Technische Universitit Miinchen m
TUM School of Natural Sciences

Aqueous Sodium-Ion Batteries
Based on Prussian Blue Analogs:

From a Model System Towards an Optimized Design

Xaver Lamprecht

Vollstindiger Abdruck der von der TUM School of Natural Sciences der Technischen

Universitdt Miinchen zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften (Dr. rer. nat)

genehmigten Dissertation.

Vorsitz: Prof. Dr. Nora Brambilla

Priifer der Dissertation: 1. Prof. Dr. Aliaksandr Bandarenka
2. Prof. Dr. Pekka Peljo

Die Dissertation wurde am 26.07.2023 bei der Technischen Universitdt Miinchen eingereicht

und durch die TUM School of Natural Sciences am 26.09.2023 angenommen.






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 HzO" 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.



Zusammenfassung

Sichere und skalierbare Batterietechnologien auf der Basis von nachhaltigen und reichlich
vorhandenen Ressourcen bilden das Rickgrat fir die Umstellung der globalen
Energieversorgung auf erneuerbare Quellen. Natrium-lonen-Batterien mit wasserbasierten
Elektrolyten (ASIB) und Aktivmaterialien aus der Klasse der Preufischblau-Analoga (PBA)
werden als vielversprechende Alternative zu modernen Lithium-lonen-Batterien (LIB)
betrachtet. Wéhrend der Interkalationsmechanismus zur Speicherung von Ladung insgesamt
sehr &hnlich zu herkdémmlichen LIBs ist, haben die verwendeten Materialien das Potenzial,
diese Technologie zu einer kostenglnstigen, nicht brennbaren und umweltfreundlichen
Alternative fur den Massenmarkt zu machen. Obwohl deren niedrigere Energiedichte von
weniger als 100 Wh/kg ein Ausschlusskriterium fir mobile Anwendungen darstellen dirfte,
erscheinen ASIBs als vielversprechende Ldsung fiir den grol3flachigen stationaren Einsatz, um
die Integration dezentraler und stark schwankender erneuerbarer Energiequellen in das
Stromnetz zu ermdglichen. Es gibt jedoch noch zu I6sende Herausforderungen auf dem Weg
zur Marktreife. Diese Arbeit konzentriert sich darauf, die Leistungsfahigkeit der Batterien
durch die Untersuchung verschiedener PBAs als Aktivmaterialien fur Kathode und Anode in
Kombination mit wasserbasierten Elektrolyten zu optimieren. Die Hauptziele sind die
Verbesserung der Zyklenstabilitat und die Ermoéglichung von Schnellladeféhigkeit. Dazu
werden elektrochemisch abgeschiedene Dinnschicht-Modellelektroden verwendet, da dies
eine prazise Kontrolle uber die Zusammensetzung und Schichtdicke zulésst. Ein solches
Modellsystem ermdglicht die Untersuchung spezifischer Materialeigenschaften und umgeht

die Komplexitaten, die mit "traditionellen™ Kompositelektroden verbunden sind.

Es wurde festgestellt, dass Kapazitatsverlust bei PBAs im Wesentlichen durch einen
komplexen Mechanismus erfolgt, der das Auslésen von Ubergangsmetallen und die
anschlieBende teilweise Wiederabscheidung umfasst. Wahrend der Verlust von Aktivmaterial
zu irreversiblen KapazitatseinbuBen fuhrt, beeintréchtigen die verschlechterte Kinetik und
Massentransporteigenschaften des wieder abgeschiedenen Materials die Leistungsfahigkeit bei
langem Zyklieren. Die Widerstandsfahigkeit der Elektrode gegen Auflésung wird in hohem
Male durch die Zusammensetzung des Elektrolyten beeinflusst. Stark adsorbierende Anionen,
sowie eine hohe Verfligbarkeit von OH™ und HsO" sollten vermieden werden, wéhrend die
Verwendung von stark konzentrierten Elektrolyten auBerordentliche Stabilitdt gewahrleistet.
Dartiber hinaus zeigen PBA-Duinnschicht-Modellelektroden ein extrem schnelles, verlustfreies



Ladeverhalten innerhalb weniger als einer Minute. Wahrend die quasi-reversible
Elektrodenkinetik bemerkenswert hohe Leistungsdichten ermdglicht, begrenzt die
Festkorperdiffusion von Na® innerhalb des Aktivmaterials letztendlich die mdgliche
Ladegeschwindigkeit. Die Schichtdicke kann dementsprechend verwendet werden, um die
Ratenfestigkeit prazise einzustellen. Die Verwendung von mikrostrukturierten Substraten fiir
die elektrochemische Abscheidung des Aktivmaterials wird ausblickend diskutiert, um
kommerziell tragfahige Massenbelegungen der Diinnschichtelektroden zu erreichen und somit
das vorgestellte Modellsystem in eine praxisnahe, hybride Batterie-Superkondensator-

Konstruktion zu tUberfiihren.
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1 Introduction

When the invention of the steam engine kicked off the industrial revolution in the late 18"
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.n2343
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Figure 1. Correlation of the global temperature anomaly and annual CO; emission since
the industrial revolution. Data source for CO2 emissions: ref. 6. Data source for temperature
anomaly: ref. 7.

Figure 1 shows the distinctive correlation between the annual CO 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



side.? 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.%10:11:12
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Figure 2..(A) Sectoral emission of greenhouse gases (CO.-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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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.'® As a result, Germany, which currently ranks #7 with its total CO;
emissions,** 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%,'® while around 42% of the electricity was
produced from renewable sources (see Figure 2B).1® 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.” 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.*® 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,
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1 Introduction

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 2021.1° For comparison, the average electricity
demand was 58 GW.2° 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.?!?? 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.?>242% |t is questionable if such

measures alone will be enough to operate the power grid with almost 100% renewable energies.
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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.?®?7282% 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.3*31:323% 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,34:3536.37.38

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).3%%
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),*
their adoption for stationary storage raises serious concerns regarding scalability and safety.*
Lithium resources are unevenly distributed across the world with major deposits in South
America, Australia and China.*® The limited resource availability and unsustainable mining of
lithium potentially cause high material price levels and price instability, supply insecurity and
environmental concerns.*344454647 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.*®
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).*® For Germany, it is expected that between 100 to 500 GWh of stationary battery
storage will be needed by 2045.% 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 LI1Bs.>
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.>* 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.

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.

Agueous sodium-ion batteries (ASIB) could be a suitable alternative for stationary storage
applications.>3°*% 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.**®°" Furthermore, the use of an
aqueous electrolyte has the potential for environmentally benign chemistry and makes the cell
non-flammable, allowing its safe operation.>*>%3°96% \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,53545561.62.63.6485 prssian 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).% This new pigment found almost immediate application for paintings and cloth
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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.

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.

Prussian blue analogs are derivatives from the historical pigment, where the incorporation of
different transition metals strongly influences their (electro)chemical and physical
properties,536869.707L72 They are nowadays widely used and investigated as functional
materials in various disciplines, involving (electro)sensorics,”>’*" heterogeneous
(electro)catalysis,’®"""8 desalination and selective ion removal,’®#%8! as well as electrochromic
devices.®28 Over the last decades, PBAs have also been extensively studied as active materials
for batteries,>3°455616263646584.858687.88 The jnterest 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.8%%9! The California-based start-up Natron Energy recently
introduced an all-PBA-based aqueous SIB to the market,%? 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
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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).4+93% 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.% However, when used for stationary applications, cycling
stability*”® and the resulting amortized cost over lifetime undoubtedly outweighs energy
density as a major critical metric for consideration.3>"-%6 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.%"%% Correspondingly,
such performance strongly surpasses NMC- and NCA-based LIBs.!® This high cycling
stability would result in levelized costs of 0.01 — 0.02 $/(kWh/cycle) on a cell level.*® 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.t

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.
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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.’®> 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.1931% 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.?105106.107 gyjitaple hybrid electrochemical devices combine a sufficient
energy density, usually associated with batteries, with a high power capability typical for
supercapacitors.1981%° Apart from the above-described grid stabilization services, they could
even enable applications like urban short-distance electric mobility.'® 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.!'%112113 Of course, such applications need an appropriate
infrastructure, especially for recharging the busses, but first pilot projects, e.g., in Minsk and
many other cities!*!® 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.
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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,'!® "Linden’s Handbook of Batteries" by
T. B. Reddy and D. Linden,'*’ "Elektrochemie" by C. H. Hamann and W. Vielstich,'8 as well
as "Electrochemical Methods: Fundamentals and Applications” by A. J. Bard and L. R.
Faulkner.!*® 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 1)
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.
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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.

Furthermore, each phase in the electrochemical cell can be assigned a so-called Galvani
potential ¢, which describes the respective electrostatic potential within the bulk of each phase.
For the cell introduced above, the Galvani potential of each electrode (¢(1) and ¢(11)) and the
solution (¢(S)) must be considered. If a phase is in electrochemical equilibrium with its adjacent
phase, then ¢ = peq. The resulting difference of the Galvani potential between a metal electrode
and a solution, Ap = ¢(1) — ¢(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 | and Il of an actual measurement

device):
Ap = [p(I) — (8] — [pUD — (S)] = o) — () Equation 1

Assuming that the Galvani potential of phase Il remains constant and in equilibrium (p(11) =
o(1)eqg = const), we can refer to all determined or applied potential differences Ag of the
investigated electrode | against this reference and define its electrode potential E as given in

Equation 2:
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Ao = o(I) —oUD) = o) —@p)eg = E Equation 2

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.'?°

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:

Q A .
i =C = gy¢, -; Equation 3

Here, A is the area of the interface. Furthermore, ¢ is the vacuum permittivity, and & is the
relative permittivity of the dielectric medium, with & = 80 in the case of water as the solvent.!?
Considering an aqueous KCI solution, the radius of the solvation shell of K* is approximately

3.6 A.1?? The resulting areal capacitance would be C/A ~ 200 pF/cm?. However, experimentally
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determined values are usually one order of magnitude lower.'?® 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 erefrective 1S 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.}24125126 |n 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:
dQ 1

“4E 1 1 1
+ +
CIHP COHP Cdiffuse

Car = f(E)

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):

Sox + e~ = Sieq 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 peq. The
standard Galvani potential ¢o 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 Il, 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 ¢o = 0.0V for the
proton reduction reaction 2H" + 2e~ = Ha. 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.*?” A selection is

exemplarily provided in Table 1.

Table 1. Standard potentials of selected redox pairs.t?’

Reaction Eo vs. SHE

Lit +e” = Li -3.04V

Na* +e” = Na -271V

Fe?t + 2e™ = Fe -0.45V
2H,0 + 2e™ = H, + 20H~ —-041V atpH=7

2H* + 2™ = H, 0.0V

AgCl+e™ = Ag + CI™ 022V

Cu?* +2e”~ = Cu 034V

[Fe(CN)¢]3~ + e~ = [Fe(CN)¢]*~ 0.36 V
0, + 2H,0 + 4e™ = 40H™ 082V atpH=7

0, + 4H* + 4e~ = 2H,0 1.23V

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:
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2Fe + 0, + 2H,0 — 2Fe?* + 40H~ Equation 7

The products of this reaction eventually form local precipitates of iron oxide/hydroxide. The
corresponding change of the standard Gibbs free energy AG of the reaction is directly related
to the difference of the respective standard potentials according to Equation 8:
AG, = — 7 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 AGo < 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.!?8

For non-standard conditions, the equilibrium potential Eeq is related to the activity a; of the
involved species. This correlation is expressed by the Nernst equation, which can be derived

from thermodynamics (Equation 9):

Eoqy = Eo + Eln ( Qox ) Equation 9
nF Ared

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,

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

ERHE == ESHE + 59 mV - pH at 250C Equatlon 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', especially

at higher electrolyte concentrations (see Equation 11).

B, = Ey + %) (a‘”‘) g+ (c"x) Equation 11
= — = — uation
eq = B0 Areq O " Cred g

E% is, however, not a constant but specific for an investigated system. It can be easily
determined experimentally when cox = Creq. 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 Eegi. TO
reach a new equilibrium state at Eeqf the ratio of Cox/Cres 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 # as shown in Equation 12, the magnitude of which

strongly depends on the current:

n() = E() — Eeq Equation 12
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The amount of transferred charge AQ is directly linked to the number and thereby the mass Am
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.

F .
AQ = %Am Equation 13

2.2 Fundamentals of Batteries

Today, more than thirty years after its commercialization in 1991,'?° lithium-ion batteries are
considered as one of the most disruptive technologies in human history,*° with the potential to
significantly contribute to solving the imminent climate crisis.®* For their fundamental work
in developing LIBs, J. B. Goodenough, M. S Whittingham and A. Yoshino were awarded the
Nobel Prize in Chemistry in 2019.1% 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 Dbattery 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.' 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 AG for the pure chemical reaction of the reactants. For an electrochemical cell including
redox-active materials, an electromotive force Uqc, 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.
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AG

= —— Equation 14
eq,anode nF q

Uopc = Eeq,cathode

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, Uqc 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.!®® The
term “intercalation” was probably used for the first time in 1951 by McDonnell et al.*** and
then in 1959 by W. Riidorff,3 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
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Figure 7. Schematic representation of a LiCoO./graphite lithium-ion battery to illustrate the
mechanism of ion intercalation. Reprinted with permission from ref. 140. Copyright © 2013,
American Chemical Society.

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.?®13813 Fijgure 7 schematically shows a LiCoOz/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:4

cathode: Li;_4Co0, + xe™ + xLi* - LiCoO,
anode: LiyC¢ — 6C + xLi* + xe™ Equation 15
overall cell reaction: Li;_4Co0, + LiyCg — LiCoO, + 6C

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 -4V,
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

34



2 Theoretical Background

support mixed ion and electron conduction.*® 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.*! 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 [ Jnost @s in Equation 16, with the number of transferred

electrons n = 1 per intercalated ion:4?

A* +e + []host - [A]host

A Equation 16
X = [ ]host — f(E) q
[]host + [A]host

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

Equation 17

Eoq = Ej +Eln(1 _X>
F X
As before, E 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
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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.
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Figure 8. Exemplary intercalation isotherm according to Equation 17.

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 7t (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.*8

oL . aF (1-a)F
L=1+1_=1p-|exp (ﬁ’?et) TEXP\ T Tt

with 2= jo = Fko(c3) (o)™

Equation 18
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The transfer coefficient 0 < a < 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,
Sis the total active material surface, and ko 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
ko and therefore a small io and vice versa. The value of the exchange current density jo is equal
to the current density in anodic (j+) and cathodic (j-) directions in equilibrium (7t = 0), where
J = J+ * J- = 0 and therefore j+eq = [J-eql = Jo. In general, jo strongly depends on the surface
concentration of oxidized and reduced active redox centers (C"ox and ¢ 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®), the surface concentrations are
directly linked to the state-of-discharge, and therefore the electrode potential, as given by
Equation 19:14

iy =(1—X) -% and ¢y =X- Equation 19

Xlo

Here, p is the density of the active material, and M is its molar mass. Therefore, p/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 (o/M and ko), 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, io will also increase, which results in a smaller overpotential for a given absolute
current because i/io 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 ko and/or S, therefore large io) 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
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process with very sluggish kinetics (small ko and/or S, therefore small i) and a resultingly large
activation overpotential is called totally irreversible.!'® 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 = I).
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

c*=c, =cPkwith 0 <x <1 for t=10

Equation 20

i=FS-D (%)FO and (%)Fl =0 fort>0

bulk js jts concentration in

Here, D is the diffusion coefficient of a species in a specific phase, ¢
the bulk of the phase, and ¢ 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=1) 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.:

*

RT c .
E=Eq+ ?ln (W) = Eeq + Naisr Equation 21
Mass transport limitations therefore result in a diffusion overpotential #qirr, which is related to
the ratio ¢"/c®, 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.
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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 z, the maximum active material dimension | for full utilization can be

estimated by Equation 22:144

l<VD-7T Equation 22

Accordingly, the material size should be as small as possible to achieve fast rates. Nevertheless,
for an exact treatment ¢” and c®* 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.

ac d%c

——=—p— Equation 23
ot D 0x2 a

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

to the literature.!'8119144145 For the case of vanishing concentration gradients (fast transport
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properties) and facile charge transfer kinetics, we return to the equilibrium intercalation

isotherm.
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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.

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):
Nohm = 1 R; Equation 24
The ohmic polarization is characterized by the internal resistance R;. 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:

Ntotal = Met T Nairr T Norm 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:

U=Ect —Ean
Udischarge = Uoc - (nct,cat + Nct,an + 77diff,cat + ndiff,an) - IiIRi

_ Equation 26
Ucharge = Uoc + (nct,cat + nct,an + 77diff,cat + 7’diff,an) + IllRi

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.1*® 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.'*”1% The main
disadvantage of organic electrolytes, however, is safety concerns related to their
flammability.*4°

Agueous electrolytes are a low-cost, safe, and environmentally friendly alternative, but they
come with inherently smaller attainable voltages.®® 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-
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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.%%1%%151 Nevertheless,
the real operational voltage still depends on the accepted rate of persistent parasitic OER/HER
currents.’®21%3 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.*>*

Promising advances to increase the real stability window > 2.0 V involve the usage of highly-
concentrated, so-called "water-in-salt", electrolytes,>%1°0.155.156.157.158 Some of these support the
formation of SEl-like protective layers on electrodes even in aqueous media under the
decomposition of organic fluorinated anions. Compared to such rather costly salts, NaClOg is
considered an effective candidate,>°160.161.162.163 The \widened electrochemical stability of
highly-concentrated non-SEI forming electrolytes involving NaClO4 or LiNOs solutions is
mainly ascribed to the absence of free water molecules and the strong interaction of the
electrolyte species, which increase the Kkinetic barrier for electrochemical solvent
decomposition.?>%164165  Another beneficial side-effect of highly concentrated NaClO4
solutions is its significantly lowered freezing point, allowing a wide operational temperature
range for the battery.'®® 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 LIiTFSI with 94%
polyethylene glycol as an additive.’®” This strategy has been investigated for use in aqueous
Na*-electrolytes in the advised Master’s thesis research project by A. Grasser,% 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 27:8

L :
R = pSZ Equation 27

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 ps is the inverse of the ionic conductivity «.
For practical batteries, « should at least be a few mS/cm over the entire operating temperature
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range,'%°

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.}"° For comparison, the
conductivity of 1 M LiPFe in organic solvents typical for LIBs is around 10 mS/cm at room
temperature.!"1"1 The diffusion coefficient of alkali metal cations in the electrolyte is usually
in the order of 10® cm?/s under battery-relevant conditions.'*312 Again, for the specific case
of Na* diffusivity in aqueous 8 M NaClOs, Dya+ = 0.4 - 10 cm?/s was found.*®* Apart from

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

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.r’”* 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.5%17>17® 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.*’’1®

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:

0= j i(0) - dt Equation 28

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

C-rat : 1C !
-rate = ) ==
Qmax h

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
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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.

__ Qaischarging . __ Qrea . __ Qox .

CE =———= — cathode: CE = ===, anode: CE = —= Equation 30
Qcharging Qox red

The specific capacity gmax 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.

Qmax

Amax = Equation 31

Mactive

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

q = Gmax *SOD and Q = Qpax - SOD Equation 32

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):

P =Vspczos i Equation 33

The energy W provided by or stored in a battery is calculated according to Equation 34:
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S0C=1
W = V(Q) dQ = Vspc—os ' Q Equation 34

S0C=0
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,%*179.180
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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. Vielstich!*® and "Electrochemical Methods:

Fundamentals and Applications" by A. J. Bard and L. R. Faulkner.!*°

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.*®! 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 v = 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.%° 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 ipoxvred With the associated potentials of peak current Epoxred and the

corresponding peak-to-peak separation AEpp. 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:182183

Ipox/red = b ¢ — log(ip,ox/rea) = a - log(v) + log(b) Equation 35
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 Eizoxred are obtained at 50% SOC of the battery

material.
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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.

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
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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, 119142184

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).8> 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).1*° 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 7.

AEI/Z

AE,;; = Eyjacharge — Evjz,discharge @3 N =E — Eqq = Equation 36

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. 142186
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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).

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
eXCGI’pt.118’119’187’188’189
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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.

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 AE with an
angular frequency » and amplitude Ep as given by Equation 37:

E(t) = E.+ AE(t) = E; + Ep - sin(wt) with w = 2nf 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 ¢ as described by Equation 38:

AI(t) = Ip - sin(wt + @) 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:
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B AE(t) _ Ep- sin(wt)

Z(w) = A T sin(ot + 9) = Zp - (cos(¢) + j - sin(p))
= Re(Z(w)) +j - Im(Z(w)) Equation 39
with  Zp = f—:’ = 12| = JRe(2)? + Im(2)? = VRZ + B2

Accordingly, the impedance can be described by its real part (Re(2)), the so-called resistance
R, and imaginary part (Im(2Z)), the so-called reactance B, as well as its magnitude |Z| and the
phase shift ¢. 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 ¢ 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.
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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 Ry and capacitor
C, while the magnitude of resistor Rz depends on the electrode potential.

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 Ry
and Rz, where Rz is potential-dependent. Whereas the parallel connection of Rz and C (RC-
element) yields a semicircle with a diameter of R», the spectrum is shifted on the Re(Z) axis by
the series resistance Ri. 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
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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.*** 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.1871%0193 | 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 Ry (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 Cq 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:

1
JjwCa

Z=Ry,+ Equation 40
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 . 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):
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Ai = (aa—;) AE + (%) Ac,, + (ac"’—‘d) AC,oq + (j—;) A8

with () =—

0E)  Ree(E)

Equation 41

Here, the charge-transfer resistance Rt 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 (jo-S) according to
Equation 42.1% For an intercalation reaction, the minimum of R is obtained at Esoc=sos,

because io reaches its maximum at this potential 143

RT
nFiy(E)

i = io%ﬂ and therefore R .(E) = Equation 42
In general, Ai 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:

Z =Ry, +—

W Equation 43

The corresponding equivalent circuit is given in Figure 14B, where Rt was, however, replaced
by Z¢ 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 Randles!® in 1947 and has been commonly used until today.

A) B)

R — | 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:

1
P(jw)™

Z(CPE) =
Equation 44
with @ =90°-(1—n), 0<n<1 and [P]=F-s"?

Here, the exponent n describes the non-ideal phase shift o 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.

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.*®"1% and
Ventosa et al.?® It has successfully been applied to various investigated systems, including the
intercalation of Li*, Na*, K* or even Mg?* into Prussian blue analogs from aqueous and organic

206 and

solutions,97:199:200201,202,203204.205 55 \we|| as the "traditional” LIB-materials graphite
LiFePO4! in common LiPFs — 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:>

Na,Ni[Fe!'(CN),] - NaNi[Fe!"(CN)4] + Nat + e~ Equation 45
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However, it was argued by Yun et al.®’ 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
NiHCEF, the deintercalation reaction is initiated by a fast electronic charge transfer leading to

the oxidation of the iron centers (Equation 46):

step 1: Na,Ni[Fe'(CN)¢] = Na,Ni[Fel"(CN)(]* + e~ 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):

step 2: Na,Ni[Fe'(CN)¢]* + A~ — [NaZNi[Fe"I(CN)6]] A 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):

step 3: [NazNi[Fe”I(CN)G]]*A — NaNi[Fe(CN)4] + Na* + A~ Equation 48

The impedance model of this multistep reaction, as proposed by Yun et al.'®" and Ventosa
et al.,*® 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 G2 and X1,2 is given in Equation 49:

1
JwXq

Z(GI,Z) = Gl,Z and Z(Xl,Z) =

Equation 49

Mathematically, G1 and X1 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 LiCoOz/carbon cell from Sony as early as 2000,2%” but have mostly been ignored

or considered as artefacts. As discussed above, they can, however, represent an important
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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:

Z =R, +

(o)™ .
Ret+ — 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.®’

A) B)
oo} NiHCF in 8 M NaCIO, (aq.)
€10
0
10 20 30
Re(Z)

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.

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 pg/cm?) 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 cm?/s)?% and the order of magnitude of the highest investigated film thickness | and,

thereby, diffusion length (100 nm):
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1 — wn = Dya* nincr
—=@p = —————
T 12

Here, wp marks the characteristic frequency, where the diffusional regime transits from quasi-

~ 100 mHz

semi-infinite to reflective-boundary behavior within the confined active material dimensions.
For w < wp, 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 (¢ = 90°), similar to the
impedance response of a capacitor (reflective boundary). For @ > wp, 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 (¢ = 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 ¢ = 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.?19-211

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 fo of the standing
wave is inversely proportional to the thickness dq of the quartz crystal. It follows that a change
of the thickness Adq results in a proportional variation of the resonant frequency Afo as
elaborated in Equation 51.
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Equation 51

Here, mq is the mass of the crystal, Sq is its area and pq 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 fo 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 Ad: can be treated as an extension of the quartz crystal, and by

using Equation 51 the Sauerbrey equation is obtained (Equation 52).
Ad, 1 Am,

AfO:_d_ f0= 'fO'Amt=_Cf'§

- Equation 52
Q do Sq Po

The areal mass loading Amy/Sq of a thin layer on top of the crystal surface can therefore be
obtained by measuring the reduction of the resonant frequency Afo as described below. The
sensitivity factor cr is a material constant for the used quartz crystal independent of the

investigated thin layer.?!2

A) B) C)

— Ad; thinlayer «—
; o . loading
7y N R, 1Z] 1
| do e N c Lc, @u \i)<'//
‘\‘ ‘\‘ ] 1
R N Lm ! :
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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.

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 Cn is related to the elasticity of the quartz and the inductor L characterizes the mass
displacement by vibrational stimulation. The parasitic element Co is the electric capacitance

across the crystal. The resonant frequency of the system can be found by probing its impedance
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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 = fo, since the individual reactance of Cr, 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:

2

121 = VRZT B = [(R? + (20f Ly — )
21fCm .
Equation 53

1

1Z(fo)l = Ry with fo = 210 LinCin

For the sake of completeness, it should be noted that a second resonant frequency exists due to
the parallel path across Co. Therefore, complex measurement circuitry is required to
compensate for its effects, which is, however, beyond the scope of this introduction.?'® Upon
loading the oscillator with an additional mass Am, its motional inertia increases, which is

reflected in a higher value of Ly, leading to a new, lower resonant frequency.

In theory, the technique can achieve extremely high precision in the order of a few ng/cm?.
However, limitations due to temperature drift, noise, and the resolution of detectable frequency
shifts must be considered in reality.?2?1® 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
Iayer.21°'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 Exin With a spectrometer in a vacuum chamber, the electron

binding energy Es can be calculated according to Equation 54.
Ep=hv—Epp —@ Equation 54

Eb is characteristic of the atomic orbital from which the electron originates. @ is a correction

term that accounts for the work function of the spectrometer and the sample, if the binding
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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.?'® The quality of the acquired spectra as well as conclusions drawn from its

analysis should be carefully assessed to avoid misinterpretation.?*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 29 being the angle between the incident and scattered beams.

2-dpg-sin(®) =n-21 Equation 55

Here, dhw is the distance between two adjacent lattice planes described by the so-called Miller
indices (hkl). The wavelength of the incoming x-rays is 4, and n is an integer representing the
order of the reflection. Experimentally, a unique diffraction pattern is obtained as a function of
29 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.?1%2%

a=dpg Vh? + k2 + 2 Equation 56

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
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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.?2

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 57.22

N
1 1 -
Ry = Nz |hi(x,y) — hl Equation 57
i=1

N is the total number of pixels in the image, with hi(x,y) being the corresponding height at this

position, while h is the average height.
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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-arrandee™ 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 KCI)
RE is connected to the main cell using a Luggin capillary filled with 0.1 M H2>SO4 to establish
a sensing point close to the WE and thereby minimize the ohmic drop associated with the
uncompensated resistance.??® Depending on the employed electrolyte, the uncompensated
resistance was in the range of 2 — 30 Q. 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)es-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:H202) 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.??* 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 Q in 8 M NaClOg, as determined by EIS.
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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.
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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.

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-arrandee™ 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
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elsewhere. %226 |n 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)s-species, a common degradation pathway for
PBAs in alkaline solutions.??”?? 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 NazSOa,
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 H2SOs at 50 mV/s. As NiOy is
unstable under acidic conditions,*?® 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.
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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 H2SOa.

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-arrandee™ chips or

carbon cloth) in the respective precursor solution and cycled by means of CV as indicated in
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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 Na>SOs as a
supporting electrolyte.

Table 2. Precursor solutions and potential ranges for the electrodeposition of the PBAs
employed in this work.

PBA Precursor solution Potential range

NiHCF 0.5 mM NiClz + 0.5 mM KsFe(CN)s + 0.25 M Na.SO4 0+ 09 Vvs. SSC

CoHCF |0.5/1 mM CoCl; + 0.5/1 mM KsFe(CN)s + 0.25 M Na;SOs  |-0.2 «» 1.1 V vs. SSC

MnHCM |2 mM MnSO, + 2 mM KsMn(CN)g + 0.25 M NazSO4 -0.6 «» -1.2 V vs. SSC

INHCF |2 mM InClz + 2 mM KsFe(CN)g + 0.25 M NaxSO4 0.4 < 1.05/1.15 V vs. SSC

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 (AQ) and the associated mass variation (Am) 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.2%

Empirically, the obtainable mass loadings on flat metallic substrates were below =~ 100 pg/cm?.
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.
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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/cm? were produced following the routine described by Wessells et al.®* 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 NiCl»
and 20 mM KazFe(CN)s (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.
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Figure 21. (A) Synthesis of NiIHCF via co-precipitation from aqueous precursor solutions
containing Ni?* and Fe(CN)s> 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.

NiHCF powder was mixed with carbon black and polyvinylidene difluoride (PVDF) ina 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
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4.2 Sample Preparation

evaporate. The electrode fabrication process was performed in a fume hood due to the

hazardous nature of NMP.?2° 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 pAh, local pH variations due to OER/HER on the CE can be neglected, as shown in

the following "worst-case" estimation.?°

Under the assumption that a charge of 5 pAh must be provided by OER on the Pt counter
electrode to completely reduce a PBA thin-film electrode, an additional amount ny+ 544 Of
protons will be produced:

2H,0 - 0, + 4H* + 4e~

As
. -6 . e
5-107° Ah - 3600 h

MHtadd = 77602710-19 As - 6.022 - 102 mol !

