardized method to assess the performance 

of electrode candidates for CIBs. The integration of a calcium-zinc alloy provides a stable reference 

electrode that can reliably interface with 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA), 

one of the promising organic cathodes based in the state-of-the-art which have demonstrated 

reasonable capacities in previous studies but with rapid fade of capacity due to the use of Ca metal as 

counter electrode.74,75 In conclusion, this work wants to introduce CaZn2 alloy as possible robust and 

efficient counter electrode for CBs using conventional electrolyte based on Ca(TFSI)2. This research 
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aims to not only advance the material science of CIBs, but also to propose a methodology for 

evaluating and optimizing novel electrode designs, thus fostering advancements in the field. 

5.4.2.2 Experimental section 

 

5.4.2.2.1 Synthesis and manipulation of Ca-Zn alloy 

Different synthesis approaches were evaluated in order to obtain Ca–Zn alloys. Electrochemical 

alloying was first attempted, starting from zinc powder in direct contact with metallic calcium; 

however, no reversible alloying reaction was achieved under the tested conditions (details on 

electrode preparation and electrolyte formulation are provided in Section below).  

For both annealing and arc melting routes, the initial target was the synthesis of Ca-rich alloys, 

motivated by the higher calcium content being expected to maximize capacity and reduce operating 

potentials, as discussed in the Introduction. In particular, stoichiometric ratios were selected in order 

to obtain the Ca5Zn3 intermetallic composition.  

Mechanical milling of the elemental powders was investigated using a SPEX high-energy ball mill 

equipped with a stainless-steel jar and stainless-steel balls. The mass ratio of the Ca–Zn mixture to 

the milling balls was set to 1:10. Each milling cycle lasted 100 minutes, with repetitions tested from 

3 up to 6 times, separated by 1-hour cooling intervals. This approach predominantly led to the 

formation of zinc and calcium oxides, with negligible evidence of alloy formation; therefore, the 

corresponding results are not reported here. 

Thermal annealing experiments were performed by mixing zinc powder with small pieces of metallic 

calcium. The mixtures were heated from room temperature to 700 °C over 12 h with a heating rate of 

10 °C min⁻¹. After holding at 700 °C, the temperature was decreased at a rate of 1 °C min⁻¹ until 

reaching 450 °C, where the samples were held for an additional 8 h, and then cooled to room 
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temperature at the same rate. Although alloy-related reflections could be detected in the annealed 

samples, the resulting products exhibited multiphase compositions with limited homogeneity. 

Arc melting was also employed as a synthesis route, performed under an inert atmosphere to melt the 

metallic precursors, producing a homogeneous molten alloy. Upon solidification, a dense ingot was 

obtained and subsequently ground manually to yield a uniform powder for further characterization, 

according to the scheme reported in Figure 5.10. Once the arc-melted Ca5Zn3 alloy was obtained, the 

resulting ingot was transferred into an argon-filled glovebox. Upon exposure to the atmosphere, the 

outer surface of the ingot became passivated, developing a dark appearance, as illustrated in Figure 

10. Inside the glovebox (Ar atmosphere with O₂ and H₂O levels below 1 ppm), after gently scratching 

the surface and the ingot was manually ground to obtain a fine powder for subsequent characterization 

and the fabrication of self-standing electrodes. 

CaZn₂ was synthesized via direct electric arc melting of calcium and zinc in a stoichiometric 1:2 ratio, 

following the same methodology illustrated in the scheme of Figure 10. Four independent synthesis 

batches of the alloy were examined to evaluate the reproducibility and reversibility of the synthetic 

process by ICP-OES and XRD. Following initial assessment, the resulting materials were combined 

into a single composite batch for subsequent electrochemical characterizations. 

5.4.2.3 . NTCDA-based Cathode Synthesis  

Diimide polymer (PI/CNT) Polyimide (PI) was synthesized according to the reported procedure by 

Li et al.75 1,4,5,8-naphthalenetetracarboxylic dinahydride (NTCDA) (5.36 g, 20 mmol) and 

ethylenediamine (20 mmol) were mixed in 50 ml of NMP. The mixture was heated up to 150 °C. 

Figure 5.10 Schematic representation of arc melting synthesis procedure of Ca-Zn alloy 
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After 12 h, the mixture was cooled down to room temperature and the suspension was filtered and 

washed with toluene and ethanol three times. The yellow powder was dried under vacuum at 120 °C 

overnight. Dried powder was then calcined in quartz tube at 300 °C in Ar atmosphere and additionally 

purified through Soxhlet extraction in ethanol (48h).  

5.4.2.4  Electrolyte formulation 

In the initial attempt of electrochemical alloying, starting from zinc powder and metallic calcium, a 

calcium borohydride-based electrolyte was employed. Specifically, 0.5 M Ca(BH₄)₂ dissolved in 

anhydrous tetrahydrofuran (THF) was used, with both the salt and solvent supplied by Sigma-Aldrich 

in anhydrous grade. 

For the subsequent electrochemical studies, alternative electrolyte formulations were explored. 

Calcium bis(trifluoromethanesulfonyl)imide (Ca(TFSI)₂, 99.5% purity) was purchased from 

Solvionic and dried under vacuum at 150 °C overnight prior to use. All solvents, including 1,2-

dimethoxyethane (G1), diethylene glycol dimethyl ether (G2), and triethyl phosphate, were purchased 

from Sigma-Aldrich in anhydrous grade and further dried over activated 3 Å molecular sieves 

(Sigma-Aldrich) for two weeks, with replacement of the sieves after the first week. 

Two electrolyte formulations were prepared: 1) 0.4 M Ca(TFSI)₂ dissolved in DME, employed to 

initially evaluate the electrochemical activity of the Ca-based alloys against metallic calcium and 2) 

0.4 M Ca(TFSI)2 in a solvent mixture of G1, G2, and TEP 45:45:10 v/v respectively. This electrolyte 

was used for all subsequent electrochemical characterizations, as it provided improved current 

response during cycling. 

