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Abstract 

Safe and scalable battery technologies based on sustainable and highly available resources 

constitute the backbone of transforming the global energy provision to renewable sources. 

Sodium-ion batteries with water-based electrolytes (ASIB) and active materials from the class 

of Prussian blue analogs (PBA) are considered as a promising alternative to modern lithium-

ion batteries (LIB). Whereas the intercalation-based charge storage mechanism is overall very 

similar to state-of-the-art LIBs, the involved materials have the potential to make this 

technology a low-cost, non-flammable and environmentally benign alternative for mass market 

adoption. Even though the lower energy density of < 100 Wh/kg might exclude ASIBs from 

mobile applications, they appear as an auspicious solution for large-scale stationary usage to 

allow the integration of decentralized and highly fluctuating renewable power sources into the 

electricity grid. However, certain challenges remain to be solved on the way towards market 

readiness. This work focusses on optimizing battery performance by studying different PBAs 

as active materials for both cathode and anode in combination with water-based electrolytes. 

The main objectives are enhancing cycling stability and enabling fast-charging capability. 

Electrodeposited thin-film model electrodes are employed, as they offer precise control over 

composition and thickness. Such a model system allows the investigation of specific material 

aspects, avoiding the complexities associated with "traditional" composite-type electrodes. 

A major pathway for capacity decay in PBAs is found to follow a complex mechanism 

involving transition metal dissolution and subsequent partial re-deposition. Whereas active 

material loss causes an irreversible capacity fade, impaired kinetics and mass transport 

properties of the re-deposited material corrupt the rate capability during extended cycling. The 

composition of the electrolyte highly governs the electrode stability against dissolution. 

Strongly adsorbing anions, as well as high OH- and H3O
+ availability should be avoided, while 

the usage of strongly concentrated electrolytes guarantees exceeding stability. Furthermore, 

PBA thin-film model electrodes show an extremely fast, loss-free charging behavior of less 

than one minute. Whereas quasi-reversible kinetics enable remarkably high power densities, 

solid-state diffusion of Na+ within the host material ultimately limits the charging speed. The 

film thickness can accordingly be used to precisely tune the rate capability. The usage of 

microstructured templates for the electrodeposition is discussed as an outlook to achieve 

commercially viable footprint mass loadings for thin-film electrodes and thereby transfer the 

presented model system towards a practical hybrid battery-supercapacitor device. 
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Zusammenfassung 

Sichere und skalierbare Batterietechnologien auf der Basis von nachhaltigen und reichlich 

vorhandenen Ressourcen bilden das Rückgrat für die Umstellung der globalen 

Energieversorgung auf erneuerbare Quellen. Natrium-Ionen-Batterien mit wasserbasierten 

Elektrolyten (ASIB) und Aktivmaterialien aus der Klasse der Preußischblau-Analoga (PBA) 

werden als vielversprechende Alternative zu modernen Lithium-Ionen-Batterien (LIB) 

betrachtet. Während der Interkalationsmechanismus zur Speicherung von Ladung insgesamt 

sehr ähnlich zu herkömmlichen LIBs ist, haben die verwendeten Materialien das Potenzial, 

diese Technologie zu einer kostengünstigen, nicht brennbaren und umweltfreundlichen 

Alternative für den Massenmarkt zu machen. Obwohl deren niedrigere Energiedichte von 

weniger als 100 Wh/kg ein Ausschlusskriterium für mobile Anwendungen darstellen dürfte, 

erscheinen ASIBs als vielversprechende Lösung für den großflächigen stationären Einsatz, um 

die Integration dezentraler und stark schwankender erneuerbarer Energiequellen in das 

Stromnetz zu ermöglichen. Es gibt jedoch noch zu lösende Herausforderungen auf dem Weg 

zur Marktreife. Diese Arbeit konzentriert sich darauf, die Leistungsfähigkeit der Batterien 

durch die Untersuchung verschiedener PBAs als Aktivmaterialien für Kathode und Anode in 

Kombination mit wasserbasierten Elektrolyten zu optimieren. Die Hauptziele sind die 

Verbesserung der Zyklenstabilität und die Ermöglichung von Schnellladefähigkeit. Dazu 

werden elektrochemisch abgeschiedene Dünnschicht-Modellelektroden verwendet, da dies 

eine präzise Kontrolle über die Zusammensetzung und Schichtdicke zulässt. Ein solches 

Modellsystem ermöglicht die Untersuchung spezifischer Materialeigenschaften und umgeht 

die Komplexitäten, die mit "traditionellen" Kompositelektroden verbunden sind. 

Es wurde festgestellt, dass Kapazitätsverlust bei PBAs im Wesentlichen durch einen 

komplexen Mechanismus erfolgt, der das Auslösen von Übergangsmetallen und die 

anschließende teilweise Wiederabscheidung umfasst. Während der Verlust von Aktivmaterial 

zu irreversiblen Kapazitätseinbußen führt, beeinträchtigen die verschlechterte Kinetik und 

Massentransporteigenschaften des wieder abgeschiedenen Materials die Leistungsfähigkeit bei 

langem Zyklieren. Die Widerstandsfähigkeit der Elektrode gegen Auflösung wird in hohem 

Maße durch die Zusammensetzung des Elektrolyten beeinflusst. Stark adsorbierende Anionen, 

sowie eine hohe Verfügbarkeit von OH- und H3O
+ sollten vermieden werden, während die 

Verwendung von stark konzentrierten Elektrolyten außerordentliche Stabilität gewährleistet. 

Darüber hinaus zeigen PBA-Dünnschicht-Modellelektroden ein extrem schnelles, verlustfreies 
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Ladeverhalten innerhalb weniger als einer Minute. Während die quasi-reversible 

Elektrodenkinetik bemerkenswert hohe Leistungsdichten ermöglicht, begrenzt die 

Festkörperdiffusion von Na+ innerhalb des Aktivmaterials letztendlich die mögliche 

Ladegeschwindigkeit. Die Schichtdicke kann dementsprechend verwendet werden, um die 

Ratenfestigkeit präzise einzustellen. Die Verwendung von mikrostrukturierten Substraten für 

die elektrochemische Abscheidung des Aktivmaterials wird ausblickend diskutiert, um 

kommerziell tragfähige Massenbelegungen der Dünnschichtelektroden zu erreichen und somit 

das vorgestellte Modellsystem in eine praxisnahe, hybride Batterie-Superkondensator-

Konstruktion zu überführen. 
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1 Introduction 

When the invention of the steam engine kicked off the industrial revolution in the late 18th 

century and laid the ground for the development of our world as we know it today, no one 

would have imagined that this also provoked one of the most severe threats that humanity has 

ever seen: the climate change. The combustion of carbon-based fuels, such as natural gas, coal, 

and oil, as well as its derivatives, has become the main scheme for modern energy provision 

over the last 200 years. However, this has resulted in a massive release of CO2 and other so-

called greenhouse gases into the atmosphere. Up to this day, this process appears unstoppable, 

especially in light of the economic emergence of highly populated developing countries. As it 

is well-known nowadays, the increasing presence of CO2 and other so-called greenhouse gases 

in the earth’s atmosphere changes the net power equilibrium of in- and outbound heat radiation, 

which in turn causes the main earth’s temperature to rise.1,2,3,4,5 

Figure 1 shows the distinctive correlation between the annual CO2 emissions caused by human 

activity and the earth’s global average temperature. The impact of the "Anthropocene", the 

most recent geological epoch where human activity dictates the earth’s macroscopic state, is 

easily visible. Similar correlations can be drawn involving deforestation, meat production, 

global wealth, energy consumption and other factors on one side, and polar ice caps, glacier 

extents, sea level increase, ocean acidity, wildfire and extreme weather events on the other 

 

Figure 1. Correlation of the global temperature anomaly and annual CO2 emission since 

the industrial revolution. Data source for CO2 emissions: ref. 6. Data source for temperature 

anomaly: ref. 7. 
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side.8 If this development continuous likewise in the future, scientists unanimously project that 

climate change will have catastrophic consequences leading to a radical change of our 

environment and lives as we know it today.9,10,11,12 

After decades of political and societal ignorance, policies and commitments for decarbonizing 

our energy provision toward sustainability are on the agenda of almost any country in the 

world. The Paris Climate Agreement from 2015, along with its amendments from the 

international climate summits in recent years, aims at drastically regulating greenhouse gas 

emissions in the coming decades to limit global warming to a maximum of 1.5 °C compared 

to pre-industrial times.13 As a result, Germany, which currently ranks #7 with its total CO2 

emissions,14 will need to transform its energy provision schemes drastically. As shown in 

Figure 2A, the relative sectoral emission related to the provision of energy (electricity and 

heating) in Germany in 2021 amounts to 33%,15 while around 42% of the electricity was 

produced from renewable sources (see Figure 2B).16 In the meantime, the German government 

has concluded that its share will have to be increased to 80% by 2030 to reach the CO2 emission 

reduction goals deduced from the climate agreements.17 The amount of required electric energy 

is predicted to increase heavily in the future due to the ongoing electrification of the mobility 

sector, industrial processes (steel, cement, chemicals), and building up the hydrogen economy 

based on electrolysis. For Germany, electricity consumption could almost double by 2050 from 

its current level.18 The urgency for a fast transition away from fossil fuels was furthermore 

exemplified under the impression of the recent war avalanched by Russia against Ukraine, 

A) B) 

 
 

Figure 2..(A) Sectoral emission of greenhouse gases (CO2-equivalent) in Germany in 2021. 

Data source: ref. 15. (B) Electricity production in Germany from 2000 – 2021. Data source: 

ref.16. 
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which led to the abandoned provision of natural gas and threatened power supply insecurity in 

many European countries. Renewable energies, on the other hand, have the potential to reduce 

international resource dependencies from a few countries and increase the autonomy of the 

European states.  

So far, this has been mainly approached by ramping up the construction of photovoltaic and 

wind power production systems. As shown in Figure 3A, a cumulative installed solar and wind 

capacity of 120 GW was in place in Germany in 2021.19 For comparison, the average electricity 

demand was 58 GW.20 Whereas this results already in full coverage of electricity demand by 

renewables on some days throughout the year, there will be a significant mismatch of 

generation vs. consumption most of the time. This strategy has led to major challenges 

regarding the electric power grid in terms of distribution, stability and quality of power 

provision.21,22 By nature, the production of renewable energies strongly fluctuates according to 

the weather, daytime and season (see Figure 3B). However, the production of electric power 

must always match its consumption to maintain a net power flux balance in the grid, while even 

small deviations can result in a system collapse and failure of electric equipment. The uneven 

distribution of wind production sites poses another challenge. Differing local conditions and 

political considerations lead to local overproduction as well as shortages across the grid. 

Countermeasures to these problems, such as curtailment, withholding short-term operation 

reserve power, redispatch, as well as building immense power transmission lines have the 

potential to be massive cost drivers in the energy transition.23,24,25 It is questionable if such 

measures alone will be enough to operate the power grid with almost 100% renewable energies. 

A) B) 

 
 

Figure 3. (A) Cumulative capacity for electricity generation from solar and wind energy 

installed in Germany. Data source: ref. 19. (B) Generation vs. consumption of electricity in 

Germany from 19. May 2022 to 24. May 2022. Data source: ref. 20. 
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It is therefore believed that stationary energy storage systems will play a key role in enabling 

the integration of renewable energies.26,27,28,29 Rechargeable batteries are among the best 

options for compensating temporal misbalance of supply and demand of electricity, as well as 

the arbitrage of local production gradients to avoid redispatch measures. Thereby, they can 

significantly support the grid’s flexibility and transmission capacity.30,31,32,33 The advantages 

of battery energy storage include their easy deployment across the grid from small to large 

system units. Furthermore, they are not dependent on local conditions like, for example, 

pumped-hydro storage or compressed-air energy storage. Additional selling points are their 

high energy efficiency and fast response time. It is thus believed that batteries cannot only 

enable a high degree of utilization of electricity from renewable sources, but also contribute to 

their integration into the electricity grid while maintaining reliable power provision.34,35,36,37,38  

Today, the leading battery technology available on the market is based on lithium-ion 

chemistries with organic electrolytes, commonly known as lithium-ion batteries (LIB).39,40 

While these high cell-voltage (> 3 – 4 V) systems were developed for the high energy density 

demand of electric cars and portable electronics (> 200 – 300 Wh/kg based on all materials),41 

their adoption for stationary storage raises serious concerns regarding scalability and safety.42 

Lithium resources are unevenly distributed across the world with major deposits in South 

America, Australia and China.43 The limited resource availability and unsustainable mining of 

lithium potentially cause high material price levels and price instability, supply insecurity and 

environmental concerns.43,44,45,46,47 Another critical material for automotive high energy 

density NMC and NCA cells is cobalt, a rare transition metal mainly sourced in the D. R. 

Congo, with its mining conditions being highly criticized for lacking humanitarian standards.48 

However, even if ethically less concerned, cobalt-free LiFePO4 (LFP)-based cells would be 

used, the large-scale adoption of LIBs for stationary applications will further increase the 

pressure on this pioneering technology. One of the largest stationary battery systems worldwide 

is the Hornsdale Power Reserve, which is shown in Figure 4. This 193.5 MWh plant equipped 

with lithium-ion cells equals over 3,200 Tesla Model 3 fully-electric cars (for a 60 kWh 

battery).49 For Germany, it is expected that between 100 to 500 GWh of stationary battery 

storage will be needed by 2045.35 This implies at least a 30 to 150-fold increase of the large-

scale and home-scale capacity installed in 2021, which was almost entirely deployed by LIBs.50 

If future stationary energy storage systems will continuously rely on lithium-based batteries, 

rising prizes could become an elevating obstacle for the electrification of the transport sector, 

which is equally important to achieve the climate goals. On the other site, various failure modes 
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can result in a thermal runaway or short-circuit of LIBs and therefore pose a severe safety risk 

related to the flammable organic electrolyte.51 Footage of burning electric cars has repeatedly 

been on the media over the last years. Considering both home-scale and large-scale stationary 

battery systems, safety concerns could seriously impact the procurement decision. 

Aqueous sodium-ion batteries (ASIB) could be a suitable alternative for stationary storage 

applications.53,54,55 Whereas they intrinsically come with a lower energy density due to the 

restricted cell voltage limited by water electrolysis, scalability and safety can be considered 

more important metrics for stationary systems. Resource availability would be guaranteed by 

employing sodium instead of lithium, which is much more abundant and also evenly distributed 

across the world in the form of mineral rock and salt water.43,56,57 Furthermore, the use of an 

aqueous electrolyte has the potential for environmentally benign chemistry and makes the cell 

non-flammable, allowing its safe operation.55,58,59,60 When developing a scalable, low-cost and 

environmentally benign sodium-ion battery technology, these prerequisites, of course, also 

apply to the active material employed for the battery’s electrodes. The material class of 

Prussian blue analogs (PBA) has attracted considerable interest for being a promising candidate 

for ASIBs.53,54,55,61,62,63,64,65 Prussian blue was first discovered by accident in 1706 in Berlin as 

a product from a failed synthesis procedure based on cattle blood, pot ash and green vitriol 

(iron sulfate).66 This new pigment found almost immediate application for paintings and cloth 

 

Figure 4. Hornsdale Power Reserve in South Australia. The grid-connected battery energy 

storage system provides a capacity of 193.5 MWh at 150 MW. Picture reproduced from 

ref. 52. 
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dying due to its appealing color and lower price compared to alternatives. As an example, 

Figure 5 shows the oil-on-canvas painting "The Starry Night" by Vincent van Gogh.  

Prussian blue analogs are derivatives from the historical pigment, where the incorporation of 

different transition metals strongly influences their (electro)chemical and physical 

properties.63,68,69,70,71,72 They are nowadays widely used and investigated as functional 

materials in various disciplines, involving (electro)sensorics,73,74,75 heterogeneous 

(electro)catalysis,76,77,78 desalination and selective ion removal,79,80,81 as well as electrochromic 

devices.82,83 Over the last decades, PBAs have also been extensively studied as active materials 

for batteries.53,54,55,61,62,63,64,65,84,85,86,87,88 The interest in this battery material class originates 

from their facile and inexpensive synthesis relying on abundant precursor materials, which are 

based on nitrogen and carbon together with iron, manganese, copper, zinc or other transition 

metals. Further advantages are their tunability and reversible (alkali-)metal ion insertion 

kinetics associated with their redox activity. Next to CATL, a leading Chinese battery 

manufacturer, several companies are working on commercializing Prussian blue and its 

derivatives for organic SIBs.89,90,91 The California-based start-up Natron Energy recently 

introduced an all-PBA-based aqueous SIB to the market,92 exploiting the ≈ 50 Wh/kg 

achievable for aqueous batteries. 

Despite their stage of development, there is still a lack of fundamental understanding and 

potential for optimizing critical aspects in terms of viability and performance of PBA-based 

 

Figure 5. "La nuit étoilée" (The Starry Night) by Vincent van Gogh, 1889, was created using 

Prussian blue pigment. Public Domain – Image downloaded from ref. 67. 
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ASIBs. This thesis aims at discussing the following aspects and findings, which are vital for 

the successful large-scale adoption of this innovative battery technology: 

After almost 50 years of research on LIBs, its cost significantly decreased to ≈ 100 – 150 $/kWh 

(cell level).41,93,94 Despite the cheaper precursor materials of PBA-based ASIBs, their upfront 

capital cost per kWh is estimated to result in the same range as LIBs. This is mainly due to its 

5 – 10 times lower energy density.95 However, when used for stationary applications, cycling 

stability37,38 and the resulting amortized cost over lifetime undoubtedly outweighs energy 

density as a major critical metric for consideration.31,57,96 Suppose PBA-based ASIBs could be 

operated for more than 10,000 cycles without significant capacity loss. On the market, this 

threshold currently constitutes the warranty-limit of LFP-based LIBs.97,98,99 Correspondingly, 

such performance strongly surpasses NMC- and NCA-based LIBs.100 This high cycling 

stability would result in levelized costs of 0.01 − 0.02 $/(kWh/cycle) on a cell level.95 Even 

when added to the generation cost of wind and solar energy to solve the generation vs. 

consumption problem, a battery-supported electricity provision will not only defeat fossil fuels 

in terms of sustainability, but also in economic standards.101  

These considerations make clear that cycling stability is assigned the utmost importance for 

stationary battery systems to be economically viable. In this work, the degradation mechanism 

of PBA electrodes in aqueous electrolytes will be elucidated in detail. It will be shown that a 

major degradation pathway follows a complex mechanism involving transition metal 

dissolution and subsequent partial re-deposition. Whereas mass loss causes an irreversible 

capacity decay, impaired kinetics and mass transport properties of the re-deposited material 

corrupt the rate capability, thereby representing an additional power fade. The individual 

elemental dissolution of electrode constituents and its correlation to the electrode potential and 

current will be investigated by employing an innovative in-operando online dissolution 

monitoring technique. Furthermore, it will be shown with the help of DFT calculations, how 

the composition of the electrolyte, namely the pH, Na+ concentration and involved anions, 

impacts the dissolution behavior and stability of PBA electrodes. This will allow to explain the 

extremely high stability of PBAs in some strongly concentrated electrolytes. Such stabilization 

measure was already known before, but so far lacked a fundamental understanding of the 

underlying physico-chemical processes driving the electrode degradation. This work aims to 

provide a profound perception of these mechanisms. 



 

22 

 

Another aspect that could significantly impact the viability of ASIBs as stationary energy 

storage systems is their ability to provide grid stabilization services. Historically, the electricity 

grid was designed for a limited amount of centralized large power generation sites, like coal 

and nuclear power plants, with steady and highly predictable output. A few hydroelectric 

systems were enough to react to marginal load fluctuations, and therefore high-quality power 

provision was ensured.102 The ongoing integration of the immanently fluctuating and 

intermittent renewable energy sources from decentralized production sites comes along with 

an increased need for stabilization measures to maintain grid reliability.103,104 Such short-term 

ancillary services especially include frequency regulation by balancing net power flux in the 

grid. This application requires high power loads within a few seconds to maintain grid stability, 

flexibility, and supply continuity. Large-scale batteries with the capability to provide and sink 

such high-power profiles could therefore not only enable the full and reliable integration of 

renewable energies to the grid, but also provide surpassing revenue streams for such stationary 

storage systems.28,105,106,107 Suitable hybrid electrochemical devices combine a sufficient 

energy density, usually associated with batteries, with a high power capability typical for 

supercapacitors.108,109 Apart from the above-described grid stabilization services, they could 

even enable applications like urban short-distance electric mobility.110 Busses, for example, 

only require power for short intervals between two stations while offering frequent recharging 

possibilities with durations of approximately one minute while passengers board and 

disembark at each station.111,112,113 Of course, such applications need an appropriate 

infrastructure, especially for recharging the busses, but first pilot projects, e.g., in Minsk and 

many other cities114,115 provide a promising perspective on electrifying street-bound public 

transport by using high-power electrochemical energy storage systems.      

In this work, pathways for customizing PBA-based ASIBs for high-power applications will be 

explored. In contrast to the traditional synthesis routine of composite electrodes, an easy, 

single-step electrochemical deposition is employed to obtain binder- and additive-free thin-

film model electrodes. Their fast-charging capability is investigated with regard to the 

electrochemically active material thickness. Their performance is analyzed to identify the rate-

determining steps governing the interfacial mass and charge transport processes. Furthermore, 

the detrimental role of parasitic processes for low-mass-loading electrodes will be outlined and 

assessed. Prototypical all-PBA-based ASIBs will be presented, highlighting a direction towards 

hybrid battery-supercapacitor systems combining sufficient energy density with high power 

density. By employing conductive, microstructured high-surface area substrates as templates 
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for the electrodeposition, the scalability of such model systems towards commercially relevant 

mass-loadings will be discussed.  

 





 

2 Theoretical Background 

In the following chapter, the relevant fundamentals of electrochemistry will be introduced, 

focusing on the concepts necessary to understand the content of this work. This is followed by 

an explanation of the general working principle of intercalation-type batteries, charge-

discharge characteristics, and considerations on the employed electrolyte. Furthermore, metrics 

to evaluate the performance of the involved materials will be introduced. The descriptions, 

derivations and explanations in this chapter follow the standard textbooks "Handbook of 

Battery Materials" by C. Daniel and J. O. Besenhard,116 "Linden’s Handbook of Batteries" by 

T. B. Reddy and D. Linden,117 "Elektrochemie" by C. H. Hamann and W. Vielstich,118 as well 

as "Electrochemical Methods: Fundamentals and Applications" by A. J. Bard and L. R. 

Faulkner.119 For the sake of fluid readability, not every instance will be referenced to the 

mentioned sources. 

2.1 Introduction to Electrochemistry 

The history of electrochemistry dates back over two hundred years to the pioneering 

experiments of Luigi Galvani and Alessandro Volta. Today, it is one of the most important 

science disciplines encountered in everyday life, as well as for our present and future basis of 

the economy. It provides the fundamentals of many critical technologies like batteries, fuel 

cells, electroplating, corrosion, sensors or electrolysis.  

2.1.1 The Electrochemical Cell 

Electrochemistry describes the phenomena happening at the interface between different 

chemical phases. In the most common sense, it is concerned with the interrelation of chemical 

and electrical processes between an electronic conductor (electrode) in contact with an ionic 

conductor (electrolyte). A simple electrochemical cell consists of two electrodes (I and II) 

immersed in a liquid electrolyte. Current flow is enabled by providing an external pathway for 

electrons, while ions are conducted through the solution. The current flow can be either forced 

by connecting an external power source and driving a current through the cell or proceed 

spontaneously due to an internal driving force capable of providing power to an external load. 

In general, currents can either be associated with capacitive effects or redox reactions. While 

the former result from the re-arrangement of mobile ions at the electrode-electrolyte interface 

counteracting the electrode charge, the latter involve the conversion of species at the electrode-
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electrolyte interface by the transfer of electrons or ions. These processes are schematically 

represented in Figure 6 and will be explained in the following sections.  

Furthermore, each phase in the electrochemical cell can be assigned a so-called Galvani 

potential φ, which describes the respective electrostatic potential within the bulk of each phase. 

For the cell introduced above, the Galvani potential of each electrode (φ(I) and φ(II)) and the 

solution (φ(S)) must be considered. If a phase is in electrochemical equilibrium with its adjacent 

phase, then φ = φeq. The resulting difference of the Galvani potential between a metal electrode 

and a solution, Δφ = φ(I) – φ(S), is, however, not measurable. Rather, a measured potential 

difference always refers to a second electrode, according to Equation 1 (neglecting the contact 

potential differences between the metal wires and phases I and II of an actual measurement 

device): 

Assuming that the Galvani potential of phase II remains constant and in equilibrium (φ(II) = 

φ(II)eq = const), we can refer to all determined or applied potential differences Δφ of the 

investigated electrode I against this reference and define its electrode potential E as given in 

Equation 2:  

 

Figure 6. Schematic representation of an electrochemical cell. Current flow is enabled via 

the (re-)arrangement of the electrical double layer, which results in a capacitive current 

contribution, or interfacial charge transfer, the so-called faradaic current.  

𝛥𝜑 = [𝜑(𝐼) − 𝜑(𝑆)] − [𝜑(𝐼𝐼) − 𝜑(𝑆)] = 𝜑(𝐼) − 𝜑(𝐼𝐼) Equation 1 
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Experimentally, this situation is approximated by employing a so-called reference electrode, 

as it will be introduced later, from which the electrode potential is sensed through a high-

impedance voltmeter (no current flow), while all cell current is guided through a different 

electrode. Despite the impossibility of measuring it, the electrode potential can mathematically 

be related to an absolute potential scale using electron energy levels with regard to the vacuum. 

This was discussed in great detail by S. Trasatti.120 

2.1.2 Electrical Double Layer 

First, assume that two metal electrodes (A and B) are immersed into an electrochemically inert 

aqueous solution, with no interfacial charge transfer occurring at either electrode (ideal 

polarizable electrode). Nevertheless, a transient current pulse can be observed when applying 

a voltage U between the two electrodes. As interfacial charge transfer is omitted, the voltage 

across the cell will lead to an accumulation of charge Q on the electrode, which is localized at 

its surface due to the high inherent electronic conductivity. This surface charge subsequently 

attracts oppositely charged ions in the electrolyte vicinity, which approach the electrode and 

accumulate at the interface. This arrangement of accumulated opposing charges across the 

electrode-electrolyte interface is called the electrical double layer (EDL), and it is always 

observed in electrochemical systems regardless of other processes.  

Hydrated ions approach the electrode surface as close as their solvation shell allows. The plane 

through the centers of the accumulated hydrated ions is called the outer Helmholtz plane 

(OHP). In this most simple treatment, the potential drops linearly between the electrode surface 

and the OHP. Accordingly, the EDL can be represented as a capacitor with a distance between 

its planes equivalent to the radius r of the hydrated ions. It should be assumed that the nature 

of electrode B and the electrolyte causes the voltage to drop entirely at the interface of electrode 

A and the electrolyte. Its capacitance C is then obtained by Equation 3: 

Here, A is the area of the interface. Furthermore, ε0 is the vacuum permittivity, and εr is the 

relative permittivity of the dielectric medium, with εr ≈ 80 in the case of water as the solvent.121 

Considering an aqueous KCl solution, the radius of the solvation shell of K+ is approximately 

3.6 Å.122 The resulting areal capacitance would be C/A ≈ 200 µF/cm2. However, experimentally 

𝛥𝜑 = 𝜑(𝐼) − 𝜑(𝐼𝐼) = 𝜑(𝐼) − 𝜑(𝐼𝐼)𝑒𝑞 ≡ 𝐸 Equation 2 

𝑄

𝑈
= 𝐶 = 𝜀0𝜀𝑟 ∙

𝐴

𝑟
 Equation 3 
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determined values are usually one order of magnitude lower.123 This overestimation results 

from the too-simplified model of the double layer. In reality, a more complex structure must 

be considered, including surface-oriented solvent molecules with a static dipole or adsorbed 

(partially) de-solvated ions, which mark the so-called inner Helmholtz plane in direct vicinity 

to the electrode. This causes that εr,effective is significantly smaller than in the simple model 

introduced above. Furthermore, in sufficiently diluted solutions, a diffusive extension of the 

accumulated countercharges is observed at a further distance from the electrode, which 

increases the effective distance in the capacitor model.124,125,126 In general, the double layer 

capacitance is a function of the electrode potential due to the potential-dependent composition 

of the closest layer of adsorbed species. Therefore, the double-layer capacitance is usually 

determined as a differential capacity according to Equation 4:   

2.1.3 Origin of Electrode Potentials and Faradaic Reactions 

So far, only capacitive charge accumulation at the electrode-electrolyte interface upon a change 

of the electrode potential has been considered as the source of current flow. However, an 

electrochemical cell also enables the conversion of chemical energy from a redox reaction into 

electrical energy and vice versa. This process is facilitated by spatially separating the oxidation 

and reduction reactions at the two electrodes while closing the electrical circuit through the 

ionically conducting electrolyte and the external electron conductor. This, in turn, requires the 

transfer of charge (electrons or ions) across the interface at each electrode. The driving force 

for this process is expressed by the respective electrode potential. For the sake of simplicity, 

half-cell reactions will be considered in the following, i.e., only the processes happening at one 

electrode-electrolyte interface with a given electrode potential. It will be assumed that current 

flow is conserved and not influenced by the processes occurring at the second electrode. 

Consider the following half-cell redox reaction taking place at an electrode involving the 

conversion of species S in the solution under the exchange of n electrons across the interface 

(Equation 5): 

𝐶𝑑𝑙 =
𝑑𝑄

𝑑𝐸
=

1

1
𝐶𝐼𝐻𝑃

+
1

𝐶𝑂𝐻𝑃
+

1
𝐶𝑑𝑖𝑓𝑓𝑢𝑠𝑒

= f(𝐸) 
Equation 4 

Sox + ne
− ⇌ Sred Equation 5 
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If no net current flow is allowed, which means that the oxidation and reduction proceed at equal 

rates, an electrochemical equilibrium will exist with an associated Galvani potential φeq. The 

standard Galvani potential φ0 of an associated redox couple is the value of the Galvani potential 

obtained under standard conditions in equilibrium. Before, we had already introduced the 

potential of electrode I, which is determined using a second electrode II, as the difference 

between their respective Galvani potentials. If each electrode is in equilibrium with its adjacent 

phase and under standard conditions, this is expressed by the difference of the standard Galvani 

potentials as given by Equation 6:  

The Galvani potential scale can be arbitrarily set and has been defined as φ0 = 0.0V for the 

proton reduction reaction 2H+ + 2e– ⇌ H2. This is the so-called standard hydrogen electrode 

(SHE), against which all standard potentials are reported. The electrochemical series lists the 

standard potentials of redox couples and is tabulated in standard textbooks.127 A selection is 

exemplarily provided in Table 1. 

Table 1. Standard potentials of selected redox pairs.127 

Apparently, the standard potential is an especially important characteristic of a redox couple. 

In the following, its origin should be briefly discussed on a practical, simplified example 

describing the corrosion of iron in the air involving atmospheric humidity as expressed in 

Equation 7: 

𝐸0 = 𝛥𝜑0 = 𝜑(𝐼)0 − 𝜑(𝐼𝐼)0 Equation 6 

Reaction E0 vs. SHE 

Li+ + e− ⇌ Li – 3.04 V 

Na+ + e− ⇌ Na – 2.71 V 

Fe2+ + 2e− ⇌ Fe – 0.45 V 

2H2O + 2e
− ⇌ H2 + 2OH

− – 0.41 V   at pH = 7 

2H+ + 2e− ⇌ H2      0.0 V 

AgCl + e− ⇌ Ag + Cl−    0.22 V 

Cu2+ + 2e− ⇌ Cu    0.34 V 

[Fe(CN)6]
3− + e− ⇌ [Fe(CN)6]

4−    0.36 V 

O2 + 2H2O + 4e
− ⇌ 4OH−    0.82 V   at pH = 7 

O2 + 4H
+ + 4e− ⇌ 2H2O    1.23 V 
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The products of this reaction eventually form local precipitates of iron oxide/hydroxide. The 

corresponding change of the standard Gibbs free energy ΔG of the reaction is directly related 

to the difference of the respective standard potentials according to Equation 8: 

As seen in Table 1, the standard oxidation potential of iron is much lower than the standard 

reduction potential of oxygen and therefore ΔG0 < 0, which means that the reaction proceeds 

spontaneously. For comparison, copper can still be oxidized by oxygen, whereas the smaller 

difference in their standard potentials reflects its lower proneness to corrosion in the air 

compared to iron. In contrast, the standard oxidation potential of gold is much higher than the 

standard reduction potential of oxygen, from which it results that it cannot be corroded in air 

or acids (see standard reduction potential of H+ in Table 1). This resistance against corrosion 

is reflected in its notation as a "noble" metal. In simple terms, the standard potential represents 

the ability of a species to consume or release electrons, so basically reflecting its reducing or 

oxidative power relative to another species. It should be noted that the thermodynamic stability 

of metals in a solution, in general, strongly depends on the pH and corrosion pathway involving 

different species under the influence of the electrode potential. So-called Pourbaix diagrams 

well describe these relations.128  

For non-standard conditions, the equilibrium potential Eeq is related to the activity ai of the 

involved species. This correlation is expressed by the Nernst equation, which can be derived 

from thermodynamics (Equation 9): 

Here, R is the gas constant, T is the temperature, and F is the Faraday constant. For sufficiently 

diluted solutions, the activity can be approximated by the respective concentrations ci. As 

described above, the electrode potential is determined with respect to a reference. However, 

the SHE reference is often impractical to use in experimental systems and is many times 

replaced by a silver-silver chloride (SSC) half-cell from which the potential against SHE can 

be calculated. This implies that an electrode potential referenced against SSC, for instance, 

0.5 V vs. SSC, is equivalent to 0.5 V + 0.22 V vs. SHE. Practically, it is more useful to replace 

2Fe + O2 + 2H2O → 2Fe
2+ + 4OH− Equation 7 

Δ𝐺0 = −
Δ𝐸0
𝑛𝐹

 Equation 8 

𝐸𝑒𝑞 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln (

𝑎𝑜𝑥
𝑎𝑟𝑒𝑑

) Equation 9 
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the SHE with the so-called reversible hydrogen electrode (RHE) as a reference for reporting 

measured or applied electrode potentials in aqueous electrolytes, which is directly linked to the 

pH of the employed solution according to Equation 10:  

This relation also explains the values for both the hydrogen and oxygen oxidation/reduction at 

pH = 7 listed in Table 1. It should be noted that the according standard potential difference 

always remains at 1.23 V, which resembles the theoretical thermodynamic stability of water. 

This will be further discussed in Section 2.2.4. 

Let us return to the redox reaction considered in Equation 5. The Nernst equation allows us to 

relate the ratio of aox/ared to the electrode potential. However, activity coefficients are usually 

unknown, and it is more convenient to work with the so-called formal potential E՛0, especially 

at higher electrolyte concentrations (see Equation 11).  

E՛0 is, however, not a constant but specific for an investigated system. It can be easily 

determined experimentally when cox = cred. For a battery material, this corresponds to an 

electrode in equilibrium at 50% state-of-charge. 