= 1.866-10~7 mol

Taking an initial pH of 5.5 for an experiment involving 8 M NaClO as the electrolyte:

c(H* mol
e )1 10755 - 1— = ¢(H*) =

The original amount of ny* is obtained by taking the electrolyte volume of 120 ml with a

nH+

PHinitia1 = 5.5 = —logy,

volume ratio Vhzo/Viea = 62% for the highly concentrated 8 M NaClO4 "water-in-salt"

solution.

mol
nyg+ = 10755 - 74.4ml = 2.353 - 107 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

N+ + Ny+ 544

=5.2

pHpew = —log1o

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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4.3 Electrochemical Characterization

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 pAh (10 — 20 pg/cm?), 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.
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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 pAh
in the depicted case. The counter electrode was brought to SOC = 50% before the
experiment.

Nevertheless, for high mass-loading composite electrodes with absolute capacities of
10 — 100 pAh 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=s0% 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 pAh 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.
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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(l1l) KsFe(CN)s Sigma-Aldrich, 99%
Potassium hexacyanomanganate (111) [KsMn(CN)e synthesized in-house [ref. 200]

Nickel(Il) chloride

NiCl2 hexahyd.

Alfa Aesar, 99.3%

Cobalt(11) chloride CoCl; hexahyd. Sigma-Aldrich, 98%
Manganese(ll) sulfate MnSO4 monohyd. Amresco, >99%
Indium(lI1) chloride InClz Carl Roth, >99.9%
Sodium sulfate Na2SO4 Sigma-Aldrich, >99%
Sodium perchlorate NaClOs monohyd. Sigma-Aldrich, >98%
Sodium chloride NaCl Sigma-Aldrich, >99%
Sodium nitrate NaNO3 Merck, ACS reagent
Sodium acetate NaCHsCOO Sigma-Aldrich, >99%
Sodium hydroxide NaOH Grussing, 99%
Carbon black Super C65 MTI

Polyvinylidene difluoride (PVDF)  [[C2oH2F2]n MTI, >99.5%
N-methyl-2-pyrrolidone (NMP) CsH9oNO 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.

Material

Specification

Supplier

Au-QCM substrates

AT-cut quartz crystal wafer, Au on Ti adhesive

layer, 5 MHz, 1.37 cm? circular electrode area,

¢t = 56.6 Hz pg* cm?

Stanford Research
Systems, USA

Au-arrandee™

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

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.

Instrument/device

Specification

Supplier

Potentiostat VSP-300 Bio-Logic, France

Reference electrode SSC, B3420+ SI Analytics, Germany

QCM controller Stanford Research
QCM200

and analyzer Systems, USA

Profilometer DekTak Bruker, Germany

XPS

X-ray source: XR50 Al anode

Specs, Germany

energy analyzer PHOIBOS 150 2D

Photoelectron detector: hemispherical

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 1.3-1.61%231  |Prof. A. S. Bandarenka
Potentiostat control EC-Lab®, version 11.43 and _ ]

o ] ) Bio-Logic, France
and data acquisition earlier versions
QCM control Stanford Research

o QCM200 software
and data acquisition Systems, USA
XPS control )

SpecsLab Prodigy Specs, Germany

and data acquisition

General data analysis

_ OriginPro 2019 OriginLab, USA
and plotting
Crystal structure visualization )
_ _ Vesta 3.0%%2 K. Momma and F. lzumi
and XRD pattern simulation
Anion drawings https://molview.org/ Open-source web app
Preparation of schemes _ _
PowerPoint Microsoft, USA

and customization of figures
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5 Prussian Blue Analogs as Battery Materials

5.1 General Properties and Charge Storage Mechanism

Since the renowned work of C. D. Wessells (2011)% and M. Pasta (2014)%** from Y. Cui’s
group at Stanford and J. B. Goodenough’s group in Austin (2012),% 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).%62 In this work, their

application will only be discussed for water-based applications.
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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.

Their general composition is described by Equation 58, where A represents an intercalated
cation, TM® is a transition metal, such as, for example, Fe, Ni, Co, Zn, In, Mn or Cu, which is
coordinated to a hexacyanometallate-species [TM®@(CN)s].52:63

A, TMM[TM®@ (CN)(] Equation 58

As coordination compounds with C=N-ligands interconnecting the transition metal atoms in
the structure, PBASs can be considered as derivatives of the well-known material class of metal-
organic frameworks (MOFs).23* PBAs are typically associated with the face-centered cubic
(fcc) lattice structure with a size of = 10 A (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 66369235236 |n general, two

different types of hydration can be differentiated in PBAs:?*’ Hexacyanometallate vacancies



5.1 General Properties and Charge Storage Mechanism

are compensated by rather strongly bound H.O 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 223 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.?
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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.

As seen in Figure 24A, the PBA framework comprises large nanopores (A-sites, = 5 A), which
can accommodate a variety of cations, motivating the usage as intercalation compound for,
e.g., Na*, Li*, K* or even Mg?* or Zn?* 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.®2%3% For nickel hexacyanoferrate, a well-studied PBA
representative, the transition of the C-coordinated Fe'"""'-center is responsible for the reversible

(de)intercalation of sodium ions as shown in Equation 59:8

Na,Ni''[Fe!'(CN)4] 2 Nat + e~ + NaNi'[Fe!! (CN)] Equation 59

The theoretical specific capacity of this reaction is calculated in Equation 60:

- Mae g, g mAh Equation 60
ANiHCcF = M(Na,NiFe(CN)g) o z quation
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5 Prussian Blue Analogs as Battery Materials

Na is the Avogadro number, and M(Na2NiFe(CN)s) = 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%)%33 and/or contain some inactive [Fe(CN)g] vacancies.®?
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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.83886%707L72 Eigyre 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 (INnHCF) 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 material®® if the HER can be sufficiently

suppressed. This will be further discussed in Section 7.4.
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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 NaClOs, 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.

Nevertheless, it is apparent that the redox response of PBAs can be tuned by employing
different combinations of transition metals.®® By fixing Fe as the C-coordinated transition metal
and redox-active center (Fe'""") 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 NaClO.). It was found that E1> phenomenologically correlates with the
empirical radii of the N-coordinated transition  metals,58197:198204.205  \wjjth
E12 =157 Vvs. 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
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5 Prussian Blue Analogs as Battery Materials

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 NaClOas electrolytes. Energy Advances 2022, 1, 623-631",

but will not be further elaborated in this thesis.
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Figure 26. (A) Tunability of the intercalation potential of NiIHCF, VOxHCF and InHCF by
varying the alkali metal cation A in the electrolyte (0.25 M A2SOa). Reproduced from ref. 205
with permission from the Royal Society of Chemistry. Open access, CC BY 3.0. (B) The CV
of NiHCF in NaClOg 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.

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/> correlates

with the hydration enthalpy of the intercalate in certain PBAs,%8198:204.205 Ag shown in Figure
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5.2 Tunability of the Intercalation Potential

26A, this effect is especially significant for NIHCF, where E1/> shifts more than 0.4 VV 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.®8:238.23%240 Thjs trend is less pronounced for INHCF, while

the E12 of VOHCF is almost constant regardless of the alkali metal.2420°

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.?*!
As shown in Figure 26B for NiHCF in NaClO4 electrolytes, the E1» 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 58237242 (see Equation 61):

E; =EA0+Eln%= Eso+ 59 mV-log% Equation 61
' F o ay ' a0
Here, aas is the activity of the alkali metal cations in the solution, and Ea is the equilibrium
intercalation potential at a reference activity aao. This relation allows to include the cation
concentration effect into the formal potential E%, which is identical to the equilibrium potential
at SOC =50% in the intercalation isotherm in Equation 17. Figure 26C shows E1. in relation
to the logarithmically plotted concentration. The dashed line represents an extrapolation of
Equation 61 from Eap at 0.25 M, replacing the activity by concentration. This, however, leads

to an overestimation of E{ since ¢ = a is not valid at such high concentrations.?*2
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5 Prussian Blue Analogs as Battery Materials

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*,
Ni%* and [Fe(CN)s]> ions. In fact, this preparation technique has been known for over forty
years, 243244245246 The electrodeposition likely involves the pathways shown in Equation 62,

including a preceding reduction of the [Fe(CN)s]? ion:247:248.249

[Fe(CN)¢]3™ + e = [Fe(CN)4]*~
[Fe(CN)¢]*™ + Ni%?* + 2Na*™ - Na,Ni[Fe(CN)¢]
and
2[Fe(CN)¢]*™ + 3Ni?* 4+ 2Nat — 2NaNi; s[Fe(CN)g]
or
2[Fe(CN)4]3~ + 3Ni?* - 2Ni; s[Fe(CN)¢]

Equation 62

Figure 27A shows the voltammetric response of a NiHCF thin-film electrode in 0.25 M
NaClOs. 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, Fe'""' remains
the redox-active center in NiHCF, triggering the (de)insertion of Na* for charge compensation

(Equation 63):247,248,249

A) NaNi''[Fe(CN)¢] + Na*™ + e~ 2 Na,Ni''[Fe!!(CN)4]
and Equation 63
B) Nil's[Fe(CN)¢] + Na* + e~ 2 NaNil's[Fe''(CN)4]

For simplicity, this work will mainly refer to NazNi[Fe(CN)g] without restriction of generality.
The redox activity of Fe'"""! 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(ll)
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(111) appears at higher binding energies.?®® In contrast, the Ni 2p region remains unchanged
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5.3 Establishing a Model System

within the investigated potential window proving the electrochemical inertness of Ni species
(see Figure 27C).

The electrode mass Am, as measured via EQCM, varies in strict accordance with the transferred
charge AQ (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 NaClOs is shown in Figure 27F. The specific capacity was determined as
~ 68 mAh/g over a range of mass loadings from 10 — 20 pg/cm? (see Figure 27G), which is in
good accordance with usually reported values.®? 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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Figure 27. (A) Representative CV of NiHCF in 0.25 M NaClO4. The redox activity of Fe'"!"
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 NiIHCF in 8 M NaClOa4. (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 Na:NiFe(CN)s (see Figure 24). The
lattice constant can be calculated from the strong (200) peak using Equation 55 and Equation
56, which yields 10.28 A in good accordance with the literature.8* This result matches well
with the value obtained from DFT-optimization (10.32 A). 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/(cm?/jg) as determined
for loadings below 20 pg/cm? (Figure 28D). Experimentally, thin films with a maximum mass
loading of =~ 100 pg/cm? 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 pm.
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Figure 28. (A) Measured and simulated XRD pattern of Na:NiFe(CN)s. (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.

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 NaClO;4 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.%*” In contrast, the composite

electrode only consists of a single peak centered around ~ 0.45 V vs. SSC.
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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 64:25?

2[Fe(CN)¢]3™ + 3Ni?* - 2Ni; s[Fe(CN)¢] Equation 64

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 A) and matches with values usually reported in

the literature.842%8:252
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Figure 29. (A) CVs of a NiHCF thin-film and composite electrode in 8 M NaClOs. 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 (Na-NiFe(CN)s, a = 10.28 A). 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 Xag of each phase are given by:

q
X, = , 0<X, <1
4 A'qmax 4

4 _ A
XB=%%, 0<Xp<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

89



5.4 Excursion: Modelling of Charge-Discharge Characteristics in Quasi-Equilibrium

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):

E —E’+RT1 (1—X>+RT (1 X)
ca =0T\ T )T TF I

Here, g > 0 represents repulsive interaction and g < 0 attractive interaction, leading to a

Equation 65

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.
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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.

. RT
Eeq,B = EO,B + 7 ‘In

In conclusion, the response of a 10 pg/cm? NiHCF thin-film electrode in 8 M NaClO4 to
constant-current discharge is very well described by a model employing two phases identical
to NazNiFe'(CN)s / NaNiFe''(CN)s (phase A, Eo = 0.533 V vs. SSC, 56% of total active
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material, repulsive ion-host interaction with g = 2) and NaNiysFe'"(CN)s / NirsFe"(CN)e
(phase B, E = 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 + v-t), the treatment is more
complicated. In general, the current is defined as:

. dQ
T
In equilibrium, it holds that:
. dQ dQ dE dQ
ST T T
The so-called differential capacity' dQ/dE is obtained from the intercalation isotherm E(X):
dQ dx
aE - Qmax '
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 66:1%

F '
ax F exp <W (E — EO)>

i:V'Qmax'd_E:V'Qmax'ﬁ'[ e 2
1+ exp <—(E—E’))l
RT 0

Accordingly, the current response is symmetrically centered around the formal potential (E =

Equation 66

E%) 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

] F
lyeak =V * Qmax m

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”

i1t 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).!t®

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.
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Figure 31. Modelling approach for the CV characteristics (at 10 mV/s) of NiIHCF 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 (NazNiFe'(CN)g /
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NaNiFe"'(CN)s, 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."" 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 dx dx
v B Qmax dEtotal = Tmax " 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.

il 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/v vs. E dependency obtained from CV.
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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.?>>%42% 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)?6:257:2%8:259.260 and pasic
(high pH)?27:228:2%6.261.262 gp|ytions 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 626369263264 Effactive 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),8495:161,233,241,263 265,266,267,268,269.270 nrotective core-shell structures or coatings of
the active material %263.263271.272.273 59 el as improved synthesis methods, transition-metal

doping, and other treatments for higher structural stability.6263269 274.275.276,277,278,279

Whereas most research efforts in the past focused on structural instability and general
stabilization techniques for PBAsS, 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 NazNi[Fe(CN)s] 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,®
NiHCEF 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.?®® 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 NaxSOs, 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 pg of active material is lost, corresponding to a theoretical capacity of ~ 0.4 pAh
using the specific capacity of NiHCF (68 mAh/g). This is, however, well below the actual
capacity decline of around 1.0 pAh.
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Figure 32. Capacity and mass loss of NiHCF electrodes in 0.25 M NazSOs 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.

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.
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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.?®? Most state-of-the-art methods
are based on post-mortem analyses, which can only give limited insights into specific transient
degradation phenomena.?®® 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? s 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.?822%

New approaches in this direction involve the real-time analysis of evolving gas, such as C2Ha,
Hz, or CO2, which originates from side reactions inside the cell. These involve electrolyte and
SEI decomposition, yielding indirect insights into the ongoing degradation processes.2%4:295:2%
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.?°"2% 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
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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.

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.®6:307:308 \Whereas this approach has already been successfully
employed to investigate the dissolution of electrocatalysts in  various
studies,307:309:310311,312.313.314 gy very few have so far adopted this technique in the field of
battery research.3%23% 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 1CP-
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.?! It should
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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)s]-complex, as it is highly stable by itself.2%6:262315
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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 NaSO4 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
CoHCEF. 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.

Figure 34A shows the elemental dissolution rate of iron and nickel from NiHCF in 0.05 M
Na2SO; 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/cm?
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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 (Fe""' + e — Fe' 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

"+ e and

the potential scan direction is reversed and oxidative currents set in (Fe! — Fe
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/cm? 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: 27

Naz COH [Feu (CN) 6] rhombohedral

2 Nat + e + NaCo™[Fe" (CN) 4] cubic Equation 67
2 Nat + e + Co™[Fe™ (CN)g]cubic

The Co""" transition occurs at lower potentials and corresponds to the full peak seen in Figure
34D, while the Fe'"" 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,'® 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 Fe'"""" 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.?®! 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
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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:

ATMODO[TM@ (CN)g] - A TMLD [TM@(CN)g] + T+ TM)

solvated

Equation 68

Accordingly, it can be easily understood why the addition of a small amount of N-coordinated
TM® jons 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.?% and Wessels et al.?%* As shown in Figure 35B, the stability of NiHCF in 0.25 M Na2SO4
is strongly enhanced by adding 1 mM Ni?* into the electrolyte.
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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 Na>SOs with and
without the addition of 1 mM NiCl, during galvanostatic cycling at 300C.

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
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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,317318:319:320,321322,323,324.325 | 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. |. 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.?®® The
electrochemical experiments were performed in close collaboration with 1. Ungerer, whose

Bachelor’s thesis was advised as part of this project.32®

6.3.2.1  Effect of pH

In this section, the degradation mechanisms towards the edges of the pH-scale will be analyzed

successively.
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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.

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)s]-species, while the electrode is
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gradually transformed toward surface-confined nickel hydroxide/oxyhydroxide.?27:228:262.281

possible pathway of this process is reflected by Equation 69:

Na,Ni''[Fe!'/"'(CN)4] + 20H~
Equation 69

— xNa* + Nill(OH), + [Fe/ M (CN),] "+
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.’2%

Ni''(OH), 2 Ni'"OOH + H* + e~ Equation 70

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.®4?% Indeed, as seen in Figure 37A,
decreasing the pH of 0.25 M NaClO4 from 5.7 to 3.1 via the addition of HCIO4 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 HCIO4 has the opposite effect: the

electrode degradation is significantly accelerated, which will be discussed later.
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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 NaClOs electrolyte the CV is identical to the unmodified one. For comparison,
the CV of NiHCF in pure 0.25 M HCIO; 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
HCIO4 appears at lower potentials compared to NaClO4 for equally concentrated solutions.
According to Equation 61 and by reasonably approximating a =~ ¢ 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 HsO™ 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 Eoa and E%g.2° Thus, the
resulting E’ 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 HCIO4
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.?!
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 HsO™, but also the prevalence of

Na* in analogy to the conclusion from the CV peak positions.
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Figure 38. Apparent molar mass of the intercalating species for NiHCF in (A) 0.25 M
NaClOa, (B) 0.25 M HCIO4 and (C) 1:1 mixed 0.25 M H/NaClO4. Adapted and reprinted
with permission from ref. 251. Copyright © 2023, American Chemical Society.

As mentioned above, a too high concentration of HzO" in the mixed H/NaClO4 electrolyte

outweighs the stabilizing effect of OH" reduction and leads to an increased degradation rate of
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NiHCF during cycling. This is further reflected by the clearly visible dissolution of electrode
material in that solution (see Am 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 HCIO4. 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 H2SO04, 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 H3zO". Within just 1-2 picoseconds of AIMD
equilibration, spontaneous protonation of the N-sites is observed, leading to the formation of
Fe(CN-H)e 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 HsO*. 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*/HzO" ratio.
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Figure 39. (A) Stability of NIHCF during CV cycling in 0.25 M HCIO4 compared to NaClOa.
(B) Ab initio molecular dynamics simulations show the protonation of N-sites of the [Fe—
C=NJ-Ni bond if Na* is replaced by H3O" in the framework structure. Reprinted with
permission from ref. 251. Copyright © 2023, American Chemical Society.

Next to the stabilizing effect of acidification of NaClO4 presented herein, a similar result was
obtained by acidifying NaNOs, whereas the opposite effect was observed for acidified Na2SOa.
For a more detailed discussion of this peculiar inconsistence, the reader is referred to the
original publication.?8! Furthermore, another study has reported that defect-rich CuHCF, a
Turnbull's blue analog with a significant share of [Fe(CN)g]-vacancies, can be used as a stable
and reversible proton insertion electrode in 2 M H2SOa, whereas the replacement of Cu by Ni,
Co, or Mn significantly impaired the stability.®?” 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 Na>SO4 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 PBASs.

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 NaClOsa,
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NaNOz, NaCl, NaCH3COO and Na»SOs4. 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 CIO4" > NO3 > CI-> CH3COO" > SO4%. Similar
results were found for INHCF (see Figure 40D),2%® while a comparable anion trend was also

previously reported for chromium hexacyanoferrate in K*-electrolytes.3?
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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.

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
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adsorption on the electrode surface.'®"% 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 Xy, 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 G: and Xi
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.

112



6 Degradation Mechanisms of PBA Electrodes in Aqueous Media

A)
3 T r
O spectrum 0.25 M electrolytes
— fit ¢
2
S
N 1}
E
OF
16 17 18 19 20 21 22 23 24 25 26 27 28 29
Re(Z2) (@)
B) C) D)
58
0of & 1. 28
54 1 i s 193 26| =
T 1-4
D 40} =2 N ~
S s £ 22 “ 17 2 3 2|
5 sz & s o 9 & 2 20l = B B
[ = ~ by
a0} ~ sl =
AN Q - {-11 18
36+ - (o] 16k B
* Q-3
31 I 1 1 1 1 6.7 1 1 1 1 1 14 L 1
or O 3> 0O O o o} o> O or £ S o O
o ¢ & O 2 ¥ & O 2 & ¢
- o e S c}e‘o’o N F ® & Sy
e’b e‘b e‘b

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 Xz (filled symbols) and (D) Ru. Reprinted with permission from ref. 251. Copyright © 2023,
American Chemical Society.

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", NOs", CI', CH3COO", SO4> 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 Fe'' and Fe'"

states.
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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.

NazNiFe''(CN)s NaNiFe'"'(CN)s
adsorbate
Eads-re (€V) Eads-ni (V) Eads-re (€V) Eads-ni (V)
ClO« —2.65 -2.35 —2.47 —2.25
NOs- -1.29 -1.35 -1.57 -1.23
Cl —2.73 —2.04 —2.52 -1.74
CHsCOO -1.89 -1.26 —-1.57 -1.28
SO4* -3.54 -1.84 —3.55 —2.49
OH- —2.87 -1.41 -2.91 —1.58

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> 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 PBASs 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
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effect. Whereas these results do not entirely represent the prevailing stability in perchlorate, an

overall qualitative trend can be recognized.

0‘2: 1.91A 2.30A
[ (1.88 A) (2.25 A)
Q20 Q30

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 NazNiFe'(CN)s, while the values
for the NaNiFe'"'(CN)s case are given in parentheses. Reprinted with permission from ref. 251.
Copyright © 2023, American Chemical Society.

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 pKp = 9.232°
compared to = 29%% for ClOs. As a result, local deprotonation of H.O 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 Mg?*, Ca?*
and Sr?*.202285 |n these cases, the local appearance of HsO* by cation-induced hydrolysis might
cause fatal hydronium (co-)intercalation and promote PBA degradation. This is elaborated in

further detail in the original publication.?®

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.
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6.3.2.3 Effect of Concentration

According to the results presented in the previous sections, NaClOs 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.'®? 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).2 Altogether, NaClOa, 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 CIO4™ 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 H>O
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 NaClOs 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 H>O, 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 NaClOs is presented in Figure 43C, giving a visual impression of

the high amount of Na* and CIO.4 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.?>°1%4 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.?’
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Figure 43. (A) Cycling stability of NiHCF in different concentrations of NaClOs. 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.?8! 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 NiIHCF
in 0.25 M and 8 M NaClOa, which represents a 32x increase of the amount of Na* and CIO4".
The number of ions in the indicated cell (black frame, 30 x 10 x 30 A) 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. lon-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.?®° 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.!
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 NaNOs
(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 NaClOa,
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.

118



6 Degradation Mechanisms of PBA Electrodes in Aqueous Media

A) B) C)
= 120 =120 =120
= irreversible loss > P
§ 100 % 10—y O
g \ £ £
‘: 80} passivation % 80r % 80f
S 80 60 60
a
8
= 40 » 40 > 40
£ £ £
{= L c L {= L
5 2% 0.25 M NaCIO, 5 2% 0.25 M Na,sO, 5 2% 0.25 M NaNO,
£ E £
E 0 L L L L E 0 L 1 L L E 0 L 1 L L
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
cycle cycle cycle
D) E) F)
® 120 x® 120 ® 120
0 w 0
@ 100 @ 100 @ 100 ]
£ £ £
o3 80 o 80t o3 80t
o 2 Z
§ 60t S 60t S 6ol
a o o
8 8 8
= 40 S, 40r o 40t
£ £ £
{= L c L {= L
E 20 0.5 M NaClO, 'E 20 1 M NaClO, E 20 8 M NaClO,
e 0 - - : . o 2
0 200 400 600 800 1000

00200 400 600 800 1000 00200 400 600 800 1000
cycle cycle cycle

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.

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 2ps2 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
0.1V 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(ll) oxidation state. However, a small
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peak at higher binding energies associated with the Fe(lll) 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.
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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 Na2SOa 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)e reference structure (Fm-3m,
a = 10.28 A). The degraded sample was galvanostatically cycled at 300C in 0.25 M NazSO4
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.

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
NazNiFe(CN)e reference structure. The lattice constant calculated from the (200) peak yields
10.26 A for the degraded sample, compared to 10.28 A 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
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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.?*3
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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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 NazSO4 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 NaxSOs4 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.

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,47:253,332:333
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Figure 47. Impedance spectra of a NiHCF thin-film model electrode acquired during
galvanostatic cycling (300C) in 0.25 M NaClOas. 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.

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 NaClOs. 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 Ret.
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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. Ret, Ry 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.

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 (R? 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 NaClOg 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
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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 Rt (around cycle 400). While its value
is initially only 2 — 4 Q with a slightly decreasing trend in the beginning (see inset), values
above 200 Q 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 Ret. 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 iRy-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,207:254255.299.334.335.336 | Jgyally 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.3"=*8 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,®*® 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 R 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 Ret. 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.3*® 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.34*

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 lIo down to lo/60 returns almost
two times the capacity obtained at lo 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, 25325425533 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".3*?
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Figure 49. (A) CV of a degraded (galvanostatic cycling at 300C until 30% capacity
remained) NiHCF electrode in 0.25 M NaClOg 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(v). (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.
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6 Degradation Mechanisms of PBA Electrodes in Aqueous Media

6.5 Proposal of an Overall Dissolution and Re-Deposition
Mechanism

As discussed in the previous two sections, the degradation of NiIHCF 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
NaClOs 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
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6.5 Proposal of an Overall Dissolution and Re-Deposition Mechanism

derivatives with special crystal shapes, geometries and structural properties,288345:346347
Further, it was shown that electrode-electrolyte species crossover is, in general, also possible
under operando conditions. By cycling CuHCF in the presence of Zn?* ions in the electrolyte,
partial cation exchange (Cu?* « Zn?") and subsequent nucleation of ZnHCF phases was
observed during extended cycling.?®® Similar findings were reported for FeHCF cycled in the
presence of Cd?*,3® and for MnHCF cycled in the presence of Fe®*.34° 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.®*° 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*, Ni?* and Fe(CN)s* 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)e]-defect density and
detrimental electrochemical properties.2’>277:351.352353 Erom 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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6 Degradation Mechanisms of PBA Electrodes in Aqueous Media

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 NiIHCF 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.
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irreversible material loss "}f*‘ i
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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.
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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 g = 372 mAh/g and E5 < — 2.8 V vs. SHE.*** 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.*®**° As a result,
the energy density of aqueous batteries remains significantly below ~2 V - 100 mAh/g - %2 =
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.*! Therefore, aqueous sodium- and potassium-ion batteries are expected to
be adopted mainly for stationary use-cases.>3*> 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.1981%° 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,*® PBA cathodes and anodes are
usually prepared as composite electrodes using active material particles obtained from the co-
precipitation synthesis routine.5* 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



7.1 Introduction and Background

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.3>® For example, the presence of binders
can severely impact the electrode properties.t’”3%6357 Contribution to hindered electron
transport can stem from high active-material to current-collector contact resistance.3%®
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.®** 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.2®22753%1.35335 Thege effects have the potential to reduce the
available capacity significantly and may cause severe hysteresis when operating the electrodes

at high rates.}*

In contrast, advanced binder-free and pure-active-material battery electrodes promise great
potential to circumvent these problems.177:183:3%6.357360 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,08361,362:363364.385 |y recent years,
this approach has as well been employed to create PBA-based and PBA-derived systems with
high power rating.346:366.:367.368369 |n 2019, Marzak et al. reported an entirely PBA-based ASIB
with promising fast-charging capability.??* 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.’”® Next to using appropriate conductive substrates
intrinsically providing a structured template for conformal active material coating,}’” such
endeavors could even involve entirely new battery designs based on, for example, 3D-printed

matrixes.3"1:372

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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7 Fast-Charging Capabilities of Thin-Film Electrodes

initial period when research interest in this functional material class started more than forty
years ago.?4324.245 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.2% 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-lon 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 pg/cm?, 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/(cm?/pg) (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(ll/111) 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 pg/cm?
(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.3”
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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.

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 iRy-corrected (Ry 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 pg/cm?), 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 pg/cm?-film, the available
capacity of the 83 pg/cm?-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.
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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.

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 18208374375 Therefore, the charge-discharge characteristics likely
change from quasi-equilibrium to diffusional rate control.'*? As reflected in the experimental
findings, where this transition is observed at lower C-rates for higher film thicknesses, the

characteristic diffusion time 7 is strongly coupled to the electrode dimension as described by
Equation 71:142.144
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lZ
T=—"—" Equation 71

DNa"',NiHCF

Here, | is the diffusion length, which corresponds to the film thickness if z is exactly long

enough to entirely fill up the active material during electrode reduction. Dna+ niHcr IS the
apparent diffusion coefficient of Na* within the NiHCF lattice. As a plausibility check,

1
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*niHcr = 10712 — 1071% cm?/s is obtained throughout the investigated mass loadings,
which possibly slightly overestimates D, but still is in reasonable agreement with reported
values.?%® 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+gvnacio, = 10 — 107 cm?/s)'®* as a potential source for rate limitation.3’® 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. 448 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 pg/cm? on a flat substrate geometry. Strategies to

achieve higher mass loadings per substrate footprint will be discussed in Section 7.6.
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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).

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.3”’
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 pg/cm? 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:
t

Q<t>=f (O dt,  Qt = ) = Qe
0

o) _ Jyit)at
Qmax f:oi(t)'dt

©__. 36002

and C-rate(t) = RCT -
0

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 vyields a remarkably good agreement with the
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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 pg/cm? electrode (see Figure 54D), a
linear ipeak(v) 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.#2 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).3783"® Beyond a certain scan rate, the linear correlation is gradually lost
(dlog(ip)/dlog(v) — 0.5), accompanied by an increase of AEp, 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.!#237%38 This transition
proceeds at even slower scan rates for increasing mass loadings and thereby higher film
thicknesses (see Figure 54E).2*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 vmax 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:

N Eupper vertex — Elower vertex

Vmax
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Using Equation 71, apparent diffusion coefficients in the range of Dna*nince = 10711 —
10-1% cm?/s are obtained (see Figure 54F), which is in good agreement with the results from

the galvanostatic approach discussed above.
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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 ) @s a function of log(v), 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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7 Fast-Charging Capabilities of Thin-Film Electrodes

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

208 next to the fast

required diffusion length within the sub-micron-sized thin-film electrodes
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

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/cm?. 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.'® The following analysis should therefore mostly be considered as a

qualitative reference for practical battery electrodes.
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Figure 55. (A) CV at different scan rates of a NIHCF composite electrode in 8 M NaClOa4. 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(v). 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.