5.4.2.5 Electrode preparation 

For the initial attempt of electrochemical alloying, a calcium metal electrode (9 mm diameter) was 

prepared by punching disks from a calcium foil (ACI Alloys Inc.). The zinc electrode, obtained from 

zinc powder (Sigma-Aldrich), was tested in two different configurations: (i) as a pellet of zinc powder 

compacted to a 9 mm diameter, and (ii) as a self-standing electrode prepared with a composition of 

70:20:10 wt% Zn powder, carbon black, and PTFE, using the same preparation procedure as that 

adopted for the Ca–Zn alloy electrodes, described in the following section. 

Self-standing Ca-Zn alloy-based electrodes were prepared by manually mixing the alloy powder, 

granular PTFE (Sigma-Aldrich, ~1 μm particle size) as the binder, and conductive carbon (Super P, 

Alfa Aesar) in an agate mortar inside an argon-filled glovebox. The components were combined in a 

mass ratio of 70:10:20, respectively. The resulting black, gum-like composite was first rolled between 

a glass tube and a glass plate to form a preliminary sheet, and subsequently processed using a roller 

press to obtain a uniform electrode foil with a final thickness below 1 mm. From the final self-
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standing electrode sheet, circular electrodes with a diameter of 8 mm were punched for cell assembly 

of the ordinary electrochemical characterization and 10 mm for the final test with the organic cathode. 

NTCDA-based electrodes were prepared by mixing active material, Printex XE2 carbon black 

(Degussa, 950 m2 g-1), and polytetrafluoroethylene (PTFE, Sigma-Aldrich, 60% water dispersion) in 

weight ratio of 60:30:10. Components were mixed with isopropanol and ball milled using a Retch 

PM100 mill (300 rpm, 30 minutes). After milling, the black gum-like composite was additionally 

mixed in agate mortar with the addition of isopropanol, after which it was rolled between the 

parchment paper and the glass plate. Finally, the self-standing electrodes were punched out in a disk 

of 10 mm diameter and dried in vacuum at 50 °C overnight. 

5.4.2.6 Physico-chemical characterization.  

FESEM coupled with EDX experiments were carried out by employing an Auriga Zeiss electron 

microscope. Wide-angle XRD patterns were collected by using either a PANalytical X'Pert or a 

Bruker Advance D8 diffractometer, both equipped with a Cu Kα source (λ = 1.5418 Å) within the 

angular range 30°-70°with a step size of 0.02°. 

To determine Ca/Zn ratio, the synthesised samples were analysed by ICP-OES (Agilent 5800 EV, 

Santa Clara, CA, USA). The samples for ICP-OES analysis were prepared by acid digestion in aqua 

regia and an aliquot was filtered using PTFE syringe filters with a pore size of 0.22 μm and diluted. 

Calibration curves were previously prepared for each metal, starting from a multi-element standard 

solution assessing adsorption based on specific wavelengths (λ). The Multielement standard solution 

for ICP was provided by Merck (Merk Life Science S.r.l., Milan, Italy). 

5.4.2.7 Cell Assembly and electrochemical characterization. 

ECC-STD laboratory cells (El-Cell GmbH) were employed for all electrochemical tests, except for 

the galvanostatic cycling with the organic cathode, for which a three-electrode ECC-Ref laboratory 

cell was used. All the electrochemical tests were conducted with Whatman glass fibre separators 

(GF/A Cytiva, thickness 0.26 mm), soaked with 80 μL of electrolyte prior to cell assembly. 

Symmetric cell configurations were employed for both preliminary and advanced electrochemical 

testing. Electrochemical performance of the CaZn₂ alloys was evaluated by CV conducted between -

2 and 2 V vs the open circuit voltage (OCV) with a scan rate of 2 mV s⁻¹. The preliminary 

measurements were carried out in symmetric cell configuration using either metallic calcium or 

CaZn₂ electrodes, with Ca(TFSI)₂ 0.4 M in DME as the electrolyte.  
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Calcium metal disk electrodes (9 mm diameter) were punched from Ca metal foil (ACI Alloys Inc.) 

and their surfaces were gently scratched with a scalpel immediately prior to use to remove the 

passivation layer. 

The electrochemical stability window (ESW) of the electrolyte was evaluated using linear sweep 

voltammetry (LSV) and CV at a scan rate of 1 mV s⁻¹ in asymmetric cells. For the LSV 

measurements, performed between the OCV and 6 V versus the alloy, CaZn₂ was paired with an 

aluminum electrode coated with Super P to assess anodic stability. For the CV tests, conducted 

between the OCV and 0 V versus the alloy, CaZn₂ was paired with a copper electrode coated with 

graphite to evaluate cathodic stability. The counter electrodes were prepared by casting a slurry of 

Super P or graphite onto aluminum or copper foil, respectively, followed by drying under vacuum at 

90 °C overnight. 

Galvanostatic cycling was conducted in symmetric cell configuration with current density of 1 mA g-

1 and fixed capacity of 10 and 20 mAh g-1 for the preliminary and for the further characterization with 

CaZn2-based alloy respectively. Electrochemical Impedance Spectroscopy (EIS) measurements were 

performed over a frequency range of 1 MHz to 100 mHz with an amplitude of 5 mV performed at the 

end of each cycle.  

All electrochemical measurements were performed using Biologic MPG and VSP potentiostat at 

room temperature. 

For the final electrochemical tests against organic cathodes, they were assembled facing CaZn2 

electrodes with the organic cathode material. Metallic lithium was selected as a quasi-reference 

electrode owing to its well-defined electrochemical potential. In addition, Li metal offers practical 

advantages in this cell configuration: its mechanical softness facilitates shaping and integration into 

the EL-cell architecture, ensuring stable interfacial contact throughout cycling. The use of calcium 

metal as reference was deliberately avoided, since its high reactivity and the continuous evolution of 

the Ca/electrolyte interface would induce potential drifts and compromise the reliability of the 

reference signal. 

All operations were carried out in an argon-filled glovebox (with H2O and O2 <1pmm). 