The previous considerations applied to equilibrium conditions without net current flow, where 

both oxidation and reduction direction in Equation 5 proceed equally fast. Let us assume the 

electrode potential is externally forced away from the initial equilibrium potential Eeq,i. To 

reach a new equilibrium state at Eeq,f the ratio of cox/cred must adapt according to the Nernst 

equation. This, in turn, requires the conversion of S by either electrochemical oxidation or 

reduction. So-called Faradaic current i must flow, which effectively means that charge, i.e., 

electrons or ions, crosses the electrode-electrolyte interface. This current flow can potentially 

(but not necessarily) drive the electrode out of equilibrium resulting in a corresponding so-

called overpotential or polarization η as shown in Equation 12, the magnitude of which 

strongly depends on the current: 

𝐸𝑅𝐻𝐸 = 𝐸𝑆𝐻𝐸 + 59 mV ∙ 𝑝𝐻        at 25°C Equation 10 

𝐸𝑒𝑞 = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln (

𝑎𝑜𝑥
𝑎𝑟𝑒𝑑

) = 𝐸0
′ +

𝑅𝑇

𝑛𝐹
ln (

𝑐𝑜𝑥
𝑐𝑟𝑒𝑑

) Equation 11 

𝜂(𝑖) = 𝐸(𝑖) − 𝐸𝑒𝑞 Equation 12 
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The amount of transferred charge ΔQ is directly linked to the number and thereby the mass Δm 

of converted species by Faraday’s law, as shown in Equation 13, where F denotes the Faraday 

constant and M is the molar mass of the converted species.  

2.2 Fundamentals of Batteries 

Today, more than thirty years after its commercialization in 1991,129 lithium-ion batteries are 

considered as one of the most disruptive technologies in human history,130 with the potential to 

significantly contribute to solving the imminent climate crisis.131 For their fundamental work 

in developing LIBs, J. B. Goodenough, M. S Whittingham and A. Yoshino were awarded the 

Nobel Prize in Chemistry in 2019.132 The underlying phenomenon of so-called ion intercalation 

is also the basis of many "post-LIB" alternative technologies, such as aqueous sodium-ion 

batteries based on Prussian blue analogs, the material class discussed in this thesis.  

2.2.1 What is a Battery 

A battery is an electrochemical cell, or more precisely, a galvanic cell with a limited amount 

of internally stored reactants. It converts chemical energy into electrical energy by 

spontaneous, spatially separated redox reactions. This process is called discharging, and the 

electrode where the oxidation occurs is called an anode, while the electrode where a reactant is 

reduced is called a cathode.i Suppose the respective electrode reactions (half-cell reactions) are 

chemically reversible. In that case, the battery is rechargeable (secondary cell) by providing an 

external electrical driving force, in contrast to non-rechargeable batteries (primary cell). In this 

work, only the former will be considered. Therefore, a rechargeable battery is a device capable 

of storing energy via reversible conversion processes employing internally stored active 

materials. The amount of energy that can be stored is directly given by the Gibbs free energy 

change ΔG for the pure chemical reaction of the reactants. For an electrochemical cell including 

redox-active materials, an electromotive force Uoc, also denoted as cell voltage, is observed 

between the two electrodes under no current flow (open-circuit). This quantity is directly 

related to the Gibbs free energy change as expressed in Equation 14: 

                                                 
i Strictly speaking, the denotation should switch upon charging the cell. However, the terms anode and cathode 

have been established in the battery community as derived from the discharge direction.  

Δ𝑄 =
𝑛𝐹

𝑀
Δ𝑚 Equation 13 
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The respective half-cell reaction determines the equilibrium potentials of the cathode and anode 

and, in each case, are described by the Nernst equation. Under standard conditions, the open-

circuit voltage is therefore equal to the difference of the respective standard electrode 

potentials. At a specific state-of-charge, Uoc is equal to the maximum voltage that a cell can 

deliver during discharging and, inversely, the minimum voltage needed from an external source 

to recharge the cell. Importantly, a battery can provide power at a more or less constant voltage 

level over the entire state-of-discharge (SOD) range, in contrast to capacitive storage devices. 

The exact charge-discharge characteristics under current flow strongly depend on the employed 

materials and conditions and will be discussed in Section 2.2.3. 

2.2.2 Intercalation-type Batteries 

The involved active materials, together with the electrolyte, are the main components defining 

the properties of a battery. This work focuses on so-called intercalation-type active materials, 

most famously known from LIBs, which enabled the spectacular breakthrough of battery-

powered mobile consumer-electronic devices and electric vehicles in the last decade.133 The 

term "intercalation" was probably used for the first time in 1951 by McDonnell et al.134 and 

then in 1959 by W. Rüdorff,135 describing the capability of graphite derivatives to take up 

foreign (ionic) species within their lattice. Today, the term is commonly used by the battery 

community to describe the phenomenon of mobile species insertion into both structural 

elements like 2D/layered materials and 3D frameworks containing channels and 

cavities.116,136,137 

𝑈𝑜𝑐 = 𝐸𝑒𝑞,𝑐𝑎𝑡ℎ𝑜𝑑𝑒 − 𝐸𝑒𝑞,𝑎𝑛𝑜𝑑𝑒 = −
Δ𝐺

𝑛𝐹
 Equation 14 
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The "mother" of the modern-day lithium-ion battery was first fabricated in 1985 and later 

commercialized by Sony based on a lithiated transition-metal oxide cathode and a carbonaceous 

anode.129,138,139 Figure 7 schematically shows a LiCoO2/graphite cell with an organic 

Li+-electrolyte to illustrate the mechanism of ion intercalation. The respective half-cell 

discharge reactions are given in Equation 15 with 0 ≤ x ≤ 1, where x = 1 represents the fully 

charged state and x = 0 the fully discharged state:140 

As seen from these reactions, lithium ions are extracted (deintercalated) from the anode by an 

oxidation process, which drives electrons towards the cathode side trough an external load. At 

the cathode, the reduction of the active material proceeds, which leads to the insertion 

(intercalation) of lithium ions for charge compensation. Li+-ion shuttling between the cathode 

and anode is enabled through the liquid electrolyte using an organic solvent. Both graphite and 

lithium cobalt oxide allow the intercalation of the small lithium ions into their interplanar 

structural layers, as depicted in Figure 7. The resulting electromotive force is between 3 – 4 V, 

depending on the state-of-discharge. An intercalation-type active material considered for a 

battery application must allow reversible ion insertion and extraction with minimal to no 

corresponding lattice deformation for a long cycling lifetime. Furthermore, the material must 

 

Figure 7. Schematic representation of a LiCoO2/graphite lithium-ion battery to illustrate the 

mechanism of ion intercalation. Reprinted with permission from ref. 140. Copyright © 2013, 

American Chemical Society. 

cathode:  Li1−xCoO2 + xe
− + xLi+ → LiCoO2 

Equation 15 anode: LixC6 → 6C + xLi
+ + xe− 

overall cell reaction: Li1−xCoO2 + LixC6 → LiCoO2 + 6C 
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support mixed ion and electron conduction.116 The underlying kinetics and mass transport 

properties largely determine the fast-charging capability, which will be further discussed in the 

next section.    

2.2.3 Charge-Discharge Characteristics 

As discussed in great detail by M. D. Levi and D. Aurbach, the intercalation phenomenon can 

be described in analogy to an ion-adsorption process.141 To understand this, we first need to 

establish the following properties of an intercalation reaction as represented for a cation A+ 

into an empty host intercalation site [ ]host as in Equation 16, with the number of transferred 

electrons n = 1 per intercalated ion:142  

Accordingly, guest ions can occupy a fixed number of intercalation sites within the host lattice, 

and the relative occupation X is related to the electrode potential. For a cathode material, which 

is considered as fully charged in its maximum deintercalated state, the relative occupation 

resembles its state-of-discharge (X = SOD = 1 – SOC), with 0 < SOD < 1. Naturally, the SOD 

is inversely related to the state-of-charge (SOC). Treating the intercalation material as a quasi-

metal, one can expect that the electrode potential remains constant within its extension and 

drops at the electrode-electrolyte interface. This is in great similarity to the electrical double 

layer effect discussed in Section 2.1.2. Therefore, the three-dimensional, spatially distributed 

intercalation sites within the lattice can be treated in analogy to ion-adsorption sites. Assuming 

that all lattice intercalation positions are equal and the interaction between intercalation 

sites/ions can be neglected, the equilibrium electrode potential Eeq is described in analogy to 

the Nernst equation using the Langmuir adsorption isotherm (see Equation 17):141,142,143 

As before, E՛0 can be identified as the equilibrium potential of the electrode with an equal 

amount of empty and occupied intercalation sites, which corresponds to SOC = 50%. Figure 

8 shows an exemplary intercalation isotherm for an ideal, single-phase active material 

considered as cathode, as expressed by the indicated (dis)charging directions. It is entirely 

equivalent to the charge-discharge characteristics (potential vs. charge plot) for an electrode 

A+ + e− + [ ]host → [A]host 

𝑋 =
[𝐴]ℎ𝑜𝑠𝑡

[ ]ℎ𝑜𝑠𝑡 + [𝐴]ℎ𝑜𝑠𝑡
= f(𝐸) 

Equation 16 

𝐸𝑒𝑞 = 𝐸0
′ +

𝑅𝑇

𝐹
ln (
1 − 𝑋

𝑋
) Equation 17 
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which transitions from SOD = 0 to SOD = 1 under current flow along continuous quasi-

equilibrium states. Such a process is also called "Nernstian", with totally reversible kinetics. 

So far, we have neglected that the flow of faradaic current inevitably requires the transfer of 

charge, as well as the transport of reactants. Therefore, a non-negligible overpotential (see 

Equation 12 in Section 2.1.3) is usually observed during the charge and discharge processes 

of a battery electrode. The associated characteristics are described by non-equilibrium kinetics. 

A very comprehensive treatment of potential rate limitations resulting charge-discharge 

characteristics is provided in refs. 142, 143 and 144. A brief, phenomenological excerpt 

strongly aligned with the mentioned sources will be provided in the following. For the sake of 

fluid readability, not every instance will be referenced. Without the restriction of generality, 

the following introduction will focus on active materials with n = 1. 

First of all, the flow of faradaic current associated with an intercalation process requires the 

transfer of electrons from the current collector to an active material redox center, as well as the 

insertion of a cation from the solution into the host lattice. Both processes are coupled to each 

other and involve an interfacial charge transfer across the boundary of two different phases, 

which is associated with a certain activation barrier that needs to be overcome. The resulting 

dependence of the charge-transfer overpotential ηct (also called activation overpotential) on the 

current i can, phenomenologically, be described in terms of Butler-Volmer kinetics (see 

Equation 18) as schematically illustrated in Figure 9A.118 

 

Figure 8. Exemplary intercalation isotherm according to Equation 17. 

𝑖 = 𝑖+ + 𝑖− = 𝑖0 ∙ [exp (
𝛼𝐹

𝑅𝑇
𝜂𝑐𝑡) − exp (−

(1 − 𝛼)𝐹

𝑅𝑇
𝜂𝑐𝑡)] 

with   
𝑖0

𝑆
= 𝑗0 = 𝐹𝑘0(𝑐𝑜𝑥

∗ )𝛼(𝑐𝑟𝑒𝑑
∗ )1−𝛼 

Equation 18 
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The transfer coefficient 0 < α < 1 describes the symmetry of the activation barrier between the 

potential energy curves of the initial and final states and is usually close to 0.5. Furthermore, 

S is the total active material surface, and k0 is the apparent rate constant, which contains 

information on the activation energy for the specific redox system as well as the concentration 

of the intercalate in the electrolyte. A high activation barrier for charge transfer leads to a small 

k0 and therefore a small i0 and vice versa. The value of the exchange current density j0 is equal 

to the current density in anodic (j+) and cathodic (j-) directions in equilibrium (ηct = 0), where 

j = j+ + j- = 0 and therefore j+,eq = |j-,eq| ≡ j0. In general, j0 strongly depends on the surface 

concentration of oxidized and reduced active redox centers (c*
ox and c*

red), where an oxidized 

center refers to an unoccupied intercalation site in the lattice and vice versa for a reduced 

center. In the absence of concentration gradients (c* = cbulk), the surface concentrations are 

directly linked to the state-of-discharge, and therefore the electrode potential, as given by 

Equation 19:143 

Here, ρ is the density of the active material, and M is its molar mass. Therefore, ρ/M is equal 

to the total concentration of intercalation sites in the electrode material in the case of one 

intercalation site existing per unit-formula. It follows that the exchange current density is 

maximum when SOC = SOD = 50%. As seen in Figure 9B, the charge transfer polarization 

causes a SOD-dependent hysteresis of the charge-discharge curves. However, the obtainable 

capacity remains mostly unchanged if the allowed electrode potential window is large enough.  

It is important to note that the exchange current density is a system-specific property, i.e., a 

constant for a given electrode material in a given electrolyte (ρ/M and k0), which does not 

depend on the amount of material. However, the absolute exchange current is proportional to 

the total active material surface. Therefore, suppose the latter is increased by adding more 

material, i0 will also increase, which results in a smaller overpotential for a given absolute 

current because i/i0 gets smaller. Or, if this is put the other way, an active material geometry 

with a high area-to-mass ratio (for example, many small nanoparticles or a thin film vs. one 

single large particle with the same mass) will be more beneficial from a kinetic point of view. 

A system with facile kinetics (large k0 and/or S, therefore large i0) will only require a small 

overpotential to unbalance the current flow in equilibrium and effectively drive a large net 

current in the direction of the slight overpotential. In this case, we return to the equilibrium 

charge-discharge curve (current flow along continuous quasi-equilibrium states). In contrast, a 

𝑐𝑜𝑥
∗ = (1 − 𝑋) ∙

𝜌

𝑀
     and     𝑐𝑟𝑒𝑑

∗ = 𝑋 ∙
𝜌

𝑀
 Equation 19 
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process with very sluggish kinetics (small k0 and/or S, therefore small i0) and a resultingly large 

activation overpotential is called totally irreversible.119 This term should not be confused with 

the fact that a reaction can still be chemically reversed, i.e., forced back to its initial state by 

reversing the current and accepting an (equally) high overpotential in the other direction.  

So far, we have assumed that the mass transport properties of the investigated electrode-

electrolyte system are very fast and can therefore be neglected. For an intercalation reaction to 

proceed, cations from the electrolyte need to cross the interface (x = 0) into an empty lattice 

site and move further into the bulk electrode by ionic diffusion as the determinant transport 

mechanism. This process proceeds until they ultimately reach the "deepest" intercalation site 

at the current collector interface in the case of a thin-film or the center of a particle (x = l). 

Accordingly, the flow of faradaic current is associated with a concentration gradient of the 

intercalate extending from the electrode surface into the material bulk, as described by Fick’s 

first law (Equation 20):118,142 

Here, D is the diffusion coefficient of a species in a specific phase, cbulk is its concentration in 

the bulk of the phase, and c* is its concentration at the electrode-electrolyte interface. For solid-

state diffusion (i.e., diffusion of intercalated ions inside the active material host), the 

concentration gradient at the center of a particle or at a current collector - thin-film interface 

(x = l) must vanish as expressed by the boundary condition for Equation 20 (finite-length 

diffusion, reflective boundary). Assuming very fast charge transfer kinetics, the anodic (during 

oxidation) electrode potential is expressed by Equation 21: 

Mass transport limitations therefore result in a diffusion overpotential ηdiff, which is related to 

the ratio c*/cbulk. The dependence of the diffusion overpotential on the current is schematically 

shown in Figure 9C, which reveals only a rather moderate deviation from the equilibrium 

potential at a specific SOD up to a certain current, where the overpotential suddenly increases 

drastically. 

𝑐∗ = 𝑐𝑥 = 𝑐
𝑏𝑢𝑙𝑘 with  0 ≤ 𝑥 ≤ 𝑙                    for  𝑡 = 0  

𝑖 = 𝐹𝑆 ∙ 𝐷 (
𝜕𝑐

𝜕𝑥
)
𝑥=0

      and    (
𝜕𝑐

𝜕𝑥
)
𝑥=𝑙

= 0      for 𝑡 > 0 
Equation 20 

𝐸=𝐸𝑒𝑞 +
𝑅𝑇

𝐹
ln (

𝑐∗

𝑐𝑏𝑢𝑙𝑘
) = 𝐸𝑒𝑞 + 𝜂𝑑𝑖𝑓𝑓 Equation 21 
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For the herein-discussed case of thin-film intercalation-type battery electrodes, the planar 

diffusivity of ions in the liquid electrolyte bulk is usually sufficient (D large) and can therefore 

be neglected, as the concentration profile can be considered constant. Furthermore, electrolytes 

usually contain a high concentration of intercalating ions. Therefore, their concentration at the 

surface is easily replenished. These assumptions can potentially become invalid in the case of 

porous electrolyte diffusion in composite-type or nanostructured electrodes. In comparison, the 

solid-state diffusion of an inserted cation is usually significantly lower (D small) and can 

therefore lead to the buildup of a concentration gradient within the solid electrode. Considering 

an exemplary case of electrode reduction, we will initially have an entirely empty lattice. If 

now cations start being inserted at a rate higher than they can diffuse away from the interface 

towards the electrode bulk, their surface concentration will significantly rise, while the 

concentration of empty sites decreases accordingly. As a result, the electrode potential appears 

to be lower than Eeq. Similar considerations explain an increase in the electrode potential during 

oxidation. This is schematically shown in Figure 9D. In general, two types of diffusive 

behavior regimes can be differentiated for the transport of an intercalate within a solid host 

material: semi-infinite diffusion, as long as the concentration gradient does not reach the center 

of a particle or the current collector in the case of a thin film, and finite diffusion beyond this 

point. In the case of too high currents, uncomplete (dis)charging can be observed. For a desired 

(dis)charging time τ, the maximum active material dimension l for full utilization can be 

estimated by Equation 22:144 

Accordingly, the material size should be as small as possible to achieve fast rates. Nevertheless, 

for an exact treatment c* and cbulk must be known, which are strongly time-dependent. The 

exact shape of the charge-discharge curve will depend on the specific applied conditions (e.g., 

potential or current control). In general, the E(t)-i(t)-SOC(t) and deduced rate capability 

characteristics can be obtained by solving Fick’s second law (see Equation 23) with the 

respective boundary conditions.  

This will, however, not be discussed in more detail herein and the interested reader is referred 

to the literature.118,119,144,145 For the case of vanishing concentration gradients (fast transport 

𝑙 < √𝐷 ∙ 𝜏 Equation 22 

𝜕𝑐

𝜕𝑡
= 𝐷

 𝜕2𝑐

𝜕𝑥2
 Equation 23 
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properties) and facile charge transfer kinetics, we return to the equilibrium intercalation 

isotherm. 

Lastly, it should be mentioned that the flow of current will, in any case, lead to an ohmic 

deviation of the potential, which increases linearly with the current according to Equation 24 

(see Figure 9E): 

The ohmic polarization is characterized by the internal resistance Ri. This is mainly associated 

with the conductivity of the electrolyte and leads to a constant down- or upwards shift of the 

discharge and charge curves regardless of the SOD (Figure 9F). 

The total deviation of the electrode potential from its equilibrium value at a given SOD is the 

sum of the individual contributions according to Equation 25: 

A) C) E) 

   

B) D) F) 

   

Figure 9. (A,C,E) Schematic illustration of the different contributions to polarization for an 

intercalation-type battery electrode as a function of the current. (B,D,F) Resulting schematic 

deviation of the charge-discharge curves from equilibrium. 

𝜂𝑜ℎ𝑚 = 𝑖 ∙ 𝑅𝑖 Equation 24 

𝜂𝑡𝑜𝑡𝑎𝑙 = 𝜂𝑐𝑡 + 𝜂𝑑𝑖𝑓𝑓 + 𝜂𝑜ℎ𝑚 Equation 25 
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For active materials involving the formation of a so-called solid-electrolyte-interphase (SEI), 

multistep reaction pathways or nucleation processes, their respective contributions must also 

be considered, which will however be omitted here. The process (charge transfer or mass 

transport), which mostly determines the charge-discharge characteristics of a battery electrode, 

is called rate-limiting, as the slowest process constitutes the maximum current for an accepted 

total overpotential. Nevertheless, it should be noted that individual overpotentials might be 

interdependent, especially in the case of mixed rate control. Further treatment of the 

experimentally available diagnostic features for the specific rate limitations will be discussed 

in Section 3.1.  

For a battery, the respective overpotentials of the cathode (cat) and anode (an) add up. The total 

voltage U is given in Equation 26: 

2.2.4 Electrolyte Considerations 

The employed electrolyte has a strong impact on the characteristics of a battery. Its likely most 

important property is the stability of the active material in the electrolyte, which is one of the 

main research topics of this work. Another essential aspect is the so-called stability window, 

which reflects the potential range where the electrolyte can be considered inert.146 Beyond these 

limits, faradaic reactions decomposing the solution’s constituents set in. For organic LIBs, this 

commonly leads to the formation of an SEI at the anode during the initial cycles. While this 

process is accompanied by irreversible loss of capacity (≈ 10%) and results in impaired 

kinetics, it also protects the electrolyte from further decomposition.147,148 The main 

disadvantage of organic electrolytes, however, is safety concerns related to their 

flammability.149  

Aqueous electrolytes are a low-cost, safe, and environmentally friendly alternative, but they 

come with inherently smaller attainable voltages.60 The choice of electrode materials is limited 

by the oxygen evolution reaction at the cathode and the hydrogen evolution reaction at the 

anode side. Thermodynamically, the theoretical voltage limit for a battery is therefore 1.23 V 

(see Table 1). As a result, the individual electrode potentials must remain within these pH-

𝑈 = 𝐸𝑐𝑎𝑡 − 𝐸𝑎𝑛 

𝑈𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑈𝑜𝑐 − (𝜂𝑐𝑡,𝑐𝑎𝑡 + 𝜂𝑐𝑡,𝑎𝑛 + 𝜂𝑑𝑖𝑓𝑓,𝑐𝑎𝑡 + 𝜂𝑑𝑖𝑓𝑓,𝑎𝑛) − |𝑖|𝑅𝑖  

𝑈𝑐ℎ𝑎𝑟𝑔𝑒 = 𝑈𝑜𝑐 + (𝜂𝑐𝑡,𝑐𝑎𝑡 + 𝜂𝑐𝑡,𝑎𝑛 + 𝜂𝑑𝑖𝑓𝑓,𝑐𝑎𝑡 + 𝜂𝑑𝑖𝑓𝑓,𝑎𝑛) + |𝑖|𝑅𝑖 

 

Equation 26 
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dependent limits to avoid parasitic currents stemming from the electrolyte decomposition. 

Practical stability windows in conventional aqueous solutions can reach up to ≈ 2.0 V due to 

sluggish water decomposition kinetics at the electrodes and other effects.60,150,151 Nevertheless, 

the real operational voltage still depends on the accepted rate of persistent parasitic OER/HER 

currents.152,153 In general, it is especially challenging to inhibit the HER for the use of low-

electrode-potential anodes, whereas the OER is usually rather sluggish by itself, allowing the 

operation of high-electrode-potential cathode materials.154  

Promising advances to increase the real stability window > 2.0 V involve the usage of highly-

concentrated, so-called "water-in-salt", electrolytes.59,150,155,156,157,158 Some of these support the 

formation of SEI-like protective layers on electrodes even in aqueous media under the 

decomposition of organic fluorinated anions. Compared to such rather costly salts, NaClO4 is 

considered an effective candidate.159,160,161,162,163 The widened electrochemical stability of 

highly-concentrated non-SEI forming electrolytes involving NaClO4 or LiNO3 solutions is 

mainly ascribed to the absence of free water molecules and the strong interaction of the 

electrolyte species, which increase the kinetic barrier for electrochemical solvent 

decomposition.159,164,165 Another beneficial side-effect of highly concentrated NaClO4 

solutions is its significantly lowered freezing point, allowing a wide operational temperature 

range for the battery.166 Furthermore, it effectively reduces the dissolution of active electrode 

materials, as discussed in Section 6.3.2.3. Another approach involves the concept of so-called 

"molecular crowding", where water molecules are virtually confined by the use of a crowding 

agent as an additive in the electrolyte to reduce their activity toward decomposition reactions. 

A voltage window above 3 V could be achieved in low-concentrated LiTFSI with 94% 

polyethylene glycol as an additive.167 This strategy has been investigated for use in aqueous 

Na+-electrolytes in the advised Master’s thesis research project by A. Grasser,168 which will 

however not be further discussed in this thesis. 

Furthermore, as already discussed in Section 2.2.3, an important property of a battery is its 

internal resistance, which is usually dominated by the electrolyte as given by Equation 27:118 

Here, L is the distance between the two electrodes, and A is the geometric area perpendicular 

to the current flow. The resistivity of the solution ρs is the inverse of the ionic conductivity κ. 

For practical batteries, κ should at least be a few mS/cm over the entire operating temperature 

𝑅 = 𝜌𝑠
𝐿

𝐴
  Equation 27 
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range,169 which is easily met by reasonably concentrated aqueous solutions. For example, the 

conductivity of aqueous 8 M NaClO4 is ≈ 140 mS/cm at 25°C.170 For comparison, the 

conductivity of 1 M LiPF6 in organic solvents typical for LIBs is around 10 mS/cm at room 

temperature.117,171 The diffusion coefficient of alkali metal cations in the electrolyte is usually 

in the order of 10-6 cm2/s under battery-relevant conditions.143,172 Again, for the specific case 

of Na+ diffusivity in aqueous 8 M NaClO4, DNa+ ≈ 0.4 ∙ 10-5 cm2/s was found.164 Apart from 

this, a good wettability of the electrolyte with the electrodes is also an important aspect.173 

Further considerations regarding an aqueous electrolyte involve the choice of a suitable, 

electrochemically inert current collector. For organic LIBs, copper and aluminum are usually 

used for the anode and cathode, respectively.174 However, corrosion is an intrinsic threat to 

many metallic substrates in aqueous media. Whereas gold serves well for research applications, 

its high cost prevents usage for real-world systems, where rather stainless-steel or titanium are 

considered, as aluminum is not stable over a wide pH range even at only moderate cathode 

potentials.60,175,176 Recently, there has also been increasing interest in carbon-based current 

collectors for electrochemical applications due to their flexibility, light weight, potentially low 

cost, and large specific surface area.177,178  

2.2.5 Metrics and Performance Indicators 

A couple of experimentally available properties will be presented in the following along refs. 

116, 140 and 173 to allow an understanding of the terms and quantities used in this work. 

The capacity Q of an electrode during (dis)charging is obtained according to Equation 28: 

For constant current conditions, the so-called C-rate is defined by Equation 29: 

A rate of 1C corresponds to a time of 1 hour for full charge or full discharge. Qmax should be 

measured at a low rate where no limitations are observed. Q can significantly drop at high rates 

due to mass transport limitations (see Section 2.2.3). The rate capability describes the capacity 

retention for different applied rates. A high share of the theoretical capacity should be available 

up to very high C-rates for fast-cycling capability. For comparison, the time needed to refuel a 

𝑄 = ∫ 𝑖(𝑡) ∙ 𝑑𝑡   Equation 28 

𝐶-𝑟𝑎𝑡𝑒 =
𝑖 

𝑄𝑚𝑎𝑥 
,     1C =

1

h
 Equation 29 
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car with gasoline is ≈ 5 minutes, which corresponds to a rate of 12C for charging a battery. The 

coulombic efficiency (CE) represents the ratio of Q during electrode discharging compared to 

charging. It is defined according to Equation 30 and is significantly affected by parasitic 

currents in the cell, for example, from electrolyte decomposition or other side reactions.  

The specific capacity qmax relates the total capacity Qmax to the mass of active material (see 

Equation 31), and its theoretical value can be estimated from the reaction equation taking the 

number of involved electrons per unit formula. 

During (dis)charging, the ratio of the specific charge q (also the total charge Q) and qmax (also 

the total capacity Qmax) yields the SOD, from which the lattice occupation X can be obtained 

(SOD = X for a cathode material, SOC = X for an anode material):  

The stability of an electrode is assessed by the evolution of the available capacity over a 

continuous number of cycles and/or time. It therefore reflects how often a battery can be cycled. 

Often, the number of cycles until 80% capacity remains is considered as an important 

benchmark. Usually, the dissolution/loss of active material leads to an irreversible capacity 

loss. The self-discharge of an electrode is observed as the evolution of the potential over time 

under open-circuit conditions since the potential reflects the SOD via Equation 17. 

The open-circuit voltage of a battery was already introduced above (see Equation 14). It should 

be as high as possible by combining active materials with a high standard potential for the 

cathode and a low standard potential for the anode. However, these must remain within the 

stability window of the electrolyte. Without optimized electrolytes (see Section 2.2.4), the 

achievable voltage is limited to 1 – 2 V for ASIBs compared to ≈ 4 V for "traditional" LIBs. 

Due to the time-variant battery voltage under operation, the (dis)charging power P can be given 

at SOC = 0.5 (see Equation 33): 

The energy W provided by or stored in a battery is calculated according to Equation 34: 

𝐶𝐸 =
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔

𝑄𝑐ℎ𝑎𝑟𝑔𝑖𝑛𝑔
    →  cathode: 𝐶𝐸 =

𝑄𝑟𝑒𝑑 

𝑄𝑜𝑥 
,  anode: 𝐶𝐸 =

𝑄𝑜𝑥 

𝑄𝑟𝑒𝑑 
 Equation 30 

𝑞𝑚𝑎𝑥 =
𝑄𝑚𝑎𝑥
𝑚𝑎𝑐𝑡𝑖𝑣𝑒

 Equation 31 

𝑞 = 𝑞𝑚𝑎𝑥 ∙ 𝑆𝑂𝐷 and  𝑄 = 𝑄𝑚𝑎𝑥 ∙ 𝑆𝑂𝐷 Equation 32 

𝑃 = 𝑉𝑆𝑂𝐶=0.5 ∙ 𝑖 Equation 33 
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Energy efficiency is the ratio of the output energy yielded during discharge and the input energy 

needed for charging. Due to the overpotentials observed at the cathode and anode (see 

Section 2.2.3), a higher voltage is required for charging the cell than the voltage provided 

during discharging (see Equation 26). Therefore, the energy efficiency can be significantly 

smaller than 100% depending on the specific rate-limiting processes and the internal resistance. 

A low coulombic efficiency translates into even lower energy efficiency.  

The capacity, energy, and power can be represented as their respective gravimetric densities 

by dividing by the total active material mass or by the total volume to obtain their volumetric 

characteristics. However, for a comparison beyond the active materials on a so-called cell-

level, the masses of the electrolyte, current collector, and inactive electrode components, as 

well as the housing, must be considered and can significantly lower the final power and energy 

density of a battery. The exact factor strongly depends on the battery technology, cell geometry, 

and loading. However, as a rule of thumb, a reduction of 50% of the specific values can be 

assumed when going from the pure active-material level (reversibly obtained capacity, not 

theoretical) to the cell level. The system/pack-level involves the assembly of many cells in their 

final application (for example, in a car or a stationary storage system) and comprises additional 

components like cooling, structural elements or electronics, which add additional weight and 

further reduce the gravimetric characteristics.94,179,180 

𝑊 = ∫ 𝑉(𝑄) ∙ 𝑑𝑄
𝑆𝑂𝐶=1 

𝑆𝑂𝐶=0

≈ 𝑉𝑆𝑂𝐶=0.5 ∙ 𝑄 Equation 34 





 

3 Techniques and Methods 

3.1 Electrochemical Techniques 

All described techniques refer to the usage in a three-electrode configuration, which allows 

both measuring and controlling the potential of the working electrode (WE) with regard to a 

fixed potential reference. While the latter is established by a reference electrode (RE), all 

current is entirely provided or sunk by a counter electrode. The WE potential is usually reported 

against the employed reference, for example, E vs. SSC for a silver-silver chloride RE. 

Furthermore, the explanations in this chapter will focus on applying the techniques in battery 

research. The descriptions and explanations are primarily based on the standard textbooks 

"Elektrochemie" by C. H. Hamann and W. Vielstich118 and "Electrochemical Methods: 

Fundamentals and Applications" by A. J. Bard and L. R. Faulkner.119 

3.1.1 Cyclic Voltammetry 

Cyclic voltammetry (CV) is a potentiodynamic technique widely used in electrochemistry, as 

it is a fast and straightforward way to investigate an electrochemical system.181 It is helpful to 

quickly determine the potential range of redox activity for an electrode immersed into an 

electrolyte or assess the stability window of an electrolyte. It further provides insights into the 

reversibility and stability of electron-transfer initiated processes and allows drawing 

conclusions on the kinetic properties of a system. In general, the potential E of the WE is 

linearly ramped over time at a specific rate (scan rate ν = dE/dt) between a lower and upper 

potential vertex, reversing its direction when hitting the vertices (see Figure 10A). The 

resulting current i is plotted against the applied potential, which yields the so-called cyclic 

voltammogram as shown in Figure 10B.119 It should be noted that CVs represent the overall 

response of the system to a variation of the electrode potential, which involves (possibly 

overlapping) faradaic currents next to capacitive currents from double-layer charging. 

Following the commonly used IUPAC convention, the potential is shown on the x-axis from 

low to high values, referring to positive currents for oxidation (anodic scan) and negative 

currents for reduction (cathodic scan).  

Interesting diagnostic features that can be obtained from cyclic voltammetry are the peak 

current values ip,ox/red with the associated potentials of peak current Ep,ox/red and the 

corresponding peak-to-peak separation ΔEpp. In general, both the value and position of the 
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current waves’ maximum can be a function of the scan rate. For the peak current this is relation 

represented in Equation 35 using the two arbitrary factors a and b:182,183 

The transferred charge Q is shown against the potential in Figure 10C. Its extrema indicate the 

potentials of complete oxidation or reduction of the investigated species available for reaction 

at the electrode. The half-charge potentials E1/2,ox/red are obtained at 50% SOC of the battery 

material.  

In battery research, CV can be a powerful tool to investigate kinetics and transport limitations 

during (dis)charging, especially when it is subsequently probed by various scan rates. 

According to the rate-limiting processes described in Section 2.2.3, the following cases will be 

distinguished for the analysis of the systems’ response in this work. In the ideal case, without 

any mass transport limitation, a linear relationship between the peak current and scan rate 

(a = 1) is obtained. Furthermore, a high symmetry of the cathodic and anodic curves with 

vanishing peak-to-peak separation is characteristic for reversible reaction rate control in quasi-

equilibrium (fast kinetics). If the system is controlled by slow mass transport, e.g., the diffusion 

of intercalated species in the bulk of the solid electrode, the linear dependency of the peak 

current on the scan rate breaks down (a = 0.5). This is accompanied by a peak-to-peak 

separation of up to 59 mV at 25°C and the appearance of an asymmetric current decay after the 

peak. For the case of slow charge transfer, the peaks’ height is still proportional to the scan 

rate. While the overall shape of the anodic and cathodic waves remains undisturbed, increasing 

the scan rate results in an increasing peak-to-peak separation (irreversibility). Mixed 

𝑖𝑝,𝑜𝑥/𝑟𝑒𝑑 = 𝑏 ∙ 𝜈
𝑎 → log (𝑖𝑝,𝑜𝑥/𝑟𝑒𝑑) = 𝑎 ∙ log (𝜈) + log (𝑏) Equation 35 

A) B) C) 

   

Figure 10. Cyclic Voltammetry: imposed potential vs. time (A), typical cyclic voltammogram 

showing the resulting current waves vs. potential (B) and transferred charge vs. potential 

(C) curves.  
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intercalation rate control refers to the case when both mass transport and charge transfer 

kinetics proceed on similarly slow time scales to contribute to rate limitations.119,142,184  

3.1.2 Galvanostatic Cycling 

Galvanostatic cycling (GC) is a constant-current technique that is also part of the standard 

charging protocols of batteries in commercial applications (so-called "CCCV" protocol, 

meaning constant current during initial charging, followed by a constant voltage period).185 A 

constant current is applied to the electrode for a certain time interval (see C-rate, Equation 29) 

while recording its potential (see Figure 11A).119 The available capacity of the active material 

determines the duration of the current pulse. Figure 11B correlates the electrode potential to 

the transferred charge. The charge-discharge potential hysteresis, which strongly depends on 

the applied current, is determined at 50% state-of-charge respectively (see Equation 36) and 

serves as a measure for the total polarization η.  