The iR-corrected CVs at different scan rates expose a non-linearity of ipeak(v) €ven 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
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7 Fast-Charging Capabilities of Thin-Film Electrodes

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 Rt = 1502 Q at SOC = 50% and an assumed transfer
coefficient of o = 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. (7 — iR) being smaller than aF/(2.303-RT) as
predicted by the Tafel-equation, which indicates that mass-transport limitations become rate

| im Itl ng_194,375,381
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Figure 56. (A) Galvanostatic discharge curves at different C-rates of a NiHCF composite
electrode in 8 M NaClOa. 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 R to estimate ip 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.

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 NiIHCF powder obtained from the co-precipitation synthesis consists of very large
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7 Fast-Charging Capabilities of Thin-Film Electrodes

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).842% 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,®® 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.?%%382
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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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7.3 Comparison to Composite-type Electrodes

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 Fast-Charging Capabilities of Thin-Film Electrodes

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/cm? 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 NaxMn''Mn""(CN)e
transition (see Figure 25A).5895200.233.383 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.3438 The investigatory approach was in parts based on the

previous work of P. Moser.38¢
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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.

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 pg/cm? 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
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to 95% for a loading of 150 pg/cm?. 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, NasMn'[Mn'(CN)s]) MnHCM anode
effectively represents a self-discharge of the material. A possible oxidation pathway involves
the reduction of trace amounts of atmospheric Oz dissolved in the electrolyte. Such a process
is enabled due to the standard reduction potential of O (see Table 1) being well above the
redox potential of MNHCM:3%’

4NazMn"'[Mn!(CN)¢] + 2H,0 + 0, —» 4Na,Mn"'[Mn!'(CN)4] + 4Na* + 40H™

This hypothesis was assessed by intentionally purging the electrolyte with atmospheric air,
which naturally contains = 21% oxygen, and leaving a fully reduced MNnHCM 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 pg/cm? 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/I, which should, however,
be strongly reduced in the case of the herein-employed concentrated electrolyte,70388:389.3%0
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 £ . 137 cm? - 7222% ~ 1 pAh = 3.6 mAs.
cm g
Using the Faraday constant, it can be calculated that 3.6 mAs corresponds to a number of

electrons of = 0.037 umol. According to the reaction equation above, one O, molecule can
"steal™ four electrons. Therefore, less than 0.01 umol of dissolved oxygen would be needed to
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7 Fast-Charging Capabilities of Thin-Film Electrodes

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 umol/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 O>
in the parasitic oxidation of MNnHCM 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(POa)s,

another material considered as anode for aqueous intercalation-type batteries,70-387:389:3%

Naturally, the electrode operation at potentials below 0 V vs. RHE thermodynamically also
allows the parasitic oxidation of the material by H>O decomposition (H. evolution) at its

surface.38’
2NazMn''[Mn!(CN)¢] + 2H,0 - 2Na,Mn"[Mn!(CN)4] + 2Na* + 20H™ + H,

This process can theoretically proceed until the electrode potential reaches 0 V vs. RHE,
corresponding to complete oxidation for the specific case of MNnHCM 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.’>3°! 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 MNnHCM 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 CIO4~ might be worth investigating.3®? 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) @s 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:

0, + 2H,0 + 4e~ - 40H~  and  2H,0 + 2e” — H, + 20H"™

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.
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Figure 59. (A) Evolution of the open-circuit potential of a MNnHCM 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 MNnHCM 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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7 Fast-Charging Capabilities of Thin-Film Electrodes

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
characteristics®>21%® 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,**% 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 cm?) and the order of magnitude of the employed absolute capacities (< 10 pAh, < 100 ug
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,?®* 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)®=% 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.??* 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.??* and P. Moser.3® 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:
charging
Na,Ni''Fe'(CN)4 + Na,Mn""Mn''(CN), 2 NaNi'Fe!'(CN), + NazMn"Mn!(CN),
discharging
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.
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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.

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 Co'""" (at lower potential) and Fe'"""" (at higher
potential).2® 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:
charging
NaCo"Fe!l(CN)4 + NaNil'Fe''(CN), 2 Co"Fe(CN)¢ + Na,NilFe!l(CN),
discharging
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
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7 Fast-Charging Capabilities of Thin-Film Electrodes

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 NiIHCF—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 NiIHCF-MnHCM system, this effect becomes stronger towards lower rates.
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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.

In previous research, full-cell ASIBs entirely based on PBASs 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)?* and ~ 27 Wh/kg likely" at 1C
(cathode: CuHCF, anode: FeHCF, = 78% capacity retention at 10C).3** 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

v Unfortunately, the cited article is ambiguous at this incident.
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7.5 Model Full Cells: NiIHCF — MnHCM and NiHCF — CoHCF

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.1081093613% 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.
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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 Fast-Charging Capabilities of Thin-Film Electrodes

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 pg/cm?) 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/cm? (even up to 50 mg/cm?) are easily realized
using the slurry-casting method.*803%:3%7:3% 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 pg/cm? 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- (MLs = ML - SFR) of 10 mg/cm? on the GFA.
Accepting a substrate weight of 50% of the active material per geometric footprint, which is

SRF
50% ‘MLg

equal to 5 mg/cm?, the template must at least have an SSA of ~ 2.6 m?/g. Whereas this
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7.6 Outlook on the Potential Realization for Practical Applications

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, 177356401403 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 um), 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/cm? obtained from the conversion method, the
loading was often in the order of 1 mg/cm? 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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7 Fast-Charging Capabilities of Thin-Film Electrodes

Table 8. Selected examples of PBAs, PBA-composite and PBA-derivative functional
electrodes directly fabricated on CC or carbon paper.

functional material PBA synthesis method reported loading application ref.
FeHCF-MnO; electrodeposition 1-2 mg/cm? supercapacitor 406
CoHCF on polyaniline precipitation 1.42 mg/cm? battery 407
ZnHCF conversion 15 mgfem” battery 408

(estimated)

FeHCF precipitation not found battery 409
CoHCF conversion not found battery 410
CoHCF precipitation 1.2 mg/cm? supercapacitor 411
NiHCF conversion 26.4 mg/cm? supercapacitor 412
CuHCF conversion 9.4 mg/cm? supercapacitor 413
MnHCF precipitation 3 mg/cm? deionization 414
FeHCF-derived FeNi(OH)x | electrodeposition Not found OER electrocatalyst | 415

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,*15417 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.
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A)

electrodeposition
bare CC |:> PBA on CC

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.

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.*!® 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 04419420421.422423 |n 3 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
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7 Fast-Charging Capabilities of Thin-Film Electrodes

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=0 (carbonyl), O=C—OH
(carboxyl), or O=C—O (ester).*8420 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,**” 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 NiSOs4, 0.1 M H2S0O4 and 0.25 M Na2SO4 under potentiostatic control at -0.6 V vs. SSC
(-0.11 V vs. Ni/Ni#*). This way, metallic nickel loadings in the order of 10 mg/cm? 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.

pure nickel
plated on CC

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.

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
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7.6 Outlook on the Potential Realization for Practical Applications

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).
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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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7 Fast-Charging Capabilities of Thin-Film Electrodes

Unfortunately, relatively low mass loading improvements up to only = 500 pg/cm? 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 pm with a density of
1.76 g/cm® and a carbon content of 99.5%.4?* The surface S and mass M of one fiber with a
length of 1 cm is then calculated as

S;=75um-m-1cm = 0.0024 cm?

8 _
cm3

7.5 pm

2
) ‘- 1cm- 1.76 7.8-10"* mg

The specific mass of the substrate was weighed as 12.29 mg/cm?. For comparison, 10 pm-thick
copper foil, usually used as the current collector for graphite electrodes in LIBs, has a specific
mass of ~ 9 mg/cm?. Accordingly, carbon cloth with a footprint of 1 cm? comprises of =~ 15,800
fibers. The resulting SFR and SSA are obtained as

38

. 2
15,800:0.0024 cm* 38 and SSA=——mp = 031>

2
2 g .
1cm 12.29sz g

SFR =

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 m?/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 pg/cm? using the specific thickness of 6.6 nm/(cm?/ug) (see Figure 28D). Using the
SFR calculated above, the theoretical total mass loading on the footprint area of the CC
substrate would accordingly be MLy = 1140 pg/cm?. 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.
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7.6 Outlook on the Potential Realization for Practical Applications

Even though the goal of reaching commercially viable mass loadings in the range of
1 — 10 mg/cm? 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.*%’
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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 Na:NiFe(CN)e 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 pg/cm? 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 s 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



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 Fe'"""" transition, being reflected in increased leaching rates during electrode reduction.
For CoHCF, an additional increased leaching rate was found at the Co'""" 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 CIO4” < NO3™ < CI" < CH3COO" < SO+* 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
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8 Conclusion and Outlook

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 vyielded
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 thesis*?® 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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List of Abbreviations

AIMD Ab initio molecular dynamics

AFM Atomic force microscopy

ASIB Aqueous sodium-ion battery

CcC 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
RE
RHE
SEM
SHE
SOC
SOD
SSC
™
XPS
XRD
WE
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Polyvinylidene difluoride
Reference electrode
Reversible hydrogen electrode
Scanning electron microscopy
Standard hydrogen electrode
State of charge

State of discharge
Silver-silver chloride
Transition metal

X-ray photoelectron spectroscopy
X-ray diffraction

Working electrode
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Electrochemical impedance spectroscopy (EIS) is a versatile tool to understand complex processes in
batteries. This technique can investigate the effects of battery components like the electrode and
electrolyte, electrochemical reactions, interfaces, and interphases forming in the electrochemical systems.
The interpretation of the EIS data is typically made using models expressed in terms of the so-called
electrical equivalent circuits (EECs) to fit the impedance spectra. Therefore, the EECs must unambiguously
represent the electrochemistry of the system. EEC models with a physical significance are more relevant
than the empirical ones with their inherent imperfect description of the ongoing processes. This review
aims to present the readers with the importance of physical EEC modeling within the context of battery
research. A general introduction to EIS and EEC models along with a brief description of the mathematical
formalism is provided, followed by showcasing the importance of physical EEC models for EIS on selected
examples from the research on traditional, aqueous, and newer all-solid-state battery systems.
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Their pollution-free operation and lower dependence on fossil
fuel resources make them a promising alternative for “clean
electricity”.> The chemistry and architecture of batteries play an
essential role in determining their performance indicators.
In particular, lithium-ion batteries (LIBs) have captured the

market for battery electric vehicles, plug-in hybrid electric vehicles,

1. Introduction

Rechargeable batteries play a significant role in mitigating
climate change and realizing a decarbonized global economy.
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operating via ion shuttling between the anode and cathode with
an interposed separator soaked with the electrolyte. It is worth
noting that the pioneering work in rechargeable LIBs received
the Nobel Prize in the year 2019, reinstating the importance of
battery research.® Nevertheless, researchers and industries
worldwide persistently work towards improving energy storage
capability and reducing the cost associated with batteries.

Improvement in the performance of battery systems is based
on understanding the underlying operation mechanism and
ongoing processes.” Crucial cell components like the anode
and cathode interact with the electrolyte and form the so-called
electrode-electrolyte interphase that is detrimental towards
storage capabilities. Furthermore, the internal resistance
increasing over time could be problematic in batteries.® As
several incidents over the last few years have exemplified, safety
is a serious concern for traditional LIBs. The degradation of
the electrolyte can lead to the formation of volatile organic
compounds within the cells, posing a severe fire risk when a
short circuit occurs.” Motivated by these concerns, batteries
based on aqueous and solid-state electrolytes (SSEs) have been
developed. The use of such alternative electrolytes has the
potential to make batteries cheaper and more environmentally
benign.'’® In particular, aqueous electrolytes provide better
ionic conductivity and act as a better heat sink than aromatic
and aliphatic carbonates used in organic electrolytes. Hence
fluctuation-free battery performance and cost reduction could be
expected. Solid-state electrolytes mitigate safety issues and could
be promising for high energy density batteries by enabling
lithium-metal anodes.*!

Nevertheless, performance optimization and implementation
of these alternative technologies are hindered by a lack of
fundamental understanding of the inherent physical electro-
chemistry of the devices. In general, this involves the electro-
chemical redox processes, phase changes that occur during
operation, side reactions, interphases formed on the electrodes,
degradation mechanisms, transport properties, and battery
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stability at varying temperatures.'? Ex situ and/or in operando
techniques involving X-ray, neutron, electron, and optical methods
have been frequently used in studying these influencing factors
and processes. However, a non-invasive, cost-effective approach
to study the battery operation still remains elusive. Furthermore,
finding a common characterization technique for different
length scales ranging from the atomic to system level is difficult.
An atomic scale involves understanding diffusion and charge
transport within the electrode and the electrolyte.’> At a micro-
scale, mechanical degradation, electrode-electrolyte interphase
formation, and dendrite growth are the phenomena of interest.'*
An individual battery cell needs to be evaluated for ageing,
internal resistance, temperature, and current variations. At the
system and pack levels, the overall performance is defined by
safety, efficiency, environmental changes, and charging
methods. Understanding the battery behavior at all these levels
using a non-destructive approach has been made feasible by
electrochemical impedance spectroscopy (EIS).

In the past fifty years, EIS has evolved as a very powerful
method to study and characterize the electrochemistry of
battery systems and materials with complex processes and
has gained much attention in the field of battery research
(Fig. 1). It is not only capable of observing different phenomena
on different length and time scales simultaneously, but also
capable of differentiating and identifying the related mechanisms.
In most cases, an electrical equivalent circuit is employed to fit
the response of a system with unknown properties (‘‘black box”)
to an external probing signal in order to both qualitatively and
quantitatively characterize the interfacial processes (Fig. 2).'®

The basic experimental principle of EIS relies on the pertur-
bation of an equilibrated electrochemical system by an electrical
probing signal and the analysis of its linear response. Two kinds
of EIS approaches can be differentiated: potential or current
perturbation, leading to potentiodynamic EIS (PEIS) or galvano-
dynamic EIS (GEIS). The system’s tendency to oppose a potential
perturbation is measured by its alternating-current (ac)
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Fig. 2 EIS as an experimental approach to solving the inverse problem. An
external signal is applied to perturbate an equilibrated electrochemical
system and impedance data can be extracted from its response.
The underlying interfacial charge and mass transfer processes are modeled
employing an EEC, which, after thorough and iterative fitting to the
obtained data, allows for a deep understanding of the investigated system.

impedance, which is a function of the signal’s frequency and
converges to the ohmic resistance in the stationary direct-current
(dc) case. D.D. Macdonald summarizes the following advantages
of the technique: (1) its linearity, allowing the treatment of the
system in terms of Linear Systems Theory; (2) an infinite
frequency impedance spectrum would deliver the same
information on the system as acquired from linear electrical
perturbation/response techniques; (3) EIS easily generates a high
amount of information compared to the acquired data; and (4)
the data validity can be determined by mathematical techniques
(discussed in the section below) irrespective of the involved
processes in the experiment.'”

As different kinetic steps within a battery have different time
scales, EIS allows differentiating the associated electrochemical
processes. The transport processes of electrons through wires,
the current collector, and from there towards and through the
electrochemically active material, as well as that of ions within
the bulk electrolyte and - for most cases - throughout the

12928 | Phys. Chem. Chem. Phys., 2021, 23,12926-12944

porous electrode structure can be separated from physicochemical
changes in the system.'® The (re)arrangement of the double
layer, the charge transfer across the electronic-ionic conduction
boundary, and possibly the solid-state diffusion of ions within
the crystalline host structure are processes that can be observed
with careful EIS analysis. In many cases, the change of the
crystalline structure of individual components constitutes a
further, rather slow, process involved during the battery
operation.® Being capable of acquiring impedance spectra from
MHz to mHz frequencies within a relatively short time and
thereby creating extensive and meaningful datasets, modern
potentiostats allow measuring all the above-mentioned time
scales in a single measurement. In general, a qualitative
assessment of the investigated system is possible by evaluating
the acquired impedance spectrum, the Nyquist plot in most
cases, for characteristic features, representing the respective
limiting processes for different frequencies, thus time scale
regions. However, an appropriate interpretation requires a priori
knowledge. A physico-chemical model is employed for fitting
the impedance spectra, allowing the extraction of quantitative
information on the material and interface properties. Such a
model is called an electrical equivalent circuit (EEC), representing
the occurring processes within the investigated system as a
combination of elements known from electrical network theory,
such as resistors and capacitors. Commonly, software for building
and fitting the EEC to the EIS data is employed.>

As an example, a commonly accepted model reflecting the
parametrization of the contributions from the double layer,
faradaic reactions, and the electrolyte pathway is shown in
Fig. 2. This generic configuration involves a capacitor to
represent the double layer and a parallel pathway for faradaic
reactions, which is represented by a resistor to account for the
charge transfer and a Warburg impedance for the diffusion of
charge carriers. A series resistor represents the conductivity of
the electrolyte and further electronic resistivities of the setup.
This simple EEC is also known as Randles circuit, which is in
most cases insufficient to account for the measured impedance
of more complex systems, however. In general, finding a model
compliantly fitting the measured spectra in a mathematical
sense is not a big issue at first glance. This is especially true
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when (several) non-ideal elements, introducing additional
degrees of freedom, are being incorporated. Furthermore,
models can degenerate, delivering the same output for different
arrangements of their elements, and finally, their physical
interpretability is lost.>* Hence, one must always bear in mind
that such a model can be nothing but a representation of the
relevant equations describing the electrochemical system and
must always be questioned regarding its exactness. However, if
appropriately analyzed, EIS establishes the direct link between
mathematical equations and the real world. The informative
power of this technique can be further increased by combining
it with simultaneous (non-) electrochemical techniques to
complement each other, such as quartz-crystal microbalance
(QCM) or cyclic voltammetry (CV).'®

The present review highlights the importance of modeling
impedance spectra with equivalent circuits having a physical
significance to understand the electrochemistry of batteries.
Starting with general intercalation-type battery systems, the
underlying guest-ion insertion and extraction mechanism is
discussed based on a model employing intermediate anion
adsorption. Furthermore, several prominent examples of
detrimental processes in traditional organic-electrolyte systems
studied by EIS are showcased, such as the formation of the
solid electrolyte interphase, solid-state diffusion of intercalated
guest-ions, as well as structural phase changes of the host
electrode due to ion insertion. The physico-electrochemistry
of more recently developed systems based on a solid-state
electrolyte is analyzed for a deeper, profound understanding
of the inherent charge transport mechanisms.

2. Understanding EIS & general models

The measurement principle of EIS is as easy as applying
sinusoidal potentials or currents of different frequencies to
an electrochemical system and measuring the associated
current or potential response. This can either be done in a
two-electrode setup, where the reference and counter electrodes
of the investigated cell are in electrical contact or a three-
electrode configuration, allowing the separation of impedances
from the counter and working electrodes, respectively.
A two-electrode system is useful to analyze properties where
differentiation of the separate electrode processes is not needed,
such as symmetric half cells. However, a three-electrode
configuration is more suitable for batteries as it allows precise
separation of the interface properties associated with either the
cathode or anode. The mathematical basis of EIS, the models for
electrochemical systems, and measures for validating the EIS
data are discussed in the forthcoming section.

2.1. Mathematical formalism for impedance data

An equivalent circuit of physical significance is essential to
understand an electrochemical system via impedance spectra.
However, the foundation of such understanding is built upon
mathematical formulism. The reader is referred to the book of
Lasia® for further details and an in-depth review of the
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literature. As introduced above, EIS is based on the
frequency-dependent potential or current response of any
electrochemical system. A potential-controlled excitation (PEIS)

can be represented in the form:
E(t) = Eysin(wt) (1)
The corresponding current response will then take the form:
I(t) = I sin(wt + @) (2)

where I, and ¢ represent the current amplitude and the phase
shift. However, this response requires a set of conditions to be
held: linearity and stationarity, as sketched in Fig. 3. A (pseudo)
linear response means that the current follows the potential
while (locally) adhering to Ohm’s law. Linearity can be easily
achieved by choosing a sufficiently small excitation amplitude
(U, for PEIS), typically set to U, = 5-20 mV for battery applications.
However, stationarity is a problem that must be carefully
considered when measuring EIS as it cannot be obtained by
simply setting experimental parameters. For a non-stationary
system, the current response will have an additional term as

1(t) = Lo sin(wt + ) + Inon-stationary(t)- (3)

This additional term cannot be accounted for in typical impedance
analysis and will make qualitative and quantitative results hard to
come by. However, the Kramers-Kronig analysis (KK check) can
help to reveal non-stationary measurement conditions. A constant
non-stationary current can be compensated with a drift correction
by dedicated software. More complicated cases can be investi-
gated using potentiodynamic electrochemical impedance spectro-
scopy (PDEIS), as it can be found in an article on EIS in the
presence of non-linear distortions® and non-stationary cases.**

Once linearity and stationarity are assured, the impedance
data can be analyzed. As both the potential excitation and the
current response are sine waves with a common frequency, the
(complex) impedance can be defined as:

Z() U(t)  Ugsin(wr)

=700 " hsin(wi+¢) 2 (cosp +jsin($)) = Zoexp(jep)

“

The complex impedance can be represented by its amplitude
and phase (|Z],¢) or real and imaginary parts (Re(Z),Im(Z)), and

Non-Linear
Non-Stationarity

Linear

/ Non-Stationarity
Stationarity

Pseudo-Linearity

Fig. 3 Graphical depiction of the two requirements for data acquisition in
PEIS: linearity and stationarity. A linear non-stationarity can be accounted for
by software, whereas algorithms cannot correct a non-linear disturbance.
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is defined for every frequency in the spectroscopic range. The
resulting data are a three-dimensional array with the frequency
as a discrete variable. Typical representations of these data
include Nyquist (—Im(Z) vs. Re(Z)) or Bode (|Z| vs. w) plots
which are projections along with one of the three axes.
However, all projections of the 3D data will hide some of the
information, which becomes important when a model is fitted
to the data.

2.2. General EEC modelling of electrochemical systems

The notion of an EEC to model the impedance response of
electrochemical systems is used throughout a wide field
of applications, such as piezoelectrics,* ferroelectrics,?® and
of course, LIBs.”” EECs comprise a number of single electrical
network elements connected in series or parallel, with the most
obvious ones being a resistor, a capacitor, and an inductor. The
impedance function of the relevant elements can be found in
Table 1.

An interested reader is referred to a more generalized view
describing resistance, capacitance, and inductance as only the
boundary cases of a unified energy efficiency conserving
quantity.”® More advanced components, like the constant phase
element (CPE), are used to model the imperfect behavior of
capacitances or resistances, always describing a mathematical
relation of (complex) impedance and frequency. The CPE is of
special importance for the description of double-layer capacitances
and is described by

Z = Qfjw) )

and while for o = 0 the element represents a resistor, for« =1 a
perfect capacitor, and therefore, this reflects the degree of non-
ideality. There are several possible explanations for the physical
origin of the constant phase element: surface roughness,**=® several
reaction rates,”* and non-uniform current distributions.****

As a real electrochemical system contains an unknown
number of impedance constituents in an unknown arrangement,
it is important to build an EEC model which both represents
the system’s physics and fits the experimental data. The gra-
phical representation in the form of an EEC is a visualization
for combining the single element equations based on
Kirchhoff’s laws. For example, a simple charge transfer process
at an electrified interface can be represented by a single parallel
connection of R and C (RC-element), with an interface charge
transfer resistance and the capacitance across this interface.
This RC-element reveals itself as a semi-circle in the Nyquist
plot and is one of the most easily distinguishable features of
impedance spectra. However, even a simple sample such as a

Table 1 Impedances of different simple elements, which are commonly
used in electrical equivalent circuits.

Constant
Element Resistor Capacitor phase Inductor Warburg
EEC parameter R c CPE L w
Impedance R 1 1 JoL Ay | Ay

JjoC Q(wC)* Vo o jJo
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solid ionic conductor in between two electrodes already involves
a number of effects:* bulk resistance (Ruu), polarization
contribution (Cgeom), and two interfacial charge transfers (Rine
and Cing), which are - in a symmetric setup - not distinguishable
from each other. Therefore, the EEC already contains four
elements that remain to be arranged. Importantly, even simple
EECs can degenerate, meaning that the same fitting can be
achieved by multiple configurations of the same elements leading
to different parameter sets.’® As the application of EIS ranges
over a wide field of systems, there are a few standard models
describing the impedance response of various physical
phenomena which will be introduced in the following: an
electrified interface in its simplest form, with a charge
accumulation (C) and resistance (R), is described by a Voigt
element.*® Multiple RC-elements in series are called a Voigt
circuit, potentially describing the impedance response of multiple
interfaces in series. However, these simple models cannot
describe the more intricate nature of complicated systems, such
as the charge transfer behavior of, for example, porous electrodes,
for which the transmission line model has been developed.*”*

2.3. Developing a physical model

The complexity of assigning elements for an EEC increases with
the difficulty of evaluating the number of time constants for a
particular dataset.*” Furthermore, the decoding of the physical
features might also be quite challenging to obtain from the EIS
spectra. Here, the distribution of relaxation times (DRT) could
be a handy technique to transform the EIS data to a time
instead of frequency space, revealing characteristic time
constants.*>"' However, DRT analysis is heavily prone to
statistical deviations limiting the quantitative use.

1t is also understood that there is no single model that fits all,
which leaves the question of ranking the best model that can be
used. One criterion for ranking the models is the Akaike information
criterion, which estimates the quality of a statistical model.

It is important to note that there are two distinct ways to
determine a suitable equivalent circuit for a given EIS spectrum.
The straightforward approach is to use an adhoc model available
and apply it to the system. However, many of these EECs
are empirical and, while more or less accurate fitting of the
impedance spectra can be obtained, are hard to verify using
secondary techniques or simulations. In the case of batteries,
one can easily think of some physical origin for impedances:
resistances of electrodes, the electrolyte, and their respective
interfaces, as well as capacitive effects on such interfaces. The
elements of an empirical EEC can therefore be assigned a
physical meaning a posteriori. With all elements of the equivalent
circuit assigned to a physical origin and arranged in a logical
order, the empirical EEC becomes a physical EEC. This physical
model then provides information on the underlying electro-
chemistry and charge transfer mechanisms and is by its nature
also verifiable by other techniques or can be tested in simulations.
A prominent example of this is the confirmation of the EEC
involving the double layer capacitance in electrical double layer
capacitors based on other electrochemical tests.*” From a
quantitative point of view, parameters obtained from a physical
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model should be in an acceptable agreement with those
determined from other electrochemical techniques to ensure
the model's correctness. One must keep in mind that any fitting
problem is inherently prone to the error of “overfitting”.
Any simple semi-circle in impedance spectra can be fitted by an
arbitrary amount of RC-elements, although a single RC-element
would already fit the spectra well. Any additional fitting
parameter, in the case of EIS an additional equivalent circuit
element, giving a small improvement in fit quality must therefore
be carefully considered. As with other fitting problems, an
indicator of this is the errors for each fitting parameter.

3. Physical EIS modelling for selected
battery systems

In order to provide an accurate picture of battery electrochemistry,
it is important to understand the inherent components and
their behavior.”® Many factors, including the current collector,
separator, electrode, electrolyte, etc., need to be considered for
interpretation. A generic EEC can be built to represent all these
properties in one entire model, as seen in Fig. 4. However, for
practicality, some of the insignificant components can be
neglected in the interpretation. For instance, the contribution of
the separator, which allows ions to pass through its pores and is
designated with a RC-clement, is negligible compared to other
components, making it convenient to build the EEC without
further consideraton of this element'®" Similarly, the
resistances that stem from the current collector and electrolyte
can be consolidated as a bulk resistance.

It is worth noting that EEC modeling for batteries is applied
to the measured impedance spectrum in such a way that the
obtained data and the model have a minimal difference in
parameters."® In general, EIS is far from the ideal, which leads
to imperfect features in the Nyquist plot with indistinguishable
time constants for various processes.’ Therefore, modeling EIS
using an EEC needs to be performed with better scrutiny by
understanding the electrochemical processes governing the

View Article Online
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battery system of interest. For an initial analysis, one could fit
the EIS spectra with an EEC using a non-linear least squares fit
usually done by using available software. Such a fitting leads to
an empirical model with parameters that might (not) be helpful.
One could also introduce additional RC-elements to lower the
error margin. However, such an approach can be misleading as it
might not represent the exact physical processes associated with
the electrochemical reaction. Having said this, a generic model for
all the systems is also very complex and clear differences can be
observed with modifications in battery components (electrodes,
electrolyte, separators, etc.). For instance, in a ceramic SSE one
would need to consider a brick-layer model where the current can
pass through grains and also across grain boundaries."®
Considerations for EEC, in this case, depend on whether
additional elements are required to represent the grain boundary.
Furthermore, computationally simulated electrode materials have
provided some insights into modeling that can be taken into
consideration. However, in real-time, the behavior is much more
complex. Therefore, physical impedance models that take into
account the physical processes associated with the system of
interest (based on experimental observations) would be a more
reliable approach for building an EEC.

3.1. The mechanism behind intercalation in liquid electrolyte
batteries

3.1.1  Early models for ion intercalation into host electrodes.
Intercalation is a remarkable redox reaction where charged
species in the electrolyte form a nonstoichiometric intercalate
with the host molecule via reversible insertion into the host
lattice.*” A typical example would be graphite intercalation
compounds with a configuration of LiCg formed during
lithiation. Apart from charge transfer, other mechanisms occur
during the intercalation process and battery operation. EIS is a
powerful tool to optimize the system performance by under-
standing these various processes in intercalation-type battery
materials, including the formation of a solid-electrolyte inter-
phase (SEI), other physical and chemical reactions, and
irreversible ion storage sites. Despite EIS being versatile in

Fig. 4 Representation af a battery with an empirical EEC considering all its companents. Repraduced with permission from ref, 42, Copyright C:2016,

John Wiley and Sons.
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explaining such interplays, it would be ambitious to fit all
spectra with a single model. Many electrochemistry research
groups have invested in developing a reliable physical model to
understand the behavior of such a battery system, which are
discussed in the following.