5.4.3 Results and discussion 

5.4.3.1 Ca-Zn alloy preliminary examination 

As a preliminary step, Ca–Zn alloys were investigated in order to identify the most suitable target 

composition for further study. The screening was focused on two aspects: (i) the effect of the synthesis 

route, by comparing annealing and arc melting, and (ii) the impact of calcium and zinc content on the 
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electrochemical behavior. To this end, Ca-rich compositions (Ca5Zn3) were initially synthesized and 

characterized. Structural analyses were carried out by XRD, morphology and composition were 

evaluated by SEM/EDX, and the electrochemical performance was assessed by galvanostatic cycling. 

The XRD patterns of the alloys obtained by annealing and arc melting are reported in Figure 5.11. In 

both cases, the diffraction peaks can be assigned to Ca5Zn3 and Ca3Zn phases. The simultaneous 

presence of these two phases suggests a deviation from the nominal stoichiometry, which can be 

ascribed to zinc loss during both synthesis processes, most likely due to Zn volatilization at high 

temperature. For the annealed samples, the reflections appear broader and less defined, consistent 

with a limited crystallinity. In contrast, the arc-melted alloy exhibits sharper and more intense peaks, 

indicating a higher degree of crystallinity and improved phase homogeneity, although minor 

contributions from Ca3Zn are still detectable. 

SEM/EDX analyses provided further insights into the morphology and compositional distribution. In 

both cases, the average Ca/Zn ratios determined by EDX were in agreement with the nominal 

composition. However, the annealed alloys exhibited local inhomogeneities: some regions were 

covered by calcium oxide (Figure 5.12, panel b), while other areas appeared Ca-rich and Zn-deficient 

(Figure 5.12, panel a). Conversely, the arc-melted alloys (Figure 5.12, panels c and d) displayed a 

more homogeneous microstructure, with no detectable compositional deviations by EDX mapping. 

a)                                                                             b) 

Figure 5.11. XRD patterns of Ca–Zn alloys with nominal Ca5Zn3 composition synthesized by annealing (a) 

and arc melting (b), compared with reference patterns of Ca5Zn3 (ICSD 55584) and Ca3Zn (ICSD 58948). 
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In both synthesis routes, carbon and oxygen signals were detected, reasonably attributed to surface 

contamination due to brief exposure to air during SEM preparation. 

The galvanostatic cycling results are shown in Figure 5.13. In Figure 5.13(a), the comparison between 

Ca5Zn3-based alloys obtained by annealing and arc melting is presented. Both samples exhibit low 

a)                                                    b) 

 

 

 

 

 

 

 

 

 

 

 

c)                                                     d) 

Figure 5.12. SEM micrographs of Ca–Zn alloys with nominal Ca5Zn3 composition synthesized by annealing 

(a, b) and arc melting (c, d), with corresponding EDX quantitative analyses reported in the tables below 

each image. Annealed samples show surface oxides (a) and Ca-rich/Zn-deficient regions (b), indicating 

compositional inhomogeneities, while arc-melted alloys display a more homogeneous microstructure with 

no pronounced deviations in Ca/Zn ratios. 
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overpotentials during the first cycles, which progressively increase upon cycling. However, the 

annealed alloy shows a much extreme rise in overpotentials, probably due to SEI thickening and 

structural instabilities induced by repeated expansion and contraction of the lattice during the cycling. 

This different behavior could also be correlated with the structural heterogeneity and impurities 

revealed by SEM/EDX. 

In Figure 5.13(b), arc-melted alloys with high calcium (Ca3Zn-Ca5Zn3) and higher zinc content 

(CaZn2-CaZn3) are compared. The Ca-rich alloy initially exhibits lower overpotentials, which, 

however, increase continuously without stabilization throughout the test. On the contrary, the Zn-rich 

alloy shows higher initial overpotentials, which increase during the first ~200 hours but subsequently 

decrease and stabilize, remaining constant for the rest of the cycling. This highlights the superior 

long-term stability of the Zn-rich alloy, likely related to the reduced reactivity of its lower calcium 

content toward the electrolyte, leading to the formation of a more stable SEI. 

Overall, these preliminary results indicate that arc melting is more effective than annealing in 

producing homogeneous alloys with improved electrochemical performance. In addition, Zn-rich 

compositions display enhanced cycling stability compared to Ca-rich ones, which suffer from 

progressive overpotential growth. On the basis of this screening, the subsequent investigation was 

focused on the CaZn₂ alloy, which emerged as the most promising formulation and will be discussed 

in detail in the following section. 

  

Figure 5.13 Galvanostatic cycling (GC) profiles of Ca–Zn alloys in symmetric cells with Ca(TFSI)2 0.4 M in 

G1, G2, and TEP as electrolyte: (a) comparison between Ca5Zn3 samples synthesized by annealing and arc 

melting; (b) comparison between arc-melted Ca-rich (Ca5Zn3) and Zn-rich (CaZn2) alloys. 
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5.4.3.2 CaZn2 synthesis assessment and characterisation 

The CaZn₂ alloy was synthesised by arc melting due to its ability to rapidly produce metallic 

compounds with high structural and chemical homogeneity. This technique, widely used in the 

synthesis of thermoelectric and intermetallic materials, offers advantages such as high energy input, 

fast reaction kinetics, and operation under vacuum conditions, which together facilitate the formation 

of well-defined and homogeneous phases.76–78 Despite its widespread application in other materials 

science domains, AM remains underutilized in the synthesis of active materials for rechargeable 

battery systems.76 The reproducibility of AM synthesis was verified by XRD and ICP analyses carried 

out on four independent batches (table 5 and figure 5.11).  The XRD patterns of all samples show no 

discernible differences, indicating high structural consistency across the series. ICP-OES analysis 

confirms the bulk composition of the four synthesized batches, consistently showing Ca/Zn ratios 

close to the nominal stoichiometry of CaZn₂ (see table 5). This result highlights the effectiveness of 

arc melting in producing Ca–Zn alloy systems and the ability to produce multi-phase materials with 

controlled composition.  

