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Abstract

The transition of energy generation and consumption from fossil fuels towards clean and
sustainable energy provision schemes has been accelerated with worldwide public and
governmental recognition of environmental pollutions and depletion of fossil fuels.
Renewable energy such as solar- and wind power provides a significant amount of energy
in many countries. However, the intermittency of this energy generation requires the
development of safe and reliable storage systems being an essential element for drawing a
road map towards a green and sustainable society. The energy demands are expected to
substantially increase in a few decades, mainly due to population growth and the
modernization of developing countries. Hence, the identification of energy storage
materials based on low-cost and earth-abundant elements is essential to mediate the energy

crisis of upscaling the renewable powers, namely the “Terawatt-Challenge”, in time.

Rechargeable batteries are considered to be an appropriate energy storage system for
different countries having different geographic conditions. The most advanced batteries,
Li-ion batteries, seem to meet most of the functional requirements, such as high energy and
power density, high round-trip efficiency and acceptable cycle life. Nevertheless, the
sustainability and availability of raw materials for the current Li-ion batteries are not
sufficiently high to cope with the anticipated growth of the deployment of renewable
energy. Further, safety issues associated with environmentally unfriendly and flammable
organic electrolytes of Li-ion batteries are another problem to be addressed for large-scale

applications.

Na-ion batteries operating in aqueous electrolytes redeem the drawbacks of Li-ion batteries
in large-scale applications. The second element of the alkali metal group, Na, is highly
abundant in the earth’s crust and evenly distributed worldwide. The global production of
Na is known to be at least one order of magnitude higher compared to that of Li, and it is
highly feasible to scale up the Na production. Similar electrochemical properties of Na
enable to accommodate Li-ion battery technologies into developing Na-ion batteries. The
use of aqueous electrolytes, which are generally less toxic and inexpensive, fundamentally

resolves the safety concerns and reduces maintenance costs. Besides, the ionic conductivity
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of aqueous electrolytes is much higher than that of organic electrolytes.

Despite many advantages of aqueous Na-ion batteries, there are a few challenges to be
addressed. Due to the bigger size of Na-ions compared to that of Li-ions, Na-ions may pose
more mechanical stress at intercalation compounds in operation, which leads to a decline
of the life cycle and round-trip efficiency. The aqueous electrolytes have a much narrower
electrochemical stability window (typically less than 2 V) compared to that of organic
electrolytes (typically over 4 V). Thus, the choice of electrode materials is restricted,
especially for anode materials. The main focus of my work is to develop electrode materials
for aqueous Na-ion batteries and to understand their intercalation physics and chemistry.
State-of-the-art electrode materials, namely Prussian blue analogs (PBAs), were
investigated because of their desired properties as battery materials. For instance, they
exhibit the facile tunability of chemical composition, moderate energy density, high power
density, and excellent material durability against the reversible intercalation and

deintercalation of alkali metal cations.

In this dissertation, four different PBAs, namely Na;Ni[Fe(CN)s], NaaVOx[Fe(CN)¢],
NaxCr[Fe(CN)g], and NaxMn[Mn(CN)g], are in focus of investigations due to their
remarkable performance and interesting physicochemical properties. These four PBAs
were prepared by electrochemical deposition and investigated with various
characterization techniques. The essential interfacial processes in aqueous Na-ion batteries,
namely Na-intercalation mechanisms, were studied in-depth using electrochemical
impedance spectroscopy. A hypothetical model for the Na-intercalation mechanism in
aqueous and non-aqueous media was proposed and verified for different intercalation
systems. With the gained understanding of the intercalation process, model battery systems
based on PBA electrodes were optimized, and their battery performances were tested.
Beyond their battery performances, crucial factors in determining their electrochemical

properties are presented.
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Zusammenfassung

Der beschleunigte Wandel der Energieerzeugung von fossilen Brennstoffen hin zu einer
sauberen und nachhaltigen Losung ist dem weltweiten offentlichen und staatlichen
Bewusstseins der Umweltverschmutzung und der Erschopfung der fossilen Brennstoffe zu
verdanken. Erneuerbare Energien wie Sonnen- und Windenergie liefern in vielen Léndern
einen erheblichen Anteil der Energie. Die Unterbrechung dieser Energieerzeugung
erfordert jedoch die Entwicklung sicherer und zuverldssiger Energiespeichersysteme,
welche ein wesentliches Element fiir die Erstellung eines Fahrplans fiir eine griine und
nachhaltige Gesellschaft darstellen. Es wird erwartet, dass der Energiebedarf in einigen
Jahrzehnten erheblich ansteigen wird, hauptséchlich aufgrund des
Bevolkerungswachstums und der Modernisierung in den Entwicklungsldndern. Daher ist
die Identifizierung von Energiespeichermaterialien, die auf kostengiinstigen und reichlich
vorkommenden Elementen basieren, von wesentlicher Bedeutung, um Probleme bei dem
Ausbaus der erneuerbaren Energien, wie beispielsweise der "Terawatt-Herausforderung",

rechtzeitig zu vermitteln.

Wiederaufladbare Batterien werden als ein geeignetes Energiespeichersystem fiir
verschiedene Lander mit unterschiedlichen geographischen Bedingungen angesehen. Die
fortschrittlichste Batterietechnologie, die Li-lonen-Batterien, scheint die meisten
funktionalen Anforderungen, wie hohe Energie- und Leistungsdichte, hohe Lade-
Entladewirkungsgrad und eine akzeptable Zykluslebensdauer, zu erfiillen. Jedoch sind die
Nachhaltigkeit und die Verfligbarkeit von Rohstoffen fiir die derzeitigen Li-Ionen-
Batterien nicht ausreichend hoch, um das erwartete Wachstum der Entwicklung
erneuerbarer Energiequellen zu bewiltigen. Dariiber hinaus stellen Sicherheitsfragen im
Hinblick auf den umweltfreundlichen und brennbaren organischen Elektrolyten von Li-
Ionen-Batterienweitere Probleme dar, die fiir groStechnische Anwendungen beriicksichtigt

werden miissen.

Na-lonen-Batterien, die in wassrigen Elektrolyten betrieben werden, gleichen die
Nachteile von Lithium-lonen-Batterien in groStechnischen Anwendungen aus. Das zweite

Element aus der Gruppe der Alkalimetalle, Na, ist in der Erdkruste sehr reichlich
11



vorhanden und global gleichméBig verteilt. Die weltweite Produktion von Na ist
bekanntermaBBen mindestens eine Groflenordnung hoher als die von Li, und es ist sehr
einfach, die Na-Produktion signifikant zu steigern. Die dhnlichen elektrochemischen
Eigenschaften von Na ermoglichen es, Erkenntnisse aus der Li-lonen-Batterietechnologien
auf die Entwicklung von Na-lonen-Batterien zu iibertragen. Die Verwendung von
wissrigen Elektrolyten, welche im Allgemeinen weniger giftig und kostengiinstiger sind,
16st grundsitzlich die Sicherheitsbedenken und reduziert die Wartungskosten. Aullerdem
ist die Ionenleitfahigkeit von wassrigen Elektrolyten viel hoher als die von organischen

Elektrolyten.

Trotz vieler Vorteile wissriger Na-lonen-Batterien gibt es einige Herausforderungen, die
es noch zu bewiltigen gilt. Aufgrund der groBeren Durchmesser der Na-Ionen im Vergleich
zu den Li-Ionen stellen Na-lonen im Betrieb eine groere mechanische Belastung an die
Elektrodenmaterialien dar, was zu einer Verringerung der Lebensdauer und des
Wirkungsgrades fiihrt. Die wiéssrigen Elektrolyte haben ein viel engeres elektrochemisches
Fenster (typischerweise weniger als 2 V) im Vergleich zu den organischen Elektrolyten
(typischerweise iiber 4 V). Daher ist die Auswahl der Elektrodenmaterialien, insbesondere

bei Anodenmaterialien, eingeschrankt.