One of the initial models by Bruce and Saidi describes the
lithium-ion intercalation in amorphous and cubic TiS; using an
adsorbed atom model.* Building on this work, several
researchers have developed a similar model to understand
intercalation-type materials in batteries.”>*" This model considers
that solvated ions near the electrode surface undergnes partial
desolvation, thus getting adsorbed, followed by the transfer of
electrons from the external circuit into the solid host. The ion now
diffuses through the electrode surface until it reaches a point
where it completely loses its solvation layer and can intercalate
into the host lattice (Fig. 54). Kobayashi analyzed LiMnO, based
intercalation electrodes using EIS.*® The EEC is presented in
Fig. 5B and was used to fit the obtained impedance spectrum
consisting of two semi-circles in the high and medium frequency
regions followed by a straight line. The model consists of an
RC-element connected in series with the bulk electrolyte resistance,
R, (Fig. 5B). An additional R/CPE-element represents the
impedance determining the mid- and low-frequency regions
of the spectrum, respectively. Semi-circle 1 represents the
partial removal of the solvation layer during the Li-ion inter-
action followed by another semi-circle in the mid-frequency
region representing the adsorption and intercalation of the
lithium-ion into the host material. Though such a model
discusses some interesting aspects of cation intercalation, the
model does not account for the SEI formation or other
simultaneous reactions occurring during reversible lithiation.
This topic will be discussed in section 3.2.1.

Despite the myriad of models considered for these processes,
there still exists a need for explaining the EIS spectra with
physics, when models considering partial solvation of ions or
later models involving the SEI only partially represent the overall
process. Advanced understanding of multi-stage processes
considering various aspects of the electrode—electrolyte interface
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is indispensable for future battery optimization efforts. These
processes sometimes manifest as loops in the mid-frequency
range of the impedance spectra. In earlier battery research, these
uncommon features have been considered measurement artifacts
with no physical meaning, whereas their appearance is widely
accepted in other electrochemical research fields, such as
corrosion systems.”™ EIS spectra of a Li/graphite system studied
by Tconatti's group sugwested that the loop was formed due to the
superimposition of an electromotive force during lithium
interealation.” A more convincing reason was provided in recent
studies associating the observed loops in the transition region
between the mid- and low-frequency regions to a multi-stage
reaction accompanying the [de)intercalation process.*®
A detailed review of this proposed mechanism will be discussed
in the following section with the example of a sodium ion
intercalation material. The a posteriori formulated EEC is
validated by both theoretical considerations and experiments
and, therefore, can be considered to have physico-electro-
chemical meaning.

3.1.2 Three-step mechanism of Na* intercalation into
NiHCF in aqueous systems. The material class of Prussian Blue
Analogues (PBAs) has continuously gained interest over the last
few years as a promising candidate for stationary aqueous
sodium-ion battery systems. Similar to the LIB technology,
the capability of PBAs to store and provide electrical energy
relies on the process of intercalation. Despite its lower energy
density, the inherent environmental benignancy, low cost,
scalability, and safety might resolve some of the increasingly
discussed drawbacks of the “conventional” Li-ion technology.*
Despite its penetration into modern technology and society
over the last 30 years — peaking in the 2019 Nobel Prize — the
exact underlying process of storing charge by intercalating a
guest ion into a host structure remains a topic of discussion in
today's literature. In general, the fully reversible (de)intercalation
process is described by a simple chemical equation. For example,
the insertion of sodium into nickel hexacyanoferrate (NayNi
[Fe(CN),] = NIiHCF), a welkknown PBA representative, is
described by:

Fig. 5 [A) Typical representation of the adatom model. [B) EEC used to analyze the obtained impedance spectra for LiMnO;. Reprinted with permission

from ref. 50. Copyrighti2005, American Chemical Society.
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NaNi[Fe"[CN)] + e + Na* « Na,Ni[Fe"[CN)4]

This representation implies that the electrochemical
reduction of the active material is immediately followed by
the intercalation of the alkali metal cation.™"

However, Yun et al. argued that this representation might
oversimplify the complex processes associated with the electro-
chemical insertion of guest ions into the host structure. SPEIS
measurements at different potentials within the faradaic active
region of the discussed reaction, shown in a CV in Fig. 64,
revealed the appearance of loop-shaped impedance spectra in
the Nyquist plot (Fig. 6G and H). Quasi-stationarity of the
investigated system and validity of the data were guaranteed
by simultaneous QCM measurements and KK check.*®
However, these obtained spectra can only be analyzed and
interpreted properly incorporating a physical model. It was
reasoned that the interfacial charge and mass transfer proceeds
through an (at least) three-stage interfacial mechanism, which
is unfolded in the following.

First, a host metal cation from the active material will
change its oxidation state, in this case of deintercalation of
Na' from NiHCF (Fig. 6B):

NaNi[Fe(CN)q] — e~ — NaNi[Fe™(CN)]" (step 1)
Due to the high electronic conductivity of the film, this

electroactive step proceeds very fast. However, as schematically
illustrated in Fig. 6C, this leads to the appearance of an

View Article Online
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intermediary excess positive surface charge, which cannot
immediately be balanced by releasing the guest cation due to
the associated slow solid-state diffusion. Due to the faster mass
transport of ions in liquids, electrolyte anions quickly approach
the surface to specifically adsorb within the inner Helmholtz
layer in order to temporarily compensate this charge (Fig. 6D):

2Na,Ni[Fe"'(CN),]' + S0,*~ — (Na,Ni[Fe'"(CN),]),50, (step 2)

Finally, the adsorbed electrolyte anions and guest cations
leave the surface in the last step, which involves no net
interfacial charge transfer (Fig. 6E):

(Na,Ni[Fe'"'(CN);]),80; — 2Na’ + 50, + 2NaNi[Fe'"(CN);]
(step 3)

It should be mentioned that all of these three interconnected
steps are quasi-reversible, and therefore, the proposed
mechanism also applies to the direction of intercalation.”
From a mathematical point of view, the oxidation of the host
active material (1), electrolyte anion adsorption (2), and its
following desorption, including the release of the guest ion (3)
are represented by chemical rate equations, which are further
evolved to calculate the impedance of such a system. An interested
reader is referred to Lasia’s book on electrochemical impedance
spectroscopy, where this derivation is demonstrated in great
detail.”® The resulting EEC for the described system is shown in
Fig. 6F. It includes the classical elements like the uncompensated

Fig. 6 Cyclic voltammagram of NIHCF, expasing the potential region for the {delintercalation of Na™ into and from the hosting crystal structure (A).
Adapted from ref. 58. Published by The Royal Society of Chemistry. Schematic representation of the intercalation process by a reversible 3-step
mechanism involving the oxidation/reduction of the electrode material (1), ad/desorption of electrolyte anions (2) and (delintercalation of alkali metal
cations (3} (B=E). Reproduced with permission from ref. 5%, Equivalent circuit of the physico-chemical model representing the 3-step mechanism (F).
Corresponding impedance spectra measured within the {delintercalation region, showing characteristic loop shapes, which are fitted by the introduced
eguivalent circuit (G and H). Reproduced with permission from ref. 58, Published by The Royal Society of Chemistry. Experimental detection of
three different time canstants appearing during intercalation for the same material and electrolyte as measurad by LICT (). Reproduced with permission
from ref. 60, Copyright2017, American Chemical Society.
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resistance R,, and two parallel pathways for the double layer
impedance Zy and the charge transfer resistance R., which
are however extended by a further impedance representing the
de/adsorption processes (dashed box), including the resistances
R,; and capacitances C,;. These parameters can formally have
negative values, which results from the underlying equations
employed in this model. The introduced EEC is capable of fitting
the obtained “loop” spectra, finally reconciling both the empirical
and the physical argumentation to explain the process of
intercalation. It should be noted that the commonly employed
Warburg element is not present in the proposed EEC (nor
indicated by a straight 45° line in the low-frequency region of
the Nyquist plot), as the associated electrolyte ion diffusion
process appears not to be a limiting factor for the investigated
intercalation mechanism at the employed electrolyte concen-
tration of 0.25 M Na,SO.. Each of the above-mentioned steps
takes place with a distinct time constant, allocating the electro-
active step in the high-frequency region and the subsequent steps
involving ad/desorption in the mid- and low-frequency regions of
the EIS spectrum. The appearance of three distinguishable time
constants accompanying the intercalation process was further
investigated employing the laser-induced current transient (LICT)
technique. The sudden disturbance of the electrochemical double
layer by the temperature jump of the electrode surface due to laser
irradiation and its subsequent reorientation allows deducing
the temporal and persisting excessive surface charge at the
investigated electrode potential from the sign of the observed
current transients. Strikingly, these current transients changed
their direction two times when investigating the potential region
of sodium and potassium intercalation for NiHCF in an aqueous
electrolyte (Fig. 6I). This observation indicates the presence of
three distinguishable time constants associated with interfacial
mass and charge transport. Thereby it qualitatively supports the
theory that the intercalation mechanism cannot occur on the
basis of a single-step reaction. This correlation further promotes
the combination of EIS with auxiliary techniques to both
challenge a proposed EEC and gain additional insights.*

Interestingly, the LICT method predicts an overall positive
excess surface charge across the entire intercalation potential
region of NiHCF at quasi-steady-state, further highlighting the
distinctive influence of chemisorbed anions on the interfacial
processes.’® A previous discussion on the role of electrolyte
anions mainly emerged from observing deviating QCM waves, as
well as differing shapes of the respective CV curves, the kinetic
behavior, and the corresponding voltammetric reversibility of
the associated redox reaction in the case of PBA intercalation
materials.”®®17%%%8 The presented findings might contribute to a
better understanding of these effects, by proposing a (de)inter-
calation mechanism that involves the efficient intermediary
compensation of excess electrode surface charge by electrolyte
constituents.

3.1.3 Generalization of the three-step mechanism towards
the wide class of intercalation-type battery systems. While the
three-step mechanism of interfacial mass and charge transport
was introduced for a model NiHCF system in an aqueous
sodium electrolyte, further EIS studies revealed its generic
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validity for a wide subset of intercalation-type battery systems.
The characteristic loop spectra were reproduced and successfully
fitted with the proposed model within the (de)intercalation
potential region for several PBA materials. These studies include
cobalt hexacyanoferrate (Na,Co[Fe(CN)s] = CoHCF),**%%¢”
vanadium hexacyanoferrate (Na,VO,{Fe(CN)¢] = VHCF),***” indium
hexacyanoferrate (Naln[Fe(CN)g] = InHCF)*” and copper hexa-
cyanoferrate (Na,Cu[Fe(CN)e] = CuHCF),* which are commonly
considered as promising cathode materials for aqueous alkali
metal-ion batteries. The investigation of the novel PBA anode
material manganese hexacyanomanganate (Na;Mn[Mn(CN),] =
MnHCM) yielded similar results within its very low (de)inter-
calation potential region (<—0.7 V vs. SSC).*>® While the
employed electrolytes were mainly aqueous Na'*, K', Li* and
even Mg?* salts with varying pH value, concentration and
respective anions, such as $0,>”, ClO,”, NO; ™, and Cl, the
EIS results and corresponding model for the (de)intercalation
mechanism remained unchanged even in co-solvent H,O:
CH;CN and fully organic propylene and butylene carbonate
electrolytes.

The mechanism was further confirmed for a selection of
“traditional” LIB systems. Fig. 7A-C shows the obtained
characteristic loop features in the Nyquist plot for the anode
materials Li, Tis0;, and anatase TiO,, as well as for the common
cathode material LiFePO,4, which were fitted with the three-step
model for (de)intercalation.’® The employed organic electrolyte
was the standard LiPFg (EC:DEC) solution. This list is further
continued by the rather exotic MoS, nanosheet-modified
TiNb,O; nanofiber electrode, another promising LIB anode
material.*” Similar results were obtained at various states of
charge (SOC) for the classic Li‘/graphite anode in a LiPFg
EC:EMC + 2 wit% vinyl carbonate electrolyte (Fig. 7D).”® The
EEC model representing the multistep mechanism of (de)inter-
calation was modified by a series RC-element in order to account
for the SEI formation commonly associated with this type of
anode material (see section 3.2.1). Fig. 7E deconvolutes the
obtained EIS spectrum into the schematically indicated
respective contributions from the EEC. As commonly accepted,
the uncompensated resistance R, is represented by a Re(Z) shift
on the x-axis of the Nyquist plot, while the RCgr element
introduces a small-radius semi-circle in the high frequency
region (red dashed line). This is followed by another large-
radius semi-circle in the high- to mid-frequency region associated
with the time constant for the rather quick electron charge
transfer of the involved redox reaction (R.Zy, step one, green
dashed line). After this, the characteristic loop arises in the mid-
to low-frequency part of the spectrum, which is associated with
intermediate electrolyte anion ad/desorption and the slower
cation (de)intercalation (steps 2 and 3, blue dashed line). This is
accounted for by a combination of two more R, ;C, ; elements with
formally negative parameters. As a comparison, the traditionally
employed SEI-modified Randles circuit was used to fit the loop-
featuring spectrum obtained for the Li*/graphite system (Fig. 7F).
However, this single-step mechanism model fails to fit the full
frequency range of the spectrum, only coinciding when
being applied to the partial high- to mid-frequency range.
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Fig. 7 Characteristic loop shapes of the impedance spectra for LisTisOy5, TiO; and LiFePO, in the standard battery electrolyte 1 M LiPF; (EC:DEC), which
are fitted by the proposed equivalent circuit for a 3-step mechanism for the intercalation process [(A-C). Reproduced with permission from ref. 59, Loop-
featuring impedance spectra for various SOC of Li' intercalation into a graphite anade (D). Extension of the physico-chemical madel towards the Li'/
graphite systemn by adding an RC-element into the EEC representing the SEl layer. Its respective impedance contributions are schematically highlighted in
an exemplary spectrum, with the intermediate anion adsorption segment being able to fit the loop in the mid to low frequency part (E). As a comparison,
the obtained loop spectrum is fitted with a SEl-modified Randles circuit, considering a Warburg element to account for ion diffusion instead of
intermediate adsorption. While being in good agreement in the high- to mid-frequency part of the spectrum, the EEC fails to fit the loop in the mid to low
frequency part (F). Reproduced with permission from ref. 70. Copyrighti 02018, American Chemical Society.

This corresponds to the SEI-penetration process and fast electron
transfer associated with the oxidation and reduction of graphite.
However, the supposed diffusion limitation of the system
established by the Warburg element does not represent the actual
processes being reflected in the low-frequency range of the
spectrum, making this EEC a non-physical, insufficient model
for this respective system.

In general, the predominant rate-limiting process of a
battery has a great impact on the rational choice of a physical
model to fit the obtained spectra. It has been shown for
simulated LiMnO, that limitations from the solid-state
diffusion of intercalated Li* within the host structure are

negligible for O = 107" em® 57"

, even for a 1 pm sized
particle.”* The diffusion coefficients for alkali metal cations in
non-dilute electrolytes are normally several magnitudes higher,
excluding their contribution to rate limitations inherently.
The applicability of an EIS model involving diffusional control
as rate-determining processes could be assessed beforehand by
CV studies, investigating the proportionality of the peak current

nal is @ the Owner Societies 202

to the scan rate'?, peak-to-peak separation and symmetry, as
well as a decreasing accessible capacity with increasing galvano-
static (dis)charging rates.”’ However, if properly justified, a
Warburg element in series to B, in the EIS model can account
for the solid-state diffusion limited intercalation type battery
systems.”™™* On the other side, the diffusionless behavior of Na™
intercalation into NiHCF further emphasizes the applicability of
the previously discussed three-step mechanism, involving inter-
mediary anion ad/desorption as the limiting process.”™
Concludingly, the characteristic loop-featured EIS spectra
were obtained for differing cathode and anode chemistries at
multiple SOCs, as well as differing electrolyte compositions,
ranging from pure aqueous at multiple pH values, and mixed
and pure organic solvents with varying salt concentrations with
different cations and anions. It should be noted that all the
mentioned PBA materials were produced as thin-film electrodes,
while the investigated “traditional” LIB materials were made by
the commonly employed slurry casting method. The proposed
three-step mechanism and corresponding EEC were shown to be
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an entirely valid model to describe the interfacial processes for a
wide subset of intercalation-type batteries, independently of the
mentioned system variations. However, this model has not yet been
widely accepted, and many researchers stick with the traditionally
emploved Randles circuit and multiple modifications, yielding
purely empirical EIS models with the Warburg element being
placed at completely arbitrary positions in the circuit. While such
maodelling might be able to fit the obtained spectra up to an
acceptable degree, it possibly ignores the exact underlying
interfacial charge and mass transfer proces

3.2. Characterization of detrimental processes for ion
transport via EIS

3.2.1 Effect of the solid electrolyte interphase on charge
transport. The electrochemical stability of electrodes against
redox reactions with an electrolyte is an important aspect of
hattery chemistry. In particular, the high reactivity of non-
agueous, organic electrolytes causes disturbances in thermo-
dynamie stability, which leads to passivation of the electrode due
to electrolyte decomposition. This passivation layer or interphase
formed on the electrode surface affects the physico-chemistry,
stability, and charge transport across its interface towards and
trom the electrolyte, making it a very important aspect to consider
in battery chemistry.” Such passivation layers form on both the
cathode and, more prominently, on the anode side and are
commonly denoted as SEL

Goodenough et al™ conceived the concept of such an
interphase being present on the cathode (LiCo0,) side. The
complex underlying electrochemistry was difficult to explain by

Fig. 8 A su
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a simple intra-compound charge diffusion. Therefore, the
inclusion of the formation of a surface layer on the electrode
due to local oxidation of the electrolyte was necessary (Fig. 8A).
The so-called surface layer model considers that this layer has a
smaller ion conductivity than the electrolyte itself. R,
represents the resistance along this laver offered to the
insertion of guest ions from the electrolyte, along with a
capacitance €y in parallel caused by the polarisation of the
additional surface layer (Fig. 8B). Furthermore, the model
considers that this surface layer (now widely known as the
solid electrolyte interphase] can be described by a set of
physical properties: a resistivity p, a relative dielectric constant &,
and its thickness L. The resistance and capacitance associated
with this surface layer are described by

L
Ry = L (6)
and
. A
Cy = &:E. (7)

The formed surface layer can also be visualized by transmission
electron microscopy as an amorphous region around the crystalline
lattice structure of the active material (Fig. 8C). The presented
maodel was later widely adopted to treat passivation layers on both
the anode and cathode.

Building upon the above model, incorporation of SEL-related
parameters becomes essential to battery electrochemistry, as can be
observed from the model developed by Aurbach and coworkers,” ™

e layer of thickness L formed on a battery electrade due to electrolyte decomposition (A). Adapted from ref. 75. EEC based on the

formation of such an electrode surface passivation layer {top) and pictorial representation of the cathode—-electrolyte interface [bottorn) (B). Adapted
from ref. 74, Copyrightic: 2004, American Chermical Society. TEM image of a surface passivated LiCoO; electrode (C), Reproduced with permission from

ref. 75. Copyrightis2004 |1OF Publizhing, Ltd.
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Graphite based electrodes of varying thickness were used
against lithium in a half-cell configuration for their work.”™
The electrochemical processes associated with intercalation
systems involve the transport of charged species through the
electrolyte and passivation layer, charge transfer at the interface
of the electrode and electrolyte, followed by diffusion of ions
within the electrode. At potentials below 1.5 V vs. Li/Li* the
electrolyte degrades and deposits as surface films (SEI). It was
found from XPS analysis that this deposited layer had a varying
composition as a function of distance. Therefore, several
RC-clements in series representing the migration of lithium
through these layers are employed to account for the high-
frequency region of the Nyquist plot. At the mid- and
low-frequency region, the charge transfer reaction and
corresponding intercalation of lithium ions are followed by
solid-state diffusion of ions into the graphite electrode,
Furthermore, at low-frequency regions corresponding to
diffusion, one can observe Z,, followed by a Cjy, in series. This
intercalation capacity represents lithium-ion storage in bulk
graphite. The presence of C;,, at the lowest frequency region
was confirmed by the authors by the observation of a peak-
shaped behavior in the Im(Z) part of the impedance at various
peak potentials as observed in the cyclic voltammogram.
Based on the introduced model, Barsoukov considered
lithium-ion transport vig pores within the electrode along with
the diffusion of ions through the passivation layer (Fig. 94).*"%°
In Fig. 9B, phase change during lithiation, charge transfer, and
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lithium-ion diffusion inside the solid electrode are assigned to
their respective regions in the Nyquist plot. In another work,
Jow and co-workers® studied the formation of the SEI during the
first cycle and analyzed the formation potential and resistance
offered by it using an EIS vie an EEC model (with the SEI
formation being represented by an RC element). The Rgp; value
was ~450-510 £2 above 0.25 V (before lithiation) and continued
to increase even when the voltage was approaching 0.25 V. This
trend could possibly be due to the decomposition of electrolyte
and formation of a resistive SEI film. In the voltage domain
between 0.25 and 0.04 V a sharp decrease in the resistance value
to 200 £ is indicative of the formation of a conductive SEI layer.
Furthermore, the cycling data showed that 11% of loss in the
capacity occurred above 0.25 V, indicating a thicker SEI layer and
suggesting the formation of a thinner and more protecting and
conductive SEI below 0.25 V. This change of the resistance value
near 0 V eould be due to the rearrangement of the physical
structures owing to the change in the d-spacing of graphite
during deintercalation. Such observations related to the change
in d-spacing during lithium insertion/de-insertion in graphite
were made by Dahn®™ and Chao et al® using XRD studies.

A further contribution that must be kept in mind is the
microstructure of the electrode, which has a significant effect
on EIS measurements. Initial developments of EIS models were
foeussed on the active material,*** which was further combined
with the porous structure of the electrode.”® However, most of
these models were assuming the homogeneity of the electrode

Fig. 9 Representation of lithium-ion transport inte an intercalation type material as proposed by Barsoukov and co-workers™ {4)

Components of the

impedance spectra representing various processes during battery operation (B). Adapted from ref. 19. Copyrightd®2005, John Wiley and Sons.
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materials.*” Surface heterogeneity offered by varying particle
sizes, pore geometry and non-uniform deposition of the solid
electrolyte interphase needed to be considered. Mukharjec et al.*®
cartied out EIS analysis for such varying microstructures
vig computational modeling. It was found that the non-
homogeneity has an impact on the active surface area, which in
turn dominates the impedance response. The electrolyte-to-active
material volume fraction and morphology of the active material
were found to be responsible for both charge-transfer resistance
and resistance caused by the SEL™ Larger Rggy and smaller R,
values were observed for electrodes with a smaller volume fraction
of active material. This indicates that materials with larger surface
areas will have more capacity loss due to larger Rgg;. The shape of
the particles affected the EIS response, with spherical particles
showing larger Ry, and B, as compared to cylindrical or platelet
forms. Apart from the active material, the binder was found to
decrease the active area, which is detrimental to the electro-
chemical activity of the electrode.

3.2.2 Quantifying intercalated-ion diffusion wia Warburg
impedance. Charge carrier diffusion is an important parameter
to optimize battery performance. For intercalation-type battery
systems, guest-ion diffusion is directly related to charge storage
capacity and rate tolerance. The corresponding ion transport is
characterized by the diffusion coefficient (D), which can be
caleulated using various methods like the galvanostatic inter-
mittent titration technique (GITT), CV, and EIS. However, EIS is
the most widely used method to understand charge carrier
diffusion.™ For a typical intercalation system, the Nyquist plot
contains a depressed semi-circle with an inclined straight line, 2,
(in the EEC) represents this straight line in the low-frequency
region, which corresponds to the complex impedance arising from
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the diffusion of ions. Huggins et al”" were among the first to
publish theoretical caleulations correlating 2, and D, The Warburg
impedance associated with the diffusion of ions is given by*

Zy = A (1 = ) (8)

Here A4, and w are the Warburg coefficient and angular
frequency of the probing signal, respectively. A way to measure
the Warburg coefficient is to obtain the slope from the linear
plot of Re(Z) against ™2, directly yielding A,,. The diffusion
coefficient is related to A,, as follows:™

tu=—(=m) (9
HFIAV2NC D

where R is the gas constant, T'is the temperature, C* is the electrolyte
concentration, 4 is the electrode area, F represents Faraday's con-
stant, and 7 is the number of electrons per half-reaction.
Solid-state diffusion (Le. within the electrode material)
becomes especially important when designing modern ultra-
fast (dis)charging batteries. Particularly, at regions experien-
cing below zero temperature, the ion kinetics could be sluggish,
and tailoring material properties for enhanced diffusion
becomes inevitable. Goodenough and co-workers™ studied a

Prussian blue and carbon nanotube (PB/CNT) composite-based
cathode to overcome such limitations and promote fast ionic
and electronic transport at sub-zero temperatures, It should be
noted that, since the Warburg impedance at low frequencies is
hardly differentiable at —25 “C, the impedance spectrum col-
lected at this low temperature cannot be directly used for Dy
caleulation, However, the activation energy of PB does not
change with temperature. Therefore, the Nyquist plots obtained
at 30 °C to 55 °C, as seen in Fig. 104, were used to caleulate the

Fig. 10 Myguist plots of PB/CNT recorded at different temperatures (A). Linear fit for log(D) vs. 1000/T (B). Comparison of the associated diffusion coefficient
value as obtained from GITT, CV and EIS at 25 “C and at —25 “C (C). Reprinted with permission from ref. 94. Copyrighti2016, John Wiley and Sons.
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activation energy (E,) at that lower temperature. The value of £,
was determined by plotting log{D] vs. 1000/T (Fig. 10B) and used
to obtain the diffusion coefficient at —25 “C by extrapolation.
A diffusion coefficient of ~1.2 x 107" em® s~ was calculated by
this method for the PB/CNT cathode at —25 “C. The study is
especially interesting in terms of understanding the performance
of battery electrodes at sub-zero temperatures. A specific capacity
of 142 mA h g~ with cycling stability of more than 1000 cycles
was observed. Furthermore, the diffusion coefficients obtained
from various techniques like GITT, CV, and EIS are in good
agreement at 25 °C and —25 °C within this work (Fig. 10C).
3.2.3 Correlating structural changes of the electrode with
alkali-ion insertion/extraction. The electrochemistry of lithium-
ion insertion into the active material itself is a complex process,
which in some materials is accompanied by a phase change of the
hosting erystal structure, For compounds that undergo volume
changes during lithium insertion, the phase transformation can be
observed from Nyquist plots. As an example, an electrodeposited
CugSn; phase transformation was observed below 0.4 V vs. Li/
Li” into LiCugSn; (0 < x < 13) as a new arc was formed at a
lower frequency.” This arc formation is reversible as it
transforms into a straight line after reinstating the potential
below 0.325 V. As a promising anode candidate for LIBs, Si
involves the known problem associated with 400% volume
expansion upon lithiation leading to a loss in capacity.
Nevertheless, it holds an impressive stoichiometry of Li;,Sis.
Nanoscale 5i could hold the key for buffering such volume
change. In an interesting work, Haro and co-workers used 5i/Ge
double-layered nanotube electrodes (DLNT), which enhanced
the electrochemical performance.’® The higher electronic con-
ductivity of Ge favors a reduction in charge transfer resistance
associated with lithiation. The kinetic limitations in this system
are represented in an EEC (Fig. 11A-C) with additional SEI
components. £ and ;) are the RC-components of the outer SEI
layer formed on the anode. The electrode-electrolyte interface
contains the R, and Cg elements, respectively. The constant
phase element § and C, are associated with alloying reactions.
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An arc in the mid-frequency region for Si nanotubes shows a
behavior similar to an electrical double layer capacitor
(Fig. 11D-E). A significant difference in the charge-transfer
resistance between pristine and Ge-coated Si-nanotubes is
observed. The R, value increases for the pristine sample below
0.5 V (R, = 200 Omg), while the Ge layer reduces this value
significantly to ~3 Omg.

3.3. Impedance contribution in solid-state electrolytes

The investigation of solid electrolytes with EIS lays at hand with
the discovery of a new material class within the thio-LISICONs
by R. Kanno in 200L" This material system was the first to
reach ionic conductivities comparable to liquid electrolytes.
The exceptional ionic conductivity of this material is accompanied
by stability vs. Li(s), high-temperature stability, and negligible
electronic  conductivity. However, new problems arose when
cycling a battery based on this material. While the original article
does not show an impedance spectrum, a high-frequency semi-
circle followed by a single arc is evaluated to determine the ionic
conductivity based on the work of West et al.”®

The polycrystalline nature of solid electrolytes with so-called
grains as the crystallites introduces a myriad of additional
interfaces between the grains. Additionally, the interface of
an SSE towards an electrode with a large deviation of specific
conductivities will lead to the formation of space charge layers.
The impedance contribution of these phenomena will be dis-
cussed, and a physical EEC for space-charge layers is presented.