Similar to the cases described above for CV, several diagnostic features related to the limiting 

processes described in Section 2.2.3 can be obtained from GC by current variation 

experiments. If the intercalation reaction rate is not limited by sluggish charge transfer or slow 

mass transport, the total capacity of the active material can be attained during cycling. 

Furthermore, the absence of respective overpotentials associated with these limitations leads 

to a hysteresis-free charge-discharge behavior. In this case, the half-charge potentials converge 

to the equilibrium intercalation potential curve. The equilibrium charge-discharge curves 

resemble the intercalation isotherm for a single-phase electrode material. If the system’s 

response is governed by slow reactant diffusion, the available electrode capacity gradually 

decreases when increasing the imposed current. The concentration polarization slightly shifts 

the charge-discharge curves in the vertical direction. Charge transfer limitations due to sluggish 

kinetics result in a strong potential hysteresis caused by a significant electrode polarization at 

higher currents. The obtained capacity remains almost unchanged if the potential window for 

cycling is large enough to overcome the polarization and allow a complete material 

(dis)charge.142,186  

Δ𝐸1/2 = 𝐸1/2,𝑐ℎ𝑎𝑟𝑔𝑒 − 𝐸1/2,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒  and    𝜂 = 𝐸 − 𝐸𝑒𝑞 ≈
Δ𝐸1/2

2
    Equation 36 
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3.1.3 Electrochemical Impedance Spectroscopy  

In battery research, electrochemical impedance spectroscopy (EIS) is a powerful method to 

study the processes occurring at the electrode-electrolyte interfaces. The technique is based on 

analyzing the response of a system in a steady state to a small-amplitude perturbation. Due to 

the different specific time constants of the individual (intermediate) steps of an electrochemical 

reaction, it is capable of isolating processes like double layer effects, adsorption, charge 

transfer or mass transport by varying the frequency of the probing signal from the MHz to mHz 

range. A model involving classical electrical network elements can represent the investigated 

system with its possibly unknown processes ("black box"). Mechanistic insights and system 

parameters can be obtained by finding and fitting such a physical model to interpret the (likely) 

complicated impedance response. The technique is schematically summarized in Figure 12. 

The reader is referred to the literature for further reading beyond the following introductory 

excerpt.118,119,187,188,189 

A) B) 

  

Figure 11. Galvanostatic cycling of a cathode material, where oxidation refers to charging 

and reduction to discharging: Imposed current vs. time (A) and a resulting charge-discharge 

curve showing the electrode potential vs. transferred charge (B).  
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3.1.3.1 General Principle 

In potentiostatic electrochemical impedance spectroscopy (PEIS), a system is typically probed 

while holding a constant potential Ec. Initially, non-stationary currents will flow until the 

system equilibrates according to the applied potential (see Figure 13A). Once a steady state is 

reached, the electrode potential is modulated with a perturbating sinusoidal signal ΔE with an 

angular frequency ω and amplitude EP as given by Equation 37:  

In general, the current-potential characteristics of an electrochemical system are very complex 

and highly non-linear. However, by choosing a sufficiently small amplitude EP (usually a 

few mV), the current response of a stationary system can be linearized and therefore follows 

the perturbation with an amplitude IP and a phase shift φ as described by Equation 38: 

This linear response allows to calculate the impedance Z as shown in Equation 39 in similarity 

to Ohm’s law and by using complex expressions for the current and potential: 

 

Figure 12. Overview of an EIS experiment. The response of an electrochemical system in 

steady-state to an external small-amplitude perturbation is analyzed using a physical model 

of the involved processes. Adapted and reproduced from ref. 190 with permission from the 

PCCP Owner Societies. Copyright © 2021, The Authors. 

𝐸(𝑡) = 𝐸𝑐 + Δ𝐸(𝑡) = 𝐸𝐶 + 𝐸𝑃 ∙ sin(𝜔𝑡)   with  𝜔 = 2𝜋𝑓   Equation 37 

Δ𝐼(𝑡) = 𝐼𝑃 ∙ sin(𝜔𝑡 + 𝜑)    Equation 38 
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Accordingly, the impedance can be described by its real part (Re(Z)), the so-called resistance 

R, and imaginary part (Im(Z)), the so-called reactance B, as well as its magnitude |Z| and the 

phase shift φ. The imaginary unit is represented by j. Generally, a purely reactive load causes 

a phase-shift of 90° between the current and voltage while no power is dissipated. The current 

through a purely resistive load always follows the voltage, therefore active power is transferred. 

Usual graphical representations of the impedance involve a Nyquist plot (-Im(Z) vs. Re(Z)) or 

Bode plot (log(|Z|) and φ vs. log(f)). The self-consistency and validity of the acquired 

impedance spectra can be assessed by the so-called Kramers-Kronig (KK) check using 

software for impedance data analysis.  

In analogy to an electric network, the overall impedance of an electrochemical system can be 

modelled by an electrical equivalent circuit (EEC). The impedance response of an arbitrary 

EEC is exemplarily shown in Figure 13B, which consists of a capacitor C and two resistors R1 

and R2, where R2 is potential-dependent. Whereas the parallel connection of R2 and C (RC-

element) yields a semicircle with a diameter of R2, the spectrum is shifted on the Re(Z) axis by 

the series resistance R1. In general, a variety of empirical EECs can fit an impedance response. 

It should, however, be kept in mind that such a model must describe the physico-chemical 

𝑍(𝜔) =
Δ𝐸(𝑡)

Δ𝐼(𝑡)
=

𝐸𝑃 ∙ sin(𝜔𝑡)

𝐼𝑃 ∙ sin(𝜔𝑡 + 𝜑)
= 𝑍𝑃 ∙ (cos(𝜑) + 𝑗 ∙ sin(𝜑)) 

= Re(𝑍(𝜔)) + 𝑗 ∙ Im(𝑍(𝜔))   

with     𝑍𝑃 =
𝐸𝑃

𝐼𝑃
= |𝑍| = √Re(𝑍)2 + Im(𝑍)2 = √𝑅2 + 𝐵2   

Equation 39 

A) B) 

  

Figure 13. Potentiostatic impedance spectroscopy: (A) Applied staircase potential with 

equilibration and perturbation periods. (B) Impedance spectra in a Nyquist-plot 

representation of an arbitrary electrical circuit with the constant resistance R1 and capacitor 

C, while the magnitude of resistor R2 depends on the electrode potential. 
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processes of the investigated system to allow drawing conclusions or calculating quantities 

from its results. In contrast to an empirical EEC, which might be able to perfectly fit the data 

without having physico-chemical meaning, a physical EEC is built from a mechanistic 

understanding and is evaluated and verified by fitting the data. The approach of modelling by 

means of a physical EEC can either help to understand the unknown mechanisms of an 

electrochemical reaction ("black box") and/or extract kinetic parameters and other properties 

of the investigated system from a (known) model.191 Impedance spectra are usually fitted to an 

EEC employing available software to check for its applicability and determine the values of its 

constituent elements as, for example, described in ref. 192.  

3.1.3.2 Modelling a Simple Electrochemical System  

A large variety of physical EECs is discussed in the literature to describe complex 

electrochemical systems, including double layer effects, charge transfer, mass transport and 

adsorption.187,190,193 In the following, a brief and simple description of the general approach is 

given. In the simplest case of an electrode immersed in an electrolyte under conditions where 

no electrochemical reaction occurs, current flow is associated with a capacitive charging of the 

double layer with the current passing through the ionically conducting electrolyte. The 

resistance of the solution is of a purely ohmic nature and can therefore be represented by a 

resistor Ru (uncompensated resistance in the case of a three-electrode configuration). Its value 

can be easily read from the Nyquist plot as the shift of the spectra on the Re(Z)-axis. The 

double-layer ideally behaves like an electrical capacitor and therefore Cdl is used for modelling. 

Consequently, the impedance of such an ideal polarizable electrode (blocking condition) is 

given by Equation 40, and its model is shown in Figure 14A:  

For conditions that allow faradaic reactions (non-blocking condition) to occur, an associated 

faradaic current can be observed, which in general can depend on the electrode potential E, 

surface concentration of redox species Cox(0) and Cred(0) or surface coverage of adsorbed 

intermediate reactants θ. The potential perturbation applied during an EIS experiment will lead 

to a perturbation of the faradaic current, as well as the surface concentration and coverage. For 

a sufficiently small amplitude of the perturbation signal, this dependence can be linearized (see 

Equation 41):  

𝑍 = 𝑅𝑢 +
1

𝑗𝜔𝐶𝑑𝑙
    Equation 40 
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Here, the charge-transfer resistance Rct is a measure for the kinetic facility of the charge-

transfer step. It results from the linearization of the Butler-Volmer equation for low 

overpotentials and is related to the potential-dependent exchange current (j0∙S) according to 

Equation 42.194 For an intercalation reaction, the minimum of Rct is obtained at ESOC=50%, 

because i0 reaches its maximum at this potential.143 

In general, Δi can be obtained by calculating the respective partial derivatives, which can 

however become extremely complicated depending on the boundary conditions and specifics 

of the investigated reaction, including mass transport properties or intermediate/consecutive 

steps. For an overly simple reaction that neglects mass transport or adsorption effects, the 

faradaic path of impedance reduces to the charge-transfer resistance. The overall impedance of 

such a system is given by Equation 43:  

The corresponding equivalent circuit is given in Figure 14B, where Rct was, however, replaced 

by Zf for a more inclusive representation of the faradaic impedance. In this general model, the 

faradaic current can be interpreted as a leakage of the double layer. This approximation dates 

to Randles195 in 1947 and has been commonly used until today.  

Δ𝑖 = (
𝜕𝑖

𝜕𝐸
)Δ𝐸 + (

𝜕𝑖

𝜕𝐶𝑜𝑥
)Δ𝑐𝑜𝑥 + (

𝜕𝑖

𝜕𝑐𝑟𝑒𝑑
)Δ𝑐𝑟𝑒𝑑 + (

𝜕𝑖

𝜕𝜃
)Δ𝜃    

with    (
𝜕𝑖

𝜕𝐸
) =

1

𝑅𝑐𝑡(𝐸)
 

Equation 41 

𝑖 ≈ 𝑖0
𝑛𝐹

𝑅𝑇
𝜂   and therefore   𝑅𝑐𝑡(𝐸) =

𝑅𝑇

𝑛𝐹𝑖0(𝐸)
 Equation 42 

𝑍 = 𝑅𝑢 +
1

𝑗𝜔𝐶𝑑𝑙+
1

𝑅𝑐𝑡

    Equation 43 

A) B) 

 

 

Figure 14. Simple EECs for an electrode immersed in an electrolyte (A) under blocking 

conditions and (B) under conditions that allow faradaic processes. 
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Usually, the double-layer cannot be modelled by a simple capacitor, and it is therefore typically 

approximated by the so-called constant phase element (CPE) to account for its non-ideality. 

The impedance of a CPE is presented in Equation 44: 

Here, the exponent n describes the non-ideal phase shift α deviating from the usually expected 

90° associated with a capacitor. P is related to the capacitance. For n = 1, the CPE behaves like 

a perfect capacitor, and for n = 0 like a pure resistor. The CPE can be conceived as a leaking 

capacitor, as it involves both a resistive (energy dissipation) and a reactive part (energy 

conservation). For a discussion of the origin of the CPE, the reader is referred to the 

literature.196 

3.1.3.3 Physical Impedance Model for Intercalation-type 

Battery Electrodes 

The following description of a physical model describing the impedance response of a wide 

range of intercalation-type battery electrodes is based on the work of Yun et al.197,198 and 

Ventosa et al.199 It has successfully been applied to various investigated systems, including the 

intercalation of Li+, Na+, K+ or even Mg2+ into Prussian blue analogs from aqueous and organic 

solutions,197,199,200,201,202,203,204,205 as well as the "traditional" LIB-materials graphite206 and 

LiFePO4
199 in common LiPF6 – EC:DEC electrolytes. The underlying mechanism and EEC 

were discussed along with the role of physical EIS models in battery research in a published 

review article: "R. R. Gaddam, L. Katzenmeier, X. Lamprecht, A. S. Bandarenka. Review on 

physical impedance models in modern battery research. Physical Chemistry Chemical 

Physics 2021, 23(23), 12926-12944". A reprint of the article is attached in the appendix. 

In the literature, the reversible deintercalation of alkali metal cations is usually represented as 

a single-step reaction, where the ion extraction immediately follows the electron transfer in the 

active material. This is exemplarily shown for the deintercalation of Na+ from NiHCF in 

Equation 45:54 

𝑍(𝐶𝑃𝐸) =
1

𝑃(𝑗𝜔)𝑛
    

with   𝛼 = 90° ∙ (1 − 𝑛),     0 ≤ 𝑛 ≤ 1    and   [𝑃] = 𝐹 ∙ 𝑠𝑛−1 

Equation 44 

Na2Ni[Fe
II(CN)6] → NaNi[Fe

III(CN)6] + Na
+ + e−    Equation 45 



3.1 Electrochemical Techniques 

56 

 

However, it was argued by Yun et al.197 that the underlying charge and mass transfer processes 

are likely more complex than represented by this simple description and rather follow a 

multistage mechanism involving at least three quasi-reversible steps. For the example of 

NiHCF, the deintercalation reaction is initiated by a fast electronic charge transfer leading to 

the oxidation of the iron centers (Equation 46): 

The cation extraction cannot immediately follow due to the considerably slower solid-state 

diffusion in the host lattice, which leads to the appearance of excess surface charge at the 

electrode. This is intermediately balanced by the specific adsorption of highly mobile anions 

(A-) from the electrolyte side on the electrode surface (Equation 47):    

Finally, the adsorbed anions desorb from the electrode surface once the cation has reached the 

interface and transfers into the solution (Equation 48): 

The impedance model of this multistep reaction, as proposed by Yun et al.197 and Ventosa 

et al.,199 is shown in Figure 15A. It is clearly seen that this EEC is, in its general form, similar 

to the generic EEC for any electrochemical process presented in Figure 14B. However, the 

faradaic impedance is replaced by the charge-transfer resistance Rct and a ladder-type 

arrangement of two GX-elements to represent the intermediate reaction steps described above. 

The impedance of the circuit elements G1,2 and X1,2 is given in Equation 49: 

Mathematically, G1,2 and X1,2 are equal to a resistor and capacitor and have the units Ohm and 

Farad. However, in contrast to these "real" circuit elements, they can take on negative values. 

This allows to fit the "loop"-shaped impedance spectra as obtained for some intercalation-type 

battery electrodes in the mid-to-low frequency region, as exemplarily shown in Figure 15B. In 

fact, such features have occasionally been observed in the past, as for example, for a 

commercial LiCoO2/carbon cell from Sony as early as 2000,207 but have mostly been ignored 

or considered as artefacts. As discussed above, they can, however, represent an important 

step 1: Na2Ni[Fe
II(CN)6] → Na2Ni[Fe

III(CN)6]
+ + e−    Equation 46 

step 2: Na2Ni[Fe
III(CN)6]

+ + A− → [Na2Ni[Fe
III(CN)6]]

∗

A    Equation 47 

step 3: [Na2Ni[Fe
III(CN)6]]

∗

A → NaNi[FeIII(CN)6] + Na
+ + A−    Equation 48 

𝑍(𝐺1,2) = 𝐺1,2     and     𝑍(𝑋1,2) =
1

𝑗𝜔𝑋1,2
 Equation 49 
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characteristic to describe the physico-chemical behavior of intercalation-type battery 

electrodes. The overall impedance for this EEC is presented in Equation 50: 

It must be kept in mind that the individual elements of the EEC are related to the complex rate 

equations of the interconnected multistep mechanism described above. A detailed, general 

treatment of faradaic reactions involving intermediate surface adsorbed species can be found 

in the literature.187   

It should be noted that this model does not consider contributions to the impedance associated 

with the mass transport of charge carriers. This is related to the investigated frequency range 

in this work. Stationarity issues were usually observed during the experiments starting from a 

few hundred mHz downward. This can be explained by the electrode-electrolyte-geometry 

involving very low mass loadings (< 100 µg/cm2) within the large electrolyte volume provided 

by the electrochemical cell (see Section 4.1) fostering parasitic side reactions (see Section 7.4). 

For analysis, only data with acceptable KK-check were considered. However, significant 

features in the Nyquist plot associated with solid-state diffusion are not expected above 

frequencies of approximately 100 mHz for the PBA thin-film electrodes investigated herein. 

This can be estimated using the diffusion coefficient of Na+ within the PBA lattice 

(< 10-11 cm2/s)208 and the order of magnitude of the highest investigated film thickness l and, 

thereby, diffusion length (100 nm): 

     𝑍 = 𝑅𝑢 +
1

(𝑗𝜔)𝑛∙𝑄+
1

𝑅𝑐𝑡+
1

𝑗𝜔𝐺1+
1

𝑋1+
1

𝑗𝜔𝐺2+
1
𝑋2

  

Equation 50 

A) B) 

 

 

Figure 15. (A) EEC representing a physical model for the reversible intercalation of cations 

in battery materials involving the intermediate adsorption of electrolyte anions. (B) 

Exemplary impedance spectra fitted with the presented EEC. 
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1

𝜏
= 𝜔𝐷 =

𝐷𝑁𝑎+,𝑁𝑖𝐻𝐶𝐹
𝑙2

≈ 100 mHz 

Here, ωD marks the characteristic frequency, where the diffusional regime transits from quasi-

semi-infinite to reflective-boundary behavior within the confined active material dimensions. 

For ω ≪ ωD, the attainable penetration depth of Na+ during probing exceeds the film thickness, 

and the active material is effectively filled and emptied during the impedance measurement. 

This would result in a straight vertical line in the Nyquist plot (φ = 90°), similar to the 

impedance response of a capacitor (reflective boundary). For ω ≫ ωD, the penetration depth is 

much shorter than the film thickness and the impedance theoretically approaches a semi-

infinite-like behavior similar to a classic Warburg element (φ = 45° for planar case). However, 

such behavior is rarely observed in the measurements, which could be caused by overlapping 

with the frequency domain of the other processes involved in the introduced model for 

intercalation. It should be noted that non-planar or irregular diffusion geometries result in a 

significant deviation from φ = 45°. An extensive theoretical treatment of the solid-state 

diffusion impedance is available in ref. 209 from which the brief discussion presented above 

was extracted. 

3.1.4 Electrochemical Quartz Crystal Microbalance 

Electrochemical quartz crystal microbalance (EQCM) refers to the application of the quartz 

crystal microbalance technique in electrochemistry. By being able to resolve mass changes of 

an electrode precisely, it allows to monitor and analyze processes like electrodeposition, 

interfacial flux of species, dissolution, adsorption, or self-assembled monolayers.210,211 

Its working principle is based on the piezoelectric properties of quartz crystals, which can react 

to an external electric field through mechanical deformation and vice versa relative to preferred 

crystallographic directions. As shown in Figure 16A, a standing thickness-shear wave can be 

stimulated by an external probing signal, which is applied across the crystal via opposing metal 

contacts (e.g., evaporated gold). The material-dependent resonant frequency f0 of the standing 

wave is inversely proportional to the thickness dQ of the quartz crystal. It follows that a change 

of the thickness ΔdQ results in a proportional variation of the resonant frequency Δf0 as 

elaborated in Equation 51.  
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Here, mQ is the mass of the crystal, SQ is its area and ρQ the density of quartz. The amplitude 

of a standing wave is always maximum on the top and bottom of the oscillating plate. Its 

surface, therefore, only contributes to f0 by its inertia, not by its elastic properties, as it is 

assumed to not experience any shear distortion. Correspondingly, a thin layer of a different 

material with a thickness of Δdt can be treated as an extension of the quartz crystal, and by 

using Equation 51 the Sauerbrey equation is obtained (Equation 52). 

The areal mass loading Δmt/SQ of a thin layer on top of the crystal surface can therefore be 

obtained by measuring the reduction of the resonant frequency Δf0 as described below. The 

sensitivity factor cf is a material constant for the used quartz crystal independent of the 

investigated thin layer.212  

The oscillating crystal can be modeled by an electrical equivalent circuit, as shown in Figure 

16B. The "motional" resistance Rm characterizes mechanical and dissipative losses, the 

capacitor Cm is related to the elasticity of the quartz and the inductor Lm characterizes the mass 

displacement by vibrational stimulation. The parasitic element C0 is the electric capacitance 

across the crystal. The resonant frequency of the system can be found by probing its impedance 

𝑓 ∝
1

𝑑
   →   

𝜕𝑓

𝜕𝑑
= −

𝑓

𝑑
    

→  
Δ𝑓0
𝑓0
= −

Δ𝑑𝑄
𝑑𝑄
,       𝑑𝑄 =

𝑚𝑄
𝑆𝑄 𝜌𝑄

 

Equation 51 

𝛥𝑓0 = −
𝛥𝑑𝑡
𝑑𝑄 

∙ 𝑓0 = −
1

𝑑𝑄 𝑆𝑄 𝜌𝑄
∙ 𝑓0 ∙ Δ𝑚𝑡 = −𝑐𝑓  ∙

Δ𝑚𝑡
𝑆𝑄
      Equation 52 

A) B) C) 

 
  

Figure 16. (A) Schematic representation of a standing thickness-shear wave in a quartz 

crystal oscillator. (B) Electrical equivalent circuit model of a QCM. (C) Schematic 

impedance analysis of an RLC oscillator as a function of the stimulation frequency upon 

increasing its inductance.  



3.2 X-Ray Photoelectron Spectroscopy 

60 

 

response. For the series RLC path, it can be easily understood that the magnitude of its 

impedance reduces to its minimum (|Z| = Rm) at f = f0, since the individual reactance of Cm and 

Lm cancel under resonance conditions. This situation is represented in Equation 53 with the 

resistance R and reactance B and schematically illustrated in Figure 16C: 

For the sake of completeness, it should be noted that a second resonant frequency exists due to 

the parallel path across C0. Therefore, complex measurement circuitry is required to 

compensate for its effects, which is, however, beyond the scope of this introduction.213 Upon 

loading the oscillator with an additional mass Δmt, its motional inertia increases, which is 

reflected in a higher value of Lm, leading to a new, lower resonant frequency.  

In theory, the technique can achieve extremely high precision in the order of a few ng/cm2. 

However, limitations due to temperature drift, noise, and the resolution of detectable frequency 

shifts must be considered in reality.212,213 Furthermore, the Sauerbrey equation only applies to 

thin, uniform, and rigid ad-layers neglecting viscoelastic effects. Therefore, thick coatings and 

operation in a liquid environment can lead to deviations and reduced precision. Surface 

roughness and viscous coupling of the coating with the liquid medium cause additional 

damping of the oscillator, leading to an overestimation of the mass of the investigated 

layer.210,214,215 

3.2 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface analysis tool that allows the investigation 

of a material's elemental composition and the physico-chemical bonding environment of its 

constituting atoms. The technique is based on the photoelectric effect, which results in the 

emission of electrons from a sample upon radiation with x-rays with an energy of hv. By 

measuring their kinetic energy Ekin with a spectrometer in a vacuum chamber, the electron 

binding energy Eb can be calculated according to Equation 54. 

Eb is characteristic of the atomic orbital from which the electron originates. Φ is a correction 

term that accounts for the work function of the spectrometer and the sample, if the binding 

|𝑍(𝑓)| = √𝑅2 + 𝐵2 = √(𝑅𝑚)2 + (2π𝑓𝐿𝑚 −
1

2𝜋𝑓𝐶𝑚
)
2

   

 |𝑍(𝑓0)| = 𝑅𝑚    with    𝑓0 =
1

2π√𝐿𝑚𝐶𝑚
 

Equation 53 

𝐸𝑏 = ℎ𝑣 − 𝐸𝑘𝑖𝑛 − 𝛷 Equation 54 
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energy is taken with respect to the sample’s Fermi level. The acquired spectrum relates the 

intensity of the collected photoelectrons to their binding energy. As each element has a unique 

set of binding energies, XPS allows to identify the different constituents of a sample. The exact 

position and shape of a photoelectron peak reveal information on the chemical bonding 

environment and oxidation state of an element. Due to the low mean free path of electrons in 

solids, only electrons from the top few nanometers of the sample’s surface are detected as peaks 

in the spectrum. Electrons undergoing inelastic scattering before leaving the sample add to the 

background signal.216 The quality of the acquired spectra as well as conclusions drawn from its 

analysis should be carefully assessed to avoid misinterpretation.217,218  

3.3 X-Ray Diffraction 

X-ray diffraction (XRD) experiments allow the identification and analysis of crystalline phases 

in a sample, which can be either in powder form or a thin film. The technique is based on the 

diffraction of x-rays within a crystal’s periodic structure if the spacing between crystal planes 

is in the same order of magnitude as the radiation wavelength. The x-rays are elastically 

scattered by the electron cloud of the atomic lattice. Constructive interference of the scattered 

x-rays can occur for certain incident angles which fulfill the Bragg condition (Equation 55), 

with 2ϑ being the angle between the incident and scattered beams.  

Here, dhkl is the distance between two adjacent lattice planes described by the so-called Miller 

indices (hkl). The wavelength of the incoming x-rays is λ, and n is an integer representing the 

order of the reflection. Experimentally, a unique diffraction pattern is obtained as a function of 

2ϑ for each crystal phase in the sample, which allows to draw conclusions on its composition 

and crystallinity. Furthermore, the lattice constant a of a present crystal phase can be 

determined, which is shown in Equation 56 for the specific case of cubic lattices.219,220 

3.4 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a highly informative and popular technique to 

investigate the morphology of micro- and nanostructured materials. As for any microscopical 

technique, it gives an enlarged visual representation of small features of a specimen, which are 

2 ∙ 𝑑ℎ𝑘𝑙 ∙ sin (𝜗) = 𝑛 ∙ 𝜆 Equation 55 

𝑎 = 𝑑ℎ𝑘𝑙 ∙ √ℎ
2 + 𝑘2 + 𝑙2 Equation 56 
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invisible to the human eye. In general, the achievable resolution of a microscope, which is the 

minimum distance of two objects which can be distinguished from one another, is limited by 

the employed wavelength of the probing wave signal. Therefore, SEM operates with high-

energy electrons, which possess much smaller wavelengths than visible light used in optical 

microscopy. The experiment is performed in a vacuum chamber to maintain a high flux 

intensity of the electron beam and avoid scattering. To obtain an image, electrons are 

accelerated towards the sample using a strong electric field (tens of kV) while the surface is 

scanned with the focused electron beam in a raster pattern. As the electrons penetrate a few 

micrometers into the surface, a variety of signals is generated from the interaction with the 

specimen atoms. These include secondary and backscattered electrons, as well as characteristic 

x-rays. While the gray-scale image representing the surface morphology is processed based on 

the collected electron signal, the composition of the specimen can be assessed by analyzing the 

emitted x-ray spectrum. The lateral resolution of SEM ultimately depends on the spot size of 

the electron beam and is in the order of nanometers.221  

3.5 Atomic Force Microscopy 

The surface topology of a sample can be probed by using atomic force microscopy (AFM). In 

this technique, the surface is scanned by a very sharp tip sitting on the free end of a cantilever. 

When approaching the sample with the tip, an attractive van der Waals force builds up. 

However, the overall force becomes strongly repulsive at an even closer distance. This results 

from an overlap of the electron wave functions of the atoms sitting on the apex of the tip and 

on the sample surface. A three-dimensional image of the surface can be reconstructed by 

measuring the resulting cantilever deflection with a laser and using feedback-controlled 

electronics. It should be mentioned that there are several AFM operation modes with detailed 

descriptions in the literature. In general, a remarkably high resolution down to the sub-

nanometer range is achievable for this technique. The surface roughness can be quantified by 

using Equation 57.222    

N is the total number of pixels in the image, with hi(x,y) being the corresponding height at this 

position, while ℎ̅ is the average height.  

𝑅𝑎 =
1

𝑁
∑|ℎ𝑖(𝑥, 𝑦) − ℎ̅|

𝑁

𝑖=1

 Equation 57 



 

4 Experimental 

4.1 Description of the Setup for Electrochemical 

Experiments 

Electrochemical experiments were performed in a custom glass setup, as depicted in Figure 

17A. The main cell accommodates a three-electrode configuration. The electrode terminals are 

connected to a potentiostat for controlling the electrochemical experiments. For the WE, mostly 

an Au-QCM was used. However, the modular design of the cell also allows to employ other 

electrodes via an alligator clip fixed to a metallic rod, such as carbon cloth, stainless-steel foil 

or Au-arrandeeTM chips. In such a case, particular care was taken to avoid contact of the 

alligator clip with the electrolyte to prevent corrosive processes. An Ag/AgCl (SSC, 3 M KCl) 

RE is connected to the main cell using a Luggin capillary filled with 0.1 M H2SO4 to establish 

a sensing point close to the WE and thereby minimize the ohmic drop associated with the 

uncompensated resistance.223 Depending on the employed electrolyte, the uncompensated 

resistance was in the range of 2 – 30 Ω. A Pt-wire usually served as the counter electrode. For 

experiments involving high-capacity WEs (e.g., composite electrodes), a symmetric electrode 

configuration was set up to avoid counter electrode overloads or pH variations within the bulk 

electrolyte. A detailed discussion of this case can be found in Section 4.3.1.  

The setup was continuously flushed with argon gas to remove residual oxygen and provide an 

inert atmosphere to avoid side reactions. Similarly, the electrolyte and precursor solutions were 

purged in the preconditioning cell for at least 10 minutes before being poured into the main 

cell for experiments. The gas outlets were connected to gas-washing bottles to capture HCN 

gas in the unlikely case of its formation from Fe(CN)6-decomposition in the main cell. The 

setup was located in a laboratory fume hood, and an HCN gas detector was in place during the 

experiments to ensure safe working conditions. The glass setup was regularly cleaned with 

"Piranha solution" (2:1 vol., H2SO4:H2O2) and extensively flushed with ultrapure water.  

Whereas the described setup allows to individually investigate battery materials as cathode or 

anode in half-cell configuration, full-cell battery prototypes can be examined by the "double-

cell" shown in Figure 17B. This configuration was introduced by Marzak et al. and consisted 

of two of the previously described electrochemical cells connected via an attached, lockable 

glass tube building an electrolyte bridge.224 It should be mentioned that the large spatial 
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distance between the two electrodes in the opposing cells results in a high uncompensated 

resistance across the electrolyte bridge of ≈ 153.5 Ω in 8 M NaClO4, as determined by EIS.       

  

A) B) 

  

Figure 17. (A) Schematic illustration of the custom glass setup used for electrochemical 

experiments of battery half-cells. (B) Photograph of the setup, showing the "double-cell" 

configuration to investigate prototypical battery full-cells.  
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4.2 Sample Preparation 

For this work, PBA battery electrodes were mainly prepared as thin films via direct 

electrochemical deposition on conductive substrates. Bulky composite electrodes with a high-

capacity loading were obtained via the slurry casting of PBA active material powder. The two 

synthesis routines are schematically illustrated in (Figure 18) and will be described in detail in 

the following.  

4.2.1 Electrochemically Deposited Thin-Film Electrodes 

4.2.1.1 Cleaning Procedure for Metallic Substrates 

Au-QCM substrates were used for experiments where the mass loading and dissolution of 

active material, as well as the exact electrode area were of interest. For characterizing the PBA 

thin films by other techniques, Au-arrandeeTM chips were used. These involved AFM, XPS, 

XRD, SEM, profilometry and flow-cell coupled ICP-MS. However, these substrates did not 

allow a precise determination of the deposited mass loading or immersed electrode surface 

area. These quantities could, however, be obtained indirectly from the measured capacity.  

As the Au substrates were re-used several times, they were cleaned from PBA residues previous 

to the electrodeposition of new material following a two-step process described 

 

Figure 18. Comparison of the two PBA battery electrode preparation routines employed in 

this work: (left) electrochemical deposition of thin-film electrodes on conductive substrates 

and (right) traditional composite electrode fabrication via slurry-casting of active material 

powder. Reprinted with permission from ref. 225. Copyright © 2023, American Chemical 

Society. 
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elsewhere.198,226 In short, a PBA-coated substrate was immersed in 0.1 M NaOH, and CV 

cycles at 50 mV/s were performed until the shape of CV stabilized, as shown in Figure 19A. 

In fact, this process represents the transformation of NiHCF to nickel hydroxide/oxyhydroxide 

phases accompanied by the extraction of Fe(CN)6-species, a common degradation pathway for 

PBAs in alkaline solutions.227,228 This transition can be seen by comparing the CV during initial 

cycles, which is very similar to the response in pH-neutral Na+ electrolyte (0.25 M Na2SO4, 

pure intercalation) to the entirely changed response after 50 cycles. A detailed discussion of 

the underlying mechanism will be given in Section 6.3.2.1. After flushing the cell with 

ultrapure water, the transformed electrode was cycled in 0.1 M H2SO4 at 50 mV/s. As NiOx is 

unstable under acidic conditions,128 the CV response of a plain gold surface emerges after a 

few cycles as visible from Figure 19B, indicating the successful cleaning of the substrate from 

PBA-residues. Finally, the cell and substate were extensively flushed with ultrapure water. 

4.2.1.2 Electrodeposition Process 

If not stated otherwise, the standard preparation of PBA thin films was carried out via 

electrochemical deposition following the method described in refs. 197,198,199,200 and 205. 

For this work, NiHCF, CoHCF, MnHCM and InHCF, as representatives from the PBA material 

class, were synthesized as described below and investigated as thin-film model systems. The 

electrodes were prepared by immersing the substrate (Au-QCM, Au-arrandeeTM chips or 

carbon cloth) in the respective precursor solution and cycled by means of CV as indicated in 

A) B) 

  

Figure 19. Cleaning procedure for Au-substrates from PBA residues via subsequent cycling 

in (A) 0.1 M NaOH and (B) 0.1 M H2SO4. The dashed line in B corresponds to the redox 

corresponds of plain gold in 0.1 M H2SO4.  
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Table 2 with a scan rate of 50 mV/s. In general, the precursor solution includes the respective 

transition metal cations, hexacyanoferrate/hexacyanomanganate anions and Na2SO4 as a 

supporting electrolyte.  

Table 2. Precursor solutions and potential ranges for the electrodeposition of the PBAs 

employed in this work.  

Figure 20 shows examples of the deposition of NiHCF (A), CoHCF (B), MnHCM (C) and 

InHCF (D). The film growth is indicated by an advancing mass loading as measured via in-

operando EQCM, as well as an increasing redox response in the CV. Correspondingly, the 

capacity (ΔQ) and the associated mass variation (Δm) due to the (de)intercalation of Na+ 

from/into the deposited material increase as well. It should be noted that the deposition of 

InHCF proceeds in two steps, which include an initially smaller potential window for CV 

cycling to avoid side reactions of the electrolyte on the Au surface. After a few cycles, the film 

entirely covers the substrate and the potential window can be increased, which leads to a higher 

obtainable capacity by utilizing the full electrochemically active potential region of InHCF.205 

Empirically, the obtainable mass loadings on flat metallic substrates were below ≈ 100 µg/cm2. 