Der Hauptfokus dieser Arbeit liegt auf der Entwicklung und Identifizierung von
Elektrodenmaterialien fiir wissrige Na-lonen-Batterien und auf der Untersuchung ihreres
Interkalationsmechanismuses. Modernste Elektrodenmaterialien, nidmlich Preuflisch-
Blaue-Analoge (PBAs), wurden wegen ihrer vorziiglichen Eigenschaften als Batterie-
Materialien untersucht. Sie weisen beispielsweise eine einfache Abstimmbarkeit der
chemischen Zusammensetzung, eine moderate Energiedichte, eine hohe Leistungsdichte
und eine ausgezeichnete Materialbestindigkeit gegen reversible Interkalation und

Deinterkalation von Alkalimetallkationen auf.

Vier verschiedene PBAs, ndmlich NaxNi[Fe(CN)s], Na;VOx[Fe(CN)s], Na>Cr[Fe(CN)s],
and NaxMn[Mn(CN)s], werden in dieser Dissertation vorgestellt und ihre bemerkenswerte
Leistung und interessante Elektrochemie werden gezeigt. Die vier PBAs wurden durch
elektrochemische Abscheidung hergestellt und mit verschiedenen

Charakterisierungstechniken untersucht. Der wesentliche Grenzflachenprozess wiéssriger
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Na-Ionen-Batterien, nadmlich der Na-Interkalationsmechanismus, wurde mittels
elektrochemischer Impedanzspektroskopie eingehend untersucht. Ein hypothetisches
Modell fiir den Na-Interkalationsmechanismus in wissrigen Medien wurde vorgeschlagen
und fiir verschiedene Interkalationssysteme verifiziert. Mit dem gewonnenen Verstédndnis
des Interkalationsprozesses wurden Modellbatteriesysteme auf der Basis von PBA-
Elektroden optimiert und ihre Batterieleistung getestet. Uber ihre Batterieleistungen hinaus
wird eine wichtige Erkenntniss die Aufschluss auf die entscheidenden Faktoren zur

Bestimmung ihrer elektrochemischen Eigenschaften gewonnen.
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1. Introduction

Despite the discovery of thousands of exoplanets,!!! to the best of current humankind’s
knowledge, there are only less than a dozen of potentially habitable planets in a
conservative sense (ESI' > 0.8), and the earth is the sole planet in our galaxy where life
exists.] Even if a habitable planet is explored in the future, its terraforming will require
the astronomical advancement of science and technology with colossal capital and labor
investments. This will not be realized in the near future. The best is to preserve the earth
habitable. One of the basic requirements for “planetary habitability” is the existence of an
atmosphere that is hospitable for life.’] The climate of a planet, which substantially
influences life, is highly dependent on the nature of its atmosphere. For instance, less than
one Celsius degree change in atmospheric temperature significantly changes the frequency
and magnitude of occurrence of natural disasters such as floods, droughts, typhoons,

hurricanes, and tornados.**]

Owing to the accumulation of greenhouse gases (GHGs) in the atmosphere, the average
temperature increase of the earth’s surface, i.e., global warming, with respect to the pre-
industrial level reached over 1 °C already in 2017 as shown in Figure 1.1.[ According to
the special report on Global Warming of 1.5 °C of IPCC (Intergovernmental Panel on
Climate Change), the Paris Agreement, which is an international pledge to regulate CO>
emission against global warming well below 2 °C regards to the pre-industrial level and to
pursue 1.5 °C above the level, is not enough to avoid hazardous climate changes.!”]
However, the decline of CO2 emission in line with the pledges at the Paris Agreement is
reviewed to be tardy, even though the emission rate has been falling in a large part of
advanced developed countries.’! If the global temperature increases at the current rate
(approximately + 0.2 °C per decade), 1.5 °C of global warming will be reached by 2040
(see Figure 1.1), which will then endanger the most vulnerable in the first place and

potentially threatens all living things on the earth.['%]

1. ESI (Earth Similarity Index): A measure of similarity in planetary properties to the Earth (Earth is set to
1.0).
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Figure 1.1. Global temperature change with respect to the pre-industrial level. The blue
line shows human-induced warming, while the fluctuating grey line exhibits the observed
warming. The dotted line is the projection of the temperature increase with the current
warming rate. The green area displays a possible global temperature range. Adapted from
reference.!”)

Moreover, modernization and electrification of developing countries in line with the
expansion of the human population will accelerate the increase of CO2 concentration in the
atmosphere unless more strict disciplines for decarbonization of the atmosphere are
conducted.[''"13] Tt should be noted that the projections of global population growth have
often been underestimated.!'*! Very recent reports warned us that many countries failed to

achieve the level of the pledges of the Paris Agreement.”> 1 1]

With considerable subsidies for cleaner energy technologies since the Paris Agreement,
there have been significant technological advancements of low-carbon energy productions,
namely renewable energies. In 2017, the global renewable power capacity exceeded 2 TW
with an enormous growth of the installation of non-hydropower renewables (over 1 TW)

over 10 years, whereas hydropower showed a marginal contribution to the growth.!!”]
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Figure 1.2. Electricity production based on solar and wind powers in Germany in February
and in August 2019. Electricity generation is highly fluctuating daily and seasonally.
Source: Fraunhofer ISE!®

Solar- and wind power takes a significant share of the non-hydro renewable energy
generation in the world.['”) However, the estimated share of renewable energies is only ca
26.2 % in total energy production in 2018.1"") In keeping with the human population growth,
the increase in the energy demand will lead to increased energy production not solely from
the renewables but also fossil fuels; the latter one will substantially contribute to the
increase in GHG emissions. The total power generating capacity in the world was over 7
TW in 2018, and the global average energy consumption rate increased from ca 13.5 TW
in 2001 to ca 18.6 TW in 2018."%211 It will continue to increase and reach ca 30 TW by
2050.2% If we do not actively seek to upscale the low-carbon energy productions, global

warming with climate and environmental changes will not be far from us.

In 2016, roughly 14 % of the world population (ca 1.06 billion people) lived without

electricity. The majority of them are in sub-Saharan Africa, developing Asia, and rural
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regions, where the centralized electricity generation is inefficient to address the lack of
electricity.!”) Distributed renewable power for energy access systems seems to be
especially attractive for macro- and micro-grid applications not only in developed countries

but also particularly in low population villages.

However, renewable energy provision schemes suffer from the stochastic and intermittent
nature of atmospheric processes. For instance, Figure 1.2 displays the highly fluctuating
electricity generation from solar- and wind powers in Germany in winter (February) and
summer (August) in 2019. There is a high likelihood of the mismatch of energy demand
and provision, namely “generation vs consumption” problem.??! For filling the time gap
between the demand and supply of electricity, renewable energy systems should be
equipped with energy storage systems (ESSs). ESSs for renewable energy applications
should meet several requirements such as i) reasonable costs for installation and
maintenance, ii) high energy and power densities, iii) high efficiency, iv) quick response
rate, v) little losses of stored energy due to self-discharge and vi) long lifetime.[?*! Various
types of energy storage systems have been developed and can be classified by way of
energy storage: mechanical, chemical, electrochemical, electric (and electromagnetic) or

thermal.[3-3%

Mechanical energy storage systems include pumped hydroelectric storage (PHS),
compressed air energy storage (CAES) and flywheel energy storage (FES). The technology
of PHSs is the most advanced, and they are in operation in many countries. PHSs typically
have a large capacity (MW- to GW-level), long life cycle, and high efficiency. The capacity
of PHSs is highly dependent on the geographical nature of the location, such as the
reservoirs’ sizes and the height differences. Currently, the PHSs offer over 125 GW of total
installed capacity in the world, which is equivalent to ca 3.6 % of the total energy

(19,21, 36,371 However, PHSs have

consumption and 99% of the electricity storage capacity.
fundamental limitations, such as geographic conditions (great height difference, sufficient
rainfalls, large lands), a very low energy density (3 Wh m™ with 1 m of height difference),
intensive capital investments, long construction time and substantial environmental

issues.[36:38-40]

Compressed air energy storage systems (CAESs) is another type of currently-available

22



mechanical ESSs. There are two plants of CAES in operation, one in Germany and the
other in the USA. CAESs provide a large capacity (MW-level), high power capacity and
small self-discharge losses.[** #!l Nonetheless, CAESs are not appropriate for ESSs of
renewable energies due to their limitations that they can apply to particular topography and
also consume fossil fuels.*8! Flywheel energy storages (FESs) have advantages of high
energy efficiency (over 85 %), long life cycles (> 15 years), low environmental impacts,
little maintenance cost and high power and energy density compared to other mechanical
ESSs.[*?! However, short operation life-time and high self-discharge losses are the main

challenges to overcome.?’!