3.3.1 Observing grain boundary effects. A typical SEM
image of an SSE is shown in Fig. 124 with the corresponding
equivalent circuit used to fit the EIS data in Fig. 12B. While the
majarity of the conduction is via a hopping mechanism within
the crystal structure of the grains,” the interfaces between
grains, ie, the grain-boundaries (GBs),"" pose additional
resistances and pathways. EIS can be used to differentiate the
effects and contributions to the overall conductivity under
certain conditions, Typically, the grain size varies from a few
hundred nanometres to a few microns at most, placing a

Fig. 11 Schematic representation of the EEC (A). Li-ion uptake in the Ge shell, which reduces the overall R, (8], Higher resistance to lithiurn transport in
pristine Si-nanotubes (C). Nyquist plots oblained at 0.1 V of 5ifGe-nanotubes (D) and Si-nanotubes (E]. Reprinted with permission from ref. 96,

Copyrighti2014, Royal Society of Chemistry.
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Fig. 12 SEM image of an LLTO electrolyte with a high sintering temperature of
1450 *C. Multiple phases are clearly visible, and grain boundaries are ample and
large (A}, Simulated impedance spectra using the equivalent circuit shawn in the
plot. The central RC-element distinctly impacts the mid-frequency region (B).
Feprinted with permission from ref. 102, CopyrightC:2017, Springer Nature,

hundred to a few thousand grains in lateral connection in a
typical SSE film. As the bulk ion conductivity is a few orders
higher than the grain-boundary contribution, a common way to
make the GB impedance visible is to lower the temperature well
below operating temperature. At 173 K, the semi-circle
associated with the grain-boundary impedance becomes clearly
visible in LIAITiPO (LATP), a common Li-conducting oxidic glass
ceramics similar to Ohara glass.'™ In another Li-conducting
material, LiLaTiO [LLTO), the grain-boundary contribution was
separated using the distribution of relaxation time analysis,
showing that the grain conduectivity is a few times higher than
the grain-boundary conductivity.""” The impedance data in both
articles were fitted with purely empirical models (LLTO: RQ-RQ-
RO-Q, LATP: RQ-RQ). However, as stressed earlier, the use of
constant phase elements should be carefully motivated as the
only widely accepted physical origin of the imperfect capacitance
is an electrochemical double layer.'™

In addition to experimental data and empirical equivalent
circuits, theoretical models developed to describe the Li-ion
transfer within and between grains can be considered. A
phenomenological model for Li-ion conductors suggests that
the two processes occur on completely different time scales.'™ A
geometrical consideration of the grains with grain-boundary
effects can be found in the brick-layer model, initially developed
for electrically conducting ceramics.'™ Adaptation of this model
to an oxygen conducting material for fuel cells was assisted by a
specific electrode design in yttria-stabilized zirconia,'®®

As suggested by Braun et al.'" and Breuer et al.,'™ a simple
RC- or RQ-element is sufficient to fit the isolated grain-
boundary impedance without any additional elements. However,
embedding this element into an equivalent circuit deseribing the
other effects can be troublesome. To date, no physically motivated
equivalent circuit has been found to describe the impedance of
grain-boundary effects. While at low temperatures, mostly outside
of the operating range, the various experimental findings show
that the grain boundary impedance is clearly visible, The
contribution at room temperature still remains hidden as an
undeseribed contribution to the overall electrolyte resistance.
The parameters determined from grain-boundary contributions,
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such as the capacitance, are hard to validate with supplementary
experiments, A physical or geometrical quantity, such as the size of
the grain separation, has to be derived from the electrochemical
parameters for validation.

3.3.2 Charge accumulation in solid-state electrolytes.
While the SSE properties are ready to compete with their liquid
counterparts, the focus of research now drifts more and more
to the interface between solid electrolytes and electrodes. One
issue that is still widely discussed today is the formation of
charged layers when two materials of non-equal electrochemical
potential come into contact. Analogous to liquids, the simultaneous
formation of a compact double layer and a diffuse space charge
layer and their impact on the interface resistance are widely
discussed in modern literature.

For liguid electrolytes, the development of a model for charge
accumulation at interfaces under electrochemical bias began with
Hermann von Helmholtz in 1853.'® In an iterative work over the
course of over 100 years, the most recent work culminated in the
description of pseudo-capacitances accurately describing the
capacitance of so-called supercapacitors.’™ The theoretical work
for the description of the double layer formation under electro-
chemical bias conditions started on oxidic solid electrolytes.'"!
In the blocking electrode configuration, the capacitance of this
layer was simulated for a variety of external conditions shown in
Fig. 13. First indirect experimental evidence for a negatively
charged layer was found in 2015 by Haruta et al at the LiPON/
LiCo0, interface.”"” However, the analysis of impedance data was
performed without an electrical equivalent circuit and therefore
should be carefully considered. While many supplementary
technigues have been used and theories have been developed,
no common understanding of the formation of the space charge
lavers has been published to date. In a prior work,""* we showed
that, indeed, the space charge layer formation is strongly depen-
dent on the bias potential and can be clearly detected with EIS but
only with a physical EEC. The development and argumentative
chain for the equivalent circuit are based on interface vs. bulk
influence on the impedance. The interface related parameters
[Rscry Cacr, and Zpg) of the equivalent circuit should strongly
correlate with the external conditions influencing the physical
interface (such as electrode potential, electrode material, and
temperature), whereas the parameters representing the bulk
{Cyeom and Ry should only depend on the temperature in this
case, Through careful observation and spectra fitting, the EEC was
proven step-by-step, and each parameter was assigned to its
physical origin. The influence of the space charge under blocking
conditions reveals itself in a high contribution to the interface
resistance at moderate potentials. From the physically motivated
EEC, other properties such as the space charge thickness were
determined to be up to a few tens of nanometres which in tum
can be validated using other techniques.'*

4. Suggestions, conclusion and outlook

Any electrochemical system involves various processes such as
charge transfer mechanisms, adsorption, and diffusion of
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Fig. 13 Theaoretical potential distribution and charge carrier concentration in a solid-state electrolyte bet
Reprinted with permission from ref. 107. Copyright:0:2015, American Chemical Society. Surface capacitance under different potential bias condit

ween a carbon cathode and lithium anode (4)
ns for

different degrees of surface disorder [values next to curves) (B]. Reprinted with permission from ref. 111, Copyrignt: 1984, Elsevier Ltd. EEC and

geomelric presen

1 of the electrochemical model developed for a model solid electrolyle under blocking conditions (C). Reprinted with permission

from ref. 113. Caopyright© 2021, American Chemical Society. Space-charge occurrence in ZnQ (D). Reprinted with permission fram ref. 108

Copyrighti)2019, American Chemical Society.

charged species. For typical battery systems, the intercalation of
ions into electrode materials, which are themselves a mixture of
an active material, a conductive additive, and a binder, further
multiplies this complexity.

An impedance spectrum of a full cell battery will therefore
contain a superposition of a wide range of processes, some of
which can manifest in a similar frequency region. Without
understanding the physical processes by considering various
kinetic parameters, the interpretation of EIS data is not possible.
The ion migration through the electrode, the growth of a solid
electrolyte interphase, possibly occurring phase transformations,
porosity, the non-homogeneity of the electrode, and various
other parameters need to be taken into account. Therefore, the
EEC model must be built based on the respective physical
origins rather than on the empirical interpretation to yield useful
insights into electrochemistry.

The significance of a physically motivated EEC is two-fold: in
order to explore the physico-chemical origins of resistances
and capacitances, any ambiguity must be ruled out by either
auxiliary characterization techniques or a “clean” chain of

arnal is @ the Owner Societies 202

arguments leading to the identification. The EEC elements are
then not only assigned to a physical origin but the parameters can
be quantitatively analyzed with high sensitivity. The exploration of
changes in occurring capacitances, for example, can be linked to
SEI growth. Therefore, the range of origins for impedances should
be theoretically elucidated before EIS is conducted on an
unknown electrocherical system. Once an impedance spectrum
is recorded, cognitive bias will drive any researcher into
assumptions about occurring processes by merely looking at the
graph. A variation of additional external parameters can, in most
cases, be used as the groundwork for an argumentative chain.
Temperature, for example, will lead to a decrease of ionic
resistances in almost all battery-relevant materials, but the
temperature effect on interface-related impedances does not
necessarily have to follow the same trend. External bias potentials
can be used to (artificially) electrify interfaces and thereby explore
interface impedances without direct observation by other
methods, which is usually difficult to do in situ or even in
operando. As the non-stationarity of the electrochemical system
can lead to distortions of the impedance response, special
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attention must be paid. As an example, when recording
temperature-dependent impedances, one should not only
measure a single impedance spectrum at a given temperature,
but a few repetitions of stepwise temperature variations will
elucidate any non-stationarity or even system degradation.

Intercalation-based systems have been thoroughly investigated
in the past decades and extensive research has been dedicated
towards understanding the SEI and charge-storage mechanism
via EECs. Until recently, loops observed in the associated
impedance spectra were commonly considered as measurement
errors or artifacts by many researchers. It turned out that their
occurrence is, in fact, an indispensable feature within the
presented EIS spectra for intercalation-type battery systems that
allowed accessing the actual physical mechanism accompanying
the investigated process, as well as identifying the involved
species. The presented multistage (de)intercalation mechanism,
therefore, serves as a representative example for the superiority of
such EECs with distinctive physical meaning over purely empirical
models, as it allows an appropriate understanding and inter-
pretation of the various influences determining the performance
of the investigated battery system. In this special case, the
important role of intermediary anion adsorption could be
elucidated, which should be considered when interpreting the
electrochemical behavior of existing systems, as well as when
designing new types of electrode structures.

For solid-state electrolytes, the physical origin of the additional
RC-element should be carefully considered for a given temperature,
material composition, and especially grain-boundary size. The
resistance contribution of this ambiguous process can be non-
negligible for a given physical system and must be considered
on a case-by-case basis. Fortunately, a bias-variation can be
used to unambiguously assign the origin to either interface or
bulk electrolyte.

As no two electrochemical systems are the same, no hand-
book for building an electrical equivalent circuit can be written.
Approaches like machine learning for evaluating impedance
spectra have been introduced in recent years but are limited to
very narrow problems.""”

It must therefore be concluded that proper analysis of
impedance spectra is a very tedious task especially if no known
EEC exists for the exact system. Processes and phenomena like
intercalation, SEI formation, and space charge occurrence are
on or beyond the cusp of scientific efforts for further under-
standing, and still, the impedance contribution is not well
known. Further research should therefore be conducted on
model systems, which might not lead to extraordinarily per-
forming battery cells but instead to a physically motivated
equivalent circuit that can be validated and later transferred
to commercially viable battery systems.

List of abbreviations

AIC Akaike information criterion
DRT Distribution of relaxation times
EIS Electrochemical impedance spectroscopy
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EEC Electrical equivalent circuit
LIB Lithium-ion battery

SSE Solid-state electrolyte

PEIS Potentio-dynamic EIS

GEIS Galvano-dynamic EIS

ac Alternating current

de Direct current

QCM Quartz-crystal microbalance
Ccv Cyclic voltammetry

CPE Constant phase element
KK check Kramers-Kronig check

SEI Solid-electrolyte interphase
PB/PBA Prussian blue (analogues)

Ni/Co/V/In/CuHCF
Transition metal hexacyanoferrate

LICT Laser-induced current transients

S50C State of charge

GITT Galvanostatic intermittent titration technique
CNT Carbon nanotube

DLNT Double-layered nanotube

GB Grain boundary

LATP LiAITiPO

LLTO LiLaTiO
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ABSTRACT: Aqueous sodium-ion batteries based on Prussian
Blue Analogues (PBA) are considered as promising and scalable
candidates for stationary energy storage systems, where longevity
and cycling stability are assigned utmost importance to maintain
economic viability. Although degradation due to active material
dissolution is a common issue of battery electrodes, it is hardly
observable directly due to a lack of in operando techniques, making
it challenging to optimize the performance of electrodes. By
operating Na,Ni[Fe(CN)4] and Na,Co[Fe(CN),] model electro-
des in a flow-cell setup connected to an inductively coupled plasma
mass spectrometer, in this work, the dynamics of constituent
transition-metal dissolution during the charge—discharge cycles
was monitored in real time. At neutral pHs, the extraction of nickel

(%)
=
o
(%]

and cobalt was found to drive the degradation process during charge—discharge cycles. It was also found that the nature of anions
present in the electrolytes has a significant impact on the degradation rate, determining the order C10,” > NO;~ > CI” > SO,>~ with
decreasing stability from the perchlorate to sulfate electrolytes. It is proposed that the dissolution process is initiated by detrimental
specific adsorption of anions during the electrode oxidation, therefore scaling with their respective chemisorption affinity. This study
involves an entire comparison of the effectiveness of common stabilization strategies for PBAs under very fast (dis)charging
conditions at 300C, emphasizing the superiority of highly concentrated NaClO, with almost no capacity loss after 10 000 cycles for

Na,Ni[Fe(CN),].

KEYWORDS: Na-ion aqueous batteries, Prussian Blue Analogues, sodium nickel hexacyanoferrate, ICP-MS, active material dissolution,

degradation

B INTRODUCTION

Over the last years, the emerging climate crisis due to the ever-
increasing demand for energy and boundless CO, emissions
has raised increasing awareness in society. Accordingly, the
transition of the energy provision from fossil to renewable fuels
is on the political agenda of almost any government around the
globe.! However, the inherent mismatch of supply and demand
within the centralized infrastructure of the existing power grids
remains a crucial obstacle yet to be overcome.” Scalable battery
technologies are expected to play a crucial role for the
stationary energy sector to enable a sudden integration of, e.g,
wind and solar power.” Although lithium-ion batteries (LIB)
still dominate the energy storage market, the expected future
competition of the stationary and mobility sector in the
context of its resource-limited scalability will aggravate the
pressure on this pioneering technology.*™® Furthermore, valid
safety-related concerns might restrain a comprehensive
adoption of LIBs for household-scale applications.9 In contrast,
aqueous sodium-ion batteries (ASIB) based on Prussian Blue
analogue (PBA) materials are considered promising candidates
for a scalable, cost-efficient, and ecologically friendly

© 2022 American Chemical Society

" 4 ACS Publications 3515

technology for stationary use cases.'”'! This intercalation-
type battery material class can be represented by the generic
chemical formula Na, TM'[TM?(CN)], where TM"? refers to
the variety of transition metals that can be employed.'” The
implementation of water-based electrolytes compared to the
flammable organic solvents in LIBs further provides reliable
system safety. It might finally dispel doubts within the
procurement decision, especially considering homeowners
and large power infrastructure and storage facilities. Its
considerably lower energy density of 20—30 Wh/kg (despite
cheaper precursor materials) is expected to result in up to S
times higher up-front capital costs of currently ca. 400 USD
per kWh. This fact might naturally be evaluated as a severe
drawback of PBA-based ASIBs compared to the state-of-the-art
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LIBs.'"* However, Marzak et al. have recently reported an
aqueous thin-film PBA-based Na" battery prepared by a facile
electrodeposition method, demonstrating a fast (dis)charging
time of only 10 s (360C), opening new opportunities for
hybrid battery-supercapacitor systems.b Thereby, this tech-
nology could pave the way for innovative use cases, such as
grid stabilization.

Nevertheless, such high-power applications typically require
very frequent (dis)charging patterns over several 1000 to
10000 cycles."® This assigns utmost importance to cycling
stability in high-power applications over several years to be
economically viable and guarantee an outperforming cost per
kWh per cycle ratio. Therefore, a comprehensive under-
standing of the inherent degradation mechanism proceeding
during battery operation is indispensable to design optimized
electrode and electrolyte compositions for a long-lasting
battery system.

In general, active material dissolution is one of the driving
forces for capacity fading and dissolved electrode constituents
from the cathode are of great concern, especially in traditional
LIB systems.'” This process results in a loss of available
capacity. It initiates plating of the corresponding transition-
metal cations on the anode, leading to SEI formation,
electrolyte decomposition, and other failure mechanisms.'® !
A straightforward phenomenological approach to identify
dissolved electrode constituents involves ex situ analysis of
the electrolyte for transition-metal cations after battery
operation‘zzf More advanced in operando techniques were
established over the last decades. These involve the real-time
reaction gas analysis stemming from the decomposition of the
electrolyte and SEI (such as C,H,, H,, CO,), thereby serving
as an indirect tracer of ongoing electrode degradation
processes.u’ZS'26 Furthermore, X-ray absorption analysis of
dissolved transition-metal ions allows the direct correlation
between the applied electrochemistry and detrimental side
reaction intermediates, but its low time resolution in the range
of several minutes limits its appljcability.ﬂ'zx Nevertheless,
methods for directly probing the dissolution process are still
only scarcely available, and only a very few reports have
provided insights into real-time or in situ detected elemental
leaching rates during battery operation.””™

However, strongly deviating degradation mechanisms might
have to be considered for battery electrodes under aqueous
conditions. In the case of PBA materials for ASIBs, research
efforts related to their degradation mainly focused on finding
and quantifying dissolved transition-metal cations and
hexacyanometallate or cyanide anions in the electrolyte
postmortem.** ™" Several reasons for the observed instability
have been discussed, attributing the loss of active material to
the deterioration of the TM—N=C-Fe bonds. Although the
ligand bindings in Fe(CN)¢”*" themselves are supposed to be
stable up to moderately acidic conditions, the interaction of the
N-coordinated TM atoms with hydroxide anions is believed to
rupture the compound.””~*' Naturally, some OH species will
be present in any aqueous electrolytes and might even be
specifically adsorbed at cathode materials with operating
potentials close to the oxygen evolution reaction (OER),
further promoting detrimental side reactions. Partial ligand
exchange of CN™ or direct reaction of TM cations with the
OH™ species has been discussed as drivers for the dissolution
process. Such a degradation pathway in alkaline solutions can
be proven by a complete transformation of nickel hexacyano-
ferrate (NiHCF) to insoluble NiO,, indicating that iron is
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dissolved as the Fe(CN)s¥* complex.* ™" Structural
instability due to electrode swelling is probably of insignificant
role in the case of PBAs since the lattice parameter was found
to change only by less than 1% upon the insertion of guest ions
into the hosting crystal structure, "%

Regardless of the underlying mechanism and intermediate
reaction steps, one can describe the dissolution of active
material for the exemplary case of NiHCF, a well-studied PBA
representative, by the following generic expressions

Na,Ni[Fe(CN) ] = 2Na* + Ni** + [Fe(CN))I*™ (1)
and
NaNi[Fe(CN) ] = Na* + Ni** + [Fe(CN),)*~ @)

It has been shown that the addition of transition-metal cations
(such as Ni** in the case of NiHCF) into the electrolyte can
shift the equilibrium toward the solid phase and extend the
electrode lifetime.*® Similarly, highly concentrated electrolytes,
so-called “water-in-salt” systems, hugely impact the cycling
stability of PBA electrodes."® In fact, the electrode material
hydrolysis is suppressed through the absence of free water
molecules due to its excessive incorporation in the salt jon
solvation shells. Other stabilization approaches involve
protective coatings, organic co-solvent electrolytes, and
minimization of Fe(CN)g*~ crystal vacancies by optimized
precipitation routines in the case of electrodes prepared from
PBA nanoparticles.*’~** Considering the previously discussed
harmful role of OH™ on PBAs, acidification of the electrolyte
toward pH =~ 2 has furthermore proven to support the
durability of such electrodes.*>>*

Despite this variety of well-established stabilization meas-
ures, the underlying physicochemical mechanisms and
governing electrolyte conditions driving the degradation of
PBA electrodes remain unclear. Therefore, an innovative
approach is employed in this study to investigate the
dissolution of active material from PBA battery electrodes in
detail. An electrochemical flow cell is coupled to a mass
spectrometer, identifying and quantifying dissolved trace
amounts of the examined material constituents and associating
their respective leaching rates to the applied electrochemical
conditions.”> ™7 By applying this technique to an aqueous PBA
system, this is one of the first experimental reports providing a
direct in operando, time-resolved dissolution analysis of active
material constituents in the context of battery research. NiHCF
and cobalt hexacyanoferrate (CoHCF) are studied as model
systems to gain relevant insights into PBAs’ whole battery
material class. Furthermore, several of the above-mentioned
stabilization measures are screened for their effectiveness, with
a particular focus on the role of the involved electrolyte anions.
Finally, a tentative dissolution mechanism is proposed.

B EXPERIMENTAL SECTION

Electrochemical Preparation and Characterization of
Battery Electrodes. Electrochemical measurements were performed
in a custom, argon-purged (5.0, Westfalen AG) glass setup with a
three-electrode configuration. A Pt wire served as a counter electrode,
and a Ag/AgCl (SSC, B3420+, SI Analytics) reference electrode was
used.”> A 1.37 em? gold quartz crystal (in a QCM200 microbalance,
AT-cut, Au on Ti adhesive layer, Stanford Research Systems) served
as the substrate for electrodeposition of PBA films. A VSP-300
potentiostat with the associated software EC-Lab (Bio-Logic) was
used to control and measure the electrode potentials and current.

Prior to the preparation of PBA electrodes, the Au substrates were
rinsed with ultrapure water, cleaned using cyclic voltammetric (CV)

https://doi.org/10.1021/acsami.1¢21219
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Figure 1. Schematic of the SFC ICP-MS setup. The electrolyte is pumped across the surface of the investigated PBA battery electrodes and is
constantly analyzed for dissolved active material constituents. The respective leaching rates can be associated with the applied electrode potentials.
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Figure 2. (A) Complete loss of capacity of NiHCF in 0.25 M Na,SO, can be observed within less than 2000 consecutive galvanostatic cycles at
300C, whereas the film mass only drops by 25% at a constant rate with time. The elapsing time per cycle diminishes with decaying capacity due to
the constant current technique, as represented in the upper x-axis. (B) Absolute mass loss after 4 h of continuous galvanostatic cycling at 300C does
not correlate with the deposited NiHCF film mass, as indicated by the dashed horizontal line and corresponding average rate. However, the lost
capacity increases for thicker films. (C) Active material dissolution and corresponding capacity loss happen mainly from oxidized NiHCF, whereas
its reduced form remains stable during extended open-circuit periods. Electrochemical cycling (CV) accelerates the degradation process. The mass

loss was determined by EQCM.

scans performed between 0 and 1.3 V vs SSC at 50 mV/s in 0.1 M
H,S0,, and rinsed with ultrapure water again. PBA thin films were
then electrodeposited following a similar routine adopted from refs
58, 59, cycling the working electrode (CV, S0 mV/s) in an aqueous
precursor solution, consisting of 0.5 mM TM?" jons (from TMCl,
salts), 0.5 mM K;Fe(CN),, and 0.25 M Na,SO,. TM** refers to Ni**
in the case of NiHCF (potential boundaries for CV: 0—0.9 V vs SSC)
and Co™ in the case of COHCF (potential boundaries for CV: —0.2
to 1.1 V vs SSC). After reaching the desired number of cycles, the
process was stopped at the lower potential vertex, leaving the film in a
fully intercalated (i.e., reduced) state. After disposing of the solution,
the sample was washed with purged ultrapure water and dried under a
continuous argon stream for at least 1 h.

Electrolytes and precursor solutions were prepared using ultrapure
water (18.2 MQ, Evoqua) and purged with argon gas for at least 10
min before being poured into the main cell of the described setup. If

3517

not stated otherwise, electrolytes were utilized without pH
modification. A list of all chemicals and their suppliers can be
found in Table S1.

Active Material Dissolution Study. Dissolution of PBA was
studied in a custom-made electrochemical scanning flow cell (SFC)
and tracked wusing an online inductively coupled plasma mass
spectrometer (ICP-MS). A simplified scheme of the setup is shown
in Figure 1. The involved electrolytes were purged with argon (5.0,
Air Liquide) and pumped through the SFC across the PBA working
electrode. A reference electrode (Ag/AgCl, Metrohm) was connected
with a 0.4 mm channel close to the PBA surface, while a graphite rod
(99.99, Sigma-Aldrich) acted as the counter electrode in the SFC
electrolyte inlet. The electrolyte outlet was mixed in a 1:1 ratio with
an internal standard and pumped to the ICP-MS (NexION 350X,
PerkinElmer). To detect dissolved *‘Fe, the ICP-MS was operated in
dynamic reaction cell mode using methane (5.0, Air Liquide), thus

https://doi.org/10.1021/acsami.1€21219
ACS Appl. Mater. Interfaces 2022, 14, 3515-3525
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Figure 3. (A, C, E) In operando dissolution profiles for nickel and iron from NiHCF in the Na* electrolytes at varying pH during a 120 s OC period,
followed by four CV cycles at 10 mV/s, as measured by the ICP-MS. (B, D, F) Dissolution rates and the ongoing electrochemical processes are
correlated and shown for one exemplary cycle. The dotted curves correspond to the oxidation process, while the solid cutves correspond to

reduction during CVs.

eliminating the *°Ar'®O interference. The ICP-MS was calibrated
daily for Ni, Fe, and Co using a four-point calibration slope obtained
from standard solutions (Centripur, Merck) containing 0, 0.5, 1, and
S ug/L of each metal. As an internal standard, we used Ge (50 pg/L)
to monitor the constant performance of the ICP-MS.

NiHCF and CoHCF, which were electrodeposited on gold-on-glass
substrates (Arrandee Metal), were both investigated in alkaline (pH =
12.7), neutral (pH = 5.65), and acidic (pH = 2.3) conditions,
following equal experimental sequences consisting of an initial 120 s
open-circuit (0C) period, followed by four CV cycles at 10 mV/s.
Na,50,, which is a commonly used salt for ASIBs,*” was chosen as
the electrolyte, however, at a low concentration of 0.0 M due to
compliance with the ICP analyzing unit. The pH of the electrolyte
was adapted by adding sulfuric acid in the case of the acidic solution
measurement, whereas pure NaOH was used in the alkaline case.

3518

B RESULTS AND DISCUSSION

The ability to be repetitively charged and discharged without
loss of capacity is of utmost importance for any battery system.
Of course, the exact load profile will critically impact the
battery performance, and systems can even be tailored to
specific applications. Galvanostatic cycling (i.e, constant
current) at a high rate was mainly employed in this work to
simulate long-term battery usage. Undoubtedly, uninterrupted
superfast charging and discharging is far off any practical
application but allows insights into the system’s robustness
under highly stressful conditions.

Long-term galvanostatic cycling was performed in 0.25 M
Na,SO, at 300C (12 s for complete charging or discharging)

https://doi.org/10.1021/acsami.1c21219
ACS Appl. Mater. interfaces 2022, 14, 3515—3525
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between 0.1 and 0.8 V vs SSC to examine benchmark stability
of the NiHCF thin-film electrodes in aqueous electrolytes. As
displayed in Figure 2A, a complete loss of capacity within 6 h
of continuous cycling (1700 cycles) happening at an increasing
rate indicates a severe degradation of the battery electrode.
Since the (dis)charging current remains constant, each cycle
passes faster and faster, which is represented in the upper cycle
number axis. Furthermore, a linear mass loss at a constant rate
with time was determined by EQCM, finally indicating ca. 75%
remaining electrode material, which has lost any charge storage
capability. A high coulombic efficiency of 99.6—-99.8% was
maintained throughout the measurement and was unaffected
by the degradation progress.

The same disproportionate relation between capacity and
mass loss was reproduced under similar conditions for different
initially electrodeposited film masses of ~25.4, ~40.5, and
~47.5 jug on the electrodes of a geometric surface area of 1.37
cm” (Figure 2B). Depending on the initial amount of active
material, the capacity of all samples drops by an increasing
absolute amount after 4 h of continuous (dis)charging at
300C, resulting in a similar relative loss of around 42% in each
case. Interestingly, the amount of declined film mass is similar
in absolute terms, allowing us to determine an average mass
loss rate of —0.26 ng/(s cm’). This constant mass-loss rate
points toward an ongoing active material dissolution process as
outlined in eqs 1 and 2. The resulting capacity fading is a
commonly observed issue for PBA battery electrodes.' ***® As
apparent from Figure 2C, the dissolution of NiHCF appears to
correlate with its oxidation state, as well as the electrochemical
processes taking place. In its reduced form, no loss of active
material and capacity could be observed during a period of 1 h
at the open circuit conditions. In contrast, a continuous mass
loss proceeds for the oxidized film at open-circuit, leading to a
diminished capacity during the following cycling. The
degradation process continues afterward during an extended
cycling period over 2 h.

However, considering the specific capacity of NiHCF, the
measured material depletion cannot solely be responsible for
the observed inordinate extent of capacity fading. The
electrode degradation can, in principle, occur through a
continuous dissolution of active material from the electrode
surface at a constant rate regardless of the initial film thickness
and a disparately more substantial loss of absolute capacity
with increasing rate. The latter process reflects an ongoing
passivation of the remaining electrode material, which affects
thicker films stronger, and diminishes their ability to intercalate
Na* ions.

Although EQCM allows monitoring the mass of active
material and (de)intercalating sodium ions during cycling for
extended tests very robustly, its sensitivity cannot correlate the
ongoing mass loss to the electrochemical potential and current
within a single cycle (see Figure S1). This is due to both the
small amount of dissolving film constituents (~7 ng/ cm? per
cycle for 0.25 M Na,SO,, as calculated from the previously
obtained rate) and the superimposed, significantly larger
(de)intercalation signal. Furthermore, this technique can only
determine the overall mass changes, neglecting the actual ratio
of respective dissolution products. Therefore, a novel flow-cell
setup with a highly sensitive online ICP-MS was employed in
this work to overcome these drawbacks and systematically
study the dissolution mechanism and detect trace concen-
trations of <0.1 ng/(s cm?). The resolution in this experiment
was 1.3 s. However, as the ICP-MS can only detect heavy

3519

elements properly, the analysis is restricted to the elemental
transition metals from PBA materials, namely, Ni, Co, and Fe,
in this study. Since the Fe(CN)>*~ complex is supposed to be
highly stable, it is very likely dissolved as an entire complex,
and therefore iron counts should directly translate into counts
of the whole complex. “Iron” will therefore synonymously be
used with the ferri/ferrocyanide.39’4"61 As described above, the
electrolyte pH significantly influences the stability of PBAs.
Thus, the transition-metal dissolution profiles of NiHCF were
recorded under alkaline, neutral, and acidic conditions during
an initial electrode resting period and four CV cycles, as shown
in Figure 3. Table 1 summarizes the corresponding integrated

Table 1. Cumulative Amount of Dissolved Nickel and Iron
from NiHCF during the Four CV Cycles from Figure 3 for
Each pH Compared to the Calculated Available Amount of
the Respective Film Constituent as Obtained from the
Electrodeposition”

dissolved
mass total deposited mass of
(ng/em’)  pH=23 pH =565 pH=127 the film (ng/cm?)
nickel ~39 ~92 ~26 ~7766
iron ~65 ~18 ~1204 ~7389

“It should be noted that Fe is considered without (CN), and
stoichiometry of Na,NiFe(CN), is assumed.

overall mass loss of the film constituents during the four CV
cycles shown in Figure 3 compared to the total available
amount of electrodeposited material.