Depositions with higher loadings yielded low mechanical stability and even led to a (partial) 

detachment of the film. After reaching a desired mass loading or capacity, the deposition was 

terminated at the lower potential vertex, i.e., in the reduced (intercalated) electrode state. After 

disposing of the deposition solution, the sample was washed thoroughly with argon-purged, 

ultrapure water and dried within the glass setup under an argon atmosphere. 

PBA Precursor solution Potential range 

NiHCF 0.5 mM NiCl2 + 0.5 mM K3Fe(CN)6 + 0.25 M Na2SO4 0 ↔ 0.9 V vs. SSC 

CoHCF 0.5/1 mM CoCl2 + 0.5/1 mM K3Fe(CN)6 + 0.25 M Na2SO4 -0.2 ↔ 1.1 V vs. SSC 

MnHCM 2 mM MnSO4 + 2 mM K3Mn(CN)6 + 0.25 M Na2SO4 -0.6 ↔ -1.2 V vs. SSC 

InHCF 2 mM InCl3 + 2 mM K3Fe(CN)6 + 0.25 M Na2SO4 0.4 ↔ 1.05/1.15 V vs. SSC 



4.2 Sample Preparation 

68 

 

      

A) 

   

B) 

   

C) 

   

D) 

   

Figure 20. CV, mass variation and available electrode charge during the electrodeposition 

of (A) NiHCF, (B) CoHCF, (C) MnHCM and (D) InHCF on Au-QCM substrates. The 

electrode charge is shown from the first completed CV cycle onwards. 
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4.2.2 Composite Electrodes 

Composite PBA-based battery electrodes with active material mass loadings in the range of 

mg/cm2 were produced following the routine described by Wessells et al.84 The most important 

steps of electrode production are exemplarily shown in Figure 21. NiHCF active material 

powder was synthesized by dropwise adding the aqueous precursor solutions of 40 mM NiCl2 

and 20 mM K3Fe(CN)6 (co-precipitation, see Figure 21A). The reaction bath was heated to 

70°C and allowed to rest for at least 10 minutes under continuous stirring. The resulting orange 

precipitate was centrifuged and washed with ultrapure water several times before drying it at 

70°C under ambient conditions. The process was monitored by a nearby HCN detector for 

safety reasons.  

NiHCF powder was mixed with carbon black and polyvinylidene difluoride (PVDF) in a 7:2:1 

weight-ratio (see Figure 21B). N-methyl-2-pyrrolidone (NMP) was used as a solvent until a 

honey-like viscosity was obtained. The resulting slurry was casted on stainless-steel foil (see 

Figure 21C), which had previously been ground with sandpaper for better adhesion and wiped 

with isopropanol. The coated sheets were dried in an oven at 50 – 60°C to let the solvent 

A) B) 

 

 

C) 

 

Figure 21. (A) Synthesis of NiHCF via co-precipitation from aqueous precursor solutions 

containing Ni2+ and Fe(CN)6
3- ions. (B) Mixing of the active material powder with carbon 

black as a conductive additive and PVDF as a binder. (C) Slurry-casting of the mixture 

dissolved in NMP on stainless-steel foil.  
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evaporate. The electrode fabrication process was performed in a fume hood due to the 

hazardous nature of NMP.229 NiHCF electrodes were cut from the coated foil for 

characterization.   
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4.3 Electrochemical Characterization 

4.3.1 Counter Electrode Considerations 

The electrochemical characterization of PBA battery electrodes was performed in the setup 

described in Section 4.1. Usually, a Pt-wire serves as the counter electrode, especially for the 

characterization of thin-film electrodes. As the latter only involved small capacities in the order 

of 0.1 – 5 µAh, local pH variations due to OER/HER on the CE can be neglected, as shown in 

the following "worst-case" estimation.230 

Under the assumption that a charge of 5 µAh must be provided by OER on the Pt counter 

electrode to completely reduce a PBA thin-film electrode, an additional amount nH+,add of 

protons will be produced: 

2H2O → O2 + 4H
+ + 4e− 

nH+,add =
5 ∙ 10−6 Ah ∙ 3600

As
Ah

1.602 ∙ 10−19 As ∙ 6.022 ∙ 1023 mol−1
= 1.866 ∙ 10−7 mol 

Taking an initial pH of 5.5 for an experiment involving 8 M NaClO4 as the electrolyte:  

pHinitial = 5.5 = − log10 (
c(H+)

1 
mol
l

)   →     10−5.5 ∙ 1
mol

l
= c(H+) =

nH+

VH2O
 

The original amount of nH
+ is obtained by taking the electrolyte volume of 120 ml with a 

volume ratio VH2O/Vtotal = 62% for the highly concentrated 8 M NaClO4 "water-in-salt" 

solution. 

nH+ = 10
−5.5  

mol

l
∙ 74.4 ml = 2.353 ∙ 10−7 mol  

Now considering the additional amount of H+ produced from the OER on the Pt counter 

electrode and a uniform migration of these species towards the entire electrolyte volume, the 

pH will shift from initially pH = 5.5 to 

pHnew = − log10(

nH+ + nH+,add
VH2O

1 
mol
l

) = 5.2 

during one half-cycle (reduction of the WE). The described effect will be smaller for less 

concentrated electrolytes, as a higher amount of H2O is available. The following oxidation 

cycle will require charge compensation via HER on the Pt counter electrode, which in turn 

consumes H+/adds OH-. Accordingly, the pH shifts to the other direction towards slightly 
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higher pH, again, and therefore the bulk pH should remain constant during long-term 

measurements. As the thin-film electrode capacities involved in this work were mostly around 

only 1 µAh (10 – 20 µg/cm2), the effect is almost negligible (pH variation of 0.1 for the example 

shown above). Therefore, the stability or performance of PBA electrodes should not be affected 

by (local) pH variations related to the OER/HER processes on the Pt counter electrode.  

Nevertheless, for high mass-loading composite electrodes with absolute capacities of 

10 – 100 µAh in the experiment, local pH changes and/or counter electrode overload cannot be 

excluded. Therefore, a symmetric electrode configuration was set up for these experiments 

using. In such case, a largely oversized (ca. 10 x higher absolute electrode mass) PBA 

composite electrode identical to the WE was used as the counter electrode. To maximize its 

range for both charging and discharging during subsequent experiments, it was first connected 

as WE and brought to SOC ≈ 50% using a Pt counter electrode. Therefore, a constant-potential 

hold at ESOC=50% was applied until the system was equilibrated. After this, the oversized 

electrode was connected as a counter electrode while removing the Pt-wire, whereas the actual 

electrode to be investigated was installed in the system as WE. As it is visible from Figure 22 

for the exemplary case of a 30 µAh NiHCF WE, this configuration allows to cycle high-

capacity composite electrodes at reasonably high rates. While the oversized NiHCF counter 

electrode is capable of providing and sinking the required current by reversible Na+ 

(de)intercalation reactions, its potential remains almost constant throughout cycling.  

A) B) 

  

Figure 22. Working- and counter electrode potential for a symmetric configuration of 

NiHCF composite electrodes with a largely oversized counter electrode during galvanostatic 

cycling at a rate of (A) 1C and (B) 5C in 8 M NaClO4. The capacity of the WE was 30 µAh 

in the depicted case. The counter electrode was brought to SOC = 50% before the 

experiment. 
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4.3.2 Applied Techniques and Settings 

This work involves the electrochemical characterization of PBA battery electrodes by means 

of CV, GC and (S)PEIS. CVs were performed at different scan rates between 

0.05 – 2000 mV/s. GC was performed at different C-rates between 0.1 – 3000C. The fastest 

applied rate of 3000C implies a (dis)charging time of 1.2 seconds, whereas the real time will 

depend on the capacity retention at the specific rate and could therefore be shorter. The C-rates 

given in this work were calculated by taking the imposed absolute current of a specific 

experimental sequence and the maximum achieved capacity of the electrode during cycling at 

a low rate. To avoid potential overshoot, the working electrode potential was limited for 

constant current techniques. The potential ranges for both CV and GC were selected according 

to the redox-active potential region of the respective material. For experiments involving high 

absolute currents, the ohmic drop can significantly impact the working electrode potential. In 

such cases, the measured WE potential was corrected afterward for the respective 

uncompensated resistance, which was determined via EIS.  

(S)PEIS measurements were performed using an AC probing signal with a 10 mV amplitude. 

The applied frequency range was usually between 100 kHz and 100 mHz with 10 points per 

decade in logarithmic spacing. System stationarity was guaranteed by an appropriate waiting 

period before the measurement until the system equilibrated as indicated by vanishing current 

transients. The data validity within the analysis interval was verified by the Kramers-Kronig 

check. The respectively analyzed range depended on the individual experiment taking into 

account the validity of the data. 
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4.4 List of Chemicals  

The chemicals used in this work are listed in Table 3. Ultrapure water was used for preparing 

aqueous salt solutions.  

Table 3. Chemicals used for the synthesis, preparation, and characterization of PBA battery 

electrodes with their respective suppliers and grades. 

 

  

Chemicals Formula/trade name Supplier & grade 

Sulfuric acid H2SO4 Carl Roth, 96% 

Potassium ferricyanide(III) K3Fe(CN)6 Sigma-Aldrich, 99% 

Potassium hexacyanomanganate (III) K3Mn(CN)6 synthesized in-house [ref. 200] 

Nickel(II) chloride NiCl2 hexahyd. Alfa Aesar, 99.3% 

Cobalt(II) chloride CoCl2 hexahyd. Sigma-Aldrich, 98% 

Manganese(II) sulfate MnSO4 monohyd. Amresco, >99% 

Indium(III) chloride InCl3  Carl Roth, ≥99.9% 

Sodium sulfate Na2SO4 Sigma-Aldrich, >99% 

Sodium perchlorate NaClO4 monohyd. Sigma-Aldrich, >98% 

Sodium chloride NaCl Sigma-Aldrich, ≥99% 

Sodium nitrate NaNO3 Merck, ACS reagent 

Sodium acetate NaCH3COO Sigma-Aldrich, >99% 

Sodium hydroxide NaOH Grüssing, 99% 

Carbon black Super C65 MTI 

Polyvinylidene difluoride (PVDF) [C2H2F2]n  MTI, >99.5% 

N-methyl-2-pyrrolidone (NMP) C5H9NO Merck, >99.5% (anhydr.) 
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4.5 List of Materials 

The materials used in this work are listed in Table 4. 

Table 4. List of materials with their respective suppliers. 

4.6 List of Equipment 

The equipment used in this work is listed in Table 5. Experimental and instrumentation details 

on SEM, XRD and other techniques can be found in the respective original publications 

discussed in Chapters 5, 6 and 7. 

Table 5. List of equipment with respective specifications and suppliers. 

Material Specification Supplier 

Au-QCM substrates 

AT-cut quartz crystal wafer, Au on Ti adhesive 

layer, 5 MHz, 1.37 cm2 circular electrode area, 

cf = 56.6 Hz µg-1 cm2 

Stanford Research 

Systems, USA 

Au-arrandeeTM 

substrates 
11x11 cm, gold on glass 

Arrandee Metal, 

Germany 

Carbon cloth AvCarb 1071 HCB plain carbon cloth fabric Fuel Cell Store, USA 

Pt-wire 99.9 % platinum GoodFellow, Germany 

Argon gas Ar 5.0 Westfalen, Germany 

Instrument/device Specification Supplier 

Potentiostat VSP-300 Bio-Logic, France 

Reference electrode SSC, B3420+ SI Analytics, Germany 

QCM controller  

and analyzer 
QCM200 

Stanford Research 

Systems, USA 

Profilometer DekTak Bruker, Germany 

XPS 

X-ray source: XR50 Al anode Specs, Germany 

Photoelectron detector: hemispherical 

energy analyzer PHOIBOS 150 2D 
Specs, Germany 

Water purification 

systems 

Ultra Clear 10 TWF 30 UV Evoqua, Germany 

Elix® Essential 3, Milli-Q® EQ 7000 Merck Millipore, Germany 

HCN detector GasAlertExtreme HCN Honeywell, USA 
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4.7 List of Software 

The software for instrumentation control and data analysis used in this work is listed in Table 

6. 

Table 6. List of software and respective suppliers. 

 

Application Software Supplier/source 

EIS data analysis EIS Data Analysis 1.3-1.6192,231 Prof. A. S. Bandarenka 

Potentiostat control  

and data acquisition 

EC-Lab®, version 11.43 and 

earlier versions 
Bio-Logic, France 

QCM control  

and data acquisition 
QCM200 software 

Stanford Research 

Systems, USA 

XPS control  

and data acquisition 
SpecsLab Prodigy  Specs, Germany 

General data analysis  

and plotting 
OriginPro 2019 OriginLab, USA 

Crystal structure visualization  

and XRD pattern simulation 
Vesta 3.0232 K. Momma and F. Izumi 

Anion drawings https://molview.org/ Open-source web app 

Preparation of schemes  

and customization of figures 
PowerPoint Microsoft, USA 



 

5 Prussian Blue Analogs as Battery Materials 

5.1 General Properties and Charge Storage Mechanism 

Since the renowned work of C. D. Wessells (2011)84 and M. Pasta (2014)233 from Y. Cui’s 

group at Stanford and J. B. Goodenough’s group in Austin (2012),88 Prussian blue analogs have 

gained increasing interest over the last decade as active materials for intercalation-type battery 

electrodes in both organic and aqueous electrolytes (see Figure 23).56,62 In this work, their 

application will only be discussed for water-based applications. 

Their general composition is described by Equation 58, where A represents an intercalated 

cation, TM(1) is a transition metal, such as, for example, Fe, Ni, Co, Zn, In, Mn or Cu, which is 

coordinated to a hexacyanometallate-species [TM(2)(CN)6].
62,63   

As coordination compounds with C≡N-ligands interconnecting the transition metal atoms in 

the structure, PBAs can be considered as derivatives of the well-known material class of metal-

organic frameworks (MOFs).234 PBAs are typically associated with the face-centered cubic 

(fcc) lattice structure with a size of ≈ 10 Å (see Figure 24A). However, monoclinic or 

rhombohedral structures are also frequently observed along with redox-associated phase 

transitions or incorporated symmetry distortions such as octahedral tilts, Jahn-Teller 

distortions, hexacyanometallate vacancies or framework hydration.62,63,69,235,236 In general, two 

different types of hydration can be differentiated in PBAs:237 Hexacyanometallate vacancies 

 

Figure 23. Publication report from Web of Science using the search terms "Prussian Blue 

Analogs" and "Battery". Data included herein are derived from Clarivate Web of Science. 

Copyright © Clarivate 2023. All rights reserved. 

AxTM
(1)[TM(2)(CN)6] Equation 58 
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are compensated by rather strongly bound H2O molecules, which is also called coordination or 

ligand water in this case and plays an important role in structural stabilization. Furthermore, 

so-called zeolitic or interstitial water exists, which can block ion-intercalation by occupying 

the A-sites and is therefore unwanted in general.62,235 PBA electrodes are reported to have high 

thermal stability. HCN-release was only observed at temperatures well above the application-

relevant temperature range, which is ultimately limited in the upper direction to the evaporation 

of water from the electrolyte.233 

As seen in Figure 24A, the PBA framework comprises large nanopores (A-sites, ≈ 5 Å), which 

can accommodate a variety of cations, motivating the usage as intercalation compound for, 

e.g., Na+, Li+, K+ or even Mg2+ or Zn2+ batteries. The nanoporous network provides wide 

channels allowing the transport of the inserted cations throughout the crystal via solid-state 

diffusion. The reversible intercalation and deintercalation of these ions is associated with the 

redox activity of the transition metals.62,63,69 For nickel hexacyanoferrate, a well-studied PBA 

representative, the transition of the C-coordinated FeII/III-center is responsible for the reversible 

(de)intercalation of sodium ions as shown in Equation 59:84 

The theoretical specific capacity of this reaction is calculated in Equation 60: 

A) B) 

 

 

Figure 24. (A) Representative fcc PBA crystal structure with empty nanopores. (B) Reaction 

scheme of redox-active PBAs and metal cations (red) with fully occupied and 50% occupied 

interstitial sites. 

Na2Ni
II[FeII(CN)6] ⇄ Na

+ + e− + NaNiII[FeIII(CN)6] Equation 59 

𝑞𝑁𝑖𝐻𝐶𝐹 =
NA ∙ e

−

M(Na2NiFe(CN)6)
= 84.5 

mAh

g
 Equation 60 
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NA is the Avogadro number, and M(Na2NiFe(CN)6) = 316.6 g/mol is the molar mass of NiHCF. 

The resulting theoretical specific capacity is higher than the usually observed 60 – 70 mAh/g, 

from which it can be concluded that the crystal must be hydrated to a certain degree (ca. 

25%)233 and/or contain some inactive [Fe(CN)6] vacancies.62  
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5.2 Tunability of the Intercalation Potential 

The nature of the employed transition metals strongly determines the physical and chemical 

properties of the resulting compound, such as electronic, ionic and structural properties, color 

and redox activity.63,68,69,70,71,72 Figure 25A shows the CVs of the PBAs investigated in this 

thesis with the RHE potential scale for orientation. Nickel hexacyanoferrate (NiHCF), cobalt 

hexacyanoferrate (CoHCF) and indium hexacyanoferrate (InHCF) are on the edge of the 

stability window towards the OER and are therefore potential candidates to be used as cathodes. 

Manganese hexacyanomanganate (MnHCM) features two redox peaks, the lower of which 

could be employed for a potential application as anode material95 if the HER can be sufficiently 

suppressed. This will be further discussed in Section 7.4.  

Nevertheless, it is apparent that the redox response of PBAs can be tuned by employing 

different combinations of transition metals.68 By fixing Fe as the C-coordinated transition metal 

and redox-active center (FeII/III) and varying the N-coordinated (redox inactive) component, a 

strong impact of the latter on the formal potential of Na+ (de)intercalation can be seen (see 

Figure 25B for 0.25 M NaClO4). It was found that E1/2 phenomenologically correlates with the 

empirical radii of the N-coordinated transition metals.68,197,198,204,205 With 

E1/2 = 1.57 V vs. RHE in 8 M NaClO4 at pH = 5.8 (1.0 V vs. SSC), InHCF appears as a very 

promising candidate as cathode material for high-voltage ASIBs compared to other PBAs 

A) B) 

 

 

Figure 25. (A) CVs of the PBAs investigated in this thesis with an RHE potential scale as a 

reference for the theoretical stability window of the electrolyte. All CVs were measured in 

8 M NaClO4, pH ≈ 5.6. (B) Tunability of the intercalation potential for Fe-based PBAs in 

0.25 M Na+ electrolytes by varying the N-coordinated transition metal. B reproduced from 

ref. 205 with permission from the Royal Society of Chemistry. Open access, CC BY 3.0. 
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based on Ni, Co, Cu or Cr. The performance and properties of InHCF, as well as open 

challenges, are discussed in the published article "X. Lamprecht, P. Marzak, A. Wieczorek, N. 

Thomsen, J. Kim, B. Garlyyev, Y. Liang, A. S. Bandarenka, J. Yun. High voltage and 

superior cyclability of indium hexacyanoferrate cathodes for aqueous Na-ion batteries 

enabled by superconcentrated NaClO4 electrolytes. Energy Advances 2022, 1, 623-631", 

but will not be further elaborated in this thesis. 

Apart from the N-coordinated transition metal, also the nature of the intercalating alkali metal 

cation offers great tunability for the intercalation potential. It has been found that E1/2 correlates 

with the hydration enthalpy of the intercalate in certain PBAs.68,198,204,205 As shown in Figure 

A) 

 

B) C) 

  

Figure 26. (A) Tunability of the intercalation potential of NiHCF, VOxHCF and InHCF by 

varying the alkali metal cation A in the electrolyte (0.25 M A2SO4). Reproduced from ref. 205 

with permission from the Royal Society of Chemistry. Open access, CC BY 3.0. (B) The CV 

of NiHCF in NaClO4 shifts towards more positive potentials when increasing the electrolyte 

concentration. (C) Plot of the resulting formal intercalation potentials versus the electrolyte 

concentration. The dashed line shows an extrapolation of Equation 61 based on the 

datapoint for 0.25 M und replacing the activity by concentration. 
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26A, this effect is especially significant for NiHCF, where E1/2 shifts more than 0.4 V when 

going from Li+ over Na+, K+ and Rb+ to Cs+. From a thermodynamic point of view, the 

intercalation potential is directly linked to the Gibbs free energy of ion solvation. As less energy 

is needed to remove the solvation shell from large ions like Cs+, their intercalation proceeds at 

a higher potential than small ions like Li+ or Na+. As a result, the intercalation of large ions is 

thermodynamically more favorable.68,238,239,240 This trend is less pronounced for InHCF, while 

the E1/2 of VOxHCF is almost constant regardless of the alkali metal.204,205 

Lastly, the intercalation potential can be tuned by varying the concentration of the alkali metal 

cation in the solution. Hereby, higher concentrations lead to higher intercalation potentials.241 

As shown in Figure 26B for NiHCF in NaClO4 electrolytes, the E1/2 value of respective cyclic 

voltammograms shifts from 0.42 V vs. SSC in 0.25 M to 0.48 V vs. SSC in 8 M. This behavior 

is well-expected from the Nernst equation as shown by Scholz et al.68,237,242 (see Equation 61): 

Here, aA,s is the activity of the alkali metal cations in the solution, and EA,0 is the equilibrium 

intercalation potential at a reference activity aA,0. This relation allows to include the cation 

concentration effect into the formal potential E՛0, which is identical to the equilibrium potential 

at SOC = 50% in the intercalation isotherm in Equation 17. Figure 26C shows E1/2 in relation 

to the logarithmically plotted concentration. The dashed line represents an extrapolation of 

Equation 61 from EA,0 at 0.25 M, replacing the activity by concentration. This, however, leads 

to an overestimation of E՛0 since c ≈ a is not valid at such high concentrations.242 

  

𝐸0
′ = 𝐸𝐴,0 +

𝑅𝑇

𝐹
 ln
𝑎𝐴,𝑠
𝑎𝐴,0

= 𝐸𝐴,0 + 59 mV ∙ log 
𝑎𝐴,𝑠
𝑎𝐴,0

 Equation 61 
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5.3 Establishing a Model System  

In the following chapters, the focus is set on discussing the degradation mechanisms 

(Chapter 6) as well as the fast-charging capability (Chapter 7) of PBA electrodes in aqueous 

electrolytes. For these studies, NiHCF thin-film electrodes are used as a model system.  

As described in Section 4.2.1.2, NiHCF and other PBA thin-films can be immobilized on 

conductive substrates via electrochemical deposition from an aqueous solution containing Na+, 

Ni2+ and [Fe(CN)6]
3- ions. In fact, this preparation technique has been known for over forty 

years.243,244,245,246 The electrodeposition likely involves the pathways shown in Equation 62, 

including a preceding reduction of the [Fe(CN)6]
3- ion:247,248,249 

Figure 27A shows the voltammetric response of a NiHCF thin-film electrode in 0.25 M 

NaClO4. The CV entails a superposition of two peaks centered at ≈ 0.38 V and 

≈ 0.46 V vs. SSC, representing the two possible stoichiometries formed during the synthesis 

procedure. This will be further discussed in the following section. In either case, FeII/III remains 

the redox-active center in NiHCF, triggering the (de)insertion of Na+ for charge compensation 

(Equation 63):247,248,249 

For simplicity, this work will mainly refer to Na2Ni[Fe(CN)6] without restriction of generality. 

The redox activity of FeII/III is further reflected in the XPS spectra shown in Figure 27B. In the 

fully reduced (intercalated) state (0.1 V vs. SSC), one sharp peak associated with the Fe(II) 

oxidation state is visible in both sections of the spin-orbit doublet of the Fe 2p region. Upon 

electrode oxidation (0.8 V vs. SSC, deintercalation of Na+); an additional peak associated with 

Fe(III) appears at higher binding energies.250 In contrast, the Ni 2p region remains unchanged 

[Fe(CN)6]
3− + e− → [Fe(CN)6]

4− 

[Fe(CN)6]
4− + Ni2+ + 2Na+ → Na2Ni[Fe(CN)6] 

and 

2[Fe(CN)6]
4− + 3Ni2+ + 2Na+ → 2NaNi1.5[Fe(CN)6] 

or 

2[Fe(CN)6]
3− + 3Ni2+ → 2Ni1.5[Fe(CN)6] 

Equation 62 

A) 

 

B) 

NaNiII[FeIII(CN)6] + Na
+ + e− ⇄ Na2Ni

II[FeII(CN)6] 

and 

Ni1.5
II [FeIII(CN)6] + Na

+ + e− ⇄ NaNi1.5
II [FeII(CN)6] 

Equation 63 
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within the investigated potential window proving the electrochemical inertness of Ni species 

(see Figure 27C).  

The electrode mass Δm, as measured via EQCM, varies in strict accordance with the transferred 

charge ΔQ (see Figure 27D). By using Equation 13, an apparent molar mass of the 

intercalating species of 22.6 g/mol is obtained, confirming the charge compensation of the 

electrode’s redox activity via the reversible transport of Na+ ions (M = 22.9 g/mol) across the 

electrode-electrolyte interface (see Figure 27E). The galvanostatic charge-discharge curve of 

NiHCF in 8 M NaClO4 is shown in Figure 27F. The specific capacity was determined as 

≈ 68 mAh/g over a range of mass loadings from 10 – 20 µg/cm2 (see Figure 27G), which is in 

good accordance with usually reported values.62 As discussed in Section 5.1, this is around 

20% below the theoretical value, which can be explained by redox-center vacancies and lattice 

hydration.  
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A) B) C) 

 
  

D) E) 

  

F) G) 

  

Figure 27. (A) Representative CV of NiHCF in 0.25 M NaClO4. The redox activity of FeII/III 

centers is confirmed by the XPS spectra of the Fe 2p region (B), while the Ni 2p region remains 

unchanged (C). The transferred charge during (de)intercalation is correlated to the 

electrode’s mass variation (D), indicating the reversible (de)insertion of sodium (E). The red 

line represents a fit of the data according to Faraday’s law. (F) Representative galvanostatic 

charge-discharge curve of NiHCF in 8 M NaClO4. (G) Correlation of the areal capacity and 

mass loading to obtain the specific capacity (see fitting line). A-E reprinted with permission 

from ref. 251. Copyright © 2023, American Chemical Society. Data in F-G reproduced with 

permission from ref. 225. Copyright © 2023, American Chemical Society. 
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As seen in Figure 28A, the XRD pattern of the electrodeposited NiHCF thin-film corresponds 

well with a calculated Fm-3m reference structure for Na2NiFe(CN)6 (see Figure 24). The 

lattice constant can be calculated from the strong (200) peak using Equation 55 and Equation 

56, which yields 10.28 Å in good accordance with the literature.84 This result matches well 

with the value obtained from DFT-optimization (10.32 Å). Further details can be found in 

ref. 251. The deposited thin-film is characterized by a rigid and homogenous coating on top of 

the Au-substrate, as visible from the SEM image in Figure 28B. As supported by the AFM 

image in Figure 28C, the film probably consists of polycrystalline vertical grains with an 

approximate horizontal size of around 100 nm and has, in general, a low surface roughness 

between 5 – 10 nm. Whereas the roughness remains low and independent of the mass loading, 

the film thickness scales linearly with the latter with a slope of 6.6 nm/(cm2/µg) as determined 

for loadings below 20 µg/cm2 (Figure 28D). Experimentally, thin films with a maximum mass 

loading of ≈ 100 µg/cm2 could be achieved on Au substrates for the case of NiHCF (around 

660 nm thickness). Beyond this, no further growth or even mass decay was observed, which is 

likely caused by the mechanical instability of the coating and partial detachment. This threshold 

might vary for other PBAs or substrates, but the order of magnitude is expected to be in the 

range of < 1 µm.  
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Lastly, the electrodeposited thin-film electrodes should be compared to a composite electrode 

prepared from co-precipitated NiHCF particles, as described in Section 4.2.2. Figure 29A 

shows the CVs of such electrodes in 8 M NaClO4 at respectively slow scan rates of 1 mV/s 

(thin-film) and 0.05 mV/s (composite electrode). The redox response of the thin-film comprises 

the double-peak structure already described above. The peaks are centered around ≈ 0.44 V 

and ≈ 0.52 V vs. SSC, originating from the two possible stoichiometries obtained from the 

electrodeposition. The peak at the higher potential corresponds to Equation 63A, while the 

peak at the lower potential corresponds to Equation 63B.247 In contrast, the composite 

electrode only consists of a single peak centered around ≈ 0.45 V vs. SSC.  

A) B) 

  

C) D) 

 
 

Figure 28. (A) Measured and simulated XRD pattern of Na2NiFe(CN)6. (B) SEM and 

(C) AFM images of a NiHCF thin-film electrodeposited on an Au-substrate. (D) Thickness 

and roughness of the coatings correlated to the areal capacity and mass loading. A reprinted 

with permission from ref. 251. Copyright © 2023, American Chemical Society. B-D adapted 

and reprinted with permission from ref. 225. Copyright © 2023, American Chemical Society. 
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The chemical synthesis of NiHCF from an aqueous solution, as described in Section 4.2.2, was 

reported to result in an approximate stoichiometry as presented in Equation 64:252 

Accordingly, its redox activity is entirely described by Equation 63B, and the peak from the 

precipitated NiHCF particles appears in good agreement with the one at lower potential 

obtained for the thin-film electrode in line with the respective stoichiometries. As shown in 

Figure 29B, the XRD pattern of the chemically synthesized NiHCF powder is in good 

agreement with the thin film, and the absence of deviating diffraction peaks confirms that no 

undesired side products were formed. Furthermore, the lattice constant obtained for the powder 

sample agrees well with the thin-film (10.21 Å) and matches with values usually reported in 

the literature.84,238,252 

 

  

2[Fe(CN)6]
3− + 3Ni2+ → 2Ni1.5[Fe(CN)6] Equation 64 

A) B) 

 
 

Figure 29. (A) CVs of a NiHCF thin-film and composite electrode in 8 M NaClO4. The 

dashed lines indicate the center of the respective peak potentials. (B) Comparison of the 

XRD patterns of NiHCF thin-film and powder samples together with a simulated pattern for 

an Fm-3m reference structure (Na2NiFe(CN)6, a = 10.28 Å). Data in B reproduced with 

permission from ref. 225. Copyright © 2023, American Chemical Society. 
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5.4 Excursion: Modelling of Charge-Discharge 

Characteristics in Quasi-Equilibrium 

In this position, a brief perspective on a modelling-based approach to the charge-discharge 

characteristic based on the theoretical background provided in Section 2.2.3 will be given. 

Such endeavor helps to build a solid understanding of a model system introduced for NiHCF 

in the previous section and verify underlying assumptions on the electrochemical properties 

and behavior of the material under operation. The aim of the simulation is to obtain the current 

(i), potential (E), and state-of-discharge (X) or specific charge (q) interdependencies for the 

two experimentally relevant cases of galvanostatic and potentiodynamic (dis)charging and 

compare it with the measured curves to verify the model. Here, q is related to the absolute 

charge Q as shown in Equation 31, and Q is obtained as the integral of i over the time t (see 

Equation 28). Furthermore, it should be remembered that Q and SOD/ X are related quantities 

according to Equation 32. This treatise has been presented by the author in ref. 225. 

For the case of a constant-current discharge profile and a current low enough so that the system 

remains in quasi-equilibrium, the E(q) characteristics are readily available as the intercalation 

isotherm (see Equation 17). Figure 30A shows the simulated discharge curve of NiHCF along 

with the underlying model and the respective parameters under the assumption of a single-

phase active material using the Langmuir isotherm. It can be easily seen that the simulation 

does not accurately describe the experimentally obtained curve. This results from the fact that 

the electrodeposition of the NiHCF thin-film electrode yields two different stoichiometries and 

therefore electrochemically active phases, as already discussed in Section 5.3. Accordingly, 

the E(q) characteristics must be modelled for both phases, which will be arbitrarily called A 

and B. Here, the factors A and B account for their relative share of the total material 

(A + B = 1). Furthermore, the respective states of discharge XA,B of each phase are given by: 

𝑋𝐴 =
𝑞

A ∙ 𝑞𝑚𝑎𝑥
,   0 < 𝑋𝐴 < 1 

𝑋𝐵 =

𝑞
𝑞𝑚𝑎𝑥

− A

B
,   0 < 𝑋𝐵 < 1  

The two-phase model already results in a significantly improved approximation of the 

experimentally obtained curve (see Figure 30B). Whereas the response of phase B, which is 

centered at the lower formal potential, is in good accordance with the model, the simulation of 

phase A, which is centered at the higher formal potential, is too narrow compared to the 
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measured curve. This is likely caused by an oversimplification using the Langmuir isotherm, 

which neglects the interaction of intercalated ions with the host lattice. This is accounted for 

by using a Frumkin-type isotherm with the phenomenological parameter g (see Equation 65): 

Here, g > 0 represents repulsive interaction and g < 0 attractive interaction, leading to a 

broadening or narrowing of the E(q) characteristics. A theoretical treatment and further 

description are provided in great detail in refs. 141 and 142. The correspondingly adapted 

simulation of phase A with g = 2 (see Figure 30C) results in almost perfect correspondence 

with the measurement. 

In conclusion, the response of a 10 µg/cm2 NiHCF thin-film electrode in 8 M NaClO4 to 

constant-current discharge is very well described by a model employing two phases identical 

to Na2NiFeII(CN)6 / NaNiFeIII(CN)6 (phase A, E՛0 ≈ 0.533 V vs. SSC, 56% of total active 

𝐸𝑒𝑞 = 𝐸0
′ +

𝑅𝑇

𝐹
ln (
1 − 𝑋

𝑋
) +

𝑅𝑇

𝐹
∙ 𝑔 ∙ (

1

2
− 𝑋) Equation 65 

A) B) C) 

   

𝐸𝑒𝑞 = 𝐸0
′ +

𝑅𝑇

𝐹
∙ ln(

1 − [
𝑞
𝑞𝑚𝑎𝑥

]

[
𝑞
𝑞𝑚𝑎𝑥

]
) 

𝐸𝑒𝑞,𝐴 = 𝐸0,𝐴
′ +

𝑅𝑇

𝐹
∙ ln(

1 − [
𝑞

𝐴 ∙ 𝑞𝑚𝑎𝑥
]

[
𝑞

𝐴 ∙ 𝑞𝑚𝑎𝑥
]
) 
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Figure 30. Modelling approach for the galvanostatic discharge characteristics of NiHCF in 

8 M NaClO4 using (A) a single-phase Langmuir intercalation isotherm, (B) two-phase 

Langmuir intercalation isotherms and (C) two-phase Frumkin and Langmuir intercalation 

isotherms. For further details see the text. The parameters used for the indicated models are 

given in the respective graphs. Furthermore, 25°C was used as the temperature. Data 

reproduced with permission from ref. 225. Copyright © 2023, American Chemical Society. 
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material, repulsive ion-host interaction with g = 2) and NaNi1.5FeII(CN)6 / Ni1.5FeIII(CN)6 

(phase B, E՛0 = 0.435 V vs. SSC, 44% of total active material, no ion-host interaction) and a 

total specific capacity of 68 mAh/g. It should be noted that the respective formal potentials are 

in great agreement with the values extracted from the CV curves in the previous section (see 

Figure 29A). The reason why only the model of one phase requires the involvement of the ion-

host interaction is not clear at this point and will not be discussed further, as it is beyond the 

scope of this thesis. 