Electrochemical energy storage systems are based on the reversible conversion of chemical
and electrical energy in a substance. Capacitors and batteries are the most known types that
are commercially available. Capacitors store energy through the polarization of charge
carriers at two electrodes. Conventional capacitors consist of two metal plates with
(electrically) insulating media between them. They exhibit a swift response, tens of
thousands of life cycles and high efficiency; but their energy density is very low to be
deployed as ESSs. In order to increase the energy density, different types of capacitors are
being developed, such as pseudocapacitors, double-layer capacitors and supercapacitors.*®]
The advanced types of capacitors yet possess short storage time caused by high self-

discharge loss; and the high cost (1100 — 1500 euro/kW)!*¥ is a significant demerit.

Batteries deliver electricity through internal electrochemical reactions. The rechargeability
categorizes batteries into primary- and secondary (rechargeable) batteries. As ESSs for
renewable powers, rechargeable batteries are applicable. The featured characteristics of
secondary batteries are quick response time, high energy and power density, little self-
discharge, high round-trip efficiency and relatively long cycle life.[** %] There is a great
variety of commercialized rechargeable batteries. Lead-acid batteries have been widely
used over 100 years in automotive and industrial applications. The cost of lead-acid
batteries is relatively low, and their technology is mature. However, somewhat low energy
density, short cycle life, low depth of discharge (DoD), slow rate capability and
requirement of frequent maintenance are significant drawbacks for grid-scale ESS
applications.*¥ Ni-Cd batteries have higher energy density and longer cycle life than lead-
acid batteries.*] The comparatively low price, less complicated maintenance and
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robustness of Ni-Cd batteries are advantageous, but the so-called memory effect, the
toxicity of Cd, relatively low efficiency and a high initial cost are the main barriers for the
grid-applications.[®% 47 41 Ni-MH (nickel-metal hydride) batteries are commercialized in
the automotive sector, portable devices, and medical applications, but their high self-
discharge, low cycle life, and failure due to the high pressure are major challenges to
overcome.l*” Li-ion batteries (LiBs) are the most advanced battery systems that exhibits
the highest energy density, long lifetime and high efficiency. The technology of LiBs has
been significantly improved due to the growth of electric vehicle (EV) markets, but at the
same time, the price of the raw materials of electrode compounds, namely Li, and Co, has
also been increased. The scarcity, low abundance of Li and high demands for Li might
become problematic for large-scale ESS applications.[*> 0 In contrast to the
abovementioned battery systems, Na-S and Na-NiCl> batteries (also known as ZEBRA —
Zero Emission Battery Research Activity) use electrodes in the liquid phase. Due to the
high operation temperature of 270 - 350 C and the aggressive reaction of molten Na with

water, they will most likely not be practical for residential applications.-5
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Figure 1.3. Various energy storage systems diagramed by power and energy. Reproduced
from the reference °#! with permission from Elsevier.
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The other types of energy storage systems are chemical energy storage, thermal energy
storage (TES) and electromagnetic energy storage systems. Chemical energy storage can
be categorized by the sort of substances that undergo reversible chemical reactions. Typical
examples of the energy carriers are hydrogen, synthetic natural gas, and biofuels.**>* TES
systems utilize heat storage media to store energy as sensible heat, latent heat, or by

54,56, 57

absorption and adsorption processes.! I Superconducting magnetic energy storage is

an electromagnetic ESS, which utilizes superconducting materials to store electricity in the

I'.[36’ 55, 58

magnetic fields under the critical temperature of a superconducto ! Figure 1.3

summarizes the ranges of power and energy of various kinds of ESSs.

Compared to the other above-described ESS techniques, secondary battery ESSs have
numerous desirable characteristics for renewable energy applications, namely high
scalability in storage capacity, quick rate response, design flexibility, high round-trip
efficiency (~99 %), zero-emission operation, less geographical restrictions, less

26, 59-61] Al’IlOl’lg

environmental and ecological impacts and relatively simple maintenance.!
various battery technologies commercially available at this stage, Li-ion batteries are the
most advanced type for mobile applications due to the highest gravimetric energy
density.[®] However, for grid-scale stationary ESSs, other requirements take more
significance over gravimetric energy density. Safety and costs for installation and operation
will be of crucial concern.[%* %4 For instance, safety issues regarding Li-ion batteries have
been raised after explosion accidents occurred from several commercialized products
based on Li-ion batteries. There have been at least 14 explosions of Tesla cars since 2013
including an explosion at parking lots,¢*! at least 35 cases for Samsung Galaxy Note 7 in
2016 worldwide!®! and at least 27 cases for ESSs in Korea, where 17 out of 27 were

reported to be equipped with batteries of LG Chem., which is one of the largest and most

advanced battery companies.[®”]

The costs of battery raw materials have been substantially increased due to the vast
demands for portable electric devices and electric vehicles.!®® For instance, the price of

lithium carbonates, typical raw materials of Li, increased over 4 times within a few years.!'*

69.701 The demand for Li is expected to substantially increase in the future, mainly by the
electrification of automobiles with governmental policies in many countries.!®> 7176 In
addition to the growth of demands, political issues can further raise the price of essential
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elements. Natural lithium compounds occur in a few places in the world, and most of Li-
reserves are located in politically sensitive locations.[®* 7! 7778 The price of cobalt, another
main cathode element of Li-ion batteries, has also sharply increased over the past few years
because of the expectation of an increase in the EV production in conjunction with political
issues in Democratic Republic of Congo, which is the largest cobalt producing country.[’*:
891 Sustainability factors are of another importance to facilitate green energy provision. The
global energy consumption is expected to be doubled in a few decades, but for example,
the accumulation time for Li is assessed to be over 100 years with the global current

production rate if simply Li-ion batteries are deployed for EESs of renewable energies.[*!

22,350,811 The growth of the production of EVs equipped with Li-ion batteries will further
limit Li-availability for grid-scale ESSs. Thus, it is necessary to develop and identify

alternatives for Li-ion batteries to keep up with the increasing energy demands.

Aqueous Na-ion batteries appear to be a feasible system for the deployment in grid-scale
ESSs due to their desirable properties in large-scale applications.!®* 8931 The utilization of
Na-ions instead of Li-ions as a charge carrier has many benefits. Sodium is the sixth most
abundant element (the fourth most among metal) in the earth’s crust and occurs in the form

[94

of numerous minerals or compounds in the oceans.!”¥ Because of the high abundance and

even distribution of sodium resources, the accumulation of sodium does not seem to be an
issue to address the so-called “terawatt challenge”.®™® Moreover, the advanced Li-ion
battery technology can be transferred into developing Na-ion batteries thanks to similar
physical and electrochemical properties of Na to those of Li.’> ! The use of aqueous
electrolytes additionally offers numerous benefits: 1) it fundamentally removes the safety
concern arising from toxic and flammable non-aqueous electrolytes. ii) Aqueous Na-
electrolytes are generally cheaper, safer, and environmentally less noxious. iii) Aqueous
electrolytes typically have higher ionic conductivity, which in turn provides higher power,
compared to that of commonly-used non-aqueous electrolytes, e.g., ethylene carbonate (EC)
and propylene carbonate (PC).”*! iv) Heat capacity of aqueous electrolytes is roughly
three times higher than that of EC or PC, which could minimize the battery failure due to

the change of internal battery temperature.['%"]

Nevertheless, aqueous Na-ion batteries also possess some drawbacks in comparison to Li-
ion batteries. For instance, the bigger size and heavier weight of Na-ions compared to those
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of Li-ions not only reduce the energy density but also pose more stress on the electrode
materials in the course of intercalation and deintercalation, which might cause shortening
of the battery life cycle. The electrochemical stability window of aqueous electrolytes is
generally much narrower compared to that of organic electrolytes. Beyond the stable
potential window, water electrolysis takes place; thus, the choice of electrode compounds

1s more restricted.