In general, the mass loss at pH = 12.7 (0.05 M NaOH) is
caused by iron dissolution, which is on average 46 times larger
than that of nickel (see Figure 3A and Table 1). It is well
known that NiHCF is gradually transformed toward surface-
confined NiO, in the presence of abundant OH, which is
represented by the excessive extraction of [Fe(CN)¢]**, as
well as the appearance of the characteristic Ni(OH),/NiOOH
peak and catalytically enhanced OER in the CV (Figure
3B).”~* The extraction mechanism of iron is believed to be
catalyzed by OH™ adsorption at nickel sites on the crystal
surface, and its rate will therefore scale with the corresponding
implication on the Fe(CN)4—Ni bond strength.*” The
dissolution of iron is maximal after the complete oxidation of
the remaining NiHCF phases and reaches a minimum after
reduction (Figure 3B). Accordingly, the adsorption of OH™ at
surface nickel sites yields a fragile coexistence of distorted
“Fe''(CN)4—Ni"l--OH,4,”, which is finally ruptured by
oxidizing the iron centers (corresponding to Na* deintercala-
tion) and leads to a simultaneous fixation of nickel and its
adsorbate. The overall mechanism is schematically described

by
Na,Ni"[Fe"(CN),] + 2(OH")
- Na2[Fe“(CN)(,]NiH(OHf)Zads(adsorption step)

Na,[Fe(CN), INi" (OH),™*
— Na© + e~ + Na[Fe"(CN)]
Ni”(OH_)Z"ds (Fe"™oxidation step)

https://doi.org/10.1021/acsami.1¢21219
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Na[Fe(CN),INi"(OH™),**
— Na* + [Fe"(CN),J*~ + Ni'(OH),

(dissolution and fixation step)

ST

Ni"(OH), = Ni"'OOH + H*

+ e (reversible redox couple)

The accumulation of positive net charge upon cycling, as seen
in the Q vs t curve in Figure 3A, furthermore reflects the
dissolution of iron mainly after its oxidation toward [Fe-
(CN)]*~ and an increasingly ongoing OER at the higher
potential vertex.

Interestingly, the dissolution profile of nickel strictly follows
that of iron, despite being much smaller in absolute terms. This
collateral loss likely results from structural instabilities upon
fast iron extraction since NiO, is supposed to be highly stable
at this pH.S(”62 The overall increase of the iron dissolution rate
with proceeding time is probably caused by morphological
changes due to the ongoing crystal transformation and
emergence of NiO, phases, which extends to ca. 16% after
four CV cycles (see Table 1). This process yields a higher
effective surface area, providing an increasing density of attack
centers for OH™ adsorption on the remaining NiHCF phases.
Finally, it should be mentioned that the iron dissolution profile
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is, besides its overall increase, not stationary, and another peak
can be observed during the reduction of the electrode. In
general, numerous other reaction pathways can be thought of,
such as CN~ ligand exchange by OH™."**" The exact
mechanisms could be further resolved by theoretical
calculations on the involved binding strengths, solvation
kinetics, and OH™ adsorption affinity. Since alkaline conditions
have, however, proven to be very detrimental for PBAs as
battery electrodes, such questions are beyond the scope of this
study.

In contrast to the alkaline medium, the dissolution of nickel
is much more pronounced than that of iron in the case of the
close to neutral electrolyte at pH = 5.65 (see Figure 3C), with
its average rate being S times higher (see Table 1). After an
initial transient dissolution peak, once the electrode is brought
into contact with the electrolyte, both rates exhibit a very
repetitive and steady pattern. This was observed for all three
electrolytes and is likely caused by an initial wash away of
surface defects. Whereas the dissolution profile of iron does
not exhibit a distinct course, the extraction of nickel strikingly
correlates with the electrode current, as seen in Figure 3D. It
suddenly increases upon the onset of reductive currents and is
especially high throughout the entire reduction period. After
switching the scanning direction toward oxidation, the
dissolution rate continuously decreases, reaching a minimum
in the fully oxidized state. At first glance, this conflicts with the
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findings by EQCM during extended resting periods, which
showed a higher mass loss from the oxidized NiHCEF.
However, a decline of the open-circuit potential was observed
during this measurement, indicating a parasitic reduction of the
electrode (Figure 2C). Together with the findings from the
flow cell, it can be followed that the active material dissolution
is initiated by reductive processes. In general, the overall higher
stability of NiHCF in neutral electrolytes compared to alkaline
media is reflected in the presented results.

At pH = 2.3, the dissolution rate of nickel shows a similar
trend to that in the neutral case (enhanced during reduction),
whereas iron is leached from the electrode at a higher, rather
constant level (see Figure 3E,F). The overall dissolution of
iron is ~1.6 times higher than nickel and 3.6 times higher than
its leaching rate in the neutral electrolyte (see Table 1).
Although a small amount of Fe(CN)¢*" vacancies is usually
compensated with coordinated H,O in PBA materials, an
increasing extraction probably leads to quick crystal collapse
and thereby accelerates the degradation process.'*' Since
Fe(CN)¥* is the redox-active species in NiHCEF, its higher
loss predicts lower capacity stability during battery operation in
acidic electrolytes. However, this opposes the commonly
employed method for stabilizing PBA electrodes via electrolyte
acidification and will be discussed in a later section.

The obtained results for the dissolution of CoHCF were
very similar to NiHCF (see Supporting Information, Figure S2,
and Table S2), additionally showing an interesting double peak
dissolution pattern associated with the two available redox
steps of Co™™ and Fe'™ in CoHCEF. In absolute terms,
CoHCEF showed to be less stable than NiHCF in neutral and
acidic 005 M Na,SO, electrolytes, and a similar trans-
formation toward CoO, was observed at a much faster rate in
alkaline media in comparison to NiHCF. The presented results
reflect an unequal constituent dissolution for Ni2*/Co*?* and
[Fe(CN)4]¥*" with a higher loss of the N-coordinated
transition-metal cations, in correspondence to that previously
reported for PBAs based on ex situ electrolyte analyses.”**

Both NiHCF and CoHCF showed an increased dissolution
rate of Ni and Co cations during the electrode reduction
(=intercalation) under conditions relevant for PBA battery
operation (neutral to acidic). At first glance, this might point
toward a mechanically induced mechanism initiated by lattice
strain due to Na* insertion into the crystal structure. However,
this mechanism cannot explain the observed pH dependence
of the leaching rates. In fact, considering the previously
discussed OH -induced dissolution mechanism, even higher
stability would be expected for acidic conditions. As an
opposite behavior was found in the previously presented flow-
cell study for NiHCF and CoHCF in pH-adjusted Na,SO,, the
possible role of electrolyte anions was further investigated. It
has been presented by Ventosa et al*® and Yun et al.*’ that
intermediary anion adsorption plays an important role in the
intercalation mechanism in PBAs and many other battery
materials.”® They proposed that the net surface charge evolving
from the quick electron transfer reaction (e.g, oxidation)
within the solid electrode material needs to be compensated by
electrolyte anions through specific adsorption until desorbing
again with the slow expulsion of intercalated species (three-
step mechanism). Thereby, the efficient ad/desorption of
anions strongly contributes to the electrochemical reversibility
of the de/intercalation reaction, as seen from the CV curves in
Figure 4A for NiHCF in Na,8O,, NaCl, NaNOj;, and NaClO,.
The respectively obtained peak-to-peak separation (AE,,),
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which is a measure of impaired reaction kinetics, increases in
the order SO~ < CI” < NO,™ < ClO,~ (Figure 4B). This
indicates a less efficient intermediary specific adsorption of
ClO,” in comparison to SO, revealing an opposite trend for
the adsorption strength of the involved anions. Similar results
were reported for PBA materials in the literature.”>* In
general, the strength of anion adsorption is reflected by many
parameters, such as the respective enthalpy of hydration and
interaction energies, potential of zero charge (PZC), ion size,
symmetry, and charge density.“’66 However, especially sulfates
are known as very strong adsorbents, whereas perchlorate is
expected to only weakly adsorb on metal surfaces.”” The
NiHCF electrode is operated at potentials more positive than
its PZC, which was determined to be in the vicinity of —0.13 V
vs SSC by the laser-induced current transient technique.”
Therefore, the positive excess surface charge probably leads to
high coverage with strongly adsorbing CI~ and SO,*~ anions,
especially during oxidation of the film.*

Figure 4C correlates the transferred charge from the cyclic
voltammograms with the corresponding mass change of the
NiHCF electrode, as measured by EQCM. Considering a
single electron transfer redox process, the apparent molar mass
of the species transported across the electrode—electrolyte
interface can be calculated using Faraday’s law. The obtained
values confirm a “pure”, highly reversible Na* (de)-
intercalation, regardless of the employed electrolyte anion.
Although the latter seems to be inevitable to foster the
(de)intercalation mechanism in PBA materials, they do not
participate in the overall compensation of NiHCF redox
charges.

As introduced above, the cycling stability of PBAs can
usually be tuned by varying the electrolyte pH, concentration,
and additives. However, the influence of specific anions on the
degradation speed has so far only rarely been considered. Since
NiHCF showed higher overall

stability compared to CoHCEF, the following study on the
electrode stability in different electrolytes will focus on this
PBA material. Figure 4D shows the obtained number of
consecutive galvanostatic fast charge and discharge cycles at
300C for NiHCF thin-film electrodes in a series of Na*
electrolytes until 80% of the initial capacity remains. The
promoting effect of SO,*~ and Cl in comparison to NO,;~ and
ClO,™ on the intercalation mechanism is not reflected in the
electrode stability in the respective electrolytes at an equal
concentration of 0.25 M and similar rather neutral pH (gray
highlighted area). Especially sulfate (yellow) and chloride
(green), as the strongest involved adsorbing anions, show the
worst stabilities of only 450 and 480 cycles, respectively,
whereas the weaker adsorbing nitrate (blue) and perchlorate
(red) seem to have a less detrimental effect on the electrode
stability with 750 and 1250 cycles for 20% capacity loss.

Since it was shown above that film constituent dissolution
processes trigger the degradation of PBAs, this finding shows
that the dissolution mechanism is highly accelerated by the
affinity of the involved anion to adsorb (chemisorb) on the
electrode surface specifically. The lowest overall recorded
stability of only ca. 246 cycles was obtained for 0.25 M Na,SO,,
with 8 mM NaSO,C,H,;s (sodium dodecyl sulfate, SDS). This
highly polar additive is usually considered a surfactant,
providing an even stronger affinity for specific adsorption
regardless of its small amount. A similar effect is observed by
increasing the concentration of Na,SO, to 1 M, which can be
explained analogously by the higher activity of sulfate anions.

https://doi.org/10.1021/acsami.1¢21219
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clarity.

In contrast, the electrode lifetime is extended by a factor of
more than 7 times by adding a small amount of Ni** cations to
the considerably underperforming 0.25 M Na,SO,. Since the
herein-reported real-time dissolution results identified the
leaching of the N-coordinated transition metal as the driving
force for PBA electrode degradation, the efficiency of this well-
known stabilization measure is eventually anticipatedﬁé‘”
Highly concentrated 4 and 8 M NaClO, yielded a negligible
loss of 2.6% after 2840 cycles and 1.2% after 10 500 cycles at
300C, which can be correlated to the low affinity of perchlorate
for specific adsorption, and the low uptake capability of the
solvent for further dissolving film constituents due to the lack
of excess H,O. These remarkably high stabilities are in good
agreement with the literature’ and were extrapolated for
Figure 4D according to the linear loss regime between 100 and
80% (see Figure 2A). In addition, the electrode was tested at
lower rates from 100C to 3C in 8 M NaClO,. As seen in Figure
S3, the entire fractional capacity can be maintained during 100
cycles at each investigated rate without significant losses. It can
therefore be concluded that this electrolyte efficiently prevents
the degradation of the electrode, and a long calendar lifetime
should be expectable.

Furthermore, acidification of the electrolyte to pH = 2.3
helped to more than double the lifetime of NiHCF in 0.25 M
NaNO; towards 1600 cycles. Considering the low adsorption
affinity of nitrate, prevention of the usual OH™-induced
dissolution mechanism serves as an effective strategy to
stabilize PBA materials.

In contrast, a lowered pH = 2 even impaired the stability in
0.25 M Na,SO, toward 250 cycles, which agrees with the
higher dissolution rates recorded during the flow-cell experi-
ments presented above. Apparently, the detrimental chem-
isorption of SO,> seems to be enhanced in the presence of
H,0", which corresponds to similar results obtained from soil
mineral studies.”® Although the reason for the enhanced sulfate
adsorption at a lowered pH is not entirely clear yet, this finding
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further highlights the particular role of sulfate in comparison to
other anions.

B CONCLUSIONS

This work showed that the degradation of PBA battery
electrodes is driven by active material dissolution. As
demonstrated by an innovative flow-cell technique, the
respective constituent leaching rates are strongly coupled to
the redox activity of the electrode. The transformation of
NiHCF and CoHCF to their respective TM oxides was related
to the almost complete loss of iron in the case of alkaline
electrolytes. Nickel and cobalt cations were mainly extracted
during reduction under neutral and acidic conditions, with
CoHCF being less stable than NiHCF during cycling in
Na,SO,. The absolute values of dissolving nickel and cobalt
exceeded those for iron under the battery-operation relevant
neutral conditions, proving that the N-coordinated transition
metals constitute the centers of attack for the degradation
mechanism of PBAs.

Based on these findings, a tentative dissolution mechanism
of PBA active material is schematically proposed in Figure S for
the aqueous NiHCF—Na,SO, model system, considering
realistic battery conditions of neutral pH. During the
electrochemical oxidation of the electrode, sulfate anions
specifically adsorb on the surface to promote the dein-
tercalation process of Na" ions. However, since the electrode is
charged to potentials much more positive than the PZC, some
of the specifically adsorbed anions remain on the surface to
compensate for its excess charge and form metastable surface
complexes, preferably at the positively charged nickel sites
(Ni"l--8O,*7). Upon the following reduction of the corre-
sponding iron centers and the insertion of Na* ions into the
crystal, the distorted Fe(CN)¢—Ni(SO,27)** bond breaks and
leads to the dissolution of Ni’* into the electrolyte. Since
electrolyte anions induce this dissolution mechanism, the
degradation rate correlates with the respective chemisorption
affinity. This sufficiently explains the noticeable differences in
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the cycling stability of NiHCF in NaClO,, NaNOj;, NaCl, and
Na,SO, at equal concentrations and similar pH values.
Although the nature of the involved anion strongly influences
the kinetics of the (de)intercalation process, its impact on
electrode stability can not be neglected. The intermediary
adsorbed anions should bind “just right” to foster the
(dis)charging reaction while not deteriorating the Fe(CN)4—
TM bonds. Therefore, NaClO, is considered a beneficial
choice for aqueous battery electrolytes involving PBA
materials, whereas sulfates should be avoided. Based on the
consistent findings from the flow-cell-coupled ICP-MS for
NiHCF and CoHCF, this mechanism probably plays an
important role for transition-metal dissolution within the
whole class of PBA materials. However, the overall lower
stability of CoHCF might be related to lattice distortions
associated with the additional Co™™ redox step.

It should be mentioned that the described mechanism
happens statistically across the surface and is only exemplarily
depicted in Figure S. Of course, other reaction pathways during
the degradation process can not be excluded, and further
approaches like computational methods might be necessary to
shed light on the overall composition of detrimental processes
happening at the electrode—electrolyte interface. Yet, the
fading capacity cannot be solely caused by active material
dissolution since a high share of the initial mass loading
remains on the electrode, however not showing any redox
activity after all. This effect will be investigated in future
studies. However, the presented flow-cell technique has been
shown to provide direct access to the active material
dissolution and proved to be a powerful tool for future battery
research. Even though the herein performed dissolution study
is unaware of long-term trends, the technique can be easily
adapted to investigate the constituent dissolution profiles
during more realistic battery operation scenarios like
galvanostatic and potentiostatic (dis)charging profiles at
varying rates and extended resting periods.
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ABSTRACT: Prussian blue analogues (PBAs) are versatile
functional materials with numerous applications ranging from
electrocatalysis and batteries to sensors and electrochromic devices.
Their electrochemical performance involving long-term cycling
stability strongly depends on the electrolyte composition. In this
work, we use density functional theory calculations and experi-
ments to elucidate the mechanisms of degradation of model
Na,Ni[Fe(CN),] functional electrodes in aqueous electrolytes.
Next to the solution pH and cation concentration, we identify
anion adsorption as a major driving force for electrode dissolution. 5
Notably, the nature of adsorbed anions can control the mass and o° cation
charge transfer mechanisms during metal cation intercalation as concentration
well as the electrode degradation rate. We find that weakly

adsorbing anions, such as NO;~, impede the degradation, while strongly adsorbing anions, such as $0,7, accelerate it. The results of
this study provide practical guidelines for electrolyte optimization and can likely be extrapolated to the whole family of PBAs
operating in aqueous media.

B INTRODUCTION properties of PBAs and their composition or structure is of
great fundamental importance.

In the case of energy conversion and storage applications,
the properties of electrified interfaces between electronically
conducting PBAs and aqueous electrolytes are of central
significance. So far, one fundamental property that has received
very limited attention is the electrochemical stability of PBA-
based electrodes. Most of the previous stability studies focused
on how solution pH affects the degradation of PBA materials:
it was found that PBAs are prone to degradation in both acidic
(low pH)**™** and basic (high pH) solutions.”">*~**
However, it was recently demonstrated that the degradation
rate of aqueous sodium-ion battery electrodes based on PBAs
strongly depends not only on solution pH but also on the
nature of anions present in the electrolytes.”” Specifically, for
the Na,Ni[Fe(CN)4] and Na,Co[Fe(CN)4] model electrodes,
the transition-metal dissolution during charge—discharge
cycles was monitored in real time using an electrochemical
flow-cell linked with an inductively coupled plasma mass

Prussian blue analogues (PBAs) are widely used in different
materials science disciplines as they provide various function-
alities for battery applications,' > (electro)sensorics,"™*
heterogeneous (electro)catalysis,”~"" desalination and selective
ion removal,'*~'* as well as electrochromic devices.'>'® PBAs
can be represented by the general formula
A, TM'[TM*(CN),], where A is usually Li, Na, or K, and
TM is a transition metal such as Fe, Mn, Cu, Co, Ni, or Zn.
The transition metals are interconnected by C=N bridges
forming TM(CN), octahedra, which creates an open frame-
work structure with A-site cations occupying the interstitial
nanopores. These cations can be reversibly inserted and
extracted from an electrolyte (which will be used synony-
mously with the term “intercalation” throughout this report)
and diffuse through the three-dimensional channels in the
structure.” Typically, PBAs are associated with the face-
centered cubic lattice, but the monoclinic and rhombohedral
structures are also commonly observed due to symmetry
distortions such as octahedral tilts, Jahn—Teller distortions,

hexacyanometallate vacancies, or framework hydration.””'* Received: November 23, 2022
Owing to the high tunability of chemical composition, PBAs Revised:  January 16, 2023
can be considered as model materials in coordination and Published: January 30, 2023

inorganic chemistry, being analogues of the well-known
metal—organic frameworks (MOFs)."” Therefore, a basic
understanding of the correlations between various functional

© 2023 American Chemical Society https://doi.org/10.1021/acs.jpcc.2c08222
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Figure 1. Polyhedral (a) and ball-and-stick (b) representations of the nickel hexacyanoferrate Na,Ni[Fe(CN),] crystal structure in the cubic space
group Fm3m. (c) XRD pattern of the NiHCF thin film together with the simulated reflections for the crystal structure given in (b). SEM image of
the electrodeposited thin-film electrode (d). (e) DOS for fully intercalated and 50% deintercalated bulk NiHCF. (f) XPS spectra showing the Fe 2p

and Ni 2p regions for intercalated and deintercalated NiHCF.

spectrometer. The study revealed distinct transition-metal
dissolution patterns strongly correlated with the electro-
chemical potential and current. It was shown that the
degradation rate increases in the order ClIO,~ < NO;~ < CI”
< 80,7, revealing almost no capacity loss after 10,000 cycles
for Na,Ni[Fe(CN),] in highly concentrated NaClO,. How-
ever, the atomistic mechanisms underlying such behavior
remain unclear.

In this work, we combine experiments and density functional
theory calculations to elucidate the properties of the electrified
interface between model nickel hexacyanoferrate {NiHCF,
Na,Ni[Fe(CN)¢], and NaNi[Fe(CN)]} electrodes and
aqueous electrolytes in the presence of anions commonly
used in electrochemical systems. A significant affinity of the
PBA surface to anionic species explains the complex
mechanism of the interfacial mass and charge transfer during
intercalation of alkali metal cations and drastic differences in
the stability of PBA materials in the presence of different
anions.”*** It is found that surface Fe-sites are more favorable
for anion adsorption than Ni-sites. Toward the edges of the pH
scale, the initial stages of the electrode degradation involve the
attack of Fe-sites by OH™ (at high pH) or protonation of the
CN groups of the crystal (at low pH) via intercalated H;O".
These findings should be of great importance for optimizing
the electrochemical behavior of PBA-containing systems,
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interpreting experimental results, and refinement of advanced
models of the electrified PBA/electrolyte interfaces.

B METHODS

Experimental Section. Electrochemical experiments were
performed in an electrochemical glass cell under inert argon
(Ar 5.0, Westfalen) atmosphere in a three-electrode config-
uration. 1.37 cm? AT-cut Au quartz crystal wafers (Stanford
Research Systems, Ti adhesive layer, S MHz) served as
substrates for the electrochemical deposition of NiHCF thin
films to monitor the mass loading and variation via
electrochemical quartz crystal microbalance (EQCM). A
platinum wire was used as a counter electrode, and an Ag/
AgCl reference electrode (SSC, 3 M KCl, SI Analytics, “B
3420+”) was used. All measurements were performed using a
Bio-Logic VSP-300 potentiostat.

The synthesis of Na,Ni[Fe(CN)4] model electrodes was
performed by means of cyclic voltammetry with a scan rate of
50 mV/s in an aqueous solution of 0.25 M Na,SO, (>99%,
Sigma-Aldrich), 0.5 mM K;[Fe(CN),] (99%, Sigma-Aldrich),
and 0.5 mM NiCl, (99.3%, Alfa Aesar). The deposition
method is further described in refs 2931, and 32.

The electrochemical characteristics and stability of NiHCF
were investigated in different Na* electrolytes as shown in
Table S1. The electrolytes and precursor solutions were
prepared with ultrapure water (18.2 MQ, Merck Millipore).

https://doi.org/10.1021/acs.jpcc.2c08222
J. Phys. Chem. C 2023, 127, 2204-2214
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Figure 2. (a) Representative cyclic voltammogram of NiHCF in 0.25 M NaClO, showing the redox response of Fe'! in the PBA complex. The
electrode charge and mass change (b) during the forward and backward scan of the CV are correlated to Na* (de)intercalation by EQCM using

Faraday’s law (c).

Cyclic voltammograms were recorded with a scan rate of S0
mV/s and galvanostatic cycling (0.1-0.8 V vs SSC) was
performed with a rate of 300 C, whereas 1 C generally
corresponds to a (dis)charging time of 1 h. Impedance spectra
were recorded at a constant potential of 0.4 V vs SSC, which
equals a degree of sodiation of approximately 60%. The
amplitude of the probing signal was set to 10 mV, and the
scanned frequency range was between 35 kHz and 1 Hz with
10 points per decade in logarithmic spacing. All electrolytes
were tested in the order of NaClO,, NaNOj, NaCl, Na,SO,,
and NaCH;COO on the same sample with an unchanged
electrode setup for good comparability of the results with
minimal degradation between the measurements. The
stationarity of the system was ensured by an appropriate
waiting period before the measurement and the validity of all
spectra was guaranteed by the Kramers—Kronig check (see
Figure S1). The data were fitted to an electrical equivalent
circuit using the software EIS Data Analysis 1.3.°

To study the crystallographic properties of the NiHCF thin
film, grazing incidence X-ray diffraction (XRD) analysis was
carried out in the range of 20 = 5—65° (step size = 0.026°)
using Panalytical Empyrean with a Cu tube (4 = 1.5406 A, 45
kV, 40 mA) and Pixcel3D detector. The incident angle was 1°.
The software VESTA (version 3.0)*" was used to visualize
crystal structures and simulate the diffraction pattern of
Na,Ni[Fe(CN),], implying a face-centered cubic space group
(Fm3m) crystal structure with a lattice constant of 10.28 A. A
field-emission scanning electron microscope (SEM, JSM-
7S00F, JEOL) was used to characterize the thin-film electrode
morphology. The elemental composition and electronic
binding energies of NiHCF samples were investigated by X-
ray photoelectron spectroscopy (XPS, Specs). The X-ray
source was an Al K-alpha anode (1486.61 eV, 12 kV, 200 W)
and photoelectrons were detected with a PHOIBOS 150 2D
CCD detector.

Computational Details. All spin-polarized density func-
tional theory (DFT) plane-wave calculations are performed
using the Vienna Ab initio Simulation Package (VASP).>3¢
The revised Perdew-Burke-Ernzerhof (RPBE) generalized
gradient approach (GGA) functional is employed in
combination with the on-site Hubbard U parameters (Uy, =
3.3 eV and Uy; = 4.6 eV) and ferromagnetic ordering following
previous theoretical investigations.””** The D3 approach
within Grimme’s formalism is applied to correct for van der
Waals interactions.””** The core electrons are represented
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through the projector augmented-wave (PAW) formalism.*' A
plane-wave cutoff energy of 500 €V is used throughout the
study. A I'-centered Monkhorst—Pack k-point mesh of 5 X § X
S is employed for the bulk and S X § X 1 for the slab
calculations. Structural optimizations are carried out until the
total energies and atomic forces are converged to within 107°
eV and 0.0 eV/A, respectively. During structural optimiza-
tions, the bottom half of the slab is kept fixed. The optimized
lattice constant of Na,Ni[Fe(CN)y] is 10.32 A. The
dimensions of the used periodic slabs are 10.32 X 10.32 X
10.32 A® with at least a 15 A vacuum gap. For the optimized
adsorption configurations, an additional single-point calcu-
lation within the implicit solvent model is performed using the
default relative permittivity of the bulk water (78.4). The
calculations are carried out for both the fully intercalated
Na,Ni[Fe(CN);] and 50% deintercalated NaNi[Fe(CN)]
slabs, which correspond to eight Na species in the former case
and four Na species in the bottom layer of the slab in the latter
case, respectively.

Bl RESULTS AND DISCUSSION

Figure lab shows the atomic structure of nickel hexacyano-
ferrate {Na,Ni[Fe(CN),]} used in this study as a representa-
tive PBA to better understand its degradation properties in
aqueous electrolytes. The recorded XRD pattern of the
electrodeposited thin film (see Figure 1c) matches very well
with the calculated pattern for the Fm3m structure. The strong
(200) reflection allows us to calculate the lattice constant for
the material yielding 10.28 A. This value is in good accordance
with the results of our DFT optimization (10.32 A). It is,
therefore, reasonable to use the presented atomic structure for
further DFT simulations of the processes at the electrified
electrode—electrolyte interface. As visible from the SEM image
in Figure 1d, the NiHCF thin film obtained from the
electrochemical deposition is characterized by a very
homogenous coating on top of the Au substrate.

The electrochemical activity in PBAs is based on alkali metal
ions, for example, sodium, (de)intercalation accompanied by
the corresponding redox reaction of the host transition metals.
NiHCF has only Fe(II/III) as an active redox center since Ni
species are electrochemically inert in the operating window of
water-based electrolytes. The corresponding redox reaction is
represented by

https://doi.org/10.1021/acs jpcc.2c08222
J. Phys. Chem. C 2023, 127, 2204-2214
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Figure 3. (a) Fast degradation of NiHCF in 0.25 M HCIO, during voltametric cycling due to active material dissolution. (b) Correlation of the
corresponding charge and mass change as measured via EQCM over the first five CV cycles. The apparent molar mass of the intercalate was
calculated from Am/AQ using Faraday’s law. The ongoing electrode dissolution causes large fluctuations in the obtained molar mass values. (c) Ab
initio molecular dynamics simulation predicts the cleavage of the [Fe—C=N]—Ni bond due to protonation of the N-sites if Na* in NiHCF is
replaced by H;O". (d) Impact of the H" vs Na* availability on the stability of NiHCF during galvanostatic cycling and (e) respective CVs.

NaZNiH[FeH(CN)é] (intercalated)
= Na* + ¢ + NaNi"[Fe"™(CN),]
(50% deintercalated) (1)

Indeed, our Bader charge analysis based on DFT
calculations of the NiHCF slabs shows that Ni ions do not
change their charge upon 50% deintercalation with q(Ni) =
1.30, whereas the positive charge on Fe ions increases from
q(Fe) = 1.17 for the fully intercalated case up to 1.33 for the
deintercalated case. This agrees well with an analysis of the
density of states (DOS), revealing that the Fe electronic states
below the Fermi energy for the intercalated material shift
toward the Fermi level for the deintercalated material (Figure
1e). We note here that the analysis based on Bader charges can
only be considered qualitative.

This is further confirmed by XPS measurements of oxidized
and reduced electrodes, which were electrochemically brought
to their respective final states. NiHCF was completely reduced
at a potential of 0.1 V vs SSC, whereas it was completely
oxidized at 0.8 V vs SSC. As seen in Figure 1f, the samples
show strongly differing spectra in the Fe 2p region. For the
intercalated electrode, one sharp peak, which is observed in
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both regions of the spin—orbit doublet, can be associated with
the Fe' oxidation state as expected for fully sodiated NiHCF.
Upon deintercalation, Fe!l is oxidized to Fe'', which is well
represented by the appearance of an additional peak at higher
binding energies in both doublet regions.42 On the other side,
the spectra obtained for Ni 2p show identical peaks with regard
to the corresponding binding energies and intensities, proving
that Ni is electrochemically inert within the investigated
potential window.