 

Table 5 ICP-OES table results 

 

Figure 5.14 Diffraction pattern acquired for the 4 batch of CaZn2 
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Once confirmed the reproducibility of the synthesis, the materials from the four synthesis batches 

were mixed and analysed by XRD (Figure 5.15a), which revealed the presence of two distinct 

intermetallic phases. Rietveld refinement (refined parameters reported in Table 6) of the diffraction 

pattern confirmed that the sample is composed predominantly of CaZn₂ (Imma), accounting for 

approximately 70.8 wt%, with a secondary phase of CaZn₃ (P6₃/mmc) making up the remaining 

29.2 wt%. These results indicate that, under the AM synthesis conditions, CaZn₂ is the 

thermodynamically favoured product, although CaZn₃ also is formed in significant quantities. SEM 

imaging (Figure 5.15b) revealed a heterogeneous microstructure and the EDX elemental mapping 

(Figure 5.15c) confirmed a homogeneous distribution of calcium and zinc throughout the sample, in 

line with both the ICP quantification and the phase composition determined by XRD. 

  

Figure 5.15 a) Rietveld Refinement, CaZn2 phase was identified using the Inorganic Crystal Structure 

Database (ICSD, code: 418971), while CaZn3 phase was modelled based on crystallographic data extracted 

from the literature79 and implemented into a custom FullProf .pcr file for Rietveld refinement; b) SEM 

images and c) EDX maps and spectrum of CaZn2 



 

130 
 

 

 

 

5.4.3.3 Electrochemical Compatibility of CaZn2 with Ca(TFSI)2-based electrolytes. 

To assess the electrochemical performance of CaZn₂-based electrodes, preliminary tests were carried 

out using a symmetric cell configuration with a 0.4 M Ca(TFSI)₂ electrolyte dissolved in a ternary 

solvent mixture containing G1, G2, and TEP (Figure 16) CV test(Figure 5.16a) reveal well-defined, 

symmetric redox peaks centred around 0.5 V, with reduced polarization and improved reversibility 

compared to other formulations. These features indicate enhanced interfacial kinetics and a clear 

improvement in electrochemical activity during cycling. Galvanostatic cycling (Figure 5.16b) further 

confirms these trends, showing an initial overpotential increase in the first two cycles followed by a 

gradual decrease, leading to more stable charge/discharge voltage plateaus. EIS, performed after each 

cycle (Figures 5.16c and 5.16d), reveals stable charge transfer resistance and only a slight increase in 

electrolyte resistance, while the resistance associated with the SEI grows more noticeably. Overall, 

 

Parameter CaZn₂ (Imma) CaZn₃ (P6₃/mmc) 

Phase fraction 70.84 % 29.16 % 

Unit cell parameters (Å, °) 
a = 4.59048, b = 7.37729,  

c = 7.67133; α = β = γ = 90° 

a = b = 9.17402, c = 7.29650; 

 α = β = 90°, γ = 120° 

Unit cell volume (Å³) 259.792 531.821 

Calculated density (g/cm³) 4.425 4.963 

Bragg R-factor (Rᵦ) 25.9 % 32.0 % 

Structural R-factor (Rf) 17.8 % 24.2 % 

Atomic site occupancies (Zn, 

Ca) 
Zn1 = 0.497, Ca1 = 0.262 

Zn sites partially occupied 

(0.011–0.500), Ca sites with 

partial occupancy (Ca1 = 

0.250, Ca2 = 0.028) 

Overall fit indicators 

Rp = 14.6 %, Rwp = 19.3 %, 

Rexp = 12.08 %, χ² = 2.54, 

Durbin-Watson = 0.815 

 

Table 6 Rietveld refinement table  
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these results suggest good cyclability and interfacial stability, though further investigations of SEI 

composition and evolution are required. 

 

In comparison, CV data for calcium metal electrodes in 0.4 M Ca(TFSI)₂ in DME (Figure 5.17a) 

show a measurable but rapidly declining faradaic response, accompanied by increasing overpotential 

that obscures the identification of clear anodic and cathodic peaks. This highlights the superior 

electrochemical behavior of the ternary solvent electrolyte used with CaZn₂ electrodes. The 

effectiveness of the ternary electrolyte formulation can be attributed to its inspiration from weakly 

coordinating anion (WCA) systems originally developed for magnesium batteries. As reported by Li 

et al., a solvent-engineered Mg(TFSI)₂ electrolyte minimized contact ion pairing, promoted facile ion-

pair dissociation, and enabled dendrite-free Mg plating/stripping with excellent long-term stability 

and coulombic efficiency.80 Inspired by this, our WCA-based electrolyte leads to improved redox 

behavior and cycling stability in the CaZn₂ system. 

 
d) 

c) 

a) b) 

Figure 5.16 CaZn2 | Ca(TFSI)2 0.4M in G1, G2, TEP | CaZn2 – Symmetric cell configuration: a) cyclic 

voltammetry; b) galvanostatic cycling with c) EIS performed at the end of each cycle; d) Nyquist plot and 

the equivalent circuit of the EIS 
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Finally, the ESW of the ternary electrolyte was evaluated (Figure 5.17b). The anodic stability of the 

ternary solvent mixture was comparable or slightly improved relative to Ca(TFSI)₂ in pure G1, with 

oxidative onset currents appearing around 2.9 V versus ~2.8 V for G1 alone (Figure 5.17c). This 

gradual increase in anodic current beyond the threshold supports the selection of the ternary mixture 

as the reference electrolyte for further full-cell studies. 

5.4.3.4 Integration of Ca–Zn Alloy Counter Electrode in Practical Calcium-Ion Cells 

To demonstrate the practical applicability of the Ca–Zn alloy as a counter electrode in CIBs, a full-

cell configuration was assembled pairing the alloy with an NTCDA-based cathode, as shown in 

Figure 5.18. This setup serves to evaluate the performance of CaZn₂ with Ca(TFSI)2-based electrolyte 

under conditions that more closely resemble real-device operation.  

a)                                                                         b) 

a)                                               b)                                                    c) 

Figure 5.17 a) cyclic voltammetry in symmetric cell configuration of Ca metal and CaZn2 based electrode; 

b) electrochemical stability window of the WCA-type electrolyte; c) comparison of the anodic stability of 

the two Ca(TFSI)2-based electrolyte. 