Therefore, the focus of the development of aqueous Na-ion batteries lies in identifying
electrode materials that not only show high energy, long life cycle and low costs but also
operate within the electrochemical stability window. Recently, Prussian blue (PB) and its
analogs (PBAs) were reviewed as promising electrode materials for aqueous alkali metal
batteries for stationary applications due to their low-cost synthesis, long life cycles and

92,99, 101-103] However, there is still a room to

high rate capability with moderate capacity.
enhance the working potentials and specific capacities reported in the available literature.
A practical approach to improve the battery material performance can be formulated by
understanding the fundamentals of battery charging and discharging processes, namely the

intercalation mechanism.

The objective of this dissertation is, therefore, placed on developing high-performance
electrode materials for aqueous Na-ion batteries and understanding the Na-intercalation
mechanisms by utilizing model battery systems based on PBAs. Four different electrodes
based on PBAs, which show remarkable performances, are presented in this dissertation.
In Section 5.1, the synthesis and characterization of NaxNi[Fe(CN)s] thin films are
described, and the Na-intercalation mechanism in aqueous media is studied utilizing
mainly electrochemical impedance spectroscopy together with cyclic voltammetry and
electrochemical quartz crystal microbalance. A hypothetical model for the Na-intercalation
mechanism (the so-called “three-stage mechanism”) is proposed with the interpretation of
obtained impedance spectra for NaxNi[Fe(CN)¢] thin films. The significance of the
electrolytes’ nature in determining the electrode properties and the relationship between
the hydration energy of intercalating alkali metal cations and the potentials of their

intercalation are demonstrated.

In Section 5.2, Na;VO4[Fe(CN)s] thin films are discussed as a high voltage cathode
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material. The validity of the three-stage mechanism was assessed in this system as well to
check the applicability of the proposed hypothesis. A strategy to mediate the stability issues
of NaxVOx[Fe(CN)s] thin films in less acidic media is suggested, and the stability
enhancement was observed. Surprisingly, the hydration effect did not appear to be
outstanding in the case of Na;VOx[Fe(CN)s] in contrast to the studied Na;Ni[Fe(CN)s]. An
interesting correlation was found between the potentials of Na-intercalation in different

PBAs with the radii of the transition metals that are coordinated to nitrogen.

Section 5.3 introduces Na>Cr[Fe(CN)e] thin films as a high-performance and low-cost
cathode material. A model cell consisting of two identical NaxCr[Fe(CN)g] thin films
showed a moderate energy density with considerably high power density. Similarly to the
case of Na;VOx[Fe(CN)s], the hydration effect was not pronounced in the NaxCr[Fe(CN)¢]
system. The size of the N-linked transition metals of the investigated systems appeared to
be associated with the intercalation potentials of Na-ions in various electrodes based on

PBAs.

Investigation of NaxMn[Mn(CN)s] thin films as a promising anode material for aqueous
Na-1on batteries is presented in Section 5.4. NaxMn[Mn(CN)s] thin films exhibited a very
low potential for Na-intercalation that is close to the limit of electrochemical stability
potential windows of aqueous electrolytes without noticeable side reactions. The
significantly high Coulombic efficiency and long cycle life of NaxMn[Mn(CN)e] thin films
were obtained. The study of the Na-intercalation mechanism in NaxMn[Mn(CN)g] thin
films is presented to verify the validity of the three-stage mechanism in different systems.
The properties of the electrolyte components appear to be substantially related not only to
the battery performance but also to the manipulation of hydrogen evolution reactions at

NaxMn[Mn(CN)¢] thin films.
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2. Electrochemistry

2.1 Short History of Electrochemistry

Electrochemistry is a branch of physical chemistry and chemical physics to study chemical
reactions involving electricity generated or consumed by the reactions. The birth of
electrochemistry is often attributed to the end of the 18" century in Italy when the famous
Italian scientist Luigi Galvani published the study on the movement of the frog’s legs by
electrostimulation, which he concluded that it is from “animal electricity”.'* His
consideration to link living muscles to electricity attracted considerable interest in the
scientific community. Later, Alessandro Volta, who developed the first battery — “voltaic
piles”, disproved the theory of the animal electricity and found out that the origin is the
potential difference between two different metals that were connected to the animal
tissue.l'% Another important discovery, “water electrolysis”, was made by Nicholson and
Carlisle in the same year in England. They revealed that water is decomposed by electricity

passing through it into Hz and O», producing bubbles at the respective electrodes.

Meanwhile, in Germany, Johann Wilhelm Ritter was inspired by the voltaic pile and
developed his first electrochemical cell. He discovered the “electroplating process”, which

s.11%] Later, a brilliant

is a critical process of, for instance, mass production of batterie
scientist, Faraday, formulated the “Faraday’s law” that describes the proportionality
between the mass-produced by the electrolysis and the charge passed.['°! In 1836, John
Frederic Daniell developed the famous “Daniell cell”, which is often used for the education
of the electrochemical battery.['%] A few years later, the first “fuel cell”, which produces
electrical energy using the chemical reaction between hydrogen and oxygen, was invented
by William Robert Grove. In 1859, the French scientist Gaston Plante invented the “/ead-
acid battery”, which is still used in many vehicles to date. In 1889, the most fundamental
and essential equations, “Arrhenius equation” and “Nernst equation”, were developed by

Arrhenius and Nernst, who studied the dependence of the reaction rates on temperature and

the electrochemical processes with the thermodynamic interpretation.!?”]

Just before the beginning of the 20th century, the first “electric vehicle” was invented by

Jamais Content, and it reached a speed of 100 km h''. In 1902, Cottrell formulated the

29



equations describing the electrode kinetics with mass transport by diffusion. Three years
later, Swiss chemist Julius Tafel empirically formulated the “Zafel equation”, which
describes the relationship between the electrode overpotential and the current. In 1914,
Thomas Edison made the “Ni/Fe alkaline battery”. The theory of charge transfer at the
electrode, “Butler-Volmer equation”, was founded by John Alfred Valentine Butler and

Max Volmer in 1924-1930.[10¢]

Nowadays, electrochemistry has various scientific and industrial applications such as
electrolysis, energy storage, and conversion, electrosynthesis, coating, corrosion and bio-
electrochemistry. This chapter briefly describes the fundamentals of electrochemistry that

are necessary for comprehending this dissertation.

2.2 Electrochemical Systems

Chemical reactions involving the electricity flow, “electrochemical reactions”, are studied
in an electrochemical cell consisting of electronic conductors, i.e., “electrodes”, and at least
one ionic conductor, i.e., “electrolyte”. The electrodes and electrolytes can be either liquid
or solid, but many electrochemistry studies utilize solid electrodes and liquid electrolytes.
The electrolytes are ionically conductive and nearly electronically insulating, and the
electron transfer caused by electrochemical reactions takes place at the interface between

the electrolyte and the electrode.

At the interface between the electrode and the electrolyte, some species can gain or lose
electrons depending on their nature, and the resulting current will flow through an external
electric circuit. The chemical reaction in which the species gain electrons is called
“reduction”, and the electrode at which the reduction reaction takes place is termed
“cathode”. On the other hand, when the species lose electrons, the reaction is called

“oxidation”, and the electrode at which the oxidation occurs is termed “anode”.

In brief, in electrochemistry, the reduction is the reaction when chemical species are
reduced by gaining electrons at the cathode, and the oxidation is the reaction when
chemical species are oxidized by losing electrons at the anode. This terminology is often

confusing, but there is a convenient way to remember these terms. Figure 2.1 shows the
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graphical illustration of redox reactions at a cathode and an anode. In the Reduction,
Cations go to the Cathode to be Reduced (gain negative charge), and in Oxidation, Anions
go to the Anode to be Oxidized (being more positive). As highlighted with the bold texts,
this can be illustrated with a “red cat” and “an ox” as shown in Figure 2.1. However, it
should be noted that the sign of the redox species (either positive or negative) does not
necessarily indicate the type of reactions. The matter is gaining or losing charges
(electrons). For instance, Li, Fe?* and Fe(CN)s* can be oxidized at the anode, and their
conjugates species (Li", Fe’*, and Fe(CN)s>") can be reduced at the cathode, even though
not all of them are “anions” or “cations.” Therefore, this sentence should be used only for

the sake of better memorization of the terms.!%!