The electrochemical oxidation (desodiation) and reduction
(sodiation) of the NiHCF electrode in 0.25 M NaClO, result
in a reversible redox peak (see Figure 2a). It can be noted that
the CV peak comprises a superposition of two sharp peaks at
~0.38 and ~0.46 V versus SSC. This double-peak structure
results from the formation of two different stoichiometries of
NiHCF during the electrodeposition process
{Na,Ni"[Fe" (CN)4] and NaNi, {"[Fe”(CN)4]}, whereas Fe-
(11/111) remains the redox-active center in both cases.”™** For
simplicity, this work considers NiHCF as the former
stoichiometry. The electrode mass change over one CV
cycle, as measured by EQCM, strictly follows the consumed
charge (Figure 2b). By using Faraday’s law, a molar mass of
22.6 g mol ™ is obtained for the (de)intercalating species, from

https://doi.org/10.1021/acs jpcc. 208222
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which it can be confirmed that the charge compensation is
achieved by the transport of Na* ions across the electrode—
electrolyte interface (Figure 2c).

It was previously reported that the transition-metal
dissolution from NiHCF is highly dependent on solution pH
and anions present in the electrolyte.”” However, the NiHCF
degradation mechanism as a function of electrolyte composi-
tion remains poorly understood. This study distinguishes two
degradation regimes corresponding to acidic and alkaline
aqueous electrolytes.

We first analyze the mechanism of active material
degradation in acidic solutions in the absence of alkali metal
cations. It can be assumed that at low pH, the most abundant
cationic solution species available for intercalation into the
NiHCF structure are hydronium (H;O") ions. An oxidized
NaNi[Fe(CN);] electrode was transferred to a 0.25 M HCIO,
solution and electrochemically cycled in the absence of Na* in
the electrolyte (Figure 3a). Starting right from the first cycle,
the material degrades severely, as visible from the rapidly
decreasing current waves in the voltammogram. After less than
30 cycles, the redox activity has almost entirely vanished.
Similarly, an instantaneous degradation was observed for
desodiated NiHCF in 0.25 M H,SO,, which can be considered
as completely degraded after already 20 cycles (Figure S2a). It
should be noted that the potential range was extended toward
lower potentials, as the redox peak was shifted for the acidic
solutions compared to the Na* electrolytes. It has been
reported that the nature of the intercalating cationic species
strongly impacts the insertion potential (E;) of PBA materials,
with E; decreasing when going up the periodic table from the
large Cs* ion toward the small Li*. This correlation generally
results from the fact that the insertion potential is
thermodynamically linked to the Gibbs free energy of
solvation, which decreases with increasing ionic radii of the
intercalate.*™* It is, therefore, reasonable that the inter-
calation of H;O" in NiHCF is observed at potentials lower
than that of Na™.

To first prove that hydronium is indeed inserted into and
extracted from NiHCEF, Figure 3b shows the variation in the
electrode mass as measured by EQCM during voltametric
scans in 0.25 M HCIO,. A continuous mass loss indicates the
dissolution of the electrode, which reflects the diminishing
redox response in Figure 3a. This is overlaid with a repetitive
mass increase and decrease signal, which is characteristic of the
insertion of ionic species into a host electrode from the
solution. By applying Faraday’s law, the apparent molar mass of
the intercalate is obtained between 8.2 and 19.4 g mol™'. It
should be noted that the large fluctuation of this value is
caused by the superposition of the (de)insertion signal with
the electrode dissolution, as well as the noisy EQCM data
caused by the harsh degradation process. Similar results with
apparent molar masses between 9.4 and 21.9 g mol™' were
obtained for NiHCF in 0.25 M H,SO, (see Figure S2b). Even
though the respective average molar masses are smaller than
the expected 19 g mol™" for H;0", the data undoubtedly prove
the intercalation and deintercalation of a cationic species
associated with the reduction and oxidation of NiHCF in the
HCIO, and H,SO, solutions. This finding strongly indicates
that hydronium actively participates in the (de)intercalation
process.

Due to the highly decreased cycling stability of NiHCF in
the Na'-free acidic solutions compared to pH-neutral Na*
electrolytes, it can be assumed that the intercalation of H;O" is
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likely responsible for the fast structure destruction. To probe
the acidic dissolution mechanism by a theoretical approach, we
replace Na' cations in the NiHCF structure with H;0°,
maintaining the same charge of the cell, and run the ab initio
molecular dynamics (AIMD) simulations. Already after 1—2 ps
of AIMD equilibration, we observed spontaneous protonation
of the N-sites resulting in the generation of Fe(CN—H),
moieties (see Figure 3c). This suggests that the N-sites are the
primary point of attack in acidic electrolytes during the NiHCF
degradation process. This should lead to the dissolution of
Fe(CN)¢®™ complexes, while the remaining Ni cations are
expected to dissolve as solvated Ni** species.”” It was reported
that highly defective copper hexacyanoferrate (CuHCF, a
Turnbull’s blue analogue) can operate as a stable and reversible
proton insertion electrode in 2 M H,SQO,, whereas the stability
deteriorated strongly when replacing Cu by Ni, Co, or Mn.*’
Our AIMD simulations predicted a similar protonation of N-
sites for CuHCF, which contrasts the reported stability of this
system. We hypothesize that the high content of coordination
water within the defective CuHCF lattice may effectively
prevent N-sites from rapid protonation, and therefore, that a
high degree of crystal hydration may allow a more stable
proton insertion into PBAs.

Considering this, one could erroneously conclude that the
presence of H;O" in general has a detrimental impact on PBA
electrodes in aqueous media. However, acidification of alkali
metal cation electrolytes is, overall, a well-established strategy
to enhance the stability of PBAs.>”*"** The reason for its
higher stability in slightly acidified electrolytes is usually
assigned to the absence of OH, as it is well-known that PBA
electrodes are entirely unstable in the presence of abundant
hydroxide species.lf’*lgl:igure 53 shows the almost immediate
disintegration of NiHCF upon cycling in 0.1 M NaOH (pH =
13). As previously reported, the electrode degradation at high
pH is characterized by an entire loss of [Fe(CN)]**~ and the
subsequent formation of surface-confined NiO, phases,
represented by the increasing current from the Ni(II/IIT)
redox couple.”’ ™’

This stabilization strategy based on OH~ removal is
represented in Figure 3d, where the reduction in the pH of a
NaClO, solution from its initial value of pH = 5.7 to pH = 3.1
via the addition of HCIO, leads to a significant decrease in the
degradation rate during the galvanostatic cycling. If the
electrolyte is, however, strongly acidified with an equal
concentration of 0.25 M HCIO, and NaClO,, the NiHCF
electrode degradation is extremely accelerated, whereas it is
still more stable compared to the pure 0.25 M HCIO, solution
(Figure 3a). For both cases of acidified electrolytes, we assign
the charge compensation mechanism mainly to the inter-
calation of Na* rather than H;O*. This is reflected by the
respective CVs shown in Figure 3e. As the intercalation
potential E; of NiHCF for sodium is higher than that for
protons in the pure NaClO, and HCIO, solutions at equal
concentrations, it can be deduced that sodium insertion is in
general thermodynamically more favored."”” ™ For the pH-
adjusted 0.25 M NaClO, electrolyte (pH = 3.1), the CV
exactly resembles the one for the pH = 5.7 electrolyte.
Furthermore, an apparent molar mass of ~23 g mol™! was
found for the intercalating species, which shows that Na* is
responsible for the charge compensation even in acidified
electrolytes (see Figure S4). For the 025 M HCIO, and
NaClO, (1:1) mixed solution, the CV appears at a lower
potential than for the pure 0.25 M NaClO, case. As the total
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Figure 4. (a) Impedance spectra (at 0.4 V vs SSC) of NiHCF recorded in 0.25 M Na" electrolytes with varying anion species. The impedance
spectra were fitted using the displayed equivalent circuit yielding the extracted fitting parameters for Rer (b), 1/G, (hollow symbols, left axis) with

X, (filled symbols, right axis) (c), and R, (d).

Na® concentration is only 0.125 M, this behavior is well
described by the relation®”*?

B=fl 4+l iy
F o (2)

where Ej is the standard potential of the cation intercalation
reaction with c,, the cation concentration in the solution, and
¢y the reference concentration at which EJ is evaluated. R is
the universal gas constant, T is the absolute temperature, and F
is the Faraday constant. According to eq 2, a shift of the
insertion potential of 18 mV to the left is expected for a Na*
concentration of 0.125 M vs the original 0.25 M solution. The
experimentally obtained shift of the insertion potential is ~30
mV, which can be explained by a coinsertion of H;O" to a
small extent. This is, furthermore, reflected by the apparent
molar mass of the intercalating species, which was obtained as
~21.2 g mol™" (see Figure S5). It has been reported that the
insertion of two cationic species A and B in PBAs results in a
single CV peak, with its E; being between the two extrema E;
and ELB.W The resulting position of E; indicates the dominating
intercalate of A and B, confirming that Na' is the main
intercalating species even in a 1:1 mixed Na*/H;O" solution.
However, it appears striking that the CV shape of NiHCF
exhibits a much lower peak-to-peak separation when a high
concentration of hydronium is present, which might be caused
by the extremely fast kinetics associated with proton
insertion.>

Considering the obtained stability trend, the apparent molar
masses, and the CV peak positions of the Na*/H" mixed
solutions, we conclude that NiHCF has a higher affinity for
Na' insertion compared to H;O", and the stabilization is
caused by the reduced coinsertion of hydronium when Na*
ions are available as an intercalate. Therefore, the use of
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slightly acidified Na* electrolytes (to pH ~ 3) should serve as a
very effective strategy to enhance the stability of PBA
electrodes due to the practical absence of OH™ while still
providing a high Na*/H;0" ratio.

For alkaline/neutral solutions, we investigate the role of a
series of common anionic species on the degradation rate of
PBA materials. We have shown in our previous studies that
electrolyte anions play a significant role in the interfacial charge
and mass transfer processes for intercalation-type battery
materials.m_‘n‘ﬂFigure 4a shows the impedance spectra for
NiHCF in 025 M Na® electrolytes for varying anions, in
particular, ClO,~, NO;~, CI5, CH,;COO~, and SO,
Characteristic loop-shaped spectra were obtained for all the
electrolytes, which were fitted with the equivalent electric
circuit displayed in Figure 4a. Next to the “classical” elements
as the uncompensated resistance (R,), a constant phase
element (CPE) represents the double-layer capacitance and
the charge transfer resistance (Rcy) for faradaic currents, the
superposition of the circuit elements X,, G;, X,, and G,
represents the intermediate adsorption of anions on the
electrode surface during the alkali metal cation insertion
process. This physical model describes the so-called “three-step
mechanism” of intercalation, which will be briefly introduced
in the following. In short, the quick electron transfer on Fe!"™
results in the appearance of uncompensated surface charges
due to the considerably slower extraction or insertion of
sodium from or into the crystal structure. This excess surface
charge is compensated by the intermediate adsorption of the
highly mobile electrolyte anions on the electrode sur-
face.’’*>%° By elaborating the respective kinetic steps of the
described interconnected quasireversible processes, the
faradaic impedance for the (de)intercalation reaction can be
modeled as

https://doi.org/10.1021/acs.jpcc.2c08222
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The parameters G;, G, X;, and X, are formed by
combinations of the complex kinetic parameters of the charge
transfer and individual ad/desorption steps associated with the
three-step mechanism. Importantly, these parameters can take
on both positive and negative values.”"*> For a more detailed
derivation of the general impedance model for faradaic
reactions involving surface adsorbed species, the reader is
referred to ref 56.

From Figure 4b, it is apparent that the nature of the anions
has, as expected, no significant impact on the charge transfer
resistance and thereby the corresponding rate constants of the
redox reaction. In contrast, the model elements G, and X,
which represent the anion adsorption, strongly deviate among
the different anions (Figure 4c). From this, we can conclude
that the complex interfacial mechanism of alkali metal cation
intercalation strongly depends on the respective adsorption
affinity of the involved anions. The different ionic con-
ductivities of the salt solutions are represented by the varying
uncompensated resistance values (Figure 4d), which are
nevertheless in a comparable range.

Following this argumentation, the anion nature should
determine the electrochemical performance of PBA electrodes.
Figure Sa shows the CVs of NiHCF in 0.25 M Na" electrolytes
with ClO,~, NO;~, CI5, CH;COO~, and SO,*” as the
respective anionic species. The potential was corrected for
the uncompensated resistance to eliminate any effects
stemming from the different ionic conductivities of the
solutions. Apparently, the peak shape and position are highly
symmetric in all cases and remain unaffected by the present
anion. Furthermore, the apparent molar mass of the
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intercalating species was determined to be very close to the
expected 22.99 g mol™ for all investigated electrolytes,
showing that only sodium is inserted into the host structure
(see Figure S6). From the consistently reversible CV curves, it
can be concluded that all the tested anionic species effectively
compensate for the intermediate excess surface charges during
the redox process and that the corresponding adsorption and
desorption steps proceed fast enough to not be rate limiting.
While this process is supposed to be fully reversible in theory,
we observed a significant impact from the involved anion on
the electrode stability in our previous study.”

To correlate the degradation rates to the specific anions, we
repetitively cycled NiHCF thin-film model electrodes in
equally concentrated Na* electrolytes with comparable neutral
pH = 5.7—6.2 (see Table S1), as shown in Figure Sb. The
electrode stability was found to decrease in the order of CIO,~
> NO;~ > CI” > CH;COO~ > SO,*7, with the capacity
retention after 2000 cycles ranging from 67% for perchlorate to
only 5% for sulfate. This finding strongly indicates the
detrimental effect of some anions and their notable role in
promoting electrode dissolution. The order of electrode
stability as a function of the involved anion is also in great
agreement with previous findings for other PBA materials,
namely, NaIn[Fe(CN),] and K,Cr[Fe(CN)4].>7**

Hypothesizing that the degradation process is initiated by
the adsorption of anions from the electrolyte on the metal
centers of the NiHCF surface, the adsorption strength and,
therefore, the impact of the individual anions should differ
considering their distinct geometry, size, charge density, and
polarity. To quantify this effect, we examine the adsorption
energetics for ClO,”, NO;~, CI-, CH;COO7, $0,>, and
OH™. Table 1 lists the computed binding energies for the
anions adsorbed at the Fe and Ni surface sites of NiHCF. It is
seen that the surface affinity for anions is very strong, assuming
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Table 1. DFT Computed Adsorption Energies (E,q,) for a
Series of Electrolyte Anions Adsorbed Over Fe and Ni
Surface Sites of Intercalated and 50% Deintercalated
NiHCF”

intercalated 50% deintercalated
adsorbate E,y (Fe), eV E, (Ni), eV E,q (Fe), eV E,4 (Ni), eV
OH™ —2.87 —1.41 -291 —1.58
CI” —2.73 —2.04 —2.52 —-1.74
SO, —3.54 —1.84 —3.55 —2.49
Clo,~ —2.65 -2.35 —247 —225
NO;~ -1.29 —1.35 —-1.57 —1.23
CH,;CO0~ —1.89 -1.26 —1.57 —1.28

“The corresponding distances between the adsorbates and the surface
metal centers are provided in Figure Sc.

specific adsorption with preferential binding to Fe centers in
both intercalated and deintercalated NiHCF. To confirm that
these results do not depend on a particular choice of the U
values in our computational scheme, we also ran a series of
plain DFT calculations (see Table S2). It appears striking to
see that even perchlorate, which is known as a weak adsorbate
on metals,*” yields considerably high adsorption energies when
adsorbed over Fe. Figure Sc shows the atomic configurations of
the anions adsorbed on the Fe-sites of the NiHCF surface. It
can be observed that the stronger adsorbed anions (S0,>~ and
OH") are characterized by shorter interfacial distances than
the weaker adsorbed species. Also, the distances are decreased
upon deintercalation, in agreement with the overall more
positive charge on the host Fe-sites after Na removal (see
Table S3). Endorsing our experimental studies, these computa-
tional results support the proposed mechanism of anions
dictating the kinetics of the interfacial charge and mass
transport by adsorption on the electrode surface during
(de)intercalation of alkali metal cations in PBAs.**™**

It is also seen from Table 1 that SO,*~ and OH™ anions are
characterized by the strongest and CH;COO~, NO;~, and
ClO,” by the weakest adsorption to the NiHCF surface. The
calculated adsorption energetics appears to qualitatively
correlate with the decreasing stability of NiHCF from the
perchlorate to sulfate electrolytes upon cycling. Furthermore,
the strong interaction of OH™ with the electrode material
reflects its fast deterioration in the presence of hydroxide. We,
therefore, reason that the low stability of PBAs in high pH
media, as well as in the presence of some anionic species in the
solution, can be described by a generalized degradation
mechanism involving the specific adsorption of anions. The
exact dissolution pathways of the specific electrode constitu-
ents are certainly too complicated to be entirely unveiled by
our simplified approach, but it clearly identifies anion attack to
catalyze the degradation process via specific adsorption and
subsequent metal extraction by breaking the lattice bonds.
Considering the obtained strong (chemi)/adsorption energies
in the order of 2—3.5 eV, ligand exchange leading to the
formation and dissolution of, for example, [Fe'(CN).OH]*~
in the alkaline case cannot be excluded.

However, these DFT results cannot explain the exper-
imentally observed low stability of NiHCF in 0.25 M sodium
acetate, as one should in fact expect the slowest degradation
rate according to the weak anion adsorption in this case. We
suppose that the unexpected detrimental role of CH;COO™ is
related to its considerably higher basic strength (pK; = 9.2)

compared to the other investigated anions (see Table $4).%%!
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Even though the sodium acetate electrolyte was adjusted to a
neutral pH = 6.2, this only reflects an overall statistical
quantity. On a molecular level, hydrolysis due to deprotonation
of H,0 and subsequent CH;COOH formation will result in
the local appearance of free OH™. This in turn accelerates the
degradation of the electrode if the process occurs close to its
surface. In contrast to the pure NaOH case, this will not lead
to the formation of NiO, (as it is not stable at medium pH)
but to the dissolution of active material. Extrapolating these
findings, low stability of PBAs in electrolytes involving other
(carboxylic) anions corresponding to weak acids should be
expected. Furthermore, this argument allows for the explan-
ation of the previously published low stability observed for
PBA electrodes in 1 M Mg(ClO,), solutions.”” Besides Mg,
the initial dissolution of NiHCF electrodes was also observed
in other divalent metal nitrate electrolytes (Ca** and Srz*').63
Assuming a similar mechanism, local hydrolysis and X(OH),
precipitation (with X = Mg, Ca, and Sr) might result in free
H;0%, which can in turn initiate the acidic degradation
pathway. Other authors discussed the substitution of lattice
Ni(II) by intercalated divalent cations like Mg**, which was
assumed to result in the collapse of the framework.®* It should,
however, be mentioned that the coinsertion of H;O" cannot be
ruled out in divalent cation solutions.**** In contrast to the
mixed H;0*/Na* electrolyte, we expect that H;O" is a
preferred intercalate over Mg due to the selectivity of PBAs
favoring the insertion of low hydration energy/small radius
species over large divalent cations.””** Further research will be
necessary to assess the impact of different degradation
pathways in the case of PBAs in divalent cation solutions.
Lastly, we investigate the effect of the electrolyte
concentration on electrode stability. It has been shown in
previous works on PBAs that the dissolution of active material
can be suppressed by increasing the concentration of the
electrolyte toward the so-called water-in-salt electrolytes.”””%
NaClO, has proven to be a promising candidate for this
approach as concentrations beyond 10 M are feasible for this
salt.*>”Figure 6 shows the stability of NiHCF electrodes in
varying concentrations from 0.25 to 8 M NaClO,. The stability
slightly decreases when raising the concentration from 0.25 to
1 M, while a significant stabilization of the material can be
observed above 2 M with almost no degradation for an 8 M
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Figure 6. Stability of NiHCF in varying concentrations of NaClO,
during galvanostatic cycling (300 C). The data points show the
number of cycles after a loss of 20% capacity. For the 4 and 8 M
solutions, the stability was extrapolated based on the measured
capacity losses of 2.6% after 2840 cycles and 1.2% after 10,500
cycles.”” The dashed line serves as a guide to the eye.
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NaClOy, solution. For the superconcentrated electrolytes, the
material hydrolysis is effectively suppressed through the
absence of free water molecules, as these are excessively
incorporated into the ions’ solvation shells due to the strong
hydration of the salt. In fact, only a very few water molecules
exist per one sodium perchlorate molecule causing a va.nishin%
uptake capability for dissolved electrode constituents.®
Furthermore, the sluggish diffusion dynamics for dissolved
electrode constituents in the electrolyte bulk strongly inhibit
electrode degradation in such water-in-salt systems.” For the
low-to-medium concentrated solutions, we assign the slight
decrease in the stability to the effect of the ClO,~ anion. Even
though this species was found to adsorb on the electrode
surface only weakly, its increased activity at higher concen-
trations could lead to a stronger degradation of the active
material. However, beyond a concentration of 2 M, the
stabilizing crowding effect of the electrolyte prevails.

B CONCLUSIONS

In this work, the governing mechanisms driving the
degradation of model Na,Ni[Fe(CN)4] electrodes based on
the electrolyte composition were elucidated by a combined
experimental and theoretical approach. DFT calculations for
the anions commonly used in electrochemical systems showed
that the NiHCF surface has a significant affinity for anion
adsorption with binding energies up to ~3.5 eV. This finding
emphasizes a non-negligible role of anion-specific adsorption
in the complex mechanism of interfacial mass and charge
transfer during the intercalation of alkali metal cations. It is
shown that the surface Fe-sites are more favorable for anion
adsorption than Ni-sites, forming the following trend for the
adsorption strength of anions on Fe (surface layer atoms):
80,2 > OH™ > CI” > ClO,” > CH,COO~ > NO;. The
anion adsorption characteristics allow us to explain the drastic
differences in the stability of PBA electrodes, confirming the
experimentally determined higher stability in the presence of
weakly adsorbing anions like ClO,” and NO;~ compared to
the strongly adsorbing SO,>~ and OH™. Considering the
special role of hydroxide on PBA decomposition, the respective
basic strength of the anions also has to be taken into account,
excluding the acetate anion from stable electrode cycling.
Whereas benign acidification (pH ~ 2—3) of the electrolyte
generally helps to increase the stability due to the decreased
OH" activity, an overwhelming availability and intercalation of
H;O" cause a fast deterioration of the Ni—[N=C—Fe] bond
due to protonation of the N-sites within the crystal structure
and subsequent electrode dissolution.

We point out, however, that it is not straightforward to
predict the stability of PBAs in aqueous environments by a
single generalized mechanism. Overall, the material stability is
determined by a complex interplay of competing processes
involving anion attack via strong adsorption on the electrified
interface, specifically OH™-induced hydrolysis, and protonation
of the CN group in the presence of hydronium. Therefore, the
exact composition of the electrolyte should be carefully
considered for achieving a long material lifetime as the
solution pH, salt concentration, and the involved anion
determine its resistance against degradation. These findings
should be of great importance in optimizing electrochemical
systems based on PBA materials, interpreting experimental
results, and elucidating the advanced models of the electrified

PBA/electrolyte interfaces.
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ABSTRACT: Prussian blue analogues are considered as promising candidates for 700

aqueous sodium-ion batteries providing a decently high energy density for =

stationary energy storage. However, suppose the operation of such materials under < e0r

high-power conditions could be facilitated. In that case, their application might z

involve fast-response power grid stabilization and enable short-distance urban §5°“

mobility due to fast re-charging, In this work, sodium nickel hexacyanoferrate thin- S -

film electrodes are synthesized via a facile electrochemical deposition approach to ? S
form a model system for a robust investigation. Their fast-charging capability is & 30 S

NiHCF

systematically elaborated with regard to the electroactive material thickness in
comparison to a "traditional” composite-type electrode. It is found that quasi-
equilibrium kinetics allow extremely fast (dis)charging within a few seconds for
sub-micron film thicknesses. Specifically, for a thickness below & 500 nm, 90% of the capacity can be retained at a rate of 60C (1 min
for full (dis)charge). A transition toward mass transport control is observed when further increasing the rate, with thicker films being
dominated by this mode earlier than thinner films. This can be entirely attributed to the limiting effects of solid-state diffusion of Na*
within the electrode material. By presenting a PBA model cell yielding 25 Wh kg™" at up to 10 kW kg™', this work highlights a
possible pathway toward the guided design of hybrid battery—supercapacitor systems. Furthermore, open challenges associated with

1 10 1001000
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thin-film
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thin-film electrodes are discussed, such as the role of parasitic side reactions, as well as increasing the mass loading.

KEYWORDS: Na-ion aqueous batteries, Prussian blue analogues, sodium nickel hexacyanoferrate, fast-charging capability,

thin-film electrochemical deposition, hybrid battery—supercapacitors

H INTRODUCTION

Over the last years, rechargeable batteries have been regarded
as an essential enabler for the transition of the world’s energy
provision scheme toward sustainability. Today, the market is
dominated by ”traditional” lithium-ion batteries due to the
demand for high energy densities in electric vehicles."”*
However, alternative battery technologies are inevitably
needed, especially considering the increasing adoption of
stationary energy storage applications in the power grid, where
resource availability, safety, and durability outweigh energy
density.”* Aqueous sodium-ion batteries (ASIBs) could play a
substantial role in replacing LIBs for such applications in the
future.”

The material class of Prussian blue analogues (PBA) has
gained increasing attention for being a promising candidate for
scalable, cost-efficient, and ecologically friendly ASIB electro-
des.®” In general, the stoichiometry of these transition metal
coordination compounds is described by
AM, TMW[TM®(CN),], where AM is an alkali metal cation,
like Li*, Na*, or K', and TM‘? are transition metals
interconnected by cyanide ligands.s The AM-cations can
reversibly intercalate into the PBA open-framework structure

® 2023 American Chemical Society

~ ACS Publications

to compensate for the charge from the TM redox activity. Ionic
charge propagation within the PBA lattice is enabled via solid-
state diffusion along the wide channels of the nanoporous
three-dimensional network.®

While an extremely long cycle life of several thousand cycles
is enabled by so-called water-in-salt electrolytes,”'” also decent
energy densities in the order of tens of Wh kg™' have been
reported for entirely PBA-based ASIBs.”'"'> Traditionally,
PBAs are synthesized via coprecipitation, followed by casting a
slurry containing the active material powder, conductive
carbon, and a polymeric binder on a current collector to
form a composite electrode.® Even though being the standard
up-to-date method, it bears several disadvantages, such as
holding a significant share of inactive material and impaired
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Figure 1. Routines for the preparation of NiHCF electrodes. (Left) Direct electrodeposition of a pure active material thin film on a conductive
substrate from an aqueous precursor solution. (Right) Synthesis of NiHCF nanoparticles via coprecipitation. The active material is mixed with
carbon black and a polymeric binder, followed by preparing a slurry with an organic solvent. A high-mass loading, porous composite electrode

coating is obtained on the current collector.

intercalation kinetics due to limited access of ions to the active

1315 Burthermore, without optimized and

material surface.
controlled synthesis conditions, the coprecipitation method
commonly yields primary and secondary particles of imperfect
and detrimental crystallinity and morphology resulting in
unfavorable mass transport properties and kinetics.'®™"? These
effects negatively impact the available capacity and give rise to
a potential hysteresis of the electrodes when charged and
discharged at high rates.”’

In contrast, binder-free nano/microstructured PBA electro-
des can possibly hold great potential for high-rate
ASIBs.'>*'™** Such hybrid battery—supercapacitor systems,
which combine a decent energy density with high power
density, could not only serve the energy transition by
stationary usage for fast-response power grid stabilization but
also open opportunities for short-distance transportation use-
cases like urban buses.”*™>® It has been known for over 40
years that microstructured thin-film PBA electrodes can be
easily synthesized by a single-step electrodeposition process on
top of a conductive template.”” > Yet, a fundamental
understanding of their inherent rate-limiting processes is
indispensable for application as high-power electrodes and to
reasonably benchmark their performance against the "classic”
composite electrode conﬁguration.30 This work comprises a
systematic study of the fast-charging capability of sodium
nickel hexacyanoferrate (NiHCF) thin-film electrodes pre-
pared via the electrodeposition method as a function of the
mass loading and film thickness. The electrochemical behavior
of the thin-film electrodes is compared to a composite-type
one, and their performance is analyzed with regard to the rate-
determining steps during the (dis)charging process. The
findings are extrapolated to ASIB full cell configurations by
providing characterization data of two solely PBA-based
systems. Overall, this report presents a model system aiming
to provide a mechanistic understanding of the potential
benefits and open challenges for thin-film PBA electrodes and
thereby determine the principles for a guided design of fast-
charging microstructured batteries in the future.

B EXPERIMENTAL SECTION

Preparation and Electrochemical Characterization of
Battery Electrodes. Thin-film electrodes were prepared by direct
electrodeposition, whereas composite-type electrodes were obtained
from active material powder via slurry casting. The two differing
routines are presented in Figure 1. A list of used chemicals and their
suppliers is provided in Table S1.

The electrodeposition of NiHCF was carried out in a three-
electrode configuration in a custom glass setup under argon
atmosphere (5.0, Westfalen AG)."> An Ag/AgCl (SSC, 3 M KCl,
B3420+, SI Analytics) reference electrode was used along with a Pt
wire as a counter electrode. 1.37 cm” gold-on-quartz crystals (in a
QCM200 microbalance, AT-cut, Au on Ti adhesive layer, Stanford
Research Systems) served as the substrates for determining the mass
of deposited electrode material. Alternatively, gold-on-glass substrates
(Arrandee Metal) were used to prepare samples for the morphological
and crystallographic examination. A VSP-300 potentiostat (Bio-
Logic) was used to control and measure the electrode potentials and
current.

Au substrates were rinsed with ultrapure water (18.2 MQ, Evoqua),
followed by a cleaning step using cyclic voltammetry (CV) scans (0
< 1.3 V vs SSC at 50 mV s7') in 0.1 M H,SO, and rinsing with
ultrapure water again. The electrodeposition method was adopted
from refs 31, 32, cycling the Au substrates (CV,50mVs, 009V
vs SSC) in an aqueous precursor solution consisting of 0.5 mM NiCl,,
0.5 mM K;Fe(CN),, and 025 M Na,SO,. The latter served as a
supporting electrolyte to guarantee sufficient ionic conductivity of the
plating solution. The process was stopped after reaching the desired
mass loading as obtained from the in operando QCM measurement,
terminating the CV scan at the lower potential vertex. As this yields a
fully reduced electrode, the indicated mass loadings refer to
intercalated NiHCF (i.e.,, Na,NiFe(CN)). The samples were washed
with argon-purged ultrapure water, followed by drying under a
continuous argon stream for at least 1 h.