For the case of potential control as in cyclic voltammetry (E = Estart + ν∙t), the treatment is more 

complicated. In general, the current is defined as:  

𝑖 =
d𝑄

d𝑡
 

In equilibrium, it holds that: 

𝑖 =
d𝑄

d𝑡
=
d𝑄

d𝐸
∙
d𝐸

d𝑡
=
d𝑄

d𝐸
∙ 𝜈 

The so-called differential capacityii dQ/dE is obtained from the intercalation isotherm E(X):  

d𝑄

d𝐸
= 𝑄𝑚𝑎𝑥 ∙

d𝑋

d𝐸
 

For a reversible, single-phase system described by the Langmuir isotherm, dX/dE can be 

analytically calculated from Equation 17, and the equilibrium current-potential characteristics 

for a CV is given by Equation 66:141 

𝑖 = 𝜈 ∙ 𝑄𝑚𝑎𝑥 ∙
d𝑋

d𝐸
= 𝜈 ∙ 𝑄𝑚𝑎𝑥 ∙

𝐹

𝑅𝑇
∙

exp (
𝐹
𝑅𝑇
(𝐸 − 𝐸0

′))

[1 + exp(
𝐹
𝑅𝑇
(𝐸 − 𝐸0

′))]

2 Equation 66 

Accordingly, the current response is symmetrically centered around the formal potential (E = 

E՛0) and is proportional to the scan rate, while it only depends on the overall capacity of the 

active material, the temperature and the momentary potential. The maximum of i(E) is obtained 

at the formal potential and is given by 

𝑖𝑝𝑒𝑎𝑘 = 𝜈 ∙ 𝑄𝑚𝑎𝑥 ∙
𝐹

4 ∙ 𝑅𝑇
 

Interestingly, these results are entirely identical to the characteristics of a thin-layer 

electrochemical cell (no mass transport limitations, cell thickness smaller than diffusion layer 

thickness) with solvated redox-active species, where Qmax is accordingly replaced by FVC* 

                                                 
ii It is easily recognized from these relations why purely capacitive charge-storage processes (dQ/dE = const) 

result in a rectangular-shaped CV. 
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(F is the Faraday constant, V corresponds to the solution volume and C* the concentration of 

redox species).119  

For non-equilibrium conditions (sluggish kinetics and/or slow mass transport), the exact 

current-potential dependency becomes more complicated and will not be further discussed 

herein. The experimentally observable peak current ipeak and peak position Epeak as a function 

of the imposed scan rate can serve as straightforward diagnostic criteria to differentiate these 

cases as introduced in Section 3.1.1.  

A) B) C) 

   
model model model 

single phase 

Langmuir isotherm 

E’
0 = 0.48 VSSC 

Qmax = 3.35 mAs 

phase B 

Langmuir isoth. 

E’
0,B = 0.435 VSSC 

B = 0.44 

Qmax = 3.35 mAs 

phase A 

Langmuir isoth. 

E’
0,B = 0.533 VSSC 

A = 0.56 

Qmax = 3.35 mAs 

phase B 

Langmuir isoth. 

E’
0,B = 0.435 VSSC 

B = 0.44 

Qmax = 3.35 mAs 

phase A 

Frumkin isoth. 

E’
0,B = 0.533 VSSC 

A = 0.56 

Qmax = 3.35 mAs 

measurement 

m = 10 µg/cm2, S = 1.37 cm2, qmax = 68 mAh/g → Qmax = qmax ∙ m ∙ S 

iR-corrected   

Figure 31. Modelling approach for the CV characteristics (at 10 mV/s) of NiHCF in 8 M 

NaClO4 using (A) a single-phase Langmuir intercalation isotherm, (B) two-phase Langmuir 

intercalation isotherms and (C) two-phase Frumkin and Langmuir intercalation isotherms. 

For further details see the text. The employed parameters used for modelling are given below 

the respective graphs. Furthermore, 25°C was used as the temperature. Data reproduced 

with permission from ref. 225. Copyright © 2023, American Chemical Society. 

 

As for the galvanostatic case, a single-phase model using the Langmuir isotherm based on 

Equation 66 cannot adequately describe the CV response of NiHCF (see Figure 31A). 

Similarly, a model based on two phases using the Langmuir isotherm fails to simulate the 

experimentally observed i(E) characteristics (see Figure 31B). To calculate the current 

stemming from each phase, Qmax must be multiplied with the respective stoichiometric factor 

A or B. As discussed above, a Frumkin isotherm accounting for ion-host interaction and leading 

to a peak-broadening must be used for the CV peak at higher potential (Na2NiFeII(CN)6 / 
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NaNiFeIII(CN)6, phase A). However, an analytical solution of dX/dE is not available for 

Equation 65. Therefore, dX/dE was graphically determined as the derivative of the X(E) 

dependency used in the previous modelling of the galvanostatic discharge curve.iii The 

superposition of the resulting modelled curves for phases A and B perfectly matches the 

experimentally measured CV as shown in Figure 31C. The overall model of the electrode can 

be easily adapted for different mass loadings as expressed by: 

𝑖

𝑣
= 𝑄𝑚𝑎𝑥 ∙

d𝑋

d𝐸𝑡𝑜𝑡𝑎𝑙
= 𝑞𝑚𝑎𝑥 ∙ 𝑚 ∙

d𝑋

d𝐸𝑡𝑜𝑡𝑎𝑙
 

The high accordance of the calculated E(Q) and i(E) responses with the experimental data in 

both the galvanostatic and potentiodynamic case by using the identical models and parameters, 

respectively, confirms the accuracy and self-consistency of the employed theoretical approach. 

It should be remembered that these models only apply to quasi-equilibrium conditions, and 

more complicated dependencies must be considered for non-negligible kinetic and mass 

transport limitations. This will be discussed in detail in Chapter 7.

                                                 
iii From this perspective, it becomes clear why the dQ/dE vs. E plot, which is calculated from the galvanostatic 

cycling data and is commonly used in battery research whenever no CV was measured, is a good approximation 

to the i/ν vs. E dependency obtained from CV. 





 

6 Degradation Mechanisms of PBA Electrodes 

in Aqueous Media 

6.1 Introduction and Background 

As outlined in Chapter 1, the cycling stability of a battery is one of the most important 

properties to consider for stationary applications. For traditional LIBs, this topic has been 

thoroughly investigated over the last decades, resulting in various excellent discussions and 

reviews describing the effects limiting the lifetime of batteries.253,254,255 Among others 

described therein, electrolyte decomposition and subsequent SEI formation, loss of lithium-

inventory, and SEI instability have been identified as important drivers for capacity decay. 

Transition metal dissolution from the cathode and subsequent plating on the anode, particle 

cracking, phase transitions and structural disorder, or dendrite formation are furthermore 

considered as major degradation pathways. However, most of these processes cannot be 

transferred straightforwardly, or they are not applicable to aqueous systems.  

For PBAs in aqueous media, many previous studies focused on the electrolyte pH as a crucial 

factor governing electrode stability with both strongly acidic (low pH)256,257,258,259,260 and basic 

(high pH)227,228,256,261,262 solutions initiating severe material deterioration. Apart from this, 

discussed degradation pathways include mechanical stress and phase transformations upon 

intercalate insertion, structural instability due to lattice distortions, vacancies and defects, as 

well as unspecified trace solubility of active material.62,63,69,263,264 Effective stabilization 

measures for PBAs are, however, well known in the literature. These involve electrolyte 

optimization (such as using highly concentrated salt solutions, acidification, and additives or 

co-solvents),84,95,161,233,241,263 265,266,267,268,269,270 protective core-shell structures or coatings of 

the active material,62,63,263,271,272,273 as well as improved synthesis methods, transition-metal 

doping, and other treatments for higher structural stability.62,63,269, 274,275,276,277,278,279  

Whereas most research efforts in the past focused on structural instability and general 

stabilization techniques for PBAs, the specific role of the electrolyte composition on capacity 

fading has been largely overlooked. Consequently, the underlying physico-chemical 

mechanisms driving active material dissolution in aqueous solutions as a function of pH, 

anions, and cation concentration remain mostly unclear. This chapter aims to build a systematic 
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and fundamental understanding of these processes to serve as a basis for refining the 

interpretation of experimental results and optimization of PBAs for ASIB applications. 

Furthermore, a subsequent second-order degradation mechanism will be discussed based on 

active material passivation and deteriorated rate capability due to faulty re-crystallization from 

dissolved active material constituents.  

The ideas, findings, discussions, and analyses presented in this chapter are based on the 

following published articles and originated from close collaboration with the mentioned co-

authors: "X. Lamprecht, F. Speck, P. Marzak, S. Cherevko, A.S. Bandarenka. Electrolyte 

effects on the stabilization of Prussian blue analog electrodes in aqueous sodium-ion 

batteries. ACS Applied Materials and Interfaces 2022, 14, 3515-3525" and "X. Lamprecht, 

I. Evazzade, I. Ungerer, L. Hromadko, J. M. Macak, A. S. Bandarenka, V. Alexandrov. 

Mechanisms of degradation of Na2Ni[Fe(CN)6] functional electrodes in aqueous media: 

a combined theoretical and experimental study. The Journal of Physical Chemistry C 2023, 

127, 2204–2214". Both articles are reprinted in the appendix. Furthermore, some aspects and 

findings herein (especially in Sections 6.2 and 6.3.1, as well as in parts of Sections 6.4 and 6.5) 

have been initially presented in the author’s Master’s thesis (see ref. 280) and served as a 

starting point for the systematic study elaborated in the following.   
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6.2 Manifestation of Electrode Degradation 

As a zero-strain material with negligible lattice volume change during intercalate insertion,62 

NiHCF is an ideal model system to study the influence of the electrolyte composition on the 

deterioration of active material. Furthermore, using thin-film electrodes with pure active 

material circumvents other effects usually observed in composite electrodes with conductive 

additives and binders, like structural degradation, active-material contact loss, binder 

deterioration, or porosity effects.253 An extensive characterization of NiHCF thin-film model 

electrodes is provided in Section 5.3. In the following, it will be initially elucidated how the 

electrode degradation manifests itself during battery operation before discussing the underlying 

mechanism in the following sections. 

Figure 32A shows the evolution of the available electrode capacity of NiHCF during 

continuous cycling in 0.25 M Na2SO4, an electrolyte typically used for ASIB studies. 

Furthermore, the electrode mass was monitored via EQCM. An advancing loss of capacity is 

observed, which constitutes a fatal deterioration of the electrode’s cycling capability. It should 

be noted that the time per cycle significantly decreases (see upper axis) due to the application 

of a constant current. Hence less and less charge is stored with advancing time. Furthermore, 

the electrode mass decreases linearly over time. However, the relative extent is much less 

pronounced than the capacity decay: after 1700 cycles around 25% of the electrode mass is 

lost, while the remaining material is uncapable of storing any charge indicating a 100% loss of 

available capacity. The coulombic efficiency remains very high over the entire experiment, 

evidencing the absence of side reactions, which therefore cannot explain the material fatigue. 

The constant rate of mass loss, however, strongly implies an ongoing dissolution process. 

This was further investigated by employing voltammetric cycling with open-circuit periods, as 

shown in Figure 32B. Whereas the NiHCF electrode seems to be entirely stable in its fully 

reduced (intercalated) state, a significant loss of material and available capacity is observed in 

its fully oxidized (deintercalated) state. As in the galvanostatic case, both capacity decay and 

material dissolution proceed during the subsequent CV cycling period. After this sequence, 

around 5.5 µg of active material is lost, corresponding to a theoretical capacity of ≈ 0.4 µAh 

using the specific capacity of NiHCF (68 mAh/g). This is, however, well below the actual 

capacity decline of around 1.0 µAh. 
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These disproportionate relations of mass and capacity loss indicate that the electrode 

degradation proceeds via a two-fold mechanism: an ongoing active material dissolution and a 

passivation of the remaining electrode inhibiting its ability to store charge by Na+ 

(de)intercalation. These processes will be successively discussed in detail in the following.  

A) 

 

B) 

 

Figure 32. Capacity and mass loss of NiHCF electrodes in 0.25 M Na2SO4 during 

(A) consecutive galvanostatic cycling and (B) voltammetric cycling interrupted by open 

circuit periods in charged and discharged states, respectively. Reprinted with permission 

from ref. 281. Copyright © 2022, American Chemical Society. 
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6.3 Active Material Dissolution 

Dissolution processes of materials in electrochemical applications, such as batteries or 

electrocatalysts, are generally very complex and can be strongly coupled to the electrode 

potential and current, as well as the electrolyte composition.282 Most state-of-the-art methods 

are based on post-mortem analyses, which can only give limited insights into specific transient 

degradation phenomena.283 The following sections will present an innovative technique for 

investigating the real-time elemental electrode constituent leaching rates during battery 

operation, along with the results obtained for NiHCF and CoHCF model electrodes. Afterward, 

the impact of the electrolyte composition on the active material stability will be systematically 

studied by a combined experimental and computational approach.  

6.3.1 In-Operando Quantification with Elemental Sensitivity 

As presented above, the EQCM technique gives an approximate insight into the overall 

material loss. However, it lacks elemental sensitivity, i.e., disclosing individual leaching rates 

of the electrode constituents. Furthermore, its poor resolution and overlay with the 

(de)intercalation signal (see magnified view in Figure 32B) does not allow any correlation to 

the ongoing potential- and current-dependent dissolution processes. Taking the values 

presented in Figure 32, a mean dissolution rate in the order of < 1 ng cm-2 s-1 is obtained. 

The most straightforward and common battery research approach involves an ex-situ 

electrolyte analysis after cycling to identify leached electrode constituents quantitatively. A 

few examples of the transition metal dissolution from active battery materials can be found for 

Li-transition-metal-oxides in refs. 284, 285, 286 and for PBAs in refs. 269, 270, 273, 287, 288, 

289, 290, 291, 292. Whereas this resolves the problem of elemental sensitivity, again, no real-

time correlation to the electrochemical processes during cycling is achieved in this way. More 

advanced and hyphenated techniques are highly needed in electrochemical research to gain 

meaningful and valuable insights into the degradation mechanisms of functional 

electrodes.282,293 

New approaches in this direction involve the real-time analysis of evolving gas, such as C2H4, 

H2, or CO2, which originates from side reactions inside the cell. These involve electrolyte and 

SEI decomposition, yielding indirect insights into the ongoing degradation processes.294,295,296 

Another operando approach is based on x-ray absorption analysis of dissolved transition-metal 

ions, which enables the direct correlation between applied electrochemistry and detrimental 
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side reaction intermediates, but its applicability is limited by low time resolution in the range 

of several minutes.297,298 A further discussion of appropriate techniques can be found in refs. 

282, 293, 299 and 300. Overall, methods for directly examining the dynamics of electrode 

constituent dissolution are still scarce, and only a few reports have provided insights into real-

time or in situ detection of elemental leaching rates during battery 

operation.281,293,301,302,303,304,305 

Online dissolution monitoring by coupling an inductively coupled plasma mass spectrometer 

(ICP-MS) to an electrochemical cell enables the in-operando correlation of dynamic leaching 

rates of electrode constituents to the applied electrochemistry with high elemental sensitivity 

and gravimetric resolution.306,307,308 Whereas this approach has already been successfully 

employed to investigate the dissolution of electrocatalysts in various 

studies,307,309,310,311,312,313,314 only very few have so far adopted this technique in the field of 

battery research.302,304 The results presented herein from ref. 281 are among the first of such 

reports. Figure 33 shows a schematic representation of the setup, which involves a scanning 

flow cell (SFC) that constantly pumps electrolyte from the electrode surface towards the ICP-

MS for continuous tracing of dissolved species. The flow cell contains a counter and reference 

electrode, which allows to perform electrochemical experiments with the investigated sample 

as the working electrode. A more detailed description of the technique and setup can be found 

in ref. 307. Dr. S. Cherevko and Dr. F. Speck are gratefully acknowledged for performing the 

flow-cell ICP-MS experiments. The reader is referred to the original publication for details 

regarding the operation of the flow cell and ICP-MS in the study presented herein.281 It should 

 

Figure 33. Scheme of the in-operando setup used for online dissolution monitoring. It 

includes a flow cell that continuously pumps the electrolyte from a battery thin-film electrode 

surface towards an ICP-MS for the detection of dissolved electrode constituents during 

electrochemical cycling. Reprinted with permission from ref. 281. Copyright © 2022, 

American Chemical Society. 
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be noted that only diluted electrolytes could be used in compliance with the ICP-MS analyzing 

unit. Furthermore, the detection of elemental iron by the ICP-MS very likely corresponds to an 

extraction of the entire [Fe(CN)6]-complex, as it is highly stable by itself.256,262,315   

Figure 34A shows the elemental dissolution rate of iron and nickel from NiHCF in 0.05 M 

Na2SO4 at neutral pH during an initial open-circuit period, followed by four CV cycles. The 

transient dissolution peak upon contact of the electrode with the electrolyte in the beginning 

probably results from an initial wash-away of surface defects. It is visible that the dissolution 

of nickel is much more pronounced than that of iron. During each CV cycle, roughly 23 ng/cm2 

A) B) 

  

C) D) 

  

Figure 34. In-operando dissolution profiles detected by the online flow-cell ICP-MS 

technique of (A) Ni and Fe from NiHCF and (C) Co and Fe from CoHCF during an initial 

open-circuit period, followed by four CV cycles in 0.05 M Na2SO4 at neutral pH. The 

elemental dissolution rates are correlated to the potential together with the current in a 

detailed, CV-like representation for one exemplary cycle in (B) for NiHCF and (D) for 

CoHCF. The dotted lines correspond to the oxidation, and the solid lines to the reduction 

direction. Reprinted with permission from ref. 281. Copyright © 2022, American Chemical 

Society. 
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of Ni are lost, which is five times more than Fe. Furthermore, the dissolution rate of nickel 

strikingly correlates with the electrode current (see Figure 34B), in contrast to that of iron. The 

extraction is minimum in the fully oxidized state, but immediately rises upon the onset of 

reductive currents (FeIII + e- → FeII and intercalation of Na+ into NiHCF). A maximum is 

reached at the peak current and stays at a high level until the electrode is fully reduced. Once 

the potential scan direction is reversed and oxidative currents set in (FeII → FeIII + e- and 

deintercalation of Na+ from NiHCF), the leaching rate decreases continuously until reaching 

its minimum in the fully oxidized state. In the meantime, the extraction of iron remains at a 

low, rather constant level, regardless of the electrochemical processes.  

As another example of a PBA material, Figure 34C shows the dissolution of cobalt and iron 

from CoHCF under similar conditions as for NiHCF. As for the latter, a very distinct pattern 

can be seen for both Co and Fe. However, the absolute extraction is much higher, with 

≈ 68 ng/cm2 per cycle for cobalt, which is on average only 20% more than that of iron. It should 

be noted that in contrast to NiHCF, where Ni is electrochemically inert, CoHCF has, in general, 

two redox transitions, as shown in Equation 67: 275 

The CoII/III transition occurs at lower potentials and corresponds to the full peak seen in Figure 

34D, while the FeII/III transition occurs at higher potentials and is only slightly visible in the 

presented data. This double peak structure is reflected in the dissolution pattern of Fe in Figure 

34C and Figure 34D. The redox activity of cobalt is associated with a phase transition of the 

CoHCF lattice,316 which likely causes the increased dissolution of Fe towards lower potentials 

due to the associated phase and volume change of the lattice. The dissolution of cobalt increases 

in the vicinity of the FeII/III transition, while it is in general higher during electrode reduction 

than oxidation. This behavior is in good accordance with the dissolution of Ni from NiHCF. 

Apart from the data presented herein, similar experiments were also conducted in alkaline and 

acidic Na+-electrolytes, and the reader is referred to the original publication for a detailed 

discussion.281 Overall, the employed online dissolution monitoring technique has demonstrated 

the ability to access the individual electrode constituent extraction pattern directly and has 

proven to be a valuable tool in battery materials research. Although the dissolution study 

conducted in this case is limited in its knowledge of long-term trends, the technique can be 

         Na2Co
II[FeII(CN)6]rhombohedral 

            ⇄ Na+ + e− + NaCoIII[FeII(CN)6]cubic        

⇄ Na+ + e− + CoIII[FeIII(CN)6]cubic 

Equation 67 
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easily adapted in future experiments. Apart from other battery materials and electrolytes, the 

elemental dissolution profiles could also be investigated during more realistic battery operation 

scenarios, such as galvanostatic and potentiostatic (dis)charging at varying rates and extended 

resting periods. 

It can be concluded from these experiments that the degradation of PBAs at neutral pH and 

phase-preserving redox transitions is strongly driven by selective extraction of the 

N-coordinated transition metal (see Figure 35A). This is generically expressed by Equation 

68: 

Accordingly, it can be easily understood why the addition of a small amount of N-coordinated 

TM(1) ions into the electrolyte can reduce the driving force of this process and thereby 

significantly decrease the dissolution of the material during cycling, as reported by Wang et 

al.265 and Wessels et al.264 As shown in Figure 35B, the stability of NiHCF in 0.25 M Na2SO4 

is strongly enhanced by adding 1 mM Ni2+ into the electrolyte. 

6.3.2 A Combined Experimental and Computational Approach 

As discussed in the previous chapter, the rate of transition metal extraction was found to be 

explicitly coupled to the electrochemical processes of the electrode, with a distinct prevalence 

of dissolution associated with reductive currents. However, the underlying mechanisms driving 

it on an atomistic level remained unclear, which motivated to expand the methodology to 

 AxTM
(1)[TM(2)(CN)6] → AxTM1−□

(1)
[TM(2)(CN)6] + □ ∙ TMsolvated

(1)
   Equation 68 

A) B) 

  

Figure 35. (A) Schematic illustration of the dissolution of the N-coordinated transition metal 

from a PBA electrode during cycling. (B) Stability of NiHCF in 0.25 M Na2SO4 with and 

without the addition of 1 mM NiCl2 during galvanostatic cycling at 300C. 
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investigate the degradation phenomena. The combination of experimental and 

computational/theoretical approaches has proven to be a highly effective strategy for gaining 

fundamental understanding of electrochemical processes and the design of optimized 

functional materials.317,318,319,320,321,322,323,324,325 In this chapter, density functional theory (DFT) 

calculations are used to support the experimental findings with the goal of elucidating the 

interfacial properties and identifying the processes driving the mechanisms of dissolution of 

NiHCF model electrodes as a function of the electrolyte composition. An introduction of these 

computational methods is far beyond the scope of this thesis and the interested reader is referred 

to the dedicated literature referenced above. Prof. Dr. V. Alexandrov and Dr. I. Evazzade are 

gratefully acknowledged for performing the theoretical calculations presented in the following. 

The computational details of this study are reported in the original publication.251 The 

electrochemical experiments were performed in close collaboration with I. Ungerer, whose 

Bachelor’s thesis was advised as part of this project.326  

6.3.2.1 Effect of pH 

In this section, the degradation mechanisms towards the edges of the pH-scale will be analyzed 

successively.  

It has been shown by previous studies that the degradation of NiHCF in basic solutions with 

abundant OH- is characterized by an entire loss of [Fe(CN)6]-species, while the electrode is 

A) B) 

  

Figure 36. (A) Transformation of NiHCF in 0.1 M NaOH during CV cycling toward nickel 

hydroxide/oxyhydroxide. The response of NiHCF in 0.25 M NaClO4 is depicted for 

comparison. Reprinted with permission from ref. 251. Copyright © 2023, American 

Chemical Society. (B) CV of pure nickel foam in 1 M KOH for comparison. 
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gradually transformed toward surface-confined nickel hydroxide/oxyhydroxide.227,228,262,281 A 

possible pathway of this process is reflected by Equation 69: 

As seen in Figure 36A, the typical CV response of a NiHCF electrode almost immediately 

disappears during cycling in 0.1 M NaOH with pH = 13. In fact, the CV becomes very similar 

to that of pure nickel foam in an alkaline solution (see Figure 36B). The emergence of the 

characteristic Ni(OH)2/NiOOH redox couple (see Equation 70), as well as the catalytically 

enhanced OER at the anodic vertex in the CV confirm the formation of the new phase.76,227 

Based on this long-known instability of PBAs in basic solutions, the reduction of 

OH- concentration in the electrolyte by intentional acidification has been introduced by 

Wessells et al. as a stabilization measure for electrodes.84,268 Indeed, as seen in Figure 37A, 

decreasing the pH of 0.25 M NaClO4 from 5.7 to 3.1 via the addition of HClO4 undoubtedly 

enhances the stability of NiHCF during cycling. However, a too strong acidification towards 

pH = 0.6 in a 1:1 solution of 0.25 M NaClO4 and 0. 25 M HClO4 has the opposite effect: the 

electrode degradation is significantly accelerated, which will be discussed later.  

NaxNi
II[FeII/III(CN)6] + 2OH

−

→ x ∙ Na+ + NiII(OH)2 + [Fe
II/III(CN)6]

4/3−
 

Equation 69 

NiII(OH)2 ⇄ Ni
IIIOOH + H+ + e− Equation 70 

A) B) 

  

Figure 37. (A) Cycling stability of NiHCF for different H+/Na+ availabilities in the 

electrolyte and (B) corresponding CVs. Reprinted with permission from ref. 251. Copyright 

© 2023, American Chemical Society. 
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A closer look at the respective CVs (see Figure 37B) in these equally concentrated solutions 

reveals that for the 1:1 H/NaClO4 mixture the CV is shifted to the left. At the same time, for 

the acidified NaClO4 electrolyte the CV is identical to the unmodified one. For comparison, 

the CV of NiHCF in pure 0.25 M HClO4 is also shown, with the redox peak being located at 

significantly lower potentials compared to the ones with Na+ present in the solution. As 

explained in Section 5.2, the position of the formal potential is determined by both the 

concentration and the nature of the intercalating species. Since the formal potential for an 

intercalation reaction is directly linked to Gibb’s free energy of ion solvation, it appears 

reasonable that the insertion of the small, hydrated proton would be thermodynamically less 

favorable compared to the larger sodium ion. Correspondingly, the CV peak of NiHCF in pure 

HClO4 appears at lower potentials compared to NaClO4 for equally concentrated solutions. 

According to Equation 61 and by reasonably approximating a ≈ c at the employed 

concentrations, the CV of the 1:1 H/NaClO4 solution should be shifted by ≈ 18 mV towards 

lower potentials compared to the 0.25 M NaClO4 reference since the concentration of Na+ is 

only 0.125 M. However, the experimentally obtained shift is ≈ 30 mV. This hints towards a 

partial co-insertion of H3O
+ next to Na+. It has been reported that the coincident insertion of 

two cationic species A and B from a solution results in a single CV peak with its formal 

potential being between the two individual formal potentials E՛0,A and E՛0,B.240 Thus, the 

resulting E՛0 for the mixed insertion indicates the dominating intercalate from A and B, which 

is clearly Na+ in this case (see Figure 37B).  

Another way to identify the intercalating species is to analyze its apparent molar mass using 

Faraday’s law (Equation 13) and the EQCM data measured while cycling the electrodes. As 

discussed in Section 5.3, a value of Mapp = 22.99 g/mol would be expected for the insertion of 

sodium ions. This presumption is fulfilled when cycling NiHCF in the acidified 0.25 M NaClO4 

(pH = 3.1) electrolyte (see Figure 38A). In turn, for the intercalation of H3O
+, an apparent 

molar mass of 19 g/mol would be expected. However, it was found for NiHCF in 0.25 M HClO4 

that Mapp strongly fluctuates between 8.2 g/mol and 19.4 g/mol over five CV cycles (see Figure 

38B). A similar range was found for cycling in 0.25 M H2SO4 (data not shown here). This 

behavior can likely be explained by the overlaid severe mass loss, as well as the noisy EQCM 

data caused by that. For further details the reader is referred to the original publication.251 

Nevertheless, hydronium undoubtedly participates in the electrode charge compensation via 

(de)intercalation. For the 1:1 mixed solution of 0.25 M H/NaClO4, Mapp ≈ 21.2 g/mol was 
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found as shown in Figure 38C, indicating a co-insertion of H3O
+, but also the prevalence of 

Na+ in analogy to the conclusion from the CV peak positions.  

As mentioned above, a too high concentration of H3O
+ in the mixed H/NaClO4 electrolyte 

outweighs the stabilizing effect of OH- reduction and leads to an increased degradation rate of 

A) 

 

B) C) 

  

Figure 38. Apparent molar mass of the intercalating species for NiHCF in (A) 0.25 M 

NaClO4, (B) 0.25 M HClO4 and (C) 1:1 mixed 0.25 M H/NaClO4. Adapted and reprinted 

with permission from ref. 251. Copyright © 2023, American Chemical Society. 
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NiHCF during cycling. This is further reflected by the clearly visible dissolution of electrode 

material in that solution (see Δm in Figure 38C). Apparently, the co-insertion of hydronium 

somehow destabilizes the PBA framework. To analyze the stability of NiHCF in the absence 

of Na+ with H3O
+ as the only available intercalate, the electrode was extendedly cycled in pure 

0.25 M HClO4. As shown in Figure 39A, the CV diminishes within 30 cycles, demonstrating 

an extremely fast degradation of the electrode material. This goes along with its continuous 

mass loss observed during cycling (see Figure 38B). Again, a similar behavior was found in 

0.25 M H2SO4, which is shown in detail in ref. 251. 

Due to the poor cycling stability of NiHCF in the Na+-free acidic solutions compared to pH-

neutral Na+-electrolytes, it is suspected that the intercalation of H3O
+ plays a considerable role 

in the rapid degradation of the material. To gain insight into the dissolution mechanism in 

acidic electrolytes, ab initio molecular dynamics (AIMD) simulations were conducted by 

replacing Na+ ions in the NiHCF structure with H3O
+. Within just 1-2 picoseconds of AIMD 

equilibration, spontaneous protonation of the N-sites is observed, leading to the formation of 

Fe(CN-H)6 moieties (see Figure 39B). This suggests that the N-sites are particularly vulnerable 

to attack in acidic environments, initiating the disintegration of the PBA framework by the 

cleavage of the [Fe–C≡N]–Ni bond and subsequent dissolution of its constituents. Based on 

these findings, it could be concluded the electrode stability is significantly enhanced when Na+ 

is available as an intercalate. This results from a reduced co-insertion of hydronium due to the 

higher affinity for inserting Na+ compared to H3O
+. This concept reasonably explains why 

slight acidification of the electrolyte (pH ≈ 3) was found in the past as an effective strategy for 

improved stability of PBAs. This is caused by impeding the OH--related degradation pathway 

due to its practical absence while still providing a sufficiently high Na+/H3O
+ ratio.  
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Next to the stabilizing effect of acidification of NaClO4 presented herein, a similar result was 

obtained by acidifying NaNO3, whereas the opposite effect was observed for acidified Na2SO4. 

For a more detailed discussion of this peculiar inconsistence, the reader is referred to the 

original publication.281 Furthermore, another study has reported that defect-rich CuHCF, a 

Turnbull's blue analog with a significant share of [Fe(CN)6]-vacancies, can be used as a stable 

and reversible proton insertion electrode in 2 M H2SO4, whereas the replacement of Cu by Ni, 

Co, or Mn significantly impaired the stability.327 Similar to NiHCF, our AIMD simulations 

also predict the protonation of N-sites for the case of CuHCF, which is in contrast to the 

stability of the reported system. Speculatively, the presence of coordination water in that highly 

defective CuHCF lattice may protect the N-sites from rapid protonation, implying that a high 

degree of crystal hydration could facilitate more stable proton insertion into PBAs. As 

exemplified in the case of CuHCF and Na2SO4 acidification, it is important to be cautious when 

inferring the stability of materials in different environments from a single model system. 

Nevertheless, the general trends presented above for pH-related effects should be widely 

recognized for the class of PBAs.  

6.3.2.2 Effect of Anions 

A series of sodium salts typically considered for electrochemical applications was investigated 

to elucidate the role of the employed anion on the stability of NiHCF electrodes. Figure 40A 

shows the CVs of the very same NiHCF electrode consecutively cycled in 0.25 M NaClO4, 

A) B) 

 

 

Figure 39. (A) Stability of NiHCF during CV cycling in 0.25 M HClO4 compared to NaClO4. 

(B) Ab initio molecular dynamics simulations show the protonation of N-sites of the [Fe–

C≡N]–Ni bond if Na+ is replaced by H3O
+ in the framework structure. Reprinted with 

permission from ref. 251. Copyright © 2023, American Chemical Society. 
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NaNO3, NaCl, NaCH3COO and Na2SO4. Apparently, neither the peak shape, position nor 

reversibility are significantly influenced by the respective anion. The declining peak currents 

reflect the degradation of the electrode in accordance with the order of the measurements. The 

determined apparent molar masses of the intercalating species are reasonably close to the 

expected value for sodium (see Figure 40B), confirming that only the cation participates in the 

interfacial mass transfer. Nevertheless, the cycling stability of the electrode strongly deviates 

among the different employed anions, as seen in Figure 40C. To avoid OH-/H3O
+ effects on 

the degradation (see discussion above), the pH of all solutions was adjusted to a comparable, 

neutral value (5.7 – 6.2). While ≈ 67% of the capacity remained after 2000 cycles in the 

presence of perchlorate, the electrode was almost entirely degraded in the case of sulfate. The 

stability was found to decrease with the order ClO4
- > NO3

- > Cl- > CH3COO- > SO4
2-. Similar 

results were found for InHCF (see Figure 40D),205 while a comparable anion trend was also 

previously reported for chromium hexacyanoferrate in K+-electrolytes.328  
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In conclusion, some anionic species undoubtedly play a notable role in the degradation 

mechanism of PBAs. However, anions are apparently neither intercalated nor impact the 

electrochemical reversibility of the charge transfer, as shown by the CV and EQCM results 

presented above. Therefore, the question arises of how they can influence the electrode stability 

despite their allegedly inactive role during intercalation. In fact, it was reported before that 

anions are indeed no passive spectators in the interfacial charge and mass transfer mechanism 

of PBAs and other intercalation materials, but play an important role by compensating 

temporary surface charges during the cation (de)intercalation process via intermediate 

A) B) 

  

C) D) 

 
 

Figure 40. (A) CVs of NiHCF in different Na+ electrolytes with varying anionic species and 

(B) correspondingly determined apparent molar masses of the intercalate for all solutions. (C) 

Stability of NiHCF during galvanostatic cycling at 300C and (D) stability of InHCF during CV 

cycling in these electrolytees. A-C reprinted with permission from ref. 251. Copyright © 2023, 

American Chemical Society. D reprinted from ref. 205 with permission from the Royal Society 

of Chemistry. Open access, CC BY 3.0.   
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adsorption on the electrode surface.197,199 This so-called three-step-mechanism of intercalation 

is reviewed in very detail in Section 3.1.3.3 and can be well probed by electrochemical 

impedance spectroscopy as described therein. As seen from Figure 41A, characteristic "loop"-

shaped spectra were obtained for all investigated sodium electrolytes, which could be 

unanimously fitted with the proposed EEC model representing the anion ad/desorption 

intermediate steps. As shown in Figure 41B, the charge transfer resistance and the 

corresponding rate constant of the redox reaction are not significantly affected by the nature of 

the anions, which is in line with expectations. However, the anion adsorption model elements, 

G1 and X1, exhibit pronounced differences among the various anions (Figure 41C), indicating 

that the complex interfacial mechanism of cation intercalation is strongly influenced by the 

adsorption affinity of the involved anionic species. Remarkably, the order of G1 and X1 

variation exactly resembles the stability trend in Figure 40C. The uncompensated resistance 

values in Figure 41D reflect the different ionic conductivities of the salt solutions, which are 

found to be within a comparable range. 
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By combining these findings with the determined impact of the anion on the PBA stability, the 

hypothesis can be developed that the dissolution process might be initiated by the adsorption 

of anionic species from the electrolyte over metal sites on the PBA surface. As also seen from 

the EIS results for the anion adsorption model elements, the respective adsorption strength and 

corresponding impact on the stability should differ based on their individually distinct 

geometry, size, charge density and polarity. To further quantify this behavior, the adsorption 

energetics for ClO4
-, NO3

-, Cl-, CH3COO-, SO4
2- and OH- over Fe and Ni surface sites in NiHCF 

were determined using DFT calculations. The respective binding energies are given in Table 

7 for both oxidized and reduced NiHCF configurations. The obtained values emphasize a 

considerable affinity of the surface for anionic species, indicating specific adsorption with Eads 

in the range of a few eV. Iron centers appear to be preferred binding sites for both FeII and FeIII 

states.  