Current

Figure 2.1. Schematics of an electrochemical cell. A red cat and an ox symbolize the
reduction at the cathode and oxidation at the anode, respectively. Cations move towards
the cathode, and anions go to the anode. Cations and anions are symbolized with @ and
©, respectively.
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The oxidation and reduction reactions are collectively termed as the “redox reaction”. The
species that experience the oxidation and reduction reactions are called “redox couples”.
An electrochemical system where chemical energy converts into electrical energy is called
a “galvanic cell". On the other hand, a system that needs external electrical energy to cause
redox reactions is called an “electrolytic cell”. In this case, the applied electrical energy is
converted to chemical energy. Therefore, the primary battery is an electrochemical cell,
which can only serve as the galvanic cell. The secondary battery (rechargeable battery) is
the electrochemical cell that serves as both the galvanic cell and the electrolytic cell in

discharge and charge modes, respectively.

A redox reaction can occur at the same place, or it can be spatially separated. If the redox
species exchange electrons, the redox reaction takes place at the interface of those species.
In order to focus on an electrochemical reaction of interest, the oxidation and reduction
reactions are spatially separated and studied by manipulating the electrical inputs. One of
either oxidation or reduction reactions is called “half-reaction” or “electrode reaction”, and
one set of electrode and electrolyte is called “half-cell”. The half-reaction can be described

as:

oxidation

— " Spx +ne” Equation 2.1

reduction

SRed

where Sp.q and Sy, denote the reduced and oxidized species, respectively, and n is the

total number of electrons involved in the redox reaction.

As a redox reaction results in the charge transfer, the overall chemical reaction equation
can be quantitatively formulated with the number of reactants, products, and charges.
During an oxidation reaction, for instance, the difference between the sum of the number
of oxidized species and the number of reduced species must be equal to the number of
electrons gained at the electrode (the overall reaction must be stoichiometrically balanced,

i.e., charge conservation):
YRed VredSred — 2ox VoxSox = ne” Equation 2.2
where vg.q and vy, are stoichiometric mole numbers of reduced and oxidized species,

and n is the number of electrons involved in the overall reaction.
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2.3 Electrical Double Layer

In practice, electrochemical studies often focus on a reaction at one electrode, i.e., half-cell,
by controlling the potential on an electrode. When a charged electrode is in contact with
an electrolyte (often liquid) in the electrochemical cell, an electrified interface can be
formed between the electrode and the electrolyte. Suppose an electrode is in contact with
a liquid electrolyte containing mobile species (cations, anions and solvents). The charged
surface of the electrode repels ions having the same polarity and attracts oppositely charged
ions from the electrolyte. This interaction of the charged surface with the oppositely
charged ions will form a new interface consisting of two “parallels” of opposite charges.
This model of the interface was termed as the “compact double layer” by Hermann von

Helmholtz in 1853 as illustrated in Figure 2.2 (a).
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Figure 2.2. Schematic representation of the development of the electrical double layer: (a)
the Helmholtz model, (b) the Gouy-Chapman model, and (¢) the Stern model. Reproduced
from reference %! with permission from the Royal Society of Chemistry.

The layer thickness is determined from the surface of the electrode to the center of the

adsorbed ions at the electrolyte side. A plane passing through the adsorbed ion centers is

33



called the “Helmholtz plane” (Figure 2.2 (a)). The electrode surface and the virtual layer
of the adsorbed ions can be assumed as a parallel capacitor, and the electric potential at the
interface sharply drops from the electrode surface. However, the Helmholtz model is not
complete because it does not consider the thermal motion of the ions in the double layer.
Louis Georges Gouy and David Leonard Chapman observed that the capacitance of the
layer varies depending on the applied potential and the ion concentration of the electrolyte.
They considered the thermal motion of the ions near the electrode surface and introduced
a diffuse model at the interface of the electrode and electrolyte. The modeled layer is called
the “diffuse layer”, which describes the distribution of the cations and anions due to the
thermal motion in the electrolyte. The length of the diffuse layer varies depending on the

(191 The charge distribution of the ions in

concentration and conductivity of the electrolyte.
the diffuse layer can be expressed as a function of the distance from the electrode surface,
following the Maxwell-Boltzmann statistics. Thus, the electric potential in this region is

expressed with an exponential function as schematically depicted in Figure 2.2 (b).

Otto Stern suggested a more complex model. He combined the Helmholtz model and the
Gouy-Chapman model as shown in Figure 2.2 (c¢). Stern’s model describes that the
Helmbholtz plane can be located at a different distance from the electrode surface depending
on the sort of adsorbed ions. David Caldwell Grahame further modified this Stern's model.
According to his model, some ions or non-ionic species (for instance, water) can penetrate
the Stern layer. In the case of ions, some of them partially lose the solvation shell as they
approach the surface. These ions that are directly in contact with the electrode surface are
termed as “specifically adsorbed ions”. In this model, the Helmholtz plane can be divided
into two planes, the “inner Helmholtz plane (IHP)” and the “outer Helmholtz plane (OHP)”.
[HP is placed at the plane of the centers of the specifically adsorbed ions, whereas OHP is
located at the plane of the centers of the solvated ions that are located at their closest

approach.

In principle, any ions, either solvent molecules or any species, can be adsorbed at the
electrode surface by different forces: ions are strongly attracted or repelled by the Coulomb
forces across the electrolyte, some molecules are adsorbed at the substrate surface due to
van der Waals force (physisorption), or a chemical reaction between the surface and
adsorbates can take place (chemisorption). Figure 2.3 illustrates the abovementioned
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adsorption types.

Physisorption

Chemisorption . . . Substrate Surface

Figure 2.3. Types of adsorptions. (Top) physisorption describes direct adsorption of
adsorbates at the substrate surface by the van der Waals forces. (Bottom) chemisorption is
the adsorption caused by the chemical bonding of adsorbates and the substrate surface.

2.4 Faraday’s Law

Faraday’s law of electrolysis states that the quantity of a substance involved in the
electrochemical reaction is proportional to the quantity of charge passed during the reaction.
Accordingly, the mass of the produced or consumed substances due to the redox reaction

can be calculated:
Am = ZQ Equation 2.3

where m is the mass of the produced substances in grams, Q is the measured charge in
coulomb, and Z is the coefficient of proportionality in grams coulomb™. Z is also called

electrochemical equivalent, which is the mass of the produced substances by one coulomb.

Equation 2.3 is the basic argument of Faraday’s law. Faraday also discovered the
relationship between the electrochemical equivalent (Z), the molar mass (M) of the
substances, and the valency number of ions in the substance (z). This relationship is

expressed with the well-known “Faraday constant” F (96485.33289 C mol ).
Z=— Equation 2.4

The mass resulted from the electrochemical reaction can be calculated as below
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Am =22 Equation 2.5
zF

This equation is used for the calculation of the deposited mass of battery materials used in

this dissertation.

2.5 Nernst Equation

In electrochemistry, electric parameters and quantities are used as input and output signals
to study electrochemical processes. Charge, current, and potential are frequently used
among fundamental electric quantities. To analyze electrochemical processes using those
quantities, one should primarily formulate a fundamental equation under the standard
conditions to find relationships between them. It is desirable to start with determining the
potential of a redox process under the standard conditions, as the potential of a redox
process is an intensive property, unlike charge and current, which vary depending on the

amount of reacting species.