Bulky electrodes with a mass loading of 1.49 mg cm™ (active
material) were obtained following the routine as described by
Wessells et al.*> NiHCE nanoparticles were synthesized from an
aqueous solution of 40 mM NiCl, and 20 mM K;Fe(CN)4 at 70 °C
under continuous stirring. The reagents were added dropwise in equal
quantities from stock solutions, and the mixture was allowed to rest
for 10 min. The orange precipitate was centrifuged, washed with
ultrapure water several times, and dried at 70 °C under ambient
conditions. NiHCF electrodes were prepared by mixing the
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Figure 2. (A) CVs showing the electrodeposition of a NiHCF thin film and (B) the corresponding deposited mass determined via EQCM on an
Au substrate. (C) Areal capacity obtained for different mass loadings of electrodeposited thin-film electrodes allows for the extraction of the specific
capacity of NiHCF. (D) Top-view and (E) cross-sectional SEM and (F) AFM images of a NiHCF thin film show a homogeneous coating of the
active material. (G) Thickness and surface roughness of the deposited electrodes as a function of the areal capacity and mass loading. (H) SEM
image of NiHCF powder obtained via coprecipitation shows large secondary particles. (I) XRD patterns of NiHCF thin film and powder confirm

their crystallographic similarity.

synthesized active material, carbon black, and poly(vinylidene
fluoride) (PVDF) in a 7:2:1 weight ratio, using N-methyl-2-
pyrrolidone (NMP) as a solvent, and coating the slurry on stainless
steel foil.

The electrochemical characterization of battery electrodes was
performed under an argon atmosphere in the three-electrode setup
described above in 8 M NaClO,, as this water-in-salt electrolyte
allows a degradation-free operation of the electrodes over long cycling
intervals.” As exemplarily shown in Figure S1, stable performance of
the thin-film electrodes is obtained at low and high C-rates along with
a coulombic efficiency close to 100%. A more detailed analysis and
discussion of the stability of PBAs in aqueous electrolytes is available
in our previous work.'”** Since the composite electrode had a much
higher absolute capacity compared to the thin-film electrodes, a
symmetric WE-CE configuration was set up using a largely oversized
CE, which was previously brought to 50% state-of-charge. The
measurement protocols involved CV scans at different rates and
galvanostatic cycling with potential limitations at varying C-rates.

34
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Furthermore, staircase-potential electrochemical impedance spectros-
copy (EIS) was performed with a probing AC amplitude of 10 mV in
a frequency range between 100 kHz and 100 mHz. System
stationarity was guaranteed by an appropriate waiting period before
the impedance spectra acquisition, and the validity of all data within
the analysis interval was verified by the Kramers—Kronig check. The
spectra were fitted using the software EIS Data Analysis 1.3° using
the electrical equivalent circuit presented in the Supporting
Information.

Full Cell Battery Assemblies. Full cell prototypes were
assembled in the glass cell setup described in ref 12. The respective
cathode and anode thin-film electrodes were previously electro-
deposited on Au-QCM substrates. The experimental details for the
preparation of sodium manganese hexacyanomanganate (MnHCM)
and sodium cobalt hexacyanoferrate (CoHCF) are given in the
Supporting Information. After the deposition of the individual
cathode and anode thin-film electrodes, the respective glass cells
were connected ionically by opening the closures of an electrolyte

https://doi.org/10.1021/acsami.3c02633
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bridge. The large spatial distance between the cathode and anode
results in a high uncompensated resistance across the electrolyte
bridge of ~ 153.5  in 8 M NaClQ,, as determined by EIS. As this
setup allows the use of a reference electrode in the full cell
configuration, the potential limits of the individual electrodes could be
precisely controlled during cycling and were as follows: NiHCF [0.8 V
© 0.1 Vvs SSC]-MnHCM [-1.2 V & —0.6 V vs SSC] and CoHCF
(12 V < 0.6 V vs SSC]-NiHCF [0.1 V < 0.6 V vs SSC].

Crystallographic and Morphological Characterization. The
grazing incidence X-ray diffraction (XRD) pattern of the thin-film
electrodes was acquired in the range of 20 = 5—65° (step size =
0.026°, incident angle 1°) using PANalytical Empyrean with a Ni-
filtered Cu tube (1 = 1.5406 A, 45 kV, 40 mA) and a Pixcel3D
detector. The powder XRD pattern of the synthesized NiHCF
precipitate was collected on a Rigaku Miniflex (Rigaku) with a Ni-
filtered Cu Ke radiation (A = 1.5406 A). The procedure used for
powder XRD measurements consisted of a 26 range from 10 to 62.5°
and a slow-scanning step of 2° per minute. The crystal visualization
and simulated diffraction pattern were obtained by meodeling
Na,NiFe(CN), with a face-centered cubic Fm3m crystal structure
(see Figure S2) and a lattice constant of 10.28 A using the software
VESTA (version 3A0)A36

The surface was scanned by atomic force microscopy (AFM) in
tapping mode (scan rate 0.5 Hz) to evaluate the morphology of the
films. For this purpose, an EC-STM/AFM multimode device (Veeco
Instruments) with a Nanoscope IIID controller and the Nanoscope
$.31r1 software was utilized. The AFM probes were made from silicon
(RTESP-300, purchased from Bruker). The roughness of the surface
was analyzed by using the WSxM software.*”

Top-view and cross-sectional images of the thin films were
obtained from a field emission scanning electrode microscope
(SEM, JSM-7500F, JEOL). Samples were prepared for cross-sectional
imaging by mechanical rupture. All samples were directly visualized
(i.e, without any coating to increase the samples’ conductivity) using
either in-lens (top-views) or lower (cross sections) secondary electron
detector. The morphologies of NiHCF powders were acquired on an
NVision40 FE-SEM (Zeiss) with a working voltage of 5.0 kV and a
working distance of 7.4 mm.

The thickness of the electrodeposited NiHCF thin films was
determined using a DekTak profilometer (Bruker).

B RESULTS AND DISCUSSION

The electrodeposition method leads to a homogeneous coating
of the current collector with pure additive- and binder-free
active material. In general, the deposition of NiHCF thin films
from the available solvated precursor ions (Na*, Fe(CN),*",
Ni**) on the electrified substrate can follow two different
pathways:**~*’ (chemical) precipitation on the substrate

2Fe(CN)s>~ + 3Ni** — 2Ni ;Fe(CN), (1)

as well as via an electrochemical process involving the

preceding reduction of Fe(CN)¢*~

Fe(CN)g*™ + ¢ — Fe(CN)*™ @)
Fe(CN),'™ + Ni** + 2Na* — Na,NiFe(CN); 3)
and

2Fe(CN)*™ + 3Ni** + 2Na* — 2NaNj, Fe(CN);  (4)

According to Bacskai, the chemical step (eq 1) can be
neglected due to its slow rate compared to the electro-
deposition process (eqs 3 and 4).** In conclusion, the film
growth occurs mainly during the cathodic scan of the CV,
yielding a compound with mixed stoichiometry explaining the
usually observed double- or shouldered-peak structure of
NiHCF (see text in the Supporting Information and Figure S3

for further details).** ™" The growth of NiHCEF thin films on
the Au-QCM substrate can be directly observed by its
increasing redox current response in the CV (see Figure
2A). The respective Na* (de)intercalation redox reactions can
be written as follows

Na,NiFe"(CN); = Na* + e~ + NaNiFe"'(CN), (s)

NaNi, ;Fe"(CN), = Na* + e + Ni; ;Fe"'(CN), (6)

Without the restriction of generality, this work will consider
NiHCF as the stoichiometry described in eqs 3 and .

The simultaneous EQCM measurement allows monitoring
of the deposited electrode mass loading, which can be directly
controlled by the number of CV cycles. Figure 2B shows the
continuous plating of NiHCF next to a repetitive and
increasing mass variation of the electrode stemming from
(de)intercalating Na* ions. Figure 2C displays the obtained
areal capacity over the respective mass loading for a series of
NiHCF depositions up to 20 ug cm™> The specific capacity of
the electrode material was determined to be ~ 68 mAh g~
(based on sodiated material), which matches with usually
reported values.'” The deviation from the theoretically
available 85 mAh g™! can be explained by defects and the
nonstoichiometry of the compound due to Fe(CN) ¥4~
vacancies, as well as the incorporation of zeolitic and
coordination water in the crystal structure.” The determined
specific capacity was extrapolated to calculate the mass loading
for thicker films (>20 pg cm™), as the QCM signal showed an
increasing impact from viscous coupling for higher loadings.
This can possibly damp the quartz oscillation and thereby lead
to an overestimation of the deposited mass by the Sauerbrey
equation. Nevertheless, there is no apparent physical or
chemical reason why thicker films should have a different
stoichiometry and correspondingly altered specific capacity.

The SEM images shown in Figure 2D,E reveal a uniform and
rigid deposition of the battery film on the substrate surface. A
repetitive crack pattern separates the film into & 1 um? sized
segments, which might result from drying the film after
deposition.’” Sub-micron-sized particles on top of the film
surface probably constitute precipitated NiHCF, which might
have formed from the remains of the deposition solution
precursors during the drying period, e.g., according to eq 1.
The film surface is very homogeneous and comparably smooth
with a roughness in the range of $5—10 nm and a horizontal
structure size of around 100 nm, as shown by AFM
measurements (Figure 2F,G). Therefore, it can be assumed
that the film consists of continuous vertical grains with an
approximate diameter of & 100 nm, which might be inherited
from the gold substrate. As expected, Figure 2G confirms a
linear relationship between the film thickness and the mass
loading with a 6.6 nm/(ug cm™) slope. Our experiments
yielded maximum possible mass loadings on plain gold
substrates of approximately 100 ug cm™, which corresponds
to & 660 nm thick films. Thicker films showed low mechanical
stability and even detached from the substrate in some cases.

As usually reported for the chemical synthesis routine,
NiHCF precipitates as irregular nanoparticles with a size in the
order of 50 nm (see Figure 2H).”**" However, these particles
agglomerated to form bulky chunks extending several micro-
meters. This structure was maintained after the fabrication of
the composite electrodes via slurry casting (see Figure S4).
NiHCF powder and thin-film material yield a similar X-ray
diffraction pattern matching very well with that of simulated
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Figure 4. Normalized CVs of (A—C) NiHCF thin films with varying mass loadings along with their respective modeled curves and (D) as
composite electrode at different scan rates. (E) Resulting dependence of the peak currents on the scan rate. For low to medium scan rates (gray-
shaded area), the peak current depends linearly on the scan rate as seen from the fitting lines, indicating fast kinetic control of the Na* de/insertion.

Na,NiFe(CN), with a face-centered cubic Fm3m structure
(see Figure 2I). Lattice constants of 10.27 and 10.21 A were
obtained from the (200) reflections from the thin film and
powder, respectively, which agrees with previously reported
values.'”***! The absence of diffraction peaks deviating from
the simulated pattern confirms the chemical purity of the
synthesized thin-film and powder samples. In conclusion, the
electrodeposition and coprecipitation routine result in a similar
material without any undesired deviating side products. The
higher intensity of the (111) peak obtained for the thin film
might come from a preferential growth direction of the
polycrystalline grains on the substrate.

Figure 3 shows a schematic representation of the different
charge and mass transport processes involved in the

intercalation of sodium into NiHCF thin-film electrodes. We
have shown in previous works that a simple single-step reaction
cannot describe these holistically, but they rather follow a
complex multistep reaction with different time constants.
These involve the reduction of Fe'' “, the intermediate ad/
desorption of electrolyte anions, and the insertion of Na®
across the electrode—electrolyte interface.*"*>** This so-called
"three-step mechanism” is further explained in the Supporting
Information. The charge propagation of the intercalated Na*
ions within the NiHCF lattice happens via solid-state diffusion
to entirely fill up all available sites of the active material. In
general, a Na* desolvation step precedes the intercalation of
the ion into the host material. As 8 M NaClO, was used as the
electrolyte in this work to allow a degradation-free cycling of

23955 https://doi.org/10.1021/acsami.3c02633
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the active material,”'" only ~ 2 H,O molecules exist for each
Na" jon. This results from the fact that the volume ratio of
H,O:solution drops to ~ 62% due to the high amount of
NaClO, salt. However, it should be mentioned that the actual
structure of the solvation sheath is much more complicated
than in this simplified sketch, as such “water-in-salt”
electrolytes somewhat resemble a liquified salt rather than a
classical salt solution.”*™** The availability of sodium ions at
the electrode surface is replenished by diffusion from the bulk
electrolyte. In general, the achievable (dis)charging speed of
the battery material is determined by the individual rates and
complex interplay of the presented processes. In this work, we
performed CV scans, galvanostatic cycling at different rates,
and impedance spectroscopy to investigate the kinetics of
charge and mass transport during (de)intercalation and
thereby identify the rate-limiting steps for battery operation
of NiHCF thin-film vs composite electrodes.

Figure 4 shows the CVs of NiHCF thin-film electrodes with
mass loadings of 10 yg cm™ (A), 40 pg cm™ (B), and 83 ug
cm™2 (C) at scan rates between 1 and 2000 mV s~'. The
voltammograms were corrected to compensate for the ohmic
drop stemming from the uncompensated resistance, which is
mostly associated with the ionic conductivity of the electrolyte.
In general, the CV shape is characterized by a very reversible
redox peak with AE, ;e in the range of a few mV for all
mass loadings. From the scan-rate-normalized current curves, a
linear relationship between the scan rate v and the peak
current i, q i observed for low to medium cycling rates.
The dependence of the peak current on the scan rate can, in
general, be described by the empirical relation given in eq 7,
where the exponent a yields information on the processes
governing the current response of the investigated system46

23956

Ipossied = 0V = 10gliy orpea) = alog(v) + log(b) ()

As shown in Figure 4E, a value of a & 1 is obtained over the
entire range of mass loadings for the thin films up to
considerably high scan rates (gray-shaded area). This linear
dependency of i(1) is similar to the capacitive response usually
associated with the adsorption of surface-near ionic species in
liquid electrolytes."” For the case of the herein investigated
thin-film electrodes, it can be concluded that the charge
transfer kinetics and the mass transport (i.e., diffusion of Na")
are very fast and therefore do not affect the shape of CV.**
This implies that the coupled ion and electron transfer
dynamics are governed by fast reversible kinetics which require
a negligible driving force, i.e., the intercalation isotherm can be
used to describe them.*”**** This is reflected by the great
accordance of the CVs at slow scan rates with the modeled
response of the NiHCF thin-film electrodes in quasi-
equilibrium regardless of the mass loading. The theoretical
background of the modeling approach is elaborated in detail in
the Supporting Information along with employed parameters.
It should be noted that the calculated i(E)/v characteristics
were linearly extrapolated from the one at 10 ug cm™” for
higher mass loadings, confirming uniform applicability of the
quasi-equilibrium approach even at high electrode thicknesses.

The linear dependency breaks down (red-shaded area) once
higher scan rates are reached. This is reflected by the
contraction of the normalized CV curves and the emergence
of a "tail’-like current decay after the peak potential (see
arrows in Figure 4A—C). The proportionality factor of eq 7
approaches a = 0.5, whereas AE, ...k increases significantly
toward S0—60 mV for higher scan rates, as exemplarily shown
for the 40 ug em™ film in Figure SS5. Such CV characteristics
indicate the transition from kinetic to mass transport control
when increasing the scan rate, where the Na” concentration
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gradient in the NiHCF thin-film electrode can no longer be
neglected.***0753
Remarkably, the deviation from i v is observed at lower
scan rates when increasing the mass loadings of the thin-film
electrodes. Considering the propagation of intercalated Na®
ions within the host structure, it can be easily understood that
solid-state diffusion constitutes the limiting process for the
charging speed based on the active material geometry and
imposed rate (see Figure 3). Supposing that the thin-film
electrode must be entirely filled up with Na* ions during the
reduction of NiHCF, the characteristic time constant can be
described by
2
1T= ——
Dy.*, ninicr 8)

where L is the diffusion length, specified by the film thickness,
and Dy, niucr is the apparent diffusion coefficient of Na*
inside NiHCE.*® At sufficiently high rates, the available
reaction time becomes too short to maintain a uniform Na*
concentration within the NiHCF film as the diffusion length
becomes smaller than the film thickness.* Approximating 7 by
the duration of a half-cycle of the CV for the different mass
loadings at the respective scan rate, where i(v) shows a
significant deviation from the kinetic regime (red-shaded area
in Figure 4E), Dy,' nince & 107"'=107"% cm? 57! is obtained
(see Figure S6A). Mass transport limitations stemming from
the diffusion of sodium in the electrolyte can be neglected, as
Dy’ cototion & 107°—107° cm® s™' in 8 M NaClO," and
therefore, no build-up of a Na' concentration gradient is
expected due to its fast diffusion in the liquid phase.
Furthermore, the highly concentrated solution provides an
excess reservoir of Na* ions for intercalation in the electrode
vicinity.

Analogously, we performed a set of galvanostatic cycling
experiments at different rates. Figure S shows the discharge
curves of NiHCF thin-film electrodes with mass loadings of 10
pug con™> (A), 40 ug cm™> (B), and 83 ug cm™* (C). The
potentials were corrected for the uncompensated resistance. In
general, all discharge curves show almost no potential
hysteresis up to very high rates of 3000C. Generally, a rate
of 1C corresponds to a (dis)charging time of 1 h. This proves
that the interfacial charge transfer kinetics is fast enough to not
pose a limiting factor to the system. Sufficiently thin NiHCF
film electrodes can be fully (dis)charged within a few seconds
without significant capacity losses. At a very high rate of 3000C
(1.2 s for full (dis)charge) a capacity retention of 95% is
achieved for a mass loading of 10 yg cm™, which corresponds
to a film thickness of ~ 66 nm. For higher mass loadings and,
thus, thicker films, the achievable intercalation capacity drops
systematically if higher C-rates are applied during (dis)-
charging (Figure SE). At a mass loading of 70 g cm™ with an
approximate film thickness of ~ 460 nm, 95% of the capacity
remains at a rate of 18C (200 s), while > 80% is obtained at
270C (=13 s).

Again, this characteristic is typical for the transition to
diffusional rate control beyond “too high” (dis)charging
rates.””** Taking a capacity threshold of C/C, = 95% as the
transition point, where the solid-state diffusion of intercalated
Na* ions proceeds too slowly to keep up with the imposed
cycling rate, eq 8 yields Dy, nincr & 107210710 cm? 57! (see
Figure S6B), which is consistent with the values obtained from
the CV data. Certainly, such treatment reflects an over-

simplified model of the thin-film system. It can, therefore, only
serve as an approximation, but the obtained results agree very
well with diffusion coefficients reported in the literature for
PBAs.*® It should be mentioned that the fast-charging
capability of the thin films does not result from the high-
speed diffusion properties of Na* within the PBA lattice but
rather from the short diffusion length provided by the
microstructured electrode material.*> In summary, we found
that NiHCF thin-film electrodes with a thickness below ~ 500
nm can be fully (dis)charged within 1 min (60C) while
retaining 90% of their capacity. The charge-discharge
characteristics of the thin-film electrodes can be described by
quasi-equilibrium kinetics up to very high rates until mass
transport limitations set in. Accordingly, the diffusion-time
approach reflected in eq 8 can serve as a practical guideline to
predict the limits of the fast-charging capability of PBA thin
films, or in turn, define the maximum thickness for a desired
rate performance (L < </7-D).*°

In contrast to the fast cycling behavior of the NiHCF thin
films, an inferior performance is found for the slurry-casted
composite electrode with a probably more commercially
relevant mass loading of 1.49 mg cm™. As shown in Figure
4D,E, the CVs at different scan rates are characterized by a
nonproportionality of i(z) and a high AE,._pe which
increases strongly with v. Such behavior can be ascribed to a
“mixed” rate control where both diffusion and charge transfer
are slow enough to constitute limiting processes for the
intercalation dynamics.”® Similarly, the galvanostatic discharge
curves at different rates exhibit severe hysteresis with
increasing currents (see Figure SD). The iR-corrected
polarization curves shown in Figure S7 represent a dependence
of the overpotential similar to the one expected for a process
controlled by charge transfer kinetics (CT, #cr). However,
since the total overpotential is # — Mg = Mot + Naiffusions the
individual contributions to the electrode polarization from
charge transfer and mass transport cannot be differentiated
without supplementary techniques.”” Therefore, impedance
spectroscopy was performed to isolate and quantify the effect
of the charge transfer on the overall system limitation. Figure
S8 shows the obtained impedance spectra of a NiHCF thin-
film electrode (Figure S8A) and composite electrode (Figure
S8B), which were fitted with a physical model describing the
multistep ion de/insertion mechanism of intercalation-type
battery electrodes (Figure S8C, see Supporting Information
text for further information). The mass-normalized charge
transfer resistance was found to be two orders of magnitude
higher for the composite electrode over the entire electro-
chemically active region of NiHCF (Figure S8D), consistently
explaining the strong polarization of the composite electrode
by ncr compared to the hysteresis-free performance of the
thin-film samples.

Besides the strong hysteresis, the available capacity drops
significantly for higher rates (see Figure SE). A much higher
rate capability would be expected, considering that the primary
NiHCF particles have a size of & 50 nm, which is in the order
of the investigated thin-film thicknesses. Taking an approx-
imate solid-state diffusion coefficient for intercalated sodium in
the order of 107" cm” 57/, the diffusion length is in the order
of a few ym at a rate of 1C. Therefore, Na* should be able to
penetrate the active material entirely. However, micrometer-
sized agglomerated secondary NiHCF particles were observed
for both the precipitate and the composite electrodes (see
Figures 2H and S4), which sufficiently explains its inferior
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Figure 6. (A) Individual CVs of the PBA thin-film electrodes employed for assembling the two entirely PBA-based model ASIBs presented in this
work. iR-corrected full cell voltage versus the specific capacity and specific energy for the NIHCF—MnHCM (B, C) and CoHCF—NiHCF (E, F)
batteries at a selected high (dis)charging rate in galvanostatic mode. (D, G) Respective rate capabilities of the specific discharge capacity with the
corresponding coulombic efficiencies (bottom) and specific energy with the corresponding energy efficiencies (top) of the model batteries up to
very high C-rates. The dashed and solid lines serve as a guide to the eye. The resulting power and energy density qualifies the presented full cells as

hybrid battery—supercapacitor systems as visible from the schematic Ragone plot (H).

performance as the effective diffusion pathway is extremely
increased. Furthermore, these large agglomerates have a lower
surface area to mass ratio compared to smaller sub-micron-
sized geometries or thin films, which results in a higher mass-
normalized charge transfer resistance due to the lower specific
surface area available for ion de/insertion.'””>® Therefore, the
strong polarization of the composite electrode is in accordance
with its low rate capability. This effect could be further
aggravated by blocking of active sites for ion transfer at NiHCF
particles within the composite electrode, as well as poor
contact with the current collector metal foil.

23958

Two full cell configurations were set up and characterized to
extrapolate the fast-charging properties of PBA thin-film
electrodes to a battery model system. Next to NiHCF, which
was used as a model system in this study, Figure 6A shows the
CVs of sodium manganese hexacyanomanganate (MnHCM)
and sodium cobalt hexacyanoferrate (CoHCF), which were
obtained as thin-film electrodes via electrodeposition similar to
NiHCE, as described in the literature.’"*” The very low redox
potential of the NaMn"Mn""(CN), transition makes
MnHCM a promising anode material for ASIBs.*" % Similar
to NiHCF, we found fast Na* insertion, which enables a high
rate capability of MnHCM thin-film anodes (see Figure S9).
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Paired with a NiHCF cathode, a full cell discharge voltage of
1.47 V and a specific capacity of ~ 17.3 mAh g~' is achieved
based on the total active material masses of both cathode and
anode, which yields an energy density of 25.5 Wh kg™" (see
Figure 6B,C). The full cell reaction of the NIHCF—MnHCM
battery is shown in eq 9

NaZNiFeH(CN)6 + NaanuMnH(CN)6 (discharged)

= NaNiFem(CN)6 + Na3MnHMnI(CN)6(charged)
©)

As shown in Figure 6D, the specific capacity remains constant
even up to very fast rates of 360C, which corresponds to only
10 s for a full (dis)charge. Although the coulombic efficiency is
~ 98% for higher rates, it significantly drops when reducing the
charging speed, which is reflected by a drop in the discharging
capacity. We assign this detrimental behavior to parasitic HER
and self-discharge reactions of the MnHCM thin-film electrode
in the presence of trace amounts of oxygen in the electrolyte
(see Figure SIOA—E and corresponding discussion in the
Supporting Information). Since the available surface area
strictly controls the rate of both of these processes, its relative
impact was observed to decrease with higher film thicknesses
as the specific surface area decreases (see Figure S10F).
Furthermore, faster (dis)charging rates leave less time for such
parasitic processes, which explains why they are only observed
toward lower C-rates. It should be mentioned that such
extraordinarily high voltage for an aqueous system is only
enabled by the employed “water-in-salt” electrolyte.** Parasitic
reactions at the low-potential anode could be even more
suppressed by further electrolyte modifications to enhance its
stable operation window.®" However, further research will be
necessary to optimize the reversibility of the MnHCM
electrode. Nevertheless, the beneficial fast-charging behavior
of the individual electrodes is maintained in the full cell
configuration. The energy density remains unaffected even at
high rates, with the energy efficiency approaching 98% due to
the almost negligible (dis)charge curves’ hysteresis.

As another example of an ASIB based on thin-film PBAs, a
CoHCF cathode was paired with NiHCF, which served as the
anode in this case. In general, the CV of CoHCF features a set
of two redox peaks, which are associated with the activity of
both Co™™ and Fe™™ in the lattice.'®

In order to maintain the full cell driving force, only the
Na,CoFe"™(CN); transition was allowed by restricting the
individual electrode potential ranges of CoHCF and NiHCF.
The mean discharge voltage of this system is 0.42 V, and a
specific capacity of 26 mAh g™" is obtained based on the active
materials (see Figure 6E). As shown in Figure 6F, the resulting
energy density is 10 Wh kg™" at 180C, which results from the
lower working voltage compared to the NiHCF—MnHCM
cell. Nevertheless, the discharge capacity, as well as the energy
density remain stable at high rates (see Figure 6G). Although a
high coulombic efficiency of 98.8% is achieved at high rates,
the energy efficiency is below 94%, which can be explained by
chemically irreversible processes toward the higher potential
limit of the CoHCF cathode. Similar to the MnHCM anode,
this effect is stronger at lower C-rates. The cell reaction is given
in eq 10

NaCo"Fe'(CN); + NaNiFe''(CN);(discharged)
e Coml:em(CN)6 + NaZNiFeH(CN)G(charged) (10)

Since the presented model cells can be operated at very high
Corates, the resulting power density reaches 1—-10 kW kg™'
without any drop in the energy density. As visible from Figure
6H, this behavior qualifies such thin-flm PBA materials as a
hybrid battery—supercapacitor system.“’61 Remarkably, they
combine the beneficial properties of batteries, which are the
provision of a stable operating voltage next to a decent energy
density for an aqueous system, with the extremely high rate
capability of supercapacitors.

We are aware of the fact that the achieved mass loadings of
the thin-film electrodes presented in this work (<100 yg cm™2)
are too low for commercially competitive batteries (several mg
cm™2).°%* However, it should be kept in mind that the
employed gold substrates for the electrodeposition had a
planar geometry to allow an unambiguous characterization of
the model system. By using a lightweight, conductive, and
microporous material as the substrate for the electrodeposition
technique, the achievable total mass loading might be
increased significantly by offerin‘g a real surface largely
exceeding its geometric footprint.' ' *** First studies identified
carbon cloth as a suitable template for the preparation of
binder-free PBA electrodes.'>**~"° Dedicated studies will be
needed in the future to scale up the mass loading while
preserving the fast-charging capability of PBA-based thin-film
electrodes.

B SUMMARY AND CONCLUSIONS

This work aimed at introducing a model system to elaborate
the high-power properties of thin-film Prussian blue analogue
electrodes prepared via a facile, single-step electrodeposition
method in comparison to “traditional” composite electrodes.
Their fast-charging capability was investigated by systemati-
cally varying the mass loading and, therefore, the thickness of
the active material. It was found that their superior cycling
performance originates from very fast quasi-equilibrium
kinetics. This allows a loss-free increase of the charging
speed up to extremely high rates until the diffusional ion
transport in the PBA lattice is no longer fast enough to fill up
the entire active material. The respective rate where the
electrode behavior transits to mass transport limited mode can
be approximated from the diffusion coefficient and the film
thickness. This relation can also be used as a practical guideline
for the future design of thin-film electrodes with a desired rate
capability. It was found that NiHCF electrodes with a
thickness below ~ 500 nm can be fully charged within 1
min (60C) with a capacity retention above 90%. Entirely thin-
film PBA-based ASIBs were assembled as model systems,
showing a hysteresis- and loss-free performance even when
(dis)charging the cells in less than a minute. The full cells
delivered energy densities in the range of 10—25 Wh kg™ at
extremely high power densities of up to 10 kW kg™', which
motivates their design as a hybrid battery—supercapacitor
system.

However, further research will be necessary to increase the
overall mass loading of such electrodes toward a commercially
relevant scale while maintaining their beneficial fast-charging
properties based on the limitations presented herein. Such
endeavors should also improve cycling reversibility toward
lower imposed rates by suppressing parasitic reactions, a
common challenge in high-voltage aqueous batteries. Micro-
structured, conductive templates with a high intrinsic surface
area could be a promising research direction for increasing the
mass loading obtained from the electrodeposition technique.

https://doi.org/10.1021/acsami.3c02633
ACS Appl. Mater. Interfaces 2023, 15, 23951-23962



Appendix

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

Nevertheless, the presented model systems serve as proof
that thin-film PBA-based ASIBs might have great potential for
high-power applications that only require a decent energy
density, such as power grid stabilization or short-distance
electric mobility.
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