A) 

 

B) C) D) 

   

Figure 41. (A) Impedance spectra of NiHCF in different Na+-electrolytes with varying anionic 

species at a degree of sodiation of ≈ 60%. The shown EEC model (see Section 3.1.3.3) was 

used for fitting the data, yielding the plotted parameters for (B) RCT, (C) 1/G1 (hollow symbols) 

and X1 (filled symbols) and (D) Ru. Reprinted with permission from ref. 251. Copyright © 2023, 

American Chemical Society. 
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Table 7. DFT computed adsorption energies for different anionic species adsorbed over Fe 

and Ni surface sites of reduced and oxidized NiHCF. Data reproduced with permission from 

ref. 251. Copyright © 2023, American Chemical Society. 

The atomic configurations of the anions adsorbed on the Fe-sites of the NiHCF surface are 

shown in Figure 42. The anions with higher adsorption energies, such as SO4
2- and OH-, exhibit 

shorter interatomic distances than those with weaker adsorption. The distances are reduced 

upon deintercalation, which agrees with the computationally determined increase of the 

positive Bader charge on the host Fe-sites after Na+ removal (see ref. 251 for further details). 

This behavior might give rise to the potential- and current-dependent dissolution rate of the 

transition metals from PBAs discussed in Section 6.3.1. However, further dynamic simulations 

would be necessary to elucidate the exact process entirely. Nevertheless, these computational 

results support the previously proposed mechanism in which anions control the overall kinetics 

of interfacial charge and mass transfer via surface adsorption on the transition metal centers 

during the (de)intercalation of cations in PBAs in accordance with the experimental findings.  

Importantly, the adsorption affinity of the individual anions also seems to correlate with the 

electrode stability in the respective electrolytes. The anions characterized by a weak binding to 

the NiHCF surface metal sites also come with higher stability and vice versa. Especially sulfate, 

which leads to the fastest degradation of NiHCF, shows significant adsorption to Fe, while the 

weakly adsorbing nitrate enabled a longer electrode lifetime. Remarkably strong adsorption is 

also found for OH-, reflecting the fast deterioration of PBAs in basic solutions, as discussed in 

Section 6.3.2.1. In contrast to the other anions, the electrode is in that case transformed to a 

transition metal oxide rather than being entirely dissolved. This can be understood from the 

Pourbaix diagrams (see ref. 128) and should therefore be considered as a secondary degradation 

adsorbate 
Na2NiFeII(CN)6 NaNiFeIII(CN)6 

Eads-Fe (eV) Eads-Ni (eV) Eads-Fe (eV) Eads-Ni (eV) 

ClO4
- −2.65 −2.35 −2.47 −2.25 

NO3
- −1.29 −1.35 −1.57 −1.23 

Cl- −2.73 −2.04 −2.52 −1.74 

CH3COO- −1.89 −1.26 −1.57 −1.28 

SO4
2- −3.54 −1.84 −3.55 −2.49 

OH- −2.87 −1.41 −2.91 −1.58 
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effect. Whereas these results do not entirely represent the prevailing stability in perchlorate, an 

overall qualitative trend can be recognized.  

Furthermore, higher stability would be expected for NiHCF in NaCH3COO based on the 

comparably low adsorption energy of the acetate anion. This deviating behavior likely results 

from its considerably higher basic strength compared to the other anions, with its pKb = 9.2329 

compared to ≈ 29330 for ClO4
-. As a result, local deprotonation of H2O with subsequent 

CH3COOH formation and OH- appearance could occur on a molecular level. This cannot be 

ruled out, even though the overall pH was adjusted to neutral before the experiment, which is 

however a purely statistical quantity. If hydrolysis happens close to the electrode surface, it 

will effectively turn a beneficial anion (acetate) into an especially detrimental one (hydroxide), 

thereby clarifying the impaired stability. An analogous concept can probably also explain the 

initial dissolution of PBAs in the presence of divalent intercalation cations, such as Mg2+, Ca2+ 

and Sr2+.202,265 In these cases, the local appearance of H3O
+ by cation-induced hydrolysis might 

cause fatal hydronium (co-)intercalation and promote PBA degradation. This is elaborated in 

further detail in the original publication.251   

Nevertheless, the presented approach strongly implies a generalized mechanism initiated by 

the adsorption of anionic species over surface metal sites at the electrode-electrolyte interface. 

This holistic description allows an understanding of the dissolution of PBAs in medium to high 

pH media. To elucidate the exact dissolution pathways, further dynamic simulations are 

necessary in the future. Considering the strong binding energies of the adsorbates in the order 

of 2 – 3.5 eV, ligand exchange at hexacyanoferrate complexes causing subsequent dissolution 

of the N-coordinated transition metal seems to be a likely intermediate step.   

 

Figure 42. DFT optimized structures for various anionic species adsorbed over Fe on a NiHCF 

crystal surface. The Fe–O and Fe–Cl distances are given for Na2NiFeII(CN)6, while the values 

for the NaNiFeIII(CN)6 case are given in parentheses. Reprinted with permission from ref. 251. 

Copyright © 2023, American Chemical Society.  
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6.3.2.3 Effect of Concentration 

According to the results presented in the previous sections, NaClO4 is the best choice amongst 

the investigated anions to ensure high stability of PBAs during cycling. Furthermore, as 

reviewed in Section 2.2.4, this salt can be highly concentrated in aqueous solutions towards 

forming a "water-in-salt" system, enabling an increased operational voltage window for 

aqueous batteries.162 At such high concentrations, the dissolution process was found to be 

effectively suppressed, making this one of the most successful stabilization strategies for PBAs 

(see the introduction to Chapter 6).233 Altogether, NaClO4, therefore, appears as the "perfect" 

salt for optimized aqueous PBA-based batteries in practical applications.  

The stabilizing effect of raising the electrolyte concentration is shown in Figure 43A for 

NiHCF in NaClO4. While there is a slight decrease in stability when the concentration is 

increased from 0.25 M to 1 M, a considerable enhancement is noticeable at concentrations 

exceeding 2 M. Eventually, the material displays hardly any degradation in an 8 M solution. In 

solutions of low-to-medium concentrations, a slight decrease in stability can likely be attributed 

to the increasing activity of the ClO4
- anion. Although the adsorption of this species on the 

electrode surface is rather weak, its increased activity at higher concentrations could lead to 

stronger material degradation (see section before). Concentrations exceeding 2 M exhibit a 

prevailing stabilizing effect. This extremely beneficial behavior is maintained at both low and 

high cycling rates (see Figure 43B). 

In such superconcentrated electrolytes, the suppression of active material dissolution is 

achieved through the scarcity of free water molecules, which are excessively incorporated into 

the ions' solvation shells due to strong salt hydration. In fact, there exist only about two H2O 

molecules for each sodium ion in the 8 M solution. This can be easily understood from the 

following calculation: First, the volume ratio of solvent:solute for 8 M NaClO4 is reduced to 

≈ 62% as experimentally determined, including water from the initially mono-hydrated salt. 

This is caused by the high quantity of added solute. As a result, one liter of the solution now 

only contains 620 g H2O, which is equal to 34 moles using its molar mass of 18 g/mol, 

compared to pure concentration of water in water (55.6 M). The solution also contains 8 mol 

of Na+ and 8 mol of ClO4
-, and therefore the average ratio of solvent:solute-ion is 34:16. Based 

on these considerations, a schematic illustration of the electrode-electrolyte interface for 

NiHCF in 0.25 M and 8 M NaClO4 is presented in Figure 43C, giving a visual impression of 

the high amount of Na+ and ClO4
- ions in the concentrated electrolyte. It should be noted that 
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the above calculation just reflects the overall ion and solvent quantities, while the real nature 

of the solvation sheath composition and electrolyte structure are exceedingly intricate in such 

"water-in-salt" systems.159,164 Nevertheless, this approach leads to a limited uptake capacity for 

dissolved electrode constituents, resulting in the effective prevention of material hydrolysis. 

Furthermore, the sluggish diffusion dynamics of dissolved constituents toward the bulk 

electrolyte significantly inhibits the dissolution process.270 

  

A) B) 

  

C) 

 

Figure 43. (A) Cycling stability of NiHCF in different concentrations of NaClO4. For the 4 M 

and 8 M solutions, the presented data points were extrapolated based on the determined 

capacity losses of 2.6% after 2840 cycles and 1.2% after 10,500 cycles.281 The dashed line 

serves as a guide to the eye. Reprinted with permission from ref. 251. Copyright © 2023, 

American Chemical Society. (B) Stability of NiHCF in 8 M NaClO4 during galvanostatic 

cycling at various rates. Reprinted with permission from ref. 281. Copyright © 2022, American 

Chemical Society. (C) Schematic illustration of the electrode-electrolyte interface for NiHCF 

in 0.25 M and 8 M NaClO4, which represents a 32x increase of the amount of Na+ and ClO4
-. 

The number of ions in the indicated cell (black frame, 30 x 10 x 30 Å) represents the real 

volumetric concentration. Water molecules are omitted for clarity, but their amounts in the 

cells are indicated in the upper left corner. Visualized atom sizes are true to scale. Ion-solvent, 

ion-ion, ion-surface, and solvent-surface interactions are neglected in this simplified image.  
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6.4 Passivation of the Electrode Material 

The findings presented in this section have not yet been published. Therefore, specific 

instrumental details not covered in Chapter 4 will be provided in the respective instances. For 

the sake of transparency, it should be mentioned again that a few aspects and ideas of this 

chapter have already been elaborated in the author’s Master’s thesis.280 These are nevertheless 

included in the following to provide the groundwork for interpreting the new results discussed 

herein and elaborate a comprehensive understanding of the degradation process. 

Even though highly concentrated solutions can significantly extend the cycling stability of 

PBAs, such electrolytes are not entirely undisputed, as they come with specific disadvantages, 

such as increased weight, cost, and high viscosity, impairing the wetting properties.331 

Therefore, the overall degradation mechanisms in rather diluted electrolytes will be further 

investigated in the following. As indicated in Section 6.2, the active material dissolution 

process treated in Section 6.3 is insufficient to entirely explain the quantitative capacity fade 

observed during cycling. To ensure that this is not an electrolyte anion- or concentration-

specific effect, Figure 44 shows the remaining relative capacity and mass (measured via 

EQCM) of NiHCF thin-film model electrodes in 0.25 M NaClO4 (A), Na2SO4 (B) and NaNO3 

(C), as well as different NaClO4 concentrations of 0.5 M (D), 1 M (E) and 8 M (F). To avoid 

pH-related degradation effects, all solutions were tested at pH ≈ 6. In contrast to 8 M NaClO4, 

where the electrode is entirely stable (see Section 6.3.2.3), a distinct two-fold degradation 

mechanism is discernable in all other solutions. Apart from the irreversibly lost capacity due 

to active material dissolution (red-shaded), an increasing share of non-active material emerges 

with an advancing degradation state (blue/yellow/green-shaded). This capacity loss will be 

termed "passivation" in the following since it constitutes a process inhibiting the capability of 

remaining electrode material to convert charge and thereby diminishes its capacity beyond the 

share of dissolved active material. This section aims at analyzing and clarifying this passivation 

effect. 
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6.4.1 Is the Active Material (Electro)chemically Transformed 

During Degradation? 

To first exclude that the electrochemical inactivity of the remaining electrode material stems 

from a transformation of NiHCF towards another compound, the chemical bonding 

environment and elemental oxidation states were probed by XPS. Figure 45A and Figure 45B 

show the spectra of a pristine and degraded sample for the Ni 2p and Fe 2p regions (spin-orbit 

doublets 2p3/2 and 2p1/2). Both samples were measured in the fully reduced state, meaning the 

electrodes were immediately removed from the solution after the cycling was stopped at 

0.1 V vs. SSC. The reader is referred to Section 5.3 for a detailed characterization of as-

synthesized NiHCF. For nickel, both the peak structure and positions are found to be entirely 

unaffected by degradation. For iron, the overall spectrum also remains unchanged upon 

degradation, showing a main signal coming from the Fe(II) oxidation state. However, a small 

A) B) C) 

   

D) E) F) 

   

Figure 44. Electrode stability represented by the remaining relative capacity and mass of 

NiHCF thin-film model electrodes in different Na+-electrolytes (pH ≈ 6) with varying anions 

and concentrations during galvanostatic cycling at 300C.  
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peak at higher binding energies associated with the Fe(III) oxidation state appeared, indicating 

that the degraded electrode is not entirely electrochemically reduced. This could be strongly 

related to the passivation effect, since apparently not all Fe redox centers are accessible for 

charge storage during cycling and consequently constitute non-active material. Nevertheless, 

an (electro)chemical transformation of the NiHCF electrode upon degradation can be excluded 

from these findings, as a significant change of peak positions and structure would be expected 

for a deviating compound due to altered chemical oxidation states and bonding environments. 

Strictly, these findings only apply to the surface, but a transformed bulk material with an 

unaltered surface seems unlikely since any conceivable transformation process triggered by 

continuous cycling would naturally have to proceed from the electrode-electrolyte interface.  

The effect of electrode degradation was further probed by XRD (see Figure 45C). The 

diffraction pattern of the pristine and degraded electrodes are very similar regarding the 

occurring peaks and relative intensities and correspond well with a calculated Fm-3m 

Na2NiFe(CN)6 reference structure. The lattice constant calculated from the (200) peak yields 

10.26 Å for the degraded sample, compared to 10.28 Å for the pristine one (see Section 5.3). 

It can therefore be concluded that the overall crystal structure is preserved upon degradation. 

Furthermore, no unassigned peaks can be discerned, confirming that no other material phase 

apart from NiHCF is present. The findings from XPS and XRD analysis give unambiguous 

A) B) C) 

  
 

Figure 45. XPS spectra for (A) Ni and (B) Fe 2p regions in pristine and degraded NiHCF. 

The degraded sample was galvanostatically cycled at 300C in 0.25 M Na2SO4 until 25% 

capacity remained. Both samples were measured in the electrochemically reduced state 

(cycling stopped at 0.1 V vs. SSC). (C) XRD pattern of a pristine and degraded NiHCF 

electrode along with a calculated pattern for a Na2NiFe(CN)6 reference structure (Fm-3m, 

a = 10.28 Å). The degraded sample was galvanostatically cycled at 300C in 0.25 M Na2SO4 

until 15% capacity remained. The instrumental details for both XPS and XRD are identical 

to the ones reported in ref. 251. Data adapted from ref. 280. 
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evidence for the unaltered chemical composition and integrity of the electrode in the degraded 

state. Furthermore, the formation of a SEI-like interphase on the electrode surface, as in LIBs, 

can be excluded from these findings.  

6.4.2 Impact of the Degradation Process on the Morphology 

To find how the degradation process affects the morphology, NiHCF thin-film electrodes were 

examined using SEM and AFM (see Figure 46). The pristine sample revealed a very uniform 

and smooth thin-layer coating (Figure 46A and Figure 46C), with repetitive crack-like 

structures appearing at distances of a few micrometers. The origin of these structures is 

unknown, but they could likely emerge upon drying after the electrodeposition synthesis.248 

Although grains or grain boundaries, which are typical for polycrystalline electrodes, are not 

discernible from the top-view SEM image of the pristine electrode (Figure 46A), the structures 

are assumed to be < 100 nm in horizontal size, as apparent from AFM (Figure 46C). This is 

further confirmed by the cross-section SEM image of the pristine sample (Figure 46B), which 

reveals the NiHCF film as a very uniform rigid layer with a reasonable thickness of 

approximately 150 nm on top of the Au/borosilicate substrate. It is composited of sticks-like 

longish grains, reaching from the bottom to the top and demonstrating a horizontal thickness 

of < 100 nm, similar to the estimated value from the AFM image (Figure 46C). The surface 

roughness (≈ 7 nm) is very low compared to the film thickness. 

Remarkably, the degradation process results in a severe transformation of the previously 

homogeneous surface into a porous patchwork of segments and cavities, which is 

distinguishable from the pristine layer (Figure 46A). The stick-like grains are transformed into 

aggregations consisting of smaller pebbles/nanoparticles stacked across each other as evident 

from Figure 46B. This significantly increases the number of grains and corresponding 

interfaces, resulting in a rise in the surface roughness by approximately 70% (Figure 46D). 

The formation of large "canyons" on the degraded film surface indicates the disintegration of 

the coating along the previously described crack edges. Nevertheless, the comparison of the 

degraded film and the Au substrate (see inset in Figure 46A) confirms that the latter is still 

completely covered with material. Hence, SEM and AFM images substantiate that a 

significantly high share of the initial film mass remains even after severe degradation, which, 

however, has an entirely changed morphology and structural composition.  
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6.4.3 Effect of the Degradation Process on the Electrochemical 

Properties 

Apparently, the passivated electrode material is still identical to the initial NiHCF, which, 

however, increasingly loses its ability to participate in intercalation processes with ongoing 

degradation. The underlying reason will be investigated in the following. Electrochemical 

impedance spectroscopy is a very powerful technique to assess the state-of-health of a battery 

and systematically identify possible degradation mechanisms for capacity and power fade in a 

non-destructive way.147,253,332,333 

A) B) 

  

C) D) 

  

Figure 46. Top-view (A) and cross-section (B) SEM images of a pristine (left) and degraded 

(right) NiHCF thin-film model electrode. The degraded sample was galvanostatically cycled 

(300C) in 0.25 M Na2SO4 until 15% capacity remained. AFM images of a pristine (C) and 

degraded (D) NiHCF electrode. It should be noted that the indicated height (y-axis of the 

line profile) is identically scaled for better comparison. The degraded sample was 

galvanostatically cycled (300C) in 0.25 M Na2SO4 until 25% capacity remained. The 

instrumental details for both techniques are identical to the ones reported in ref. 225. A and 

B are adapted from ref. 280. 
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To elucidate the effect of the passivation process on the charge and mass transfer properties, 

impedance spectroscopy was performed every 25 cycles during galvanostatic cycling (300C) 

of a NiHCF electrode in 0.25 M NaClO4. The acquired spectra are shown in Figure 47. It can 

be clearly seen that the overall impedance significantly increases with the degradation state 

(blue to red coloring). All spectra could be unambiguously fitted with the indicated EEC model 

representing the three-step-mechanism of intercalation-type electrodes, which is extensively 

introduced in Section 3.1.3.3. In the pristine state (initial cycles), the spectra show the 

characteristic “loop”- shape in the mid-to-low frequency region (see inset), indicating a strong 

impact of the intermediate anion adsorption process. With ongoing cycling, the impedance 

response is increasingly dominated by the immensely growing first semi-circle, which is 

associated with the charge transfer resistance Rct.  

 

Figure 47. Impedance spectra of a NiHCF thin-film model electrode acquired during 

galvanostatic cycling (300C) in 0.25 M NaClO4. EIS was performed every 25 cycles at 50% 

SOC. The spectra were fitted (solid lines) using the shown EEC, which is introduced in 

Section 3.1.3.3. 
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The EEC fitting parameters are quantitatively correlated to the electrode degradation over 

cycles in Figure 48A. In general, the fitting parameters show very small individual errors, and 

the overall fitting error (R2 value, amplitude weighting) always remains in an acceptable range 

apart from one datapoint (cycle 50). As previously described, the degradation is represented by 

a continuous mass loss and disparately higher capacity decay, which constitutes a passivation 

of the remaining electrode material (see top graph). It should be noted that the extent of the 

relative mass and capacity loss cannot be quantitively compared to the values presented for 

NiHCF in 0.25 M NaClO4 at the beginning of Section 6.4 due to the dissimilar cycling protocol, 

since CV and EIS measurements were performed every 25 cycles in this case. The appearance 

A) B) 

 

 

C) 

 

Figure 48. (A) Evaluation of the EEC model parameters obtained from fitting the impedance 

spectra in Figure 47 together with the evolution of relative mass and capacity, as well as 

overpotential during long-term galvanostatic cycling. Dashed lines serve as a guide to the 

eye, while solid lines represent continuous data points. Rct, Ru and P are intentionally not 

normalized to mass or area because both latter quantities evidently change with the ongoing 

degradation. (B) Galvanostatic charge-discharge curves and (C) CVs of the same electrode 

with an ongoing state of degradation. CVs were recorded along with EIS every 25 

galvanostatic cycles. 
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of a substantial share of passivated electrode material strikingly coincidences with a significant 

and continuous increase of the charge transfer resistance Rct (around cycle 400). While its value 

is initially only 2 – 4 Ω with a slightly decreasing trend in the beginning (see inset), values 

above 200 Ω were obtained after 1000 cycles. At the same time, the uncompensated resistance 

Ru only slightly increases by ≈ 5%. The values obtained for the n-exponent of the CPE element 

(n ≈ 0.8 – 1) indicate that the behavior of the double layer is mostly capacitive. The 

corresponding P parameter, which is related to its capacitance, largely fluctuates initially, while 

it is relatively stable towards higher cycles. Nevertheless, an overall trend can be discerned as 

indicated by the dashed line, which depicts the moving average of P. Since the double layer 

capacitance is proportional to the area of the electrically conducting material present at the 

electrode (see Equation 3), the variation of P with advancing cycles indicates an initial 

increase of the overall surface area, which, however, decreases again coincidentally with the 

rise of Rct. In the case of the herein investigated thin-film electrode, this corresponds to the 

surface area of NiHCF since no conductive additive is present. 

Remarkably, the increasing charge transfer resistance is represented by the electrode 

polarization during cycling. With ongoing electrode degradation, the initially hysteresis-free 

charge-discharge curves exhibit a significant hysteresis (see Figure 48B), and the iRu-corrected 

overpotential increases to ≈ 100 mV (at 0.5 mA, see Figure 48A). This is further reflected by 

the evolution of the CVs (Figure 48C), which show, next to the overall decreasing current, an 

increasing voltammetric irreversibility and vanishing symmetry with ongoing degradation. 

Such behavior is a typical capacity fade mechanism observed for batteries since the increasing 

electrode polarization (see Section 2.2.3) causes the potential to hit its limiting boundaries 

prematurely and thereby reduces the available capacity with ongoing 

degradation.207,254,255,299,334,335,336 Usually the underlying reason is mainly ascribed to the 

formation and growth of the insulating SEI layer which poses a growing barrier to be overcome 

for interfacial charge transfer to happen.337,338 For the case investigated herein, the formation 

of a SEI can be excluded as such surface interphase should manifest itself as a second semi-

circle towards higher frequencies in the impedance spectra,339 which is not discernable in the 

spectra presented in Figure 47. Furthermore, an SEI layer is not expected for the employed 

salt-solvent system (see Section 2.2.4), nor is it supported by the XPS and XRD measurements 

discussed in Section 6.4.1.  

Evidently, the charge transfer resistance is solely responsible for the increasing electrode 

polarization and thereby diminishing available capacity in the present case. Recalling 
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Equation 18 and Equation 42, it can be excluded that the observed change of Rct is caused by 

an altering exchange current density (rate constant) or activation barrier symmetry of the 

reaction as supported by the findings in Section 6.4.1, nor variation of the state-of-charge, 

which was constant (X = 50%) in all measurements. Therefore, the variation of the absolute 

charge transfer resistance and the induced kinetic limitations can only be caused by the surface 

area available for an interfacial charge and mass transfer. This goes in hand with the behavior 

of the double layer capacitance described above, indicating an initial slight increase of the 

surface area (cycle 1 to approximately 400), followed by a tremendous decrease of the apparent 

surface area as evident from the decay of P and the 100x rise of Rct. The slight increase of the 

surface area in the beginning might be related to the dissolution process, which is expected to 

proceed randomly across the surface and might thereby introduce some micro/nanoporosity.  

In fact, the SEM and AFM findings discussed in Section 6.4.2 would actually lead to the 

expectation of a higher surface area available, especially for interfacial ion transfer in the 

degraded state due to the increased roughness and structural disorder with small pebble-like 

grains stacked on each other rather than the initial longish sticks reaching from the bottom to 

the top of the thin-film. However, it is very likely that many of these aggregations of irregular 

structures and particles in the degraded case are only badly connected (small solid-solid contact 

area), posing an enormous hindrance for electronic charge transfer to the active Fe-redox 

centers across solid/solid interfaces. Furthermore, deeper electrode material might be partially 

or fully blocked by upper particles, thereby exposing no or only a small contact area with the 

electrolyte for ionic charge transfer, effectively making it a "dead" mass. As a result, the kinetic 

properties of the electrode material will become increasingly sluggish with the ongoing 

degradation, excluding a growing share of the remaining active material from participating in 

the redox reactions due to the strong polarization at higher rates.  

Next to the impaired charge-transfer kinetics causing substantial polarization, the rate-

dependent charge-discharge characteristics of a degraded electrode appear to be additionally 

indicative for diffusion-limited behavior. The corresponding features for differentiating rate 

control mechanisms are discussed in Section 2.2.3 and Section 3.1. Figure 49A shows the 

CVs of a degraded NiHCF electrode at different scan rates. Whereas a linear proportionality 

for the peak current to the scan rate is a typical characteristic for the thin-film electrodes 

investigated herein (no diffusion or kinetic limitation, this will be discussed in very detail in 

Chapter 7), the obtained exponent of a ≈ 0.77 points towards a substantial contribution of 

diffusion-limited processes to the overall faradaic current. The origin of this mass transport 
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limitation remains unknown, especially since it could not be seen at the investigated 

frequencies in the EIS measurements or could not be resolved therein due to decreasing time 

constant associated with the charge transfer resistance. As there is no such limitation in the 

pristine state, its evolution must result from morphological degradation. Whereas both the 

properties of planar diffusion in the bulk electrolyte, as well as the solid-state diffusion within 

the active material itself should remain unchanged, it could be hypothesized that the inter-

particle transport of Na+-ions across the newly created grain boundaries towards deeper 

electrode material layers not in contact with the electrolyte by their own is substantially 

impaired or entirely interrupted. Furthermore, a possibly decreased long-range lattice 

periodicity of NiHCF in the degraded structure could introduce disrupted migration channels 

for sodium.340 Another possible reason could be the depletion of Na+ in the confined electrolyte 

volume within the newly created nanopores upon intercalation, similar to the phenomena 

observed in porous composite electrodes.341 

It follows that it should be possible to regenerate a significant share of capacity by reducing 

the current during galvanostatic cycling to allow enough time for diffusive mass transport and 

prevent prematurely hitting the potential boundaries by reducing the current-dependent kinetic 

polarization. Indeed, a successive reduction of the initial current I0 down to I0/60 returns almost 

two times the capacity obtained at I0 in the degraded state, while also the potential hysteresis 

is incrementally reduced (see Figure 49B and Figure 49C). By this, around 75% of the 

previously "passivated" material can be "re-activated" to participate again in the charge storage 

reactions. However, next to the irreversibly lost share of capacity due to dissolved active 

material, 25% of passivated material remains that could not be regenerated. As hypothesized 

above, this is likely related to electrically unconnected particles or blocked grains in the deeper 

electrode layer not in contact with the electrolyte.     

In conclusion, the "passivation" is caused by impaired kinetics and mass transport properties 

of the degraded electrode and, in fact, represents a power fade rather than a capacity 

fade,253,254,255,336 consequently restricting its operation to lower currents. Such successive 

current reduction based on the cell impedance or state of health to maintain an as-high-as-

possible capacity even after extended cycling is known in practice as "derating".342  
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A) B) 

  

C) 

 

Figure 49. (A) CV of a degraded (galvanostatic cycling at 300C until 30% capacity 

remained) NiHCF electrode in 0.25 M NaClO4 at different scan rates. For comparison, the 

CV at 50 mV/s of the same electrode before degradation is also provided. The inset shows a 

linear fit of log(ip) with log(ν). (B) Galvanostatic charge-discharge curve of the same 

electrode before and after degradation with successive reduction of the imposed current in 

the degraded state (see arrows). (C) Relative remaining capacity and mass of the same 

electrode during galvanostatic cycling at 300C for 4270 cycles (degradation period), 

followed by the regeneration of passivated capacity by the current reduction protocol shown 

in (B). Data partially adapted from ref. 280.  



6 Degradation Mechanisms of PBA Electrodes in Aqueous Media 

129 

 

6.5 Proposal of an Overall Dissolution and Re-Deposition 

Mechanism 

As discussed in the previous two sections, the degradation of NiHCF model electrodes was 

found to proceed along two pathways. First, the extraction of transition metal cations leads to 

an overall dissolution of active material, causing irreversible capacity loss as fewer redox 

centers are present with ongoing degradation (Section 6.3). Second, the morphological 

breakdown of the initially well-crystallized thin film causes increasing passivation of the 

remaining active material. The rising impedance and impaired mass transport properties 

necessitate a reduction of the (dis)charging current to maintain an as-high-as-possible capacity 

in the degraded state (Section 6.4). Nevertheless, it appears likely that both pathways are linked 

to each other, which is also indicated by the fact that no passivation is observed in the absence 

of dissolution (see Figure 44F). A possible common mechanism will be elaborated in the 

following. 

For the well-studied LIB-cathode material class of transition metal oxides operated in organic 

lithium electrolytes, it is well-known that dissolved transition metal (TM) cations can re-

deposit on the cathode together with electrolyte constituents as insoluble, insulating and 

electrochemically inactive species, e.g., TM-O, TM-F or TM-CO3 and other compounds. Such 

processes, which strongly resemble the well-known SEI formation on graphite, were found to 

have strongly detrimental effects on the kinetics and mass transport properties of the battery 

electrodes and thereby represent a major degradation pathway for LIB-cathodes.147,253,286,343,344 

A similar dissolution and re-deposition mechanism could possibly be responsible for the herein 

discussed degradation of PBAs. This hypothesis integrates both the observed active material 

dissolution, as well as the detrimental morphological transformation. In contrast to organic 

electrolyte systems, however, the dissolved transition metals would, in this case, not be re-

deposited as deviating species, but as the same as the original material. This results from the 

absence of available reactants stemming from electrolyte decomposition, as the aqueous 

NaClO4 solution is expected to be entirely stable. The compositional integrity of the surface 

was furthermore confirmed by the findings from Section 6.4.1.  

Re-precipitation and familiar phenomena are, in fact, not unknown for PBAs. In previous 

studies, intentional dissolution and subsequent re-crystallization, complexation or transition 

metal ion exchange have been used as advanced synthesis routes to engineer PBAs and 



6.5 Proposal of an Overall Dissolution and Re-Deposition Mechanism 

130 

 

derivatives with special crystal shapes, geometries and structural properties.288,345,346,347 

Further, it was shown that electrode-electrolyte species crossover is, in general, also possible 

under operando conditions. By cycling CuHCF in the presence of Zn2+ ions in the electrolyte, 

partial cation exchange (Cu2+ ↔ Zn2+) and subsequent nucleation of ZnHCF phases was 

observed during extended cycling.289 Similar findings were reported for FeHCF cycled in the 

presence of Cd2+,348 and for MnHCF cycled in the presence of Fe3+.349 Interestingly, under 

controlled and specifically tailored conditions, electrochemically driven dissolution and re-

crystallization can even have a self-healing "rejuvenation" effect on PBA particles during 

cycling, as recently shown by Xie et al. (for a composite-electrode) and thereby mitigate 

morphological degradation.350 They found that conventional thermodynamics does not control 

the dissolution and re-crystallization process, as it cannot respond quickly enough under fast, 

dynamic electrochemical charge-discharge conditions. Rather, a more complex mechanism 

governed by the local electric field was proposed. In reverse analogy, an uncontrolled and 

random re-deposition of NiHCF phases is likely to result in the heavily distorted structure and 

inhomogeneous morphology of the degraded electrode as revealed in Section 6.4.2.  

This can be further understood by drawing a parallel to the common electrodeposition process 

as described in Section 5.3, where Na+, Ni2+ and Fe(CN)6
3- are provided as precursors in equal 

and uniform concentrations in the deposition solution. By performing CV, ordered nucleation 

of NiHCF is achieved on the Au-substrate, while the developing grains serve as continuous 

anchoring points for the advancing deposition. This process leads to a homogenous film 

formation with longish, stick-like grains. In contrast, the morphological degradation during 

battery-electrode operation results in the random aggregation of re-deposited small, irregular 

pebble-like grains. This might be caused by non-uniform reactant availability depending on the 

transient dissolution of electrode constituents (see Section 6.3.1) and/or inhomogeneous 

current- and electric field distribution across the surface under fast, dynamic charge-discharge 

conditions. Similarly, it is well known for the PBA co-precipitation synthesis routine that 

uncontrolled conditions allowing "too-fast" precipitation result in particles of very 

inhomogeneous and irregular morphology with a high [Fe(CN)6]-defect density and 

detrimental electrochemical properties.275,277,351,352,353 From this point of view, redox-center 

vacancies in the herein discussed re-deposited NiHCF particles could also play a substantial 

role in lowering the capacity of the remaining material. Nevertheless, further studies will be 

needed in the future to explain the ongoing processes on the nano- and microscale. 
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In conclusion, the initial stage of material degradation is driven by the dissolution of active 

material. At the same time, the observed passivation effect of NiHCF electrodes cycled in 

rather dilute Na+-electrolytes can be considered as a second-order mechanism. It results from 

the re-deposition of entirely new phases of NiHCF from the dissolved species instead of just a 

surface film formation, as discussed above. The accompanying morphological transformation 

to inhomogeneous aggregates of nanoparticles instead of regular grains as in the pristine state 

reflects the continuous power fade during cycling. This process is schematically depicted in 

Figure 50. It is strongly supposed that the combined dissolution and re-deposition degradation 

mechanism can be extrapolated to other PBAs and electrolytes involving different alkali metal 

cations. However, it is not clear how these findings based on pure active-material thin-film 

electrodes translate to composite-type ones. This question arises as the latter intrinsically come 

with a strongly deviating structural composition due to the incorporation of conductive, high 

surface area carbon and a polymeric binder. Distinct studies will be necessary for the future, 

but similar degradation pathways appear plausible.  

 

 

 

Figure 50. Schematic illustration of the proposed two-fold degradation mechanism for 

NiHCF during cycling based on the dissolution and subsequent re-deposition of electrode 

constituents. The morphologically reconstructed representation of the degraded electrode is 

based on the findings from SEM and AFM. Visualized atom sizes are not true to scale. For 

further details see the text. 