Electrochemical reactions do not always take place under the standard conditions. If an
electrochemical reaction occurs under non-standard conditions, a specific equation is
necessary to determine the potential under given conditions. This equation can be
theoretically formulated with several assumptions. As electrochemical properties of
reacting species change during the reaction, the number of the electrochemically identical
species between before and after the reaction will be different. The theory of
thermodynamics provides the necessary information to formulate the potential of redox
reactions out of the standard conditions. In thermodynamics, the chemical potential u
(J/mol) deals with the composition change in a system. The chemical potential of the

component 4 (in J/mol) is defined as below:
U = — Equation 2.6

The value of the chemical potential of the component k, u,, varies depending on the
concentration of the component k in the substance having a specific phase and composition.

In the ideal solution, the chemical potential p; can be reformulated by

36



U = Uy + RTIncy Equation 2.7

where R is the universal gas constant, T is temperature in Kelvin, ¢, is the
concentration of component k, and up is the standard chemical potential of component &

(when ¢y, is unity).

If a system is not in the ideal solution, Equation 2.7 should be slightly modified. In order
to facilitate the same form of the equation, the thermodynamic activity a was suggested
to be used in the equation instead of concentration c¢; according to Gilbert N. Lewis
(1907). The thermodynamic activity a; is defined as the multiplication of the activity
coefficient y, with the concentration ¢, (Equation 2.8). If y;,, = 1, the system shows

the ideal behavior.
Ay = YiCx Equation 2.8

With the thermodynamic activity a, the equation of the chemical potential of the

component k in a system can be rewritten as
Ur = Uy + RT Inay Equation 2.9

It should be noted that this equation cannot be directly employed in electrochemical
systems because the electric contribution to the reaction processes is not considered. Butler
and Guggenheim suggested the introduction of electrical contribution to the equation of
the chemical potential.l'!®!'2] With consideration of the electrical contribution to the

chemical potential, Equation 2.9 is modified to
fix = Uy + RTInay + z Fo Equation 2.10

where zj is the charge of the component k, F is the Faraday constant, and ¢ is the
electrostatic potential. This new term [z;, (J/mol) is called “electrochemical potential”, and
it becomes identical to the chemical potential u;, when the component k has zero-charge

(neutral species).

The inner potential difference between the two dissimilar phases is called the “Galvani
potential difference” (A¢g), and it can be calculated under the equilibrium condition (no net
current flow). Electrochemical systems often consist of solid electrodes and a liquid

electrolyte. Suppose a solid metal (Me) is immersed in an aqueous solution containing the
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metal ions (Me*"), then the chemical reaction of the metal at the equilibrium can be

expressed as
Mes) = Me* (aq) + zes) Equation 2.11

Thus, the corresponding chemical equation in the form of the electrochemical potential can

be written as
Hue (s) = Hmez+(aq) T ZHe(s) Equation 2.12

Bue (s)> Bme?*(ag) and fle—(s) are the electrochemical potentials of the metal atoms in

the solid metal, metal ions in an aqueous electrolyte and electrons in the solid metal,

respectively.

Assuming the metal atoms in the solid metal are electrically neutral (fiy, (s) = ,ul?,,e (s))>

the equation can be expanded as

.ul(\)/le (s) + RT In ay, (s) = .u1(\)492+(aq,) + RT In Amez+(aq) T ZFQO(aq.) + Zﬂg‘(s.) +
ZRT Inac-(5) — zF @) Equation 2.13

The concentration terms of metal atoms and electrons in the solid phase can be neglected
as their concentrations are effectively constant in the solid metal: ayez+(qq) and ae-(s)
in the solid are conventionally assumed as unity. Then, the Galvani potential difference
between the solid phase and the liquid phase, in this case, can be calculated as below

0
Hpez+(aq.) + Z:ug‘(s.) - ,u,?,,e (s) RT
4+ —1In Aper*(aq)
zF zF

Ap = @) = Plag) =
— o, RT .
= Ag +;ln Ape?*(aq.) Equation 2.14

Where A@° is called the “standard Galvani potential difference” at the unit activity of the

metal ions in the aqueous electrolyte.

Unfortunately, the Galvani potential difference is not experimentally measurable. Any
attempt to measure the Galvani potential difference will perturb the original potential
difference due to the formation of at least one more interface between a measuring probe

and the system. Provided a second electrode, which has a constant Galvani potential
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difference (A@’ = const.), is introduced into the system, then the potential of the electrode
of interest (working electrode) is practically measurable by referring it to the second
electrode (E = Ap — A¢@"). This second electrode is called “reference electrode”, and the
potential difference between the working and reference electrodes, E, is termed as
“electrode potential”. Under the standard conditions, where the activity is unity, the
“standard electrode potential” can be defined as E® = Ap® — A¢@’. Thus, one can
practically determine the potential of interest by referring it to the reference electrode: E —
E® = Ap — A@p®. By substituting this into Equation 2.14, the electrode potential of

interest can be calculated as
RT .
E = E°+_—Inay,z+(aq) Equation 2.15

which is called the “Nernst equation.” With the Nernst equation, one can predict how a
system behaves when the concentration of species in the solution or electrode potential
changes. It should be noted that the Nernst equation can be used only at equilibrium

conditions since the standard electrode potential is defined at equilibrium.

If an electrochemical process involves several redox reactions, the Nernst equation can be

generalized. Considering a stoichiometric reaction of the following

V18§ + -+ S+ ne” 2 S+ -+ 1Sy Equation 2.16
which can be mathematically simplified as

Y0x VoxSox + M€~ = Yred VredSred Equation 2.17

then the “generalized Nernst equation” can be obtained after some laborious mathematical
work as

E = EO 40y Jloxdgs™

Vred
nF [Trea Ared

Equation 2.18

i — V1,02 Vi
= aslasz A

v
where []; a; o8

The potential of the reference electrode should be determined to measure the potential of
the electrode of interest. As the potential itself describes a difference between two

measurement points, the absolute potential, which will be the reference point, is necessary
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to calculate the potential of redox reactions (redox potentials). However, it is impossible to
establish absolute potential experimentally. Moreover, even if the absolute potential can be
determined, the use of the absolute value will not be practical, because the rigorous
thermodynamic conditions should be regulated during the experiments. Alternatively, other
reference points were established using electrodes that show stable potentials ensuring the
accurate measure of the potential values. Redox reactions of reference electrodes should
stay at thermodynamic equilibrium so that their potentials can practically remain constant.
There are various reference electrodes for aqueous systems and non-aqueous systems. One
of the important reference electrodes is “Standard Hydrogen Electrode” (SHE). Its
potential is set to ground at the standard state (p = 1 bar, T = 298.15K, cion=1 M), and it

serves as a basis for comparison to other electrode reactions.

2.6 Formal Potential and Standard Electrode Potential

It is not efficient to always calculate the potential from the activity values, as activity
coefficients are usually unknown. A practical way to determine the electrode potential is to
calculate the electrode potential by comparing the values from the table of the standard
electrode potentials for various redox reactions. The reduction potentials for different
electrochemical reactions under the specified conditions are already well-tabulated. These
reduction potentials are called “formal potentials”. Electrode reactions are fundamentally
dependent on different parameters such as temperature, pressure, and concentration of
reactants or products. Thus, it is useful to determine the electrode potentials of redox
reactions under the standard conditions as a benchmark for the electrode potentials. It is
not surprising why the SHE is chosen to be used here when recalling the beginning of the
electrochemistry: Electrolysis is of great interest in electrochemistry since it begins. By
setting the SHE to zero, formal potentials at equilibrium and standard conditions are
referred to the SHE. These potentials with respect to the SHE is termed as the “standard
electrode potential (£°)”. Conventionally, the standard electrode potentials are defined as
reduction potentials. A few examples are presented in Table 2.1. However, not all reactions
are observable at the exact reduction potential that was thermodynamically predicted. The

reaction often takes place at a distant potential. The potential difference between the
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standard electrode potential and the applied potential, where the measurable reaction

occurs, is called “overpotential,” and it can be written as
n=E— Egq Equation 2.19

where E is the electrode potential at which a particular reaction occurs, and E,, is the
thermodynamically determined equilibrium potential.