 Figure 5.18 a) Voltage-capacity profile and b) cycling performance of the galvanostatic cycling of NTCDA 

| Ca(TFSI)2 0.4M in G1,G2, TEP | CaZn2. In this configuration, lithium metal was employed as a quasi-

reference electrode (QRE) due to its well-defined and relatively close electrochemical potential to that of 

calcium (with a difference of approximately 0.17 V),81,82 as well as the ease of handling and cell assembly 

it offers due to his softness and ductility of lithium make it easier to process and integrate into the cell 

configurations, facilitating reproducible and robust cell assembly. This choice enabled simplified cell 

architecture and reliable potential control during the cathode cycling experiments. 
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Figure 5.18 presents the electrochemical behavior of the NTCDA-based organic cathode material 

during galvanostatic cycling. The mass of the counter electrode and the current density was selected 

so as to ensure that the workload of the counter electrode remains comparable to that used in previous 

galvanostatic cycling experiments performed on symmetric cells., with a current density on the 

counter electrode of approximately 1 mA/g. During the first cycle, the cell was discharged to lower 

potentials to promote the activation of the material. As a result, the material exhibited a capacity close 

to the theoretical value corresponding to the insertion of one calcium equivalent, with approximately 

0.8 equivalents being reversibly exchanged in the following cycles. While a slight reduction in 

capacity is observed during the first 100 cycles, the coulombic efficiency rapidly approaches and 

stabilizes near 100%, indicating highly reversible electrochemical processes.  

To investigate the effective electrochemical calcium incorporation of the organic cathode, a 

CaZn₂/NTCDA cell was discharged and analysed ex situ via post mortem EDX. The galvanostatic 

profile in Figure 5.19, displays two distinct potential slopes, consistent with the dual redox processes 

observed in Figure 18.  

 

Figure 5.19. Galvanostatic profile of single discharge to further characterize the NCTDA-based 

cathode by EDX shown below 

Cross-sectional EDX (Figure 5.20) reveals a calcium-rich core that decreases toward the surface, 

while zinc shows an opposite gradient, forming a distinct Zn-rich surface layer. This complementary 

distribution suggests a complex dual-ion mechanism, in which Ca²⁺ and Zn²⁺ are sequentially 

involved in the charge compensation.  
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Figure 5.20 (a–c) Cross-sectional SEM images of the discharged NTCDA cathode, showing the 

locations of point EDX analyses performed progressively from the current collector side (a) to the 

separator interface (c). For each position, the corresponding elemental composition in atomic 

percentage is reported in the table below the image. 

To support this hypothesis, a cross-sectional EDX analysis of an electrode partially discharged and 

stopped at the end of the first slope (Figure 5.21) was carried out.  

 

Figure 5.21 Galvanostatic profile of partially discharged NCTDA-based cathode to further 

characterize by EDX shown below. 
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As shown in Figure 5.22, calcium is homogeneously distributed across the entire electrode profile, 

whereas zinc is present only in trace amounts. These results reinforce the hypothesis of a mechanism 

in which calcium is the first ion to coordinate in the organic cathode material, followed subsequently 

by zinc. 

While further studies are needed to fully elucidate the reaction mechanism, the system already 

exhibits remarkable cycling stability and highly reversible redox behavior. When comparing our 

results with literature data where the analogue cathode material is cycled against calcium metal, 74 the 

use of CaZn₂ as the counter electrode resulted in a more stable and efficient system. This configuration 

not only allowed for extended cycling stability but also led to improved specific capacities and 

reduced overpotentials. In addition, it is possible to observe in figure 5.18a that the right y-axis reports 

the potential versus the alloy, clearly indicating that the cycling window remains within the ESW of 

the electrolyte. These enhancements highlight the advantages of CaZn₂ as a more practical and 

effective alternative to calcium metal as a counter electrode for calcium-based battery systems. 

 

5.4.4 Conclusion 

This work demonstrates the effectiveness of arc melting as a viable synthesis route for the preparation 

of Ca–Zn alloys and highlights their applicability as counter electrodes. In particular, the initial 

screening revealed that arc melting produces more homogeneous alloys compared to annealing and 

that Zn-rich compositions (Ca-Zn atomic ratio 1:2) provide superior cycling stability with respect to 

Figure 5.22 (a–c) Cross-sectional SEM images of the partially discharged NTCDA cathode, showing the 

locations of point EDX analyses performed progressively from the current collector side (a) to the separator 

interface (c). For each position, the corresponding elemental composition in atomic percentage is reported in 

the table below the image. 
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Ca-rich ones, thus establishing the rationale for focusing on CaZn2. This approach provides a simple 

and easily implementable system that improves both the stability and efficiency of electrochemical 

setups for studying calcium-based electrode materials. The primary objective of this study is to 

identify a counter electrode material that is stable, readily fabricated, and electrochemically reliable 

for the investigation of novel calcium-based electrodes. While further research aimed at optimizing 

electrode morphology, particularly through particle size reduction, gaining insight into the formation 

and evolution of the SEI, and employing alloys with higher calcium content to assess specific capacity 

and reduce the working potential is necessary, these aspects fall beyond the scope of the present work. 

Instead, this study aims to establish a practical and reproducible methodology, offering a promising 

alternative counter electrode material for the advancement of calcium-based battery technologies. 

Nonetheless, the electrochemical mechanism underlying the alloy's behavior warrants further 

investigation, as preliminary findings suggest a complex interplay in which both calcium and zinc 

appear to participate actively. A more in-depth study will be essential to elucidate the precise reaction 

pathways and contribution of each metal to the overall electrochemical performance. 

In conclusion, while significant obstacles remain in the route to commercialized calcium battery 

technologies, strategies such as employing calcium-zinc alloys present a pathway forward. The 

alignment of systematic testing methodologies and the exploration of alternative materials may 

accelerate the development of reliable calcium-based batteries, ultimately leading to innovative 

solutions tailored for next-generation energy storage applications. Continued collaborative research 

is needed to overcome the technical challenges and material limitations currently impeding progress 

in this field. 