 

7 Fast-Charging Capabilities of Thin-Film 

Electrodes 

7.1 Introduction and Background 

Despite having several advantages over "traditional" LIBs, as outlined in Chapter 1, aqueous 

battery systems remain intrinsically limited in their achievable energy density. The stability 

window of the electrolyte usually only allows cell voltages of approximately 1.5 V and below 

to avoid parasitic side reactions associated with water splitting. Promising advances from the 

"water-in-salt"-strategy could result in raising the possible cell voltage above 2.0 V in the 

future (see Section 2.2.4). Unfortunately, the attainable potential range excludes the high-

gravimetric-capacity carbon-based anode materials used for "traditional" intercalation-type 

batteries, e.g., graphite with q = 372 mAh/g and E՛0 < – 2.8 V vs. SHE.354 In contrast, the 

materials usually considered for ASIB-electrodes, such as PBAs, oxide- and phosphate-

compounds, reach specific capacities in the range of ≈ 100 mAh/g or even less.58,150 As a result, 

the energy density of aqueous batteries remains significantly below ≈ 2 V ∙ 100 mAh/g ∙ ½ = 

100 Wh/kg based on the active materials for cathode and anode, which makes them 

uncompetitive to organic-electrolyte-based lithium- or sodium-ion batteries for long-range 

mobile applications.41 Therefore, aqueous sodium- and potassium-ion batteries are expected to 

be adopted mainly for stationary use-cases.53,55 However, raising their power rating and thereby 

the fast charging capability could significantly increase the attractiveness of ASIBs. So-called 

hybrid battery-supercapacitor systems combine a sufficient energy density with a high power 

density.108,109 Supposing that a desirable recharging time of, e.g., less than a minute (60C) can 

be enabled, new use-cases and opportunities could potentially involve not only fast-response 

power grid stabilization, but also urban short-distance electric mobility, e.g., for public 

transportation as outlined in Chapter 1.   

Inherited from the traditional fabrication procedure of LIBs,355 PBA cathodes and anodes are 

usually prepared as composite electrodes using active material particles obtained from the co-

precipitation synthesis routine.64 This procedure follows mixing the active material powder, 

conductive carbon and a polymeric binder with an appropriate solvent and casting the slurry 

on a current collector, such as metal foil. Despite being the prevailing up-to-date method, it 

bears certain drawbacks, including a substantial presence of inactive material (carbon and 
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binder), as well as specific degradation pathways for composite electrodes as mentioned in 

Section 6.2. Importantly, the preparation of composite-type electrodes is very prone to cause 

performance deterioration if not implemented properly.355 For example, the presence of binders 

can severely impact the electrode properties.177,356,357 Contribution to hindered electron 

transport can stem from high active-material to current-collector contact resistance.358 

Furthermore, the diffusive transport of ions through the electrolyte-filled porous network of 

such composite structures can limit the power capability, especially for thick coatings.341 In 

addition, if the synthesis conditions are not properly optimized and controlled, the PBA co-

precipitation method often yields primary and secondary particles that exhibit inhomogeneous, 

detrimental crystallinity and morphology with long pathways for solid-state diffusion and 

unfavorable kinetic properties.252,275,351,353,359 These effects have the potential to reduce the 

available capacity significantly and may cause severe hysteresis when operating the electrodes 

at high rates.144 

In contrast, advanced binder-free and pure-active-material battery electrodes promise great 

potential to circumvent these problems.177,183,356,357,360 Therefrom deduced strategies involve 

three-dimensional nano- and microstructured active material designs with beneficial 

conductivity and mass transport properties exposing a high surface area to the electrolyte for 

interfacial mass and charge transfer. Correspondingly, downscaling of active material 

dimensions and structures has evolved as an intriguing strategy to enable high rate capability 

and thereby evoke supercapacitor-like properties for batteries.108,361,362,363,364,365 In recent years, 

this approach has as well been employed to create PBA-based and PBA-derived systems with 

high power rating.346,366,367,368,369 In 2019, Marzak et al. reported an entirely PBA-based ASIB 

with promising fast-charging capability.224 By synthesizing the active material electrodes as 

thin films via electrochemical deposition, the resulting full cell could be charged at 360C 

(10 seconds) while maintaining a 24 Wh/kg energy density. The electrodeposition technique is 

potentially well-suited to synthesize tailored nano- and microstructured battery electrodes 

under highly controlled conditions with the goal of achieving the abovementioned beneficial 

properties of binder-free systems.370 Next to using appropriate conductive substrates 

intrinsically providing a structured template for conformal active material coating,177 such 

endeavors could even involve entirely new battery designs based on, for example, 3D-printed 

matrixes.371,372  

Despite not being commonly used to prepare battery electrodes in today’s practice, the 

electrodeposition method is well known for PBAs, as it was very common especially in the 
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initial period when research interest in this functional material class started more than forty 

years ago.243,244,245 Despite these early studies, a practical guideline for optimized thin-film 

electrode designs for high-power applications remains elusive. Yet, a systematic investigation 

of the interfacial processes and subsequent intercalate transport during (dis)charging is 

indispensable to reasonably benchmark their performance against the usual composite 

electrode assembly with active-material particles.208 This chapter aims to provide a mechanistic 

understanding of the fast-charging capabilities of thin-film PBA electrodes and derive a 

perspective on their design as hybrid battery-supercapacitor systems. First, the rate-limiting 

steps governing the interfacial mass and charge transport properties will be systematically 

investigated for NiHCF model electrodes by varying the thickness of the electrochemically 

active film. The role of parasitic side reactions in the context of low-mass-loading electrodes 

and flat cell geometries will be briefly discussed. The findings on the fast-charging capability 

will be extrapolated to entirely PBA-based full-cell ASIBs. Finally, a possible pathway to 

transferring the beneficial properties of such model systems towards practically relevant mass 

loadings will be elaborated.  

The investigatory approach, findings and discussions in this chapter are in close accordance 

with the published article: "X. Lamprecht, P. Zellner, G. Yesilbas, L. Hromadko, P. Moser, P. 

Marzak, S. Hou, R. W. Haid, F. Steinberger, T. Steeger, J. M. Macak, A. S. Bandarenka. Fast 

Charging Capability of Thin-Film Prussian Blue Analogue Electrodes for Aqueous 

Sodium-Ion Batteries. ACS Applied Materials and Interfaces 2023, 15, 23951–23962” and 

originated from close collaboration with the mentioned co-authors. A reprint is available in the 

appendix.  
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7.2 Impact of Film Thickness on Charge-Discharge 

Characteristics 

Thin-film model electrodes on planar Au-substrates, as presented and characterized in detail in 

Section 5.3, were used to study the impact of the film thickness of electrodeposited NiHCF on 

the fast-charging capability. The potentiodynamic deposition in combination with EQCM 

allows to determine the mass loading of the active material coating precisely. For mass loadings 

above 20 µg/cm2, an increasing contribution from viscous coupling was observed with EQCM, 

which could possibly result in erroneous mass determination (see Section 3.1.4). Therefore, 

the loading was extrapolated coulometrically using the specific capacity of NiHCF (68 mAh/g, 

see Figure 27G) determined below the EQCM-deviation threshold. This is justified by 

considering that there is no apparent physical or chemical reason why higher loadings should 

have a deviating stoichiometry and corresponding intrinsic specific capacity. The thickness of 

the coating was estimated similarly for higher loadings using a specific thickness of 

6.6 nm/(cm2/µg) (see Figure 28D).  

Figure 51 schematically illustrates the individual steps involved during the intercalation of 

sodium in NiHCF thin-film battery electrodes. The process is initiated by the electron transfer 

at Fe(II/III) centers, followed by the insertion of previously desolvated Na+ across the 

electrode-electrolyte interface (coupled electron and ion transfer). As explained in Section 

3.1.3.3, intermediate anion ad/desorption is involved to compensate transient surface charges 

("three-step mechanism"). Subsequently, intercalated Na+-ions propagate within the 

nanoporous framework of NiHCF via solid-state diffusion to entirely occupy all available 

intercalation sites of the active material. Replenishment of sodium ions at the electrode-

electrolyte interface is achieved by diffusion from the bulk electrolyte. Overall, the achievable 

(dis)charging rate of the battery material depends on these individual steps and their complex 

interplay. In the following study, thin-film electrodes with mass loadings from 10 – 83 µg/cm2 

(approximated thickness of 66 – 548 nm) are investigated to identify the rate-limiting step. The 

theoretical background of non-equilibrium charge-discharge characteristics, including sluggish 

kinetics and slow mass transport, is introduced in Section 2.2.3. Experimentally accessible 

diagnostic criteria to differentiate these cases using galvanostatic and potentiodynamic cycling 

are introduced in Section 3.1.1. The electrochemical experiments were performed in close 

collaboration with P. Zellner, whose Bachelor’s thesis and activity as a working student was 

advised as part of this project.373 
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Exemplary galvanostatic discharge curves of NiHCF thin-film electrodes from low to 

remarkably high rates (3000C, 1.2 seconds) are shown in Figure 52A-C for thin, intermediate, 

and thick coatings. The iRu-corrected (Ru is mainly caused by the ionic conductivity of the 

electrolyte) discharge curves exhibit almost no potential hysteresis regardless of the imposed 

rate, implying very fast, reversible charge transfer kinetics associated with a negligible driving 

force. Accordingly, the coupled electron and ion transfer step should not pose a limiting factor 

to the system during oxidation and reduction. For the lowest investigated mass loading 

(10 µg/cm2), the discharge curve and attainable capacity are almost insensitive to the applied 

current. Correspondingly, the electrode remains in quasi-equilibrium and the E(q)-curve can 

be entirely described by the intercalation isotherm (see Section 5.4).142 Nevertheless, higher 

loadings and therefore thicker films increasingly suffer from deteriorating capacity retention at 

higher C-rates, as shown in Figure 52D. In contrast to the 10 µg/cm2-film, the available 

capacity of the 83 µg/cm2-film drops below 95% at rates higher than ≈ 5C, while only 50% 

remain at a rate of 2600C. As the associated coulombic efficiency remains continuously high 

and unchanged, such behavior strongly implies that less and less active material participates in 

the charge-storage processes when increasing the rate.  

 

Figure 51. Scheme of the individual steps involved in the intercalation of sodium in NiHCF. 

See text for a detailed description. Note that the solvation shell of sodium only consists of a 

few water molecules, as discussed in Section 6.3.2.3. Reproduced with permission from ref. 

225. Copyright © 2023, American Chemical Society. 
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Supposedly, beyond a characteristic rate limit, the solid-state diffusion of Na+ is no longer fast 

enough to entirely penetrate the material, which leads to the buildup of a Na+-concentration 

gradient within the thin film.186,208,374,375 Therefore, the charge-discharge characteristics likely 

change from quasi-equilibrium to diffusional rate control.142 As reflected in the experimental 

findings, where this transition is observed at lower C-rates for higher film thicknesses, the 

characteristic diffusion time τ is strongly coupled to the electrode dimension as described by 

Equation 71:142,144 

A) B) C) 

   

D) E) 

 

 

Figure 52. (A-C) Galvanostatic discharge curves of NiHCF thin films with varying mass 

loadings cycled in 8 M NaClO4 at low-to-high C-rates. The horizontal arrows indicate the 

decreasing available capacity. (D) Capacity retention of different mass loadings of NiHCF 

thin films for a large range of tested C-rates. The dashed lines serve as a guide to the eye. 

(E) Estimation of the apparent solid-state diffusion coefficient for Na+ within the active 

material using a simplified approach according to Equation 71. See text for details. The data 

presented in these graphs are reproduced with permission from ref. 225. Copyright © 2023, 

American Chemical Society. 
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Here, l is the diffusion length, which corresponds to the film thickness if τ is exactly long 

enough to entirely fill up the active material during electrode reduction. DNa+,NiHCF is the 

apparent diffusion coefficient of Na+ within the NiHCF lattice. As a plausibility check,  

𝜏 ≈
1

𝐶-𝑟𝑎𝑡𝑒𝑚𝑎𝑥
 

should therefore scale with the squared film thickness and allow to estimate the apparent 

diffusion coefficient. A capacity retention of 95% was used as a threshold to determine the 

C-rate at which the system transitions to diffusional control (C-ratemax). As shown in Figure 

52E, DNa+,NiHCF ≈ 10-12 – 10-10 cm2/s is obtained throughout the investigated mass loadings, 

which possibly slightly overestimates D, but still is in reasonable agreement with reported 

values.208 It should be noted that this approach reflects an extremely simplified approximation 

of the much more complex mass transport dynamics within the film, which are in general 

governed by Equation 20 and Equation 23 with the appropriate boundary conditions. 

Nevertheless, it should yield a reasonable approximation of the order of magnitude of the solid-

state diffusion coefficient, also allowing to certainly exclude diffusion of Na+ within the 

electrolyte (DNa+,8M NaClO4 ≈ 10-6 – 10- 5 cm2/s)164 as a potential source for rate limitation.376 In 

addition, an excess reservoir of Na+ ions is available in the vicinity of the electrode surface 

within the highly concentrated electrolyte, preventing the buildup of a concentration gradient 

in the liquid phase during intercalation. In conclusion, the available reaction time during 

charge-discharge cycles must remain long enough to maintain a Na+-concentration profile in 

the NiHCF thin film, which allows continuous current flow until every lattice site is filled with 

Na+ during reduction. This equally applies vice versa for the oxidation direction 

(deintercalation). This condition is equal to the diffusion length at a certain C-rate remaining 

larger than the film thickness. Accordingly, Equation 71 can serve as an easy and practical 

guideline to specifically design active material coatings for a desired power rating under the 

condition of fast charge-transfer kinetics.144,183 For almost complete capacity usage at 60C (one 

minute), the thickness of a NiHCF thin-film electrode should therefore remain below ≈ 500 nm, 

which corresponds to a mass loading of ≈ 80 µg/cm2 on a flat substrate geometry. Strategies to 

achieve higher mass loadings per substrate footprint will be discussed in Section 7.6. 

𝜏 =
𝑙2

𝐷𝑁𝑎+,𝑁𝑖𝐻𝐶𝐹
 Equation 71 
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As an interesting side note, it should be mentioned that the usually quite time-consuming 

acquisition of rate capability data can be substantially accelerated. Especially when testing 

battery materials down to low charging speeds, such experiments can take several days to 

collect a set of different rates with a few cycles each. It has been proposed by Heubner et al.377 

that similar information can be obtained by employing the coulometric potential-step method, 

which only takes a few seconds to minutes. As shown in Figure 53A for the exemplary case 

of an 83 µg/cm2 NiHCF thin-film electrode, the potential is stepped from a value where the 

active material is entirely reduced towards a value which stipulates full oxidation according to 

the intercalation isotherm. The recorded time-dependent current transient and therefrom 

obtained transferred charge can be used to calculate a capacity retention to C-rate dependency: 

𝑄(𝑡) = ∫ 𝑖(𝑡) ∙ 𝑑𝑡
𝑡

0

, 𝑄(𝑡 → ∞) = 𝑄𝑚𝑎𝑥    

→   
𝑄(𝑡)

𝑄𝑚𝑎𝑥
=

∫ 𝑖(𝑡)∙𝑑𝑡
𝑡
0

∫ 𝑖(𝑡)∙𝑑𝑡
∞
0

     and  𝐶-𝑟𝑎𝑡𝑒(𝑡) =
𝑖(𝑡)

∫ 𝑖(𝑡)∙𝑑𝑡
∞
0

∙ 3600
s

h
  

Accordingly, for any time t, the measured ratio Q(t)/Qmax can be assigned a corresponding 

C-rate and the current transient curve can be transformed into a rate-dependent capacity 

retention. For a more detailed discussion of the analysis, the reader is referred to ref. 377. As 

seen in Figure 53B this approach yields a remarkably good agreement with the 

A) B) 

 

 

Figure 53. Exemplary presentation of the coulometric potential-step method as an accelerated 

alternative rate capability test according to ref. 377. (A) Transient response of an entirely 

reduced NiHCF thin-film electrode in 8 M NaClO4 to a potential step causing full oxidation. 

(B) Therefrom obtained rate capability curve (grey) in comparison to the galvanostatically 

obtained data (orange circles).  
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galvanostatically determined rate capability plot, while only a few minutes were needed to 

acquire the data. It should be noted that this method was originally reported for porous 

composite electrodes, while it is apparently equally applicable to thin-film electrodes. 

In analogy to the galvanostatic experiments presented above, the charge-discharge 

characteristics of NiHCF thin-film electrodes were investigated by means of CV to determine 

the rate-limiting processes in dependence of the mass loading over a wide range of scan rates 

up to 2000 mV/s. Exemplary iR-corrected and scan-rate-normalized CVs (current divided by 

scan rate) are shown for thin, intermediate, and thick coatings in Figure 54A-C. For all 

loadings, highly reversible CV-shapes are obtained at low scan rates, which perfectly match 

with the modelled Nernstian response for a two-phase NiHCF electrode as introduced in 

Section 5.4. As exemplarily analyzed in detail for a 40 µg/cm2 electrode (see Figure 54D), a 

linear ipeak(ν) dependency (a = 1, see Equation 35) is obtained from low to medium scan rates, 

showing negligible peak-to-peak separation. This confirms that the system exhibits fast charge 

transfer kinetics with a negligible driving force not affecting the shape of the CV.142 Such 

characteristic is analogous to the capacitive response observed for the adsorption of surface-

near ionic species in liquid electrolytes (double-layer capacitors) and 2D-confined faradaic 

reaction centers (pseudocapacitance, for example RuO2) employed for supercapacitors. This 

analogy is related to the nature of the intercalation process as quasi-3D-adsorption (see 

Section 2.2.3).378,379 Beyond a certain scan rate, the linear correlation is gradually lost 

(dlog(ip)/dlog(ν) → 0.5), accompanied by an increase of ΔEpp towards 50 – 60 mV. At the same 

time, a "tail-like" current decay after reaching the peak emerges in the CV shape. Such behavior 

is characteristic for the transition of the redox response from quasi-reversible to diffusional 

control, where mass transport limitations can no longer be neglected.142,379,380 This transition 

proceeds at even slower scan rates for increasing mass loadings and thereby higher film 

thicknesses (see Figure 54E).248,374 This strongly implies that the solid-state diffusion of Na+ 

within NiHCF is the source of rate limitation in great similarity to the result from galvanostatic 

analysis. An arbitrary deviation of 10% of the absolute peak current from the fitted quasi-

Nernstian linear dependency (a = 1) is set as an approximate threshold to determine the scan 

rate νmax at which the system transits to diffusional control. Accordingly, the duration of a half-

cycle at this specific scran rate can be used to estimate the characteristic diffusion time: 

𝜏 ≈
𝐸𝑢𝑝𝑝𝑒𝑟 𝑣𝑒𝑟𝑡𝑒𝑥 − 𝐸𝑙𝑜𝑤𝑒𝑟 𝑣𝑒𝑟𝑡𝑒𝑥

𝜈𝑚𝑎𝑥
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Using Equation 71, apparent diffusion coefficients in the range of DNa+,NiHCF ≈ 10-11 – 

10- 10 cm2/s are obtained (see Figure 54F), which is in good agreement with the results from 

the galvanostatic approach discussed above.  

A) B) C) 

   

D) E) F) 

  

 

Figure 54. (A-C) CVs of NiHCF thin films with varying mass loadings cycled in 8 M NaClO4 

at low-to-high scan rates. The arrows indicate the development of the i(E) characteristics for 

increasing scan rates. The black dashed lines depict the modelled response of the active 

material in quasi-equilibrium according to Section 5.4. (D) Exemplary detailed analysis of the 

iR-corrected peak-to-peak separation and peak current to scan rate dependency. The solid 

black line shows a linear fit (a = 1) of log(ipeak ) as a function of log(ν), while the black 

diamonds show the local derivative. (E) Mass-normalized peak-current to scan rate 

dependency (upper graph) for various mass loadings and corresponding deviation (lower 

graph) of the absolute peak current from the linear fit (solid line). The dashed lines in D and 

E serve as a guide to the eye. (F) Estimation of the apparent solid-state diffusion coefficient 

for Na+ within the active material using a simplified approach according to Equation 71. See 

text for details. The data presented in these graphs are reproduced with permission from 

ref. 225. Copyright © 2023, American Chemical Society. 
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In summary, the (de)intercalation of Na+ in NiHCF is associated with remarkably fast and 

reversible kinetics, allowing rapid cycling of the electrode without significant losses up to very 

high rates until mass transport limitations take over the rate control. It is, however, necessary 

to note that this fast-charging capability is not enabled by extraordinarily fast diffusional 

properties of the intercalate within the active material. Instead, it rather results from the short 

required diffusion length within the sub-micron-sized thin-film electrodes208 next to the fast 

kinetic properties of the active material in the thin-film configuration. Nevertheless, their 

supercapacitor-like properties strongly support the opportunities associated with 

microstructured active materials for high-power batteries. 
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7.3 Comparison to Composite-type Electrodes 

To provide a comparison and classification of the performance of the thin-film electrodes, 

results obtained for a NiHCF composite electrode under similar testing conditions should be 

briefly commented in the following. The latter were prepared and characterized as described 

in Section 4.2.2 and Section 5.3 with a probably more commercially-relevant mass loading of 

1.49 mg/cm2. It should be noted that the performance, especially the rate capability, of 

composite-type electrodes strongly depends on the loading or, more precisely, the thickness of 

the electrode coating.180 The following analysis should therefore mostly be considered as a 

qualitative reference for practical battery electrodes.  

The iR-corrected CVs at different scan rates expose a non-linearity of ipeak(ν) even at scan rates 

below 1 mV/s, while a strongly increasing peak-to-peak separation and irreversible i(E)-

characteristic is observed for increasing rates (see Figure 55A and Figure 55B). Even at a scan 

rate of 5 mV/s, the oxidation and reduction half-waves already hit the allowed potential 

A) B) 

 

 

Figure 55. (A) CV at different scan rates of a NiHCF composite electrode in 8 M NaClO4. The 

arrows indicate the development of the i(E) characteristics for increasing scan rates. 

(B) Analysis of the iR-corrected peak-to-peak separation and peak-current to scan rate 

dependency along with the derivative of ip(ν). The dashed line serves as a guide to the eye. The 

data presented in these graphs are reproduced with permission from ref. 225. Copyright © 

2023, American Chemical Society. 
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boundaries, forbidding a further increase of the cycling rate. Overall, this behavior implies 

"mixed" rate control with both mass transport and charge-transfer kinetics, significantly 

limiting the intercalation dynamics already at a low cycling rate.142     

In analogy to the CVs, the galvanostatic discharge curves of the NiHCF composite electrode 

are characterized by severe hysteresis for increasing rates (see Figure 56A-B). At a rate of 

25C, the charge-discharge curves are separated by ≈ 500 mV and prematurely hit the potential 

limitations, possibly contributing to bad capacity retention. Impedance spectroscopy was 

performed to isolate and quantify the effect of the charge transfer on the overall polarization 

(Figure 57A-B). The spectra were fitted with the model described in Section 3.1.3.3. As seen 

in Figure 57C, the mass-normalized charge transfer resistance of the composite electrode is 

around two orders of magnitude larger than for the thin-film configuration, which consistently 

reflects its impaired kinetics compared to the hysteresis-free behavior of the thin films. The 

extracted charge transfer resistance Rct = 1502 Ω at SOC = 50% and an assumed transfer 

coefficient of α = 0.5 were used to construct a Butler-Volmer-like polarization curve according 

to Equation 18 and Equation 42, as shown in Figure 56C. It should be noted that this semi-

empirical treatment is based on a cumulative exchange current reflecting an overall response 

of the active material, which does not allow to extract system-specific properties due to the 

inhomogeneity of the NiHCF particles (see discussion below). For low currents, the iR-

corrected polarization determined at SOC = 50% exhibits behavior as expected for a kinetically 

controlled process. However, for higher currents a significant deviation from the purely kinetic 

regime is observed with the slope of log(i) vs. (η – iR) being smaller than αF/(2.303∙RT) as 

predicted by the Tafel-equation, which indicates that mass-transport limitations become rate 

limiting.194,375,381 
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Apart from the strong hysteresis, a detrimental capacity retention is obtained for the composite 

electrode as seen in Figure 56D, with a capacity reduction of  50% at 25C. Even though a 

slightly better performance was observed in other studies, as for example in ref. 84, it is 

undoubtedly inferior to the thin-film electrodes regarding mass-specific power. To understand 

this, the morphology of the active material was investigated using SEM. As shown in Figure 

57D, the NiHCF powder obtained from the co-precipitation synthesis consists of very large 

A) B) 

  

C) D) 

  

Figure 56. (A) Galvanostatic discharge curves at different C-rates of a NiHCF composite 

electrode in 8 M NaClO4. The horizontal arrows indicate the decreasing available capacity, 

and the vertical arrows the growing hysteresis for increasing rates. (B) iR-corrected charge-

discharge curves. The polarization can be approximated according to Equation 36 at 50% 

SOC and is plotted in dependence of the imposed current in (C) along with a Butler-Volmer-

like calculated polarization curve using Rct to estimate i0 at 50% SOC. (D) Capacity retention 

of the electrode in comparison to the performance of a literature-reported NiHCF composite-

type electrode. The dotted lines serve as a guide to the eye. The data presented in these graphs 

are reproduced with permission from ref. 225. Copyright © 2023, American Chemical Society. 
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secondary particles with a size of several micrometers, while the arbitrarily shaped primary 

particles have a size of ≈ 50 nm as usually reported (see inset in Figure 57D).84,238 These large 

active material agglomerates were maintained within the carbon-binder-matrix after slurry 

coating the composite electrode (see Figure 57E). The long solid-state diffusion pathway for 

sodium ions within these large secondary particles provides a reasonable explanation for the 

poor rate capability,355 consistent with the mass-transport limitations concluded from the 

polarization analysis above. In addition, the agglomerates within the carbon-binder-matrix 

provide a significantly lower surface-area-to-mass ratio in comparison to the thin-film 

electrodes or other smaller, sub-micron-sized geometries, resulting in a higher mass-

normalized charge transfer resistance and impaired kinetics.252,382  

A) B) C) 

  

 

D) E) 

  

Figure 57. Impedance spectra of a NiHCF (A) thin-film and (B) composite electrode fitted 

using the EEC discussed in Section 3.1.3.3. The therefrom obtained mass-normalized charge 

transfer resistance within the electrochemically active potential range of NiHCF is shown in 

(C). The data presented A-C are reproduced with permission from ref. 225. Copyright © 2023, 

American Chemical Society. (D) SEM image of the NiHCF powder, which consists of large 

agglomerated secondary particles. The inset shows ≈ 50 nm-sized primary particles. (E) SEM 

image of the composite electrode, in which the structure of the large agglomerates is 

maintained (see exemplary arrows).  
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In conclusion, the significant polarization and low rate capability of NiHCF in the composite 

electrode configuration can be consistently explained by the detrimental structure of the active 

material consisting of too large agglomerates with inhomogeneous morphology. The effect 

could be further enhanced by blocking active sites for interfacial ion transfer at NiHCF within 

the carbon-binder-matrix, poor contact with the current collector foil or detrimental transport 

properties of ions inside the electrolyte-filled porous network of the composite electrode (see 

introduction to this chapter). This highlights the necessity to precisely optimize the specific 

material synthesis and electrode preparation procedure in the case of slurry casting to ensure 

superior performance and reproducibility. In contrast, the thin-film electrodeposition technique 

employed herein allows to control and tune the active material composition and structure 

precisely and reproducibly, thereby enabling a high power capability.   
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7.4 Excursion: Role of Parasitic Side-Reactions Associated 

with Low-Mass-Loading Electrodes 

As discussed in Section 5.3, the thin-film model electrodes investigated herein had mass 

loadings well below 1 mg/cm2 and thicknesses in the range of 50 – 1000 nm. While this allows 

remarkably high current densities up to 100 A/g, it also comes with significant vulnerability 

for parasitic side reactions towards low currents. A brief discussion of this potential hazard will 

be provided in the following on the example of MnHCM. This PBA-derivative is considered a 

promising anode candidate for ASIBs due to the low redox potential of its NaxMnIIMnI/II(CN)6 

transition (see Figure 25A).68,95,200,233,383 The electrochemical experiments were performed in 

close collaboration with F. Steinberger and T. Steeger, whose Master’s and Bachelor’s theses 

were advised as part of this project.384,385 The investigatory approach was in parts based on the 

previous work of P. Moser.386 

In analogy to NiHCF, MnHCM thin-film electrodes on planar Au-substrates were obtained via 

electrochemical deposition, as described in Section 4.2.1.2. Whereas this enables a similarly 

beneficial loading-dependent capacity retention behavior up to very high rates, as shown in 

Figure 58A, a significant decrease of the coulombic efficiency is observed towards lower rates 

(see Figure 58B). For a 40 µg/cm2 film, only 83% of the charge can be retained during 

oxidation compared to the reduction even at a moderate rate of 10C, while this value increases 

A) B) 

  

Figure 58. (A) Specific discharge capacity and (B) coulombic efficiency for two different mass-

loadings of MnHCM thin-film electrodes during galvanostatic cycling in 8 M NaClO4 (pH = 

5.7) at various C-rates. The dotted lines serve as a guide to the eye. The data presented in these 

graphs are reproduced with permission from ref. 225. Copyright © 2023, American Chemical 

Society. 



7.4 Excursion: Role of Parasitic Side-Reactions Associated with Low-Mass-Loading 

Electrodes 

150 

 

to 95% for a loading of 150 µg/cm2. Overall, the curves show a strongly decreasing trend of 

the coulombic efficiency towards longer (dis)charging times. As MnHCM is considered as an 

anode material, the oxidation direction corresponds to the electrode discharge. This means that 

such low CE represents a severely detrimental property of the material as much more charge is 

needed to recharge the electrode compared to one obtained during discharging. Apparently, the 

relative impact of this effect is stronger for lower mass loadings and therefore thinner films.    

Whereas its low redox potential of ≈ – 0.9 V vs. SSC in 8 M NaClO4 (– 0.35 V vs. RHE at 

pH = 5.7) makes MnHCM very attractive as an anode material for ASIBs, it also makes it an 

easy source of electrons for the reduction of a reaction partner as explained in Section 2.1.3. 

Such parasitic oxidation of a fully intercalated (reduced, Na3MnII[MnI(CN)6]) MnHCM anode 

effectively represents a self-discharge of the material. A possible oxidation pathway involves 

the reduction of trace amounts of atmospheric O2 dissolved in the electrolyte. Such a process 

is enabled due to the standard reduction potential of O2 (see Table 1) being well above the 

redox potential of MnHCM:387 

4Na3Mn
II[MnI(CN)6] + 2H2O + O2 → 4Na2Mn

II[MnII(CN)6] + 4Na
+ + 4OH− 

This hypothesis was assessed by intentionally purging the electrolyte with atmospheric air, 

which naturally contains ≈ 21% oxygen, and leaving a fully reduced MnHCM electrode in an 

open-circuit configuration. As seen in Figure 59A, the open-circuit potential of the electrode 

almost instantly reaches 0.3 V vs. RHE, reflecting a complete oxidation of the active material. 

At an equal mass loading, purging the electrolyte with argon leads to a ≈ 50 times reduction of 

the self-discharge speed. Concludingly, dissolved oxygen in the electrolyte can play an 

important role in the self-discharge of MnHCF. The amount of oxygen needed to entirely 

oxidize a 10 µg/cm2 thin film of MnHCM can be estimated as done in the following. For pure 

water at 25°C, the solubility of oxygen from the air is ≈ 0.26 mmol/l, which should, however, 

be strongly reduced in the case of the herein-employed concentrated electrolyte.170,388,389,390 

The electrochemical cell was furthermore constantly purged with argon gas to avoid 

contamination of the electrolyte with undesired gases (see Section 4.1). The charge of the 

electrode available for parasitic conversion is 

10 
µg

cm2
 ∙ 1.37 cm2 ∙ 72

mAh

g
≈ 1 µAh = 3.6 mAs. 

Using the Faraday constant, it can be calculated that 3.6 mAs corresponds to a number of 

electrons of ≈ 0.037 µmol. According to the reaction equation above, one O2 molecule can 

"steal" four electrons. Therefore, less than 0.01 µmol of dissolved oxygen would be needed to 



7 Fast-Charging Capabilities of Thin-Film Electrodes 

151 

 

fully discharge the electrode. Considering the electrolyte volume of 120 ml, it is found that this 

corresponds to a concentration of dissolved oxygen of 0.083 µmol/l, only ≈ 0.03% of the 

theoretical solubility in pure water under ambient conditions. Therefore, considering potential 

leakage of the electrochemical cell or other oxygen entry pathways, a hypothetical role of O2 

in the parasitic oxidation of MnHCM electrodes cannot be excluded. Such a detrimental impact 

of oxygen in the electrolyte has also been reported in previous studies on, e.g., Li/NaTi2(PO4)3, 

another material considered as anode for aqueous intercalation-type batteries.170,387,389,390  

Naturally, the electrode operation at potentials below 0 V vs. RHE thermodynamically also 

allows the parasitic oxidation of the material by H2O decomposition (H2 evolution) at its 

surface.387   

2Na3Mn
II[MnI(CN)6] + 2H2O → 2Na2Mn

II[MnII(CN)6] + 2Na
+ + 2OH− + H2 

This process can theoretically proceed until the electrode potential reaches 0 V vs. RHE, 

corresponding to complete oxidation for the specific case of MnHCM in 8 M NaClO4 (see 

Figure 59B). A pH-induced shift of the thermodynamic onset of water decomposition (see 

Equation 10) via electrolyte basification could strongly decrease the driving force for this 

parasitic oxidation pathway. In fact, it was even reported that an evolving local pH increase 

due to the continuous formation of OH- (see equations above) could have a self-limiting effect 

on the hydrogen evolution and thereby reduce the vulnerability of the active material to 

parasitic oxidation.151,391 It must however be ensured that the stability of the material is not 

negatively affected by such a pH-related approach. Unfortunately, PBAs are rather susceptible 

to alkaline solutions (see Section 6.3.2.1). 

Both processes discussed above, namely parasitic oxidation of MnHCM by dissolved trace 

amounts of oxygen, as well as water decomposition at the active material surface can serve as 

a possible explanation for the self-discharge of the material. Apart from these, a possible 

pathway involving the parasitic reduction of ClO4
- might be worth investigating.392 Such an 

approach, however, appears challenging as highly concentrated NaClO4 appears to be one of 

the only effective ways to prevent the degradation of MnHCM in purely aqueous 

solutions.200,233,384,385  

Nevertheless, apart from self-discharge under resting/open-circuit conditions, such processes 

also proceed in parallel to the battery operation during intentional discharging (oxidation). This 

causes the retained usable capacity to be smaller than the intrinsic capacity of the material 

(Qintrinsic) as shown in Figure 59C. However, it is also visible that the charging (reduction) 
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direction is affected as well by parasitic processes causing much higher charge consumption 

compared to Qintrinsic. Similar to the processes discussed above, this might be caused by 

irreversible side reactions due to "bypassing" electrons intended for the reduction of the active 

material to the electrochemical ORR and HER at the electrode surface:  

O2 + 2H2O + 4e
− → 4OH−        and        2H2O + 2e

− → H2 + 2OH
− 

Therefore, these potentially occurring processes might be virtually identical to the self-

discharge phenomenon, with the only difference being that, in this case, the potentiostat serves 

as the source of electrons instead of the intercalated MnHCM anode.  

A) B) 

  

C) D) 

  

Figure 59. (A) Evolution of the open-circuit potential of a MnHCM thin-film electrode under 

the impact of oxygen in the electrolyte compared to inert argon gas. (B) CV of MnHCM in 

relation to the hydrogen evolution reaction on blank Au-substrate. (C) Impact of the 

(dis)charging rate of MnHCM on the parasitic oxidation and irreversible reduction processes. 

(D) Influence of the MnHCM mass-loading on the relative impact of the side reactions 

expressed by the self-discharge rate. All measurements were performed in 8 M NaClO4 

(pH = 5.7). The dotted lines serve as a guide to the eye. The data presented in these graphs are 

reproduced with permission from ref. 225. Copyright © 2023, American Chemical Society. 
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In summary, parasitic reduction processes of electrolyte species and contaminations can serve 

as a sufficient explanation for the self-discharge and low coulombic efficiency of the material. 