Reaction E° (V) vs. SHE Reaction E° (V) vs. SHE
Li'+e 2 Li -3.045 Sn*" +2¢ = Sn** 0.098
K'+e=2K -2.935 Cu*" +2e¢ = Cu' 0.153
Ca’" +2¢ = Ca -2.866 AgCl+e 2 Ag +CI 0.2224
Na'+e = Na -2.714 Cu’" +2¢ = Cu 0.337
Mg** +2¢ = Mg -2.363 Fe(CN)s>" + " = Fe(CN)6* 0.36
Zn(OH), + 2¢ -1.245 0, + 2H" + 2¢” = H,05 0.682

= Zn +20H"
Mn?* + 2¢” = Mn -1.180 Fe3' + ¢ = Fe?* 0.771
Zn*" +2¢ 2 Zn -0.764 O, +4H" +4e = 2H,0 1.229
Fe** +2¢" = Fe -0.441 Cla +2¢ = 2CI 1.3581
Ni* +2¢ = Ni -0.250 PbO, +4H" + ¢ 1.455
2H'+2¢ = H, 0 = Pb> + 2H,0

Table 2.1 Standard Electrode Potentials for different redox reactions at 25°C.[113]

The overpotential can be either “negative” or “positive” depending on the type of
electrochemical system. In an electrolytic cell, more energy is required than the
thermodynamically determined value, and in a galvanic cell, less energy is converted than

the theoretical value.

There are different sources of the overpotential, namely electron-transfer, diffusion,
reaction, and concentration, and their magnitudes vary depending on the experimental
condition. At low current, the rate of electron-transfer is a major limiting factor (electron-

transfer overpotential), but at a high current diffusion rate (diffusion overpotential) or
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sluggish reaction kinetics (reaction overpotential) become more dominant. The reaction

kinetics may depend on the rate of adsorption or desorption of reactants or products.

2.7 Butler-Volmer Equation

As the electrode potential can be formulated by relating the electrochemical process with
measurable quantities, the equation for the current flow can be also derived in a similar
way. Suppose that an electrochemical system consists of a metallic working electrode
immersed into a highly concentrated electrolyte. When the potential applied on the working
electrode is large enough to trigger an electrochemical reaction, a net electric current can
be observed. Since the electric potential is a driving force for the chemical reaction, the
magnitude of the obtained current shall be dependent on the potential applied. Hence, the
net electric current can be described with the potential. The Faradaic current is closely
related to the rate (v) of chemical reactions taking place at the electrode. Therefore, the

derivation of the equation for the current starts from the general redox process:

forward (cathodic)

Sox+new T Spea Equation 2.20

-_
backward (anodic)

Regardless of the type of reaction taking place, forward (cathodic) and backward (anodic)
reactions simultaneously occur. Even if the measured net current is zero, the rate of each
reaction is not necessarily zero: The sum of each current contribution from the forward-
and backward reactions is zero. If the applied potential is larger than the equilibrium
potential, the net current and its magnitude will deviate from zero depending on the applied
potential and the rate of the electrochemical reactions. Thus, the magnitude of the net

current can be expressed with the rate of the reactions.

According to the activated-complex theory (also called transition state theory!!!'*)), in the
course of the reaction, reactants pass through a transient intermediate state (“activated
complex”), which will finally convert into the product(s). Among diverse intermediate
states, the activated complex with the highest potential energy configuration is called
“transition state”. In order for reactants to be converted into the products, the energy

difference (energy barrier) between the reactant and the transition state needs to be
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overcome. This energy difference is called “activation energy” (E,). Later, the concept of
the standard Gibbs free energy of activation (AGy, AG,)? was introduced by René
Marcelin. Using the standard Gibbs free energy, the rate constants for the forward- and

backward reactions can be written as

ke = kfexp (— ARin) Equation 2.21
ky = kexp (—22) Equation 2.22

where k}) and kj are the rate constants of the forward- and backward reactions at the

equilibrium.

As the reaction is proportional to the concentration of the reactants (Cs,, , Cs,,, in molm®

3), the rate of the forward- and backward reactions can be written as:

vy = kPCs,.,exp (— <L) Equation 2.23
vp = kpCs,,,€XP (— ARL;’) Equation 2.24

By convention, the terms of “cathodic,” ¢, and “anodic,” a, will be used, in the following,

instead of forward and backward, respectively.

Figure 2.4 illustrates how the Gibbs free energy of an electron alters during the conversion
of reactants into products as a function of reaction coordinates. The Gibbs free energy of
Sox + ne” isonthe left-hand side of the diagram, and the right-hand side shows the Gibbs
free energy of Sg.q. IN the course of the redox reaction, reacting species transform into the
activated complex that has more negative Gibbs free energy. The electron transfer occurs
where the potential deviation from its mean measured value is a maximum. Qut of this
potential region, the influence of the electrode potential changes is not significant in the
redox processes. Thus, the total Gibbs free energy changes in the process are attributed
mainly to the Gibbs free energy changes of the electrons in the electrode. Then, the Gibbs

free energy of activated complexes owing to the potential perturbation is expected to be

2. Here, f and b denote the forward and backward reaction
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changed by |[nFAE| for n moles of electrons. However, not all the energy is contributed
to the Gibbs free energy of the activated complexes. Only a fraction of the free energy will
appear at the intermediate states.

forward (cathodic)
backward (anodic)

‘ e (activated complex)
>
o
o (1 — B)nFAE]
()
o ¥
g AGE(E,)
“ AGg (Ep)
=
© AGH(E

< | AGH(Ey) alf)

S

<

InFAE|

23

LL‘ b

< _

e”(Me) e (sol.)

Reaction coordinate —

Figure 2.4. The internal energy of an electron in the electrode in the course of its transition
from the electrode to a redox component in the solution. The arrow for Gibbs free energy
indicates to a more negative value (S0, AE = E, — E; < 0). The notation # indicates the
active complex. e~ (elec.), e™ (activated complex) and e~ (sol.) are the electrons in
the electrode, activated complex and solution, respectively.

With this consideration, the equations for the cathodic, AGf(E), and anodic, Aij(E),

activation energies can be written as

AGI(E,) = AGI(E,) + nFAE Equation 2.25
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AGI(E,) = AGH(E,)) — (1 — B)nFAE Equation 2.26

where AGf(E), and AGj(E) are the activation energies of the cathodic and anodic
reactions at a given potential, and f is the “asymmetry parameter’® (also called “transfer

coefficient” with the symbol, a =1 — f3).
The overall rate of the reactions can also be expressed with the flux density, which can be
formulated with the rate of the reaction:

¥
Je(E1) = —kiCs, exp (— AG;—(TEO) Equation 2.27

AGE(El))

Ja(E1) = kgCsp, exP (— o Equation 2.28

, AGE(Ey) , AGE(Ey)+pnFAE :
Je(Ez) = —k¢Cs, exp (— Tz) = —k¢Cs, exp (— 1R—T> Equation 2.29
' AGE(E3) , AGE(Ey)—(1-PnFAE .
Ja(E2) = kCs,,, €xp (_ TZ) = kqCsp,,XP (— L RST A ) Equation 2.30

where J.(E) and J,(E) are the flux densities of the reduced and oxidized species at the
given potential E. k. and k; are the rate constants for the cathodic and anodic reactions,
respectively. The units of k. and k} are m s because they are related to the zero-order
reactions, i.e., they do not depend on the concentration. The concentration of electrons in

a metal electrode 1s high enough to be considered as constant.

Suppose that the potential E; is zero with respect to the reference potential. Then the term

exp(—AG(f (Ey) /RT) can be considered as a constant and incorporated into the rate
constants without changing the nature of the rate constants: k., = kéexp(—AGf (Ey)/ RT)
and k, = kjexp(—AG}(E))/RT).

By replacing E, and AE with an arbitrary potential E, the fluxes can be reformulated as:

3. Asymmetry parameter, S, describes the kinetics of an electrochemical reaction. It
indicates the closeness (similarity) of activated complexes to the reactant or the product in
terms of electrochemical behavior. Its magnitude ranges from zero to one, and it is close
to 0.5 in the case of a quite symmetric energy-potential curve.
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Je(E) = =k Cs, exp (— ﬂ%) Equation 2.31

Ja(E) = k4Cs,, exp ((1_ﬁ)nFE) Equation 2.32

RT

The net current density j is proportional to the total flux (J = J. +J,) caused by the
electrochemical process. The proportionality factor will be nF according to the Faraday’s
law (so, j = nFJ inthe unit of Am™). By multiplying nF with Equations 2.31 and 2.32,

the partial current densities can be obtained as:

Jjc(E) = —nFk.Cs, exp (— ﬂZ—I;E) Equation 2.33
Jja(E) = nFk,Cs, exp ((1_'1?—:”) Equation 2.34

where j.(E) and j,(E) are the partial current densities caused by the cathodic and the

anodic reactions.