 

5.5 Preliminary examination of Ca-Sn alloy  

The effectiveness of arc melting for the synthesis of Ca–Sn alloys was evaluated following the same 

approach adopted for Ca–Zn alloys. Specifically, the materials were characterized using SEM/EDX, 

ICP, and XRD analyses, followed by galvanostatic cycling and cyclic voltammetry tests in symmetric 

cells with the same electrolyte previously described. 

5.5.1 Experimental section 

5.5.1.1  Synthesis and manipulation  

Ca–Sn alloy as well as Ca-Zn alloy were synthesized by direct arc melting of  granular calcium and 

tin (Sigma-Aldrich, 99.9%) in different stoichiometric ratios (1:1, 1:2, 1:3, 1:4). The precursors were 

melted under argon atmosphere using a water-cooled copper hearth, with multiple remelting steps to 
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ensure homogeneity. The resulting ingots were immediately transferred into an argon-filled glovebox 

(O₂ and H₂O levels < 1 ppm), where the outer passivated layer was gently removed. The metallic core 

was then manually ground using an agate mortar to obtain fine powders, which were subsequently 

employed for structural, compositional, and electrochemical characterization. 

5.5.1.2 Physico-chemical characterization.  

 

ICP, XRD, and SEM/EDX analyses of the Ca–Sn alloys were performed under the same experimental 

conditions as those adopted for the Ca–Zn alloys, in order to allow direct comparison between the 

two systems 

5.5.1.3 Cell assembly and electrode preparation 

 

Cell assembly and electrode preparation for Ca–Sn alloys were carried out in an analogous way to 

that previously described for Ca–Zn alloys. Self-standing electrodes were fabricated using the same 

composition and procedure, ensuring consistency between the two systems 

5.5.1.4 Electrochemical characterization 

 

Electrochemical tests were conducted in symmetric cells using the electrolyte previously described. 

A preliminary investigation included cyclic voltammetry (CV) at a scan rate of 2 mV s⁻¹, followed by 

galvanostatic cycling (GC) at a current density of 1 mA g⁻¹ and a specific capacity of 10 mAh g⁻¹. 

Four different Ca–Sn alloy batches with nominal compositions Ca:Sn = 1:1, 1:2, 1:3, and 1:4 were 

evaluated. 
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5.5.2  Result and discussion 

SEM/EDX analyses presented in Figures 5.23 a and b refer to the Ca–Sn 1:2 alloy, shown here as 

representative of the entire series. The EDX maps reveal a higher oxygen content, indicating increased 

sensitivity of the alloy to atmospheric exposure, likely resulting from brief handling during the 

transfer from a sealed vial inside the glovebox to the SEM analysis chamber. Additionally, the sample 

exhibits both homogeneously distributed regions of calcium and tin, as well as more complex domains 

where metallic tin and Ca–Sn alloy phases are heterogeneously dispersed, as shown in Figure 5.23 a, 

b, and c. 

The XRD patterns presented in Figure 5.24 illustrate the crystalline phases present in Ca–Sn alloys 

with varying Ca:Sn atomic ratios. As expected, all diffractograms present a multiphase composition. 

In particular, for the CaSn sample (1:1 atomic ratio, top panel), the dominant peaks correspond to the 

CaSn phase, with minor contributions from Ca2Sn and trace amounts of Ca0.15Sn0.85. As the calcium 

content decreases (moving downward through the panels), the diffraction peaks progressively shift 

toward Sn-rich phases such as CaSn3 and Ca0.15Sn0.85 indicating the successful formation of different 

intermetallic compounds depending on the initial stoichiometry. In samples with a higher Sn content, 

reflections associated with Sn-rich phases such as CaSn3 become more prominent. Moreover, several 

samples display additional peaks attributable to CaO, suggesting partial surface oxidation of the 

a) 

 

 

 

b)                                                                                 c) 

 

 

 

 

d) 

Figure 5.23 (a) and (d) SEM image and corresponding EDX elemental distribution on the right; (b) and (c) show 

point EDX analyses on different morphologies, with the corresponding elemental composition tables on the right. 
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alloys, likely due to brief exposure to air during sample transfer in which calcium, being highly 

reactive, is particularly affected. 

ICP-OES analysis reveals that increasing the Sn content in the precursor mixture leads to a weaker 

correlation between the nominal and the experimentally measured Sn/Ca atomic ratios (Table 7.). 

This discrepancy is likely attributed to the relatively high vapor pressure of tin, which is not only 

significantly higher than that of calcium but also exceeds that of zinc. For instance, at 1200 °C, tin 

exhibits a vapor pressure of approximately 10 kPa, compared to ~1 kPa  for zinc and even lower 

values for calcium (~0.1 kPa).83,84 This substantial volatility difference may explain why a partial loss 

of Sn is observed during arc melting, particularly at higher tin concentrations, while such effects are 

negligible in the Ca–Zn system. 

Figure 5.24. XRD patterns of Ca–Sn alloys with varying Ca:Sn atomic ratios synthesized via arc melting, 

compared with standard reference patterns from the ICSD database for the following phases: CaO (ICSD 

26959), Ca₂Sn (ICSD 659611), CaSn₃ (ICSD 58934), CaSn (ICSD 165193), and Ca0.15Sn0.85 (ICSD 58963). 
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Table 7 ICP-OES results. 

 

 

The CV profiles of Ca–Sn alloys with varying Ca/Sn ratios, shown in Figure 5.25, clearly indicate 

that all compositions exhibit pronounced current responses during the first cycle. However, these 

responses significantly fade in the subsequent cycles, indicating partial or full electrochemical 

deactivation, except for the CaSn 1:4 alloy, which shows a slight activation behavior. In this latter 

case, two symmetric redox peaks emerge, corresponding to reduction and oxidation processes, with 

an overpotential of approximately 0.8 V and current densities around 100 mA g⁻¹. 