Considering these processes as a non-vanishing leakage with certain current-potential 

characteristics152,153 allows to explain the strong rate dependency of the CE, which is low at 

low rates and close to 100% at high rates (see Figure 58B and Figure 59C). As long as the 

imposed charging and discharging current is way above the leakage current (high C-rate), the 

impact of the latter can be neglected due to sluggish kinetics and transport properties of the 

reactants and products of the side reactions. If the current is sufficiently small (low C-rate) and 

at the same order of magnitude as the leakage, the parasitic processes strongly influence the 

charge balance during cycling. As the underlying parasitic processes are strongly surface 

related, it should follow that the relative impact of the side reactions is especially strong for 

low-mass loading electrodes (very thin films), but should decrease for thicker films (supposing 

unaltered surface area), thus higher mass loadings. This is confirmed by the trend shown in 

Figure 59D. Assuming that the leakage has a constant surface-normalized current density at a 

given potential, its ratio to the imposed (dis)charging current becomes even smaller for thicker 

films. This results from the fact that a given C-rate corresponds to a given mass-normalized 

current, while the corresponding surface-normalized current drastically increases for thicker 

films. An explanatory analogy for this geometric relation would be entirely filling up a cylinder 

with water in a given time. If now a twice-as-high cylinder with the same diameter (corresponds 

to doubled volume) should be filled up within the same time, the water flow per area must also 

double, while the water flow per volume remains constant. In the case of a solid-state 

intercalation host, volume equally translates to mass via its density.  

Apart from a higher film thickness, which is not infinitely scalable as discussed in Section 5.3 

and Section 7.2, a further increase of the electrolyte concentration should also mitigate the 

impact of side reactions due to lower oxygen solubility,170,389 as well as impeded HER and 

thereby an extended stability window (see Section 2.2.4). Furthermore, more realistic electrode 

geometries (microstructured instead of planar surface as employed for the herein presented 

model system) should also reduce the impact due to transport limitations of the products and 

reactants of the side reactions, as well as local pH effects (see discussion above). Of course, 

also the large electrolyte volume (120 ml) compared to the planar electrode surface area 

(1.37 cm2) and the order of magnitude of the employed absolute capacities (< 10 µAh, < 100 µg 

active material) plays an important role: While transport and replenishment of side-reaction-

reactants are facilitated, the electrolyte volume also offers high uptake capability for 
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corresponding products, as well as electrolyte contaminants. Whereas the employed 

electrochemical cell was optimized for experimental purposes,224 the resulting ratio of 

electrolyte volume to electrode material (≈ 1200 ml/mg) is incomparably higher than in more 

realistic battery geometries such as pouch- or coin-cells (< 1 ml/g)95,393 by several orders of 

magnitude. Therefore, the data presented above likely reflects an overestimation of the impact 

of side reactions at low C-rates and low mass loadings, and better results should be obtained 

in, e.g., a coin-cell configuration. Lastly, the impact of electrolyte contaminants, such as 

oxygen, can be alleviated by the fabrication of sealed cell geometries in an inert atmosphere as 

provided by a glovebox.   
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7.5 Model Full Cells: NiHCF – MnHCM and 

NiHCF – CoHCF 

This section aims to extrapolate the findings on the fast-charging capability presented above 

for NiHCF thin-film electrodes in half-cell configuration to other PBA materials (see 

Section 5.2) in a full-cell setup. Therefore, two prototypical entirely PBA-thin-film-based 

model batteries were set up and characterized. Similar to NiHCF, CoHCF, and MnHCM 

electrodes were prepared via electrochemical deposition on Au-QCM substrates as explained 

in Section 4.2.1.2. 8 M NaClO4 was used as the electrolyte to allow a degradation-free 

operation of the cell as discussed in Chapter 6 and enable an extended stability window (see 

Section 2.2.4). The employed electrochemical setup for the dedicated investigation of thin-film 

model electrodes and full-cell assemblies reported by Marzak et al.224 is described in 

Section 4.1. The individual electrode potentials were corrected by the iR-drop to compensate 

for the large ohmic resistance of the electrolyte volume between the electrodes associated with 

the cell geometry. Data of the full cells have been previously reported in parts by Marzak et 

al.224 and P. Moser.386 The discussion herein will be presented to showcase the prototypical 

implementation of fast-charging thin-film electrodes in the context of the findings elaborated 

in this chapter. P. Marzak and P. Moser are gratefully acknowledged for the close collaboration 

on the presented results. 

Figure 60 shows the characterization of a model battery with NiHCF as the cathode and 

MnHCM as the anode. The corresponding reaction during operation can be expressed as:  

Na2Ni
IIFeII(CN)6 + Na2Mn

IIMnII(CN)6  
charging
⇄

discharging
NaNiIIFeIII(CN)6 + Na3Mn

IIMnI(CN)6 

As seen in Figure 60A and Figure 60B, the cell delivers a voltage of 1.47 V with a specific 

capacity of up to ≈ 17 mAh/g and a corresponding energy density of 25.5 Wh/kg based on the 

active material mass of both anode and cathode. Both the capacity and energy exhibit an 

extremely high rate capability with full capacity retention up to 360C, which corresponds to a 

(dis)charging time of only 10 seconds (Figure 60C). Accordingly, the fast-charging properties 

of the individual thin-film electrodes are maintained in the full-cell model assembly. Its 

hysteresis-free charge-discharge characteristics and capacity retention translate into a high 

energy efficiency approaching 97% even at high rates. Despite this loss-free operation at 

moderate and high rates, the coulombic efficiency and the energy efficiency significantly drop 
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when reducing the cycling speed. This is also reflected by the decreasing discharge capacity 

and energy. Such detrimental behavior can be attributed to the increasing role of parasitic side 

reactions observed for low mass-loading thin-film electrodes, as discussed in Section 7.4. 

These additionally cause an increasing imbalance of the individual electrode potential with 

advancing cycles, further decreasing the attainable capacity. As reasoned from the discussion 

in the previous section, a significantly improved performance of the battery is expected for 

more realistic electrode and cell geometries and properties.  

As another example, a full cell based on CoHCF as cathode and NiHCF as anode is shown in 

Figure 61. As previously discussed in Section 6.3.1 and shown in Figure 25, CoHCF exhibits 

two redox transitions based on the activity of CoII/III (at lower potential) and FeII/III (at higher 

potential).275 In this case, only the latter was allowed by restricting the potential boundaries of 

the cathode to maintain a positive driving force for the cell. The corresponding reaction during 

operation can be expressed as:  

NaCoIIIFeII(CN)6 + NaNi
IIFeIII(CN)6  

charging
⇄

discharging
CoIIIFeIII(CN)6 +Na2Ni

IIFeII(CN)6 

The cell only delivers a voltage of 0.42 V due to the energetic proximity of the two individual 

intercalation reactions, while a maximum specific capacity based on the active materials of 

A) B) C) 

  
 

Figure 60. NiHCF–MnHCM model battery using thin-film electrodes and 8 M NaClO4 as 

electrolyte. Exemplary galvanostatic charge-discharge curves at a rate of 360C showing the 

iR-corrected cell voltage versus (A) specific capacity and (B) specific energy. (C) Rate 

capability of the capacity and energy with the corresponding coulombic- and energy 

efficiencies. The dashed lines serve as a guide to the eye. The gravimetric figures are based on 

the total mass of active materials. The data presented in these graphs are reproduced with 

permission from ref. 225. Copyright © 2023, American Chemical Society. 
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26 mAh/g is obtained (see Figure 61A). As shown in Figure 61B, the resulting energy density 

of 10 Wh/kg is lower compared to the NiHCF–MnHCM model battery due to the significantly 

lower cell voltage. Nevertheless, an equally beneficial fast charging capability is observed with 

a loss-free and stable capacity and energy retention up to 180C (see Figure 61C). The 

coulombic efficiency is close to 99% at high rates, while it decreases towards lower rates. In 

turn, the energy efficiency of the cell only reaches 94% at the highest investigated rate, which 

is reflected in the more pronounced irreversibility of the charge-discharge curve shown in 

Figure 61B. This can be explained by irreversible chemical reactions, potentially OER, 

towards the higher potential vertex (fully charged state) as seen from the CV shown in Figure 

25A. Similar to the NiHCF–MnHCM system, this effect becomes stronger towards lower rates.  

In previous research, full-cell ASIBs entirely based on PBAs as active materials in composite 

electrode configurations were shown to deliver energy densities of ≈ 27 Wh/kg at 1C (cathode: 

CuHCF, anode: MnHCM, ≈ 74% energy retention at 50C)233 and ≈ 27 Wh/kg likelyiv at 1C 

(cathode: CuHCF, anode: FeHCF, ≈ 78% capacity retention at 10C).394 Whereas the intrinsic 

energy density is similar to the results presented herein, the high rate capability and 

corresponding power density of 1 – 10 kW/kg achieved by the thin-film electrodes, as presented 

                                                 
iv Unfortunately, the cited article is ambiguous at this incident. 

A) B) C) 

  
 

Figure 61. CoHCF–NiHCF model battery using thin-film electrodes and 8 M NaClO4 as 

electrolyte. Exemplary galvanostatic charge-discharge curves at a rate of 180C showing the 

iR-corrected cell voltage versus (A) specific capacity and (B) specific energy. (C) Rate 

capability of the capacity and energy with the corresponding coulombic- and energy 

efficiencies. The dashed lines serve as a guide to the eye. The gravimetric figures are based on 

the total mass of active materials. The data presented in these graphs are reproduced with 

permission from ref. 225. Copyright © 2023, American Chemical Society. 



7.5 Model Full Cells: NiHCF – MnHCM and NiHCF – CoHCF 

158 

 

herein, is unrivalled. The Ragone plot shown in Figure 62 allows to classify the performance 

of the model batteries presented herein in relation to the usual properties of electrochemical 

energy storage systems on a gravimetric scale.108,109,361,395 Accordingly, their properties qualify 

binder-free and therefore pure-active-material thin-film PBA electrodes for application as 

hybrid battery-supercapacitor devices combining the desirable advantages from both classes: a 

decent energy density with a stable operating voltage over the entire SOD on one side, and an 

extremely high power density and ultimate rate capability on the other side allowing almost 

loss-free (dis)charging within seconds. However, this superior performance of the model cells 

comes for the price of a significantly lower, commercially not viable footprint mass loading. A 

critical discussion of this drawback and pathways to resolve it will be further elaborated in 

Section 7.6. 

 

  

 

Figure 62. Schematic Ragone-plot showing the performance of the herein presented PBA thin-

film model batteries in comparison to the usual properties of batteries and supercapacitors. 

Refs. 108 and 137 were used as data sources for the schematic battery and supercapacitor 

regions. The data presented in this graph is reproduced with permission from ref. 225. 

Copyright © 2023, American Chemical Society. 
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7.6 Outlook on the Potential Realization for Practical 

Applications 

The thin-film electrode configurations discussed in the previous sections should be regarded as 

model systems to investigate and showcase their beneficial kinetics and mass transport 

properties. Yet, the achievable areal mass loadings (< 100 µg/cm2) obtained from the 

electrodeposition technique are too low and therefore not competitive for practical batteries. 

For these, usual loadings in the order of 10 mg/cm2 (even up to 50 mg/cm2) are easily realized 

using the slurry-casting method.180,396,397,398 However, it should be remembered that the 

electrodeposited electrodes were prepared using planar gold substrates. Apart from the fact that 

gold is, of course, not a reasonable choice for a real-world current collector, using a 

macroscopic planar metal foil (as in the case of composite electrodes) to hold a sub-micron 

thick active material layer naturally leads to a low active-material to current-collector ratio. 

Much more suitable templates for the binder-free decoration with functional materials on the 

sub-micron-scale would be lightweight, low-cost, and conductive substrates with an 

intrinsically microporous or microstructured shape. Naturally, such templates provide a real 

surface area largely exceeding its geometric footprint. A conformal coating via 

electrodeposition following the three-dimensional large-area surface contour should therefore 

significantly enhance the achievable mass loadings for thin-film battery electrodes while 

maintaining the beneficial high-power capability.108,177,356,360,370,399,400,401,402  

To specify the requirements on the surface and weight relations of a potential substrate one can 

use the following parameters and considerations. An important aspect is the real surface-area 

(SA) to geometric-footprint-area (GFA) ratio (SFR = SA/GFA). The gain-factor SFR reflects 

how much surface area is really provided by a sample with a given geometric footprint, while 

its specific surface area (SSA) quantifies the real surface area per substrate mass. Setting a rate 

of 60C, which corresponds to a (dis)charging time of one minute, as the goal for loss-free 

performance of the PBA material, the thickness of the thin film should not exceed ≈ 500 nm 

(see Section 7.2). This is equal to a mass loading (ML) of ≈ 75 µg/cm2 on the real surface area 

(assuming a homogenous coating, see Figure 28D). Accordingly, an SFR > 130 would be 

needed to achieve a footprint-mass-loading ML□ (ML□ = ML ∙ SFR) of 10 mg/cm2 on the GFA. 

Accepting a substrate weight of 50% of the active material per geometric footprint, which is 

equal to 5 mg/cm2, the template must at least have an SSA of 
SRF

50% ∙ML□
 ≈ 2.6 m2/g. Whereas this 
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order of magnitude is easily reached for powders and nanoparticles, an appropriate substrate 

for the electrodeposition must have a cohesive 2D structure and needs to be sufficiently robust 

to hold a sub-micron-sized thin film.  

Potential templates involve, for example, metal/metal-oxide meshes, foams, nanotubes and 

nanowires.177,356,401,403 Apart from other carbonaceous options, such as graphene or carbon-

nano-tubes, carbon cloth (CC) has been introduced as a promising material fulfilling the above-

discussed requirements. In contrast to metal-based alternatives, it is also chemically stable in 

aqueous environments under various conditions. Carbon cloth is a woven fabric consisting of 

carbon-fiber yarn (diameter 5 – 10 µm), and is therefore highly conductive, flexible, 

mechanically stable, and low-cost while offering an increased surface area due to its 

microstructured scaffold. It has found application as a template for functional material 

decoration in various energy conversion and storage research directions, such as batteries, 

supercapacitors or electrocatalysis, furthermore bearing potential especially for wearable 

devices and electronics.177,178,356,357,404,405    

In a few recent studies, carbon cloth has accordingly been introduced as a template for the 

preparation of binder-free PBA and PBA-composite electrodes for batteries, supercapacitors 

and de-ionization devices, or PBA-derived electrocatalysts (see Table 8 for selected examples 

with corresponding references). The employed PBA-on-CC synthesis schemes can, in 

principle, be grouped into three categories: the (chemical) conversion of pre-deposited 

transition metal coatings in a solution containing hexacyanoferrate ions, precipitation on CC 

by immersion in respective precursor solutions, or direct electrodeposition. While a few of 

these studies reported mass loadings > 10 mg/cm2 obtained from the conversion method, the 

loading was often in the order of 1 mg/cm2 or not reported at all. Furthermore, some of the 

presented papers on PBA-on-CC for battery and supercapacitor applications reported very 

promising rate capability results. The morphology of the PBA-functionalization varied strongly 

from conformal or thick non-conformal coatings to attached nano-cubes/sheets/needles. 
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Table 8. Selected examples of PBAs, PBA-composite and PBA-derivative functional 

electrodes directly fabricated on CC or carbon paper.  

This section aims at exploring the usage of carbon cloth to extrapolate the fast-charging 

properties discussed for low-mass-loading model electrodes to more application-relevant 

battery mass-loadings and electrode geometries. It is based on the (not published/preliminary) 

findings that resulted from the close collaboration with N. Thomsen and R. List, whose 

Master’s and Bachelor’s theses were advised as part of this project,416,417 as well as the activity 

of T. Steeger as a working student. Z. Hussain is gratefully acknowledged for his scientific 

advice and experimental help in pretreating CC substrates. The brief following treatise should 

serve as a conceptual introduction to illustrate a potential direction for future research and 

highlight some open challenges on the example of some initial experiments. 

functional material PBA synthesis method reported loading application ref. 

FeHCF-MnO2 electrodeposition 1-2 mg/cm2 supercapacitor 406 

CoHCF on polyaniline precipitation 1.42 mg/cm2 battery 407 

ZnHCF conversion 
15 mg/cm2 

(estimated) 
battery 408 

FeHCF precipitation not found battery 409 

CoHCF conversion not found battery 410 

CoHCF precipitation 1.2 mg/cm2 supercapacitor 411 

NiHCF conversion 26.4 mg/cm2 supercapacitor 412 

CuHCF conversion 9.4 mg/cm2 supercapacitor 413 

MnHCF precipitation 3 mg/cm2 deionization 414 

FeHCF-derived FeNi(OH)x electrodeposition Not found OER electrocatalyst 415 
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The decoration of carbon cloth with a conformal coating of the fibers with PBA thin films via 

electrodeposition is schematically depicted in Figure 63A. From an experimental point of 

view, such an approach is initially hindered by the strong hydrophobicity of bare carbon 

surfaces.418 However, a high wettability of the fibers with the electrolyte is particularly 

important for successful electrodeposition and operation of the functional coating. A variety of 

pretreatment methods to increase the hydrophilicity of carbon cloth have been proposed in the 

literature, including wet chemical- and electrochemical oxidation, calcination in the presence 

of oxygen, as well as plasma- and ozone activation.404,419,420,421,422,423 In a simplified 

approximation, a carbonaceous surface can be represented by a graphene-like scaffold as 

shown in Figure 63B. Whereas the non-polar chemical structure of bare carbon has a low 

affinity for H2O, the local introduction of surface defects and polar functionalities can 

A) 

 

B) 

 

Figure 63. (A) SEM image of bare carbon cloth and schematic illustration of its microscopic 

structure. The cloth is woven from yarns, which consist of several hundred carbon fibers. By 

electrodepositing a thin PBA film on the conductive fibers, a homogenous functional coating 

of the cloth should be achieved. (B) Schematic illustration of the chemical structure of a bare 

and defective carbon surface obtained by pretreatment methods, as explained in the text. 
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significantly increase the wettability by providing anchoring points for water molecules via H-

bonding and other short-range interactions. Oxygen functional groups are especially beneficial 

for improved hydrophilicity and can include C−OH (hydroxyl), C=O (carbonyl), O=C−OH 

(carboxyl), or O=C−O (ester).418,420 Several pretreatment methods and their impact on the 

deposition of PBAs have been investigated in detail by R. List in his Bachelor’s research 

project,417 but will not be further discussed herein.  

To first illustrate the principle and practicability of metallic coatings on hydrophilic carbon 

cloth, pure nickel was electrochemically deposited from an aqueous solution consisting of 

0.25 M NiSO4, 0.1 M H2SO4 and 0.25 M Na2SO4 under potentiostatic control at -0.6 V vs. SSC 

(-0.11 V vs. Ni/Ni2+). This way, metallic nickel loadings in the order of 10 mg/cm2 could be 

easily accomplished within a few hours. As seen in Figure 64, the carbon fibers are 

homogeneously decorated with a metallic coating. It consists of sub-micron-sized nickel nuclei, 

which have conglomerated to form a film-like structure covering the fibers. 

In contrast, the direct electrodeposition of PBA functional electrodes turned out to be much 

more challenging. Figure 65 exemplarily shows the obtained coatings for NiHCF (A) and 

InHCF (B). Especially for NiHCF, the carbon fibers are only irregularly covered with the 

electrode material, and it can be seen that the coating is very unstable and readily detaches from 

 

Figure 64. SEM images at increasing magnifications of metallic nickel electrodeposited on 

carbon cloth. Overall, a homogenous coating of the individual fibers with a film-like structure 

is visible. 
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the template on many spots. While the coverage is slightly better overall for InHCF, the film 

itself appears to be very rough and brittle. It should be noted that the displayed examples should 

not be seen as representative, as a low degree of reproducibility was, in general, observed for 

the electrodeposition of PBA functional electrodes on carbon substrates (in comparison to Au-

QCM).  

 

A) 

 

B) 

 

C) 

 

Figure 65. SEM images at increasing magnifications of (A) NiHCF and (B) InHCF 

electrodeposited on carbon cloth. Closeup-views to estimate the film thickness are provided in 

(C). The images of InHCF on CC are reprinted with permission from ref. 417. 
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Unfortunately, relatively low mass loading improvements up to only ≈ 500 µg/cm2 were 

achieved. A possible explanation will be outlined in the following: According to the 

manufacturer, the fibers of the employed CC have a diameter of 7.5 µm with a density of 

1.76 g/cm3 and a carbon content of 99.5%.424 The surface Sf and mass Mf of one fiber with a 

length of 1 cm is then calculated as 

𝑆𝑓 = 7.5 µm ∙ π ∙ 1 cm = 0.0024 cm
2 

𝑀𝑓 = (
7.5 µm

2
)
2

∙ π ∙ 1 cm ∙ 1.76
g

cm3
= 7.8 ∙ 10−4 mg 

The specific mass of the substrate was weighed as 12.29 mg/cm2. For comparison, 10 µm-thick 

copper foil, usually used as the current collector for graphite electrodes in LIBs, has a specific 

mass of ≈ 9 mg/cm2. Accordingly, carbon cloth with a footprint of 1 cm2 comprises of ≈ 15,800 

fibers. The resulting SFR and SSA are obtained as 

SFR =
15,800∙0.0024 cm2

1 cm2
≈ 38     and     SSA =

38

12.29
mg

cm2

= 0.31
m2

g
. 

This approximation might overestimate the available SRF and SSA, as it neglects potential 

masking of individual fibers from neighboring or crossing ones. Nevertheless, both quantities 

are significantly smaller than the target values (SFR > 130 and SSA > 2.6 m2/g) introduced at 

the beginning of this section. In conclusion, the SFR and SSA of the specific CC substrate are 

too small to achieve reasonable loadings for PBA functional coatings, while its high specific 

mass further aggravates its applicability.  

Apart from the detrimental properties of the employed carbon cloth, the quality of the obtained 

PBA coatings was inferior to the model system introduced in Section 5.3. Overall,  the targeted 

thickness of the PBA films of 500 nm could not be achieved. As visible from Figure 65C, its 

value approximately ranged around 200 nm, which corresponds to an areal mass loading of 

ML ≈ 30 µg/cm2 using the specific thickness of 6.6 nm/(cm2/µg) (see Figure 28D). Using the 

SFR calculated above, the theoretical total mass loading on the footprint area of the CC 

substrate would accordingly be ML□ ≈ 1140 µg/cm2. This value is more than two times higher 

than the really obtained loading, which was determined using the accessible electrode charge 

and the specific capacity. As a result, either the really obtained film thickness is on average 

significantly smaller, a portion of the deposited film is not active (e.g., because of deficient 

attachment to the fiber) or the coverage of the CC fibers is on average significantly smaller 

than 100%. Whereas a detailed root-cause analysis is beyond the scope of this high-level 

introductory discussion, likely an interplay of all the mentioned effects causes the low observed 

mass loadings.  



7.6 Outlook on the Potential Realization for Practical Applications 

166 

 

Even though the goal of reaching commercially viable mass loadings in the range of 

1 – 10 mg/cm2 could not yet be reached, these initial results and literature overview show that 

the overall approach of electrodepositing PBA thin-film electrodes on high surface area 

templates might represent a promising direction for further research. While other, better suited 

carbon-based substrates might offer more beneficial SFR and SSA specifications, also the 

coating needs to be significantly optimized. Most importantly, an extension of the film 

thickness, as well as improved adhesion of the film on the substrate are crucial to increase the 

overall mass loading. For example, an interesting strategy has been presented by Quan et al. 

who used an interlayer of polyaniline on carbon cloth to provide anchoring points for the 

transition metal centers in CoHCF via its nitrogen functionality. In this way, the interlayer acts 

like "double-sided tape" allowing the fixation of PBA on CC.407   



 

8 Conclusion and Outlook  

This work focused on aqueous sodium ion batteries based on the material class of Prussian blue 

analogs as potential candidates for stationary energy storage applications. In particular, 

different PBA representatives considered as active materials for both cathode and anode in 

combination with suitable water-based electrolyte compositions were investigated as model 

systems with the goal of optimizing the battery performance. The focus of this work is centered 

around cycling stability and fast-charging capability. 

In the beginning, a model system based on Na2NiFe(CN)6 thin-film electrodes immobilized on 

Au-QCM substrates was introduced. The preparation of the active material is based on the 

electrodeposition method from an aqueous precursor solution, which allows to tune the 

composition and thickness of the functional coating precisely. By this approach, electrodes 

with mass loadings of < 100 µg/cm2 can be fabricated. The electrodeposited active material 

was shown to adequately resemble the usually prepared particle-based NiHCF precipitate while 

avoiding the carbon- and binder-additives needed to prepare electrodes therefrom. The 

obtained films were highly reproducible and exhibited a smooth and regular surface, which 

ideally qualifies such model systems as the basis for further investigation of specific material 

aspects. In this way, disturbing effects, as in the case of using the traditional composite-type 

electrodes, can be avoided. Using a modelling approach, it was shown that the intercalation of 

sodium can be described by common quasi-equilibrium kinetics, further emphasizing the 

suitability of such a simplified model electrode as the basis for the intended studies. 

The first research topic presented in this thesis was the cycling stability of  PBA active material. 

In the beginning, it was shown that the overall degradation of thin-film model electrodes 

proceeds via a twofold mechanism involving their dissolution and subsequent passivation, 

leaving electrode material without electrochemical activity. The treatise first focused on 

investigating the dissolution processes. As an alternative to traditional post-mortem or ex-situ 

investigation methods, an innovative in-operando technique was employed in this work, 

involving a flow cell with online ICP-MS. This technique allows to investigate dissolution 

processes with elemental sensitivity down to the sub ng cm-2 s-1 range and correlate them with 

the electrode potential and current. Whereas it had been readily adopted in electrocatalysis 

research in the past, the results discussed herein have been one of the first such reports on 

battery materials. Thereby, it could be shown on the example of NiHCF and CoHCF that the 
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dissolution of transition metal centers from the PBA-complex drives the decomposition of the 

compound under pH-neutral conditions. Specifically, the N-coordinated Ni/Co ions appeared 

to be the center of the attack. This process was found to be highly coupled to the redox activity 

of the FeII/III transition, being reflected in increased leaching rates during electrode reduction. 

For CoHCF, an additional increased leaching rate was found at the CoII/III activity, which is 

likely associated to the ongoing phase transition of the complex in contrast to the phase-

preserving oxidation and reduction of Fe-centers.  

To further resolve the underlying reasons for the dissolution of constituents from PBA 

complexes on an atomistic level, DFT calculations were included in combination with 

dedicated experiments on NiHCF model electrodes. One of the most important factors 

influencing the degradation of active material is the electrolyte composition. In aqueous Na+-

electrolytes, the main options for modifications include the pH, the employed anion of the salt 

and the concentration. Regarding pH-effects, it was shown that the presence of both H3O
+ and 

OH- can be harmful to the active material: via co-insertion followed by protonation of N-sites 

within the compound in the too-acidic case or transformation of the PBA-complex to nickel 

hydroxide/oxyhydroxide in the too-alkaline case. As an important finding, a significant effect 

of the electrolyte anion on the cycling stability was found. The degradation rate of NiHCF 

increased with the order ClO4
- < NO3

- < Cl- < CH3COO- < SO4
2- in 0.25 M Na+ solutions. The 

combined computational and experimental approach strongly indicated a correlation between 

the degradation rate with the adsorption affinity of the respective anions on the electrified 

electrode surface. Lastly, the significant stabilizing effect of increasing the electrolyte 

concentration was showcased. This improvement is mostly achieved via the scarcity of free 

water molecules, diminishing the uptake capability of dissolved active material constituents. 

Even though the PBA stabilization measures of slight acidification, usage of "water-in-salt" 

electrolytes or N-coordinated transition metal additives were known before, the work presented 

in this thesis provides an understanding of these remedies on a mechanistic level based on the 

underlying physico-chemical processes. This work provides a "common picture" of dissolution 

mechanisms and conclusively allows to derive and understand the benignancy of highly 

concentrated NaClO4, which has been adopted by the community as a "perfect" electrolyte for 

PBAs with respect to longevity. 

Apart from active material dissolution, a second-order degradation mechanism based on the 

passivation of remaining electrode material during extended cycling of NiHCF model 

electrodes in rather dilute Na+-electrolytes was presented in this thesis. This process is 



8 Conclusion and Outlook 

169 

 

expressed via a disparate reduction of the available capacity compared to the dissolved mass, 

which was found to go hand in hand with an increasing electrode polarization. By performing 

EIS during long-term cycling, this could be correlated to a significant and continuous rise in 

the charge transfer resistance. Apart from impaired kinetics, analysis of the electrode 

performance also indicated deteriorated mass transport properties. Interestingly, a significant 

share of available capacity could be regenerated by sequentially reducing the (dis)charging 

current. It was followed that the "passivation" process represents a power fade rather than a 

capacity loss.  

Further analysis was performed to shed light on the underlying processes causing such 

degradation behavior. While an (electro)chemical conversion of the initially active material or 

the formation of passive interphases could be excluded via XPS and XRD measurements, a 

severe morphological collapse of the pristine thin-film structure was identified using SEM and 

AFM. It was hypothesized that the structural reassembly of the material is caused by a common 

dissolution and re-position mechanism, yielding irregular nanoparticle aggregates due to 

uncontrolled re-crystallization conditions. Nevertheless, further studies will be needed in the 

future to entirely resolve the underlying processes on the nano- and microscale and allow 

conclusions on the deteriorated electrode performance. Even though such behavior was very 

reproducible for the thin-film electrodes investigated herein, its effect on "traditional" electrode 

geometries would be an interesting topic for further research.  

The second research topic presented in this work was centered on the fast-charging properties 

of PBA thin-films to enable high-power applications. Using NiHCF model electrodes with 

precisely adjustable mass loading and, thus, film thickness, the impact of the latter on the 

performance and the achievable (dis)charging rates was investigated in detail. It was found that 

the charge storage mechanism is governed by quasi-equilibrium kinetics with negligible 

driving force and correspondingly hysteresis-free cycling behavior. Such characteristics lay the 

foundation of high rate capability, theoretically allowing a loss-free increase of the 

(dis)charging rate. However, the electrode performance is ultimately limited by the mass 

transport of intercalated ions within the host structure via solid-state diffusion. Once the latter 

can no longer keep up with the imposed rate, the system behavior transits from quasi-

equilibrium to diffusional control. Hereby, knowing the diffusion coefficient of Na+ in PBAs 

(or at least its order of magnitude), the film thickness can be used to predict the limits for fast 

charging. This relation is especially useful when designing electrodes with a desired rate 

capability. It was found for the investigated system that a maximum thickness of ≈ 500 nm can 
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be allowed to retain an achievable (dis)charging time of one minute (60C), accepting only 

negligible losses. This performance was experimentally compared to "traditional" composite 

electrode configurations using NiHCF powder synthesized via precipitation, showing the 

potential superiority of thin film electrodes. Herein discussed ASIB model full cells based on 

two configurations of thin-film electrodes using NiHCF, CoHCF and MnHCM yielded 

10 – 25 Wh/kg at up to 10 kW/kg, motivating the design of such systems as hybrid battery-

supercapacitor devices.  

Overall, the results and discussion presented in this thesis yielded valuable insights and 

provided approaches toward optimized ASIBs based on PBA materials for real-world 

application. Nevertheless, certain open questions and specific problems remain to be solved in 

the future: It should be remembered that most of the results herein are based on NiHCF thin-

film model electrodes. Even though general trends regarding the degradation mechanism and 

its drivers can likely be extrapolated to a wide range of other PBAs, caution must be taken 

when inferring specific properties to other material class representatives, electrolyte 

compositions or electrode designs. Additional experiments tied to the systematics introduced 

herein would certainly be beneficial to complement the picture of relevant degradation 

processes and determine common characteristics for the entire material class. Furthermore, the 

significant affinity of thin-film electrodes towards parasitic processes and the correspondingly 

strong impact at low rates remain to be solved for optimized performance. This is especially 

important for the anode material MnHCM with its redox potential being well below the 

theoretical HER onset. It will be necessary for the future to also search for alternative anode 

materials due to the significant challenges of MnHCM regarding stability and self-discharge. 

Organic active materials stand out as promising options for aqueous batteries. Research into 

this material class has been commenced by R. Streng, whose Master’s thesis425 has been 

advised with the goal of exploring new active materials. Even though the promising fast-

charging properties of PBA thin-film model electrodes stand out on mass-normalized metrics, 

it remains indispensable to raise the overall footprint mass loading by two orders of magnitude 

to enable a commercial uptake. A possible pathway using microstructured templates with a 

large intrinsic surface area for the electrodeposition was briefly outlined in this thesis based on 

existing literature and initial results. The underlying rationale is still to coat a conductive 

substrate with a thin film, but with its real surface largely exceeding its geometric footprint. 

However, it needs to be shown in the future whether such scaling efforts will be successful and, 

if so, whether the fast-charging capabilities can be maintained.  
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Appendix 

List of Abbreviations 

AIMD Ab initio molecular dynamics 

AFM Atomic force microscopy 

ASIB Aqueous sodium-ion battery 

CC Carbon cloth 

CE Coulombic efficiency 

CoHCF Cobalt hexacyanoferrate 

CPE Constant phase element 

CV Cyclic voltammetry 

DFT Density functional theory 

EDL Electrical double layer 

EEC Electrical equivalent circuit 

EIS Electrochemical impedance spectroscopy 

EQCM Electrochemical quartz crystal microbalance 

FCC Face-centered cubic 

GC Galvanostatic cycling 

HCF Hexacyanoferrate 

HER Hydrogen evolution reaction 

InHCF Indium hexacyanoferrate 

KK Kramers-Kronig 

LIB Lithium-ion battery 

LFP Lithium-iron phosphate 

MnHCM Manganese hexacyanomanganate 

NCA Lithium-nickel-cobalt-aluminum oxide 

NiHCF Nickel hexacyanoferrate 

NMC Lithium-nickel-manganese-cobalt oxide 

NMP N-methyl-2-pyrrolidone 

OER Oxygen evolution reaction 

OHP Outer Helmholtz plane 

PBA Prussian blue analog 
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PVDF Polyvinylidene difluoride 

RE Reference electrode 

RHE Reversible hydrogen electrode 

SEM Scanning electron microscopy 

SHE Standard hydrogen electrode 

SOC State of charge 

SOD State of discharge 

SSC Silver-silver chloride 

TM Transition metal 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

WE Working electrode 
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Related Publications 

Review on physical impedance models in modern battery research.  

Physical Chemistry Chemical Physics 2021, 23(23), 12926-12944.  

Reproduced with permission from the PCCP Owner Societies. Copyright © 2021, The Authors. 
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Electrolyte effects on the stabilization of Prussian blue analog electrodes in aqueous sodium-ion batteries. 

ACS Applied Materials and Interfaces 2022, 14, 3515-3525.  

Reprinted with permission. Copyright © 2022, American Chemical Society.  
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Mechanisms of degradation of Na2Ni[Fe(CN)6] functional electrodes in aqueous media: a combined 

theoretical and experimental study.  

The Journal of Physical Chemistry C 2023, 127(5), 2204–2214. 

Reprinted with permission. Copyright © 2023, American Chemical Society.  
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Fast charging capability of thin-film Prussian blue analogue electrodes for aqueous sodium-ion batteries. 

ACS Applied Materials and Interfaces 2023, 15(19), 23951–23962. 

Reprinted with permission. Copyright © 2023, American Chemical Society.  
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390. G. Plečkaitytė, M. Petrulevičienė, L. Staišiūnas, D. Tediashvili, J. Pilipavičius, J. Juodkazytė, L. Vilčiauskas. 
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