Similarly, the galvanostatic curves (Figure 5.26) exhibit a comparable trend, although the extent of 

deactivation appears less pronounced and more gradual over cycling. All compositions exhibit low 

overpotentials during the initial cycles, with well-defined voltage plateaus suggestive of faradaic 

processes. Interestingly, while the CV data show decreasing activity with increasing Sn content, the 

Figure 5.25 CV in symmetric cell configuration of the CaSn alloy with the different Sn/Ca ratio 
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galvanostatic profiles indicate that overpotentials actually increase with higher Sn ratios. 

Nonetheless, in all cases, the overpotential remains below 0.5 V during the initial cycles, but exceeds 

1 V in the subsequent ones, highlighting a general degradation in electrochemical reversibility over 

time. The observed deactivation during cycling and the progressive increase in overpotentials during 

further cycling can likely be attributed to a combination of mechanical instability caused by the 

volume expansion associated with alloying/dealloying processes, and the thickening of the SEI. Such 

performance degradation, reflected in increasing overpotentials and capacity fading during prolonged 

cycling, may be attributed to both mechanical instability caused by the significant volume 

expansion/contraction during alloying and dealloying processes, and to the progressive thickening of 

the sSEI. Notably, both phenomena have already been reported in literature as common failure 

mechanisms in alloying-type anodes for multivalent ion batteries.7,69 

 

 

Figure 5.26 GC in symmetric cell configuration of the Ca-Sn alloy with the different Sn/Ca ratio 
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5.5.3 Conclusion 

In this study, a preliminary investigation was carried out on the synthesis and electrochemical 

behavior of Ca–Sn alloys with different Ca/Sn atomic ratios. The arc melting technique confirmed its 

effectiveness as a rapid and reliable method for alloy preparation. However, issues related to the 

homogeneity of the final materials were observed, likely due to the high volatility of tin and its partial 

evaporation during synthesis. 

All tested compositions exhibited promising electrochemical activity, particularly under galvanostatic 

cycling. Despite this, a progressive increase in overpotential during subsequent cycles was noted, 

indicating a gradual loss of electrochemical reversibility. 

The causes of this performance degradation, potentially linked to structural instability caused by 

volume expansion or to the thickening of the solid electrolyte interphase, 67,85 require further dedicated 

investigation. Identifying the most stable and reversible composition will be essential for future 

studies, which should also focus on optimizing the working voltage range to improve the long-term 

stability and performance of these alloy-based electrodes. 
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6 Chapter VI 

Conclusion and perspectives 

6.1 General Conclusions  

 

In this PhD thesis I am reporting my investigations focused on all the three fundamental components 

of calcium-based batteries, i.e., the electrolyte, positive, and negative electrode, through a systematic 

and integrated approach. The objective of this PhD project was to provide a broad overview of these 

elements and to develop reliable materials and methodologies that could advance both the 

understanding and feasibility of calcium-ion energy storage systems. 

The first part focused on the design and evaluation of two novel calcium salts, Ca-FPB and CaB₁₂H₁₂, 

as non-aqueous aprotic electrolytes. Ca-FPB demonstrated excellent electrochemical stability and the 

ability to reversibly plate and strip calcium metal at room temperature, but its complex and moisture-

sensitive synthesis presents challenges for large-scale implementation. Owing to this synthetic 

complexity, further systematic electrochemical and physicochemical characterizations could not be 

carried out for the insufficient material availability. For this reason, the investigation was redirected 

toward an electrolyte featuring a significantly simpler and faster synthetic route, thereby ensuring 

adequate material supply and enabling a more comprehensive and reliable characterization workflow. 

Within this framework, CaB₁₂H₁₂ emerged as a viable alternative, owing to its simple and fast one-

step synthesis, which ensured consistent material availability throughout the study. It showed 

promising reversibility, especially when dissolved in NMP and combined with BF₃OEt₂ as an 

additive, though its electrochemical stability window was more limited. Issues with solubility and 

sensitivity to solvent interactions highlight the need for further optimization, particularly regarding 

the formation and evolution of the solid–electrolyte interphase (SEI). Building on these results, 

further progress could be achieved by refining the synthetic route in order to minimize solvent co-

crystallization and obtain a purer material, with the aim of improving salt dissociation in a wider 

range of more conventional solvents, since the current formulation relies on NMP, a solvent that is 

incompatible with practical electrode architectures due to its ability to dissolve common polymeric 

binders and its associated toxicity and processing limitations. This consideration motivated a shift in 

focus toward calcium-ion systems based on intercalation electrodes, where the use of conventional 

and readily available electrolytes becomes feasible and the constraints associated with metallic 

calcium and non-standard solvent environments can be circumvented. 

To enable more accurate evaluation of electrode materials, a pseudo-capacitive three-electrode setup 

was developed and validated, using activated carbon as the counter electrode and gold as a quasi-
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reference electrode. This configuration provided a stable and inert electrochemical environment, 

avoiding the complications associated with calcium metal and proving to be a valuable tool for 

fundamental investigations of calcium-based systems. 

As for cathode materials, the Prussian Blue Analogue MF21 was selected on the basis of previous 

studies conducted within our research group on potassium-ion cells, in which this open-framework 

material had demonstrated highly reversible K⁺ intercalation and remarkable cycling stability. 

In this work, we confirmed that calcium can reversibly intercalate into the MF21 structure in aprotic 

electrolyte without compromising the integrity of the open-framework lattice. Ex-situ XRD analyses 

showed that the crystal structure remains preserved upon cycling, while Mössbauer spectroscopy 

revealed that the electrochemical response is predominantly governed by Fe redox activity, with only 

a minor contribution from Mn. Operando XRD further demonstrated a monophasic intercalation and 

deintercalation mechanism, accompanied by reversible lattice expansion and contraction. 

Despite this intrinsic structural reversibility, full cells assembled with calcium metal exhibited a rapid 

capacity fade. This degradation is likely associated with the progressive formation of passivation 

products at the Ca–electrolyte interface, which hinder Ca²⁺ transport and limit the accessibility of the 

intercalation sites. 

To decouple the behavior of MF21 from the instability of calcium metal, the material was evaluated 

in a pseudo-capacitive three-electrode configuration using activated carbon as the counter electrode 

and gold as a quasi-reference electrode. In this setup and using a conventional electrolyte based on 

Ca(TFSI)₂, the electrochemical response showed a clear stabilization over cycling, although with 

significantly reduced capacity. Under these conditions, however, signs of active-material dissolution 

were detected, which limited the applicability of this configuration and prevented a more extended 

investigation. 

Altogether, these findings demonstrate that MF21 retains structural integrity and supports Ca²⁺ 

insertion, yet its practical performance is strongly influenced by interfacial reactions and by the choice 

of electrolyte. The marked differences between its behavior in K⁺ and Ca²⁺ systems further highlight 

the importance of ion-specific interactions, including solvation, desolvation and host–structure 

compatibility. A deeper investigation of solvent effects, ion-transport pathways and interfacial 

processes, particularly in pseudo-capacitive configurations, will therefore be essential to clarify the 

electrolyte-dependent mechanisms governing Ca²⁺ insertion and to guide the rational development of 

Prussian Blue Analogues optimized for calcium-ion batteries. 
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On the anode side, two classes of materials were explored. First, TiO₂ nanotubes in the anatase phase 

were shown to reversibly incorporate Ca²⁺ ions, as demonstrated by the clear spectroscopic evidence 

of calcium uptake without structural collapse. Although the amount of intercalated Ca²⁺ was modest, 

the preservation of the anatase framework indicates that titanium oxides can accommodate divalent 

ions in a structurally resilient manner. A comparison between Ca-metal half cells and the pseudo 

capacitive configuration revealed that the electrochemical response of TiO₂ is strongly influenced by 

the electrolyte environment and by the accessible potential window. The higher capacities observed 

in the pseudo capacitive setup suggest that the intrinsic redox capability of TiO₂ is greater than what 

can currently be accessed in Ca-metal cells, where electrolyte limitations and interfacial parasitic 

reactions restrict the effective reversibility of the insertion process. Taken together, these findings 

indicate that the principal challenges for TiO₂ as a calcium-ion anode arise not from intrinsic structural 

limitations but from interfacial instability, initial irreversibility and electrolyte compatibility, 

ultimately motivating the exploration of alternative anode materials capable of operating in simpler 

and more conventional electrolyte environments without the need for complex cell configurations. 

In this context, the second part of the study focused on alloy-type anodes, with the initial goal of 

identifying a calcium-based negative electrode capable of operating in conventional electrolytes and 

providing stable and reversible electrochemical behavior. Several Ca–Zn and Ca–Sn compositions 

were synthesized by arc melting and systematically investigated to identify materials that could 

function as practical anodes in calcium-ion systems. 

Among the Ca–Zn alloys, the 1:2 composition exhibited the most stable and reproducible 

electrochemical response, confirming its suitability for sustained cycling. However, its high zinc 

content places its operating potential in a range that is too elevated for use as an anode. For this 

reason, the role of CaZn 1:2 evolved from candidate anode to reliable counter electrode, providing a 

stable platform for studying other calcium-ion electroactive materials without introducing 

complications associated with calcium metal. In addition, preliminary observations indicate that both 

calcium and zinc may participate in the electrochemical reactions, suggesting a possible dual-ion 

mechanism that requires further investigation to clarify its nature and potential implications. 

Ca–Sn alloys, on the other hand, showed encouraging initial electrochemical activity, particularly 

under galvanostatic cycling, yet suffered from progressive increases in overpotential. This 

deactivation appears to arise from mechanical instability associated with volume changes and from 

the thickening of interfacial layers. Future studies should aim to identify the most stable Ca–Sn 

stoichiometry and the optimal operating potential range, while exploring strategies to mitigate 

structural degradation and improve long-term reversibility. 
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In conclusion, while calcium-based batteries still face significant technical barriers, this work 

demonstrates that some progress is reachable through the development of advanced electrolytes, 

optimized electrode configurations, and alloy-based strategies. Taken together, the results presented 

in this work provide useful insights into the critical factors influencing the performance and stability 

of calcium-based batteries and offer a foundation for further development and targeted optimization 

of their core components. 

6.2 Perspectives 

 

The investigations presented in this thesis demonstrate that calcium-based batteries are both highly 

promising and exceptionally demanding. On the one hand, the development of advanced electrolytes, 

optimized electrode configurations, intercalation type cathodes and alloy type anodes provides 

encouraging progress; on the other hand, intrinsic challenges such as sluggish calcium ion mobility, 

the formation of unstable interphases and interfacial passivation remain formidable obstacles. 

For context, it is instructive to recall that research on lithium-ion batteries began in the early nineteen 

seventies and reached commercial maturity only in the early nineteen nineties, after almost two 

decades of continuous development. By contrast, calcium ion systems are still in an exploratory 

phase, and their technical barriers are amplified by the divalent nature of Ca²⁺ and by the difficulty of 

working with calcium metal, whose interfacial instability and reactivity complicate both electrolyte 

design and electrode evaluation. 

Another fundamental difficulty is the absence of widely accepted standards for the study of calcium-

based systems. In contrast to lithium-ion research, where established testing protocols and reference 

conditions enable meaningful comparison across studies, calcium ion research lacks common criteria 

for electrolyte formulation, cell configuration, testing procedures and reporting practices. Therefore, 

multiple interdependent factors such as electrolyte formulation, interfacial chemistry and electrode 

architecture must be evaluated simultaneously, without the possibility of isolating individual 

contributions. 

Future work should therefore focus on addressing both the material related and the methodological 

challenges. On the materials side, efforts should aim at developing electrolytes with wider stability 

windows and simple, scalable synthetic routes, and at designing electrode materials capable of fast 

and reversible Ca²⁺ insertion while maintaining structural integrity over cycling. On the 

methodological side, the research community will benefit from the establishment of reproducible 

testing procedures, clearly defined cell architectures and transparent benchmarking criteria for 

calcium ion systems.   
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Although large scale commercialization may not be immediate, calcium-based batteries represent a 

powerful platform for understanding fundamental multivalent ion electrochemistry. They offer a 

unique opportunity to explore the limits of divalent ion storage and to advance the broader field of 

alternative energy storage technologies. 
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