At a Nernst equilibrium potential E,., where the net current is zero, both j.(E) and j,(E)

have the same magnitude (but the sign is opposite), which is called the “exchange current

density”, jo:
Je(Ey) = —jo = —nFk.Cs, exp (— ﬁ%) Equation 2.35
ja(Er) = jo = nFkoCoy, exp (222 Equation 2.36

It is worth emphasizing again that zero net current does not necessarily mean zero activity
at the Nernst equilibrium potential, but rather the cathodic and the anodic currents cancel
each other, establishing a “dynamic” equilibrium. By reformulating Equations 2.35 and
2.36 with respect to E,., the Nernstian equation can be expressed as:

E. = Fyn (Ke) 4 BT (S50x ) = go 4 BTy (S50x)  Equation 2.37
n

F ka nF CSRed nF CSRed

Now, if the potential E is an actual potential deviated from the rest potential by an

overpotential, E, + 1, then Equation 2.35 and 2.36 can be expressed as:

L i) ﬂn—m) Equation 2.38

Je(E) = _anCCSOxexp( RT  RT ) = ~Joexp (_ RT
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ja(E) = nFk,Cs,, exp ((I_Q:FET + (1_1@"”’) = joexp ((1_?—:”’) Equation 2.39

The net current density will be the sum of the cathodic and the anodic current (j = j.(E) +

Ja(ED):

J=Jo {exp (M—nm) — exp (— 'Bn—F")} Equation 2.40

RT RT

This is the famous Butler-Volmer equation, which is one of the most fundamental and
essential equations describing the electrochemical kinetics with the consideration of both

the cathodic and the anodic contribution at the same electrode.
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3. Prussian Blue Analogs as Battery Materials

3.1 Fundamentals of Batteries

A battery is an energy storage device, which can supply electricity through the conversion
of chemical energy into electrical energy. When the terminals of a battery are connected to
an external electrical load, it releases electrical energy generated by the chemical reaction
taking place in the battery. The reusability primarily categorizes batteries. A battery that
cannot be or not designed to be recharged after consuming all stored electricity is called
the primary (or “disposable”) battery. In contrast, the secondary (or “rechargeable’) battery
can be used multiple times. In principle, the primary battery can be built using any
conductive materials having different internal potentials. For instance, two different metals,
or some oxides can work as electrode materials, while living organisms like frog’s legs,

foods (Ilemon or potato) can be used as electrolytes. ']

The type of electrolytes or electrodes can further categorize secondary batteries. Li-ion or
Na-1on batteries, Li-ion polymer batteries, aqueous Li-ion batteries, all-solid-state batteries
or aqueous alkali metal ion batteries are some typical examples. Currently, many secondary
batteries utilize liquid electrolytes. Lead-acid batteries, Li-ion batteries, nickel-cadmium
batteries, nickel-zinc and nickel-metal hydride batteries belong to those types of batteries
that are commercially available nowadays. Both primary and secondary batteries are used
in our daily life such as a coin cell in a watch, a lead-acid battery in a car, a Li-ion battery

in a mobile phone or in electric vehicles.

Technically, the battery is composed of two electrodes (positive and negative), an
electrolyte (usually liquid), a separator and two current collectors. Figure 3.1 shows a
typical structure of a Li-ion battery. The cathode and anode materials of the current Li-ion
batteries (LiBs) are typically transition metal oxides and graphite, respectively. Organic
electrolytes are often utilized in LiBs to achieve high voltages. A separator is a thin porous
membrane that prevents physical contact between two electrodes while allowing ion-
transport. Some state-of-the-art separators have an extinguishable feature through filling
the pores at thermal runaway, which physically blocks the contacts of two electrodes and

the ion-transport shutting down the battery operation.!!'!”! Al and Cu are frequently used as
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current collectors at the cathode and anode sides, respectively.[!'8] The electrodes are
attached to current collectors (terminals), which collect electrons from the electrodes and

transmit them to externally connected devices.

Charge

Electrolyte

Figure 3.1. Typical structure of a Li-ion battery. The battery consists of two electrodes
(cathode and anode), an electrolyte, a separator and two current collectors. In the charging
process, Li-ions and electrons go towards the anode (blue arrows), and in the discharge
process Li-ions and electrons move towards the cathode (red arrows).

Since the secondary batteries store and supply electricity, they have two operation modes
as seen in Figure 3.2. When a battery provides electricity (power source mode), the
reduction reaction takes place at the positive electrode, and the oxidation reaction occurs
at the negative electrode. In other words, in the power source mode, the positive and
negative electrodes become the cathode and the anode, respectively. In contrast, when a
secondary battery is charged (electrolytic mode), the oxidation reaction occurs at the
positive electrode, and the reduction reaction takes place at the negative electrode. In this

case, the positive and negative electrodes become the anode and the cathode, respectively
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in the charging mode. Thus, both electrodes can be formally called either cathode or anode

i e
Electrolytic
mode

Current flow

depending on the operation mode.
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Figure 3.2. Battery operation modes: Power source mode (left) and electrolytic mode
(right).

However, in the battery community, “cathode” and “anode” are often used instead of the

(L (Lt

— (Lif

positive and negative electrode, respectively. Strictly speaking, it is not scientifically
correct as any electrode of a rechargeable battery can exhibit oxidation or reduction
reactions, but these terms seem to be conventionally accepted. The origin of this might be
attributed to that when only primary batteries were available, the terminology of the
cathode for positive electrode and anode for negative electrode might have been fixed. This
terminology can be confusing, so one should be informed that the cathode and the anode
of a battery are defined for the discharge mode. In this dissertation, the cathode will be
referred to as the positive electrode, and the anode will be the negative electrode following

the convention of the battery community.

The redox reaction at electrodes generates the electrical current flow in the battery. During
the redox reaction, electrodes can be chemically bound with charge carriers or host charge
carriers into their structure, nearly not destroying the base structure. The latter phenomenon
is called intercalation, which is an essential process in Li-ion batteries. For instance, the
graphite electrodes of Li-ion batteries (typical anode material) accommodates Li-ions
between its layers (see Figure 3.3). In the course of charge or discharge, the battery

electrodes gain excess positive or negative charges due to the redox reactions.
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Subsequently or simultaneously, the intercalation and deintercalation of Li-ions in the

electrodes take place to compensate (neutralize) these excess charges.

f 5% [ Li*
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Figure 3.3. Intercalation of Li-ions into the graphite electrodes. Li-ions are intercalated
between the graphite layers or deintercalated from the graphite depending on the battery
operation modes.

The main features of battery performances (figures of merit) are energy density, power
density, calendar life, and cycle life.'"”) Energy density is the total amount of energy per
unit of mass or volume (Wh kg! or Wh L!). The energy density of batteries is determined
by multiplying the operating voltage with the averaged specific capacity of both electrodes.
In the literature, the specific capacity of an electrode is typically calculated with the active
material of the electrode. Thus, the energy density in a real device can be lower since real
devices include many other components. Power density is the rate of energy (power) per
unit volume or mass (W kg!' or W L), It should be noted that density refers to the amount
of a certain quantity per unit volume. Theoretically, the total energy per unit mass should
be called specific energy. However, conventionally, energy and power density are often
referred to as the total energy and power per unit mass (Wh kg™ or W kg!) in the battery
community. The calendar life is the expected lifetime of a battery regardless of its use. The
performance of batteries deteriorates over time, even if they are not used at all. The cycle
life defines how many cycles a battery can operate.!'2-!%3] Safety and costs are also of

importance in the applications. Batteries should contain non-toxic (or less toxic) materials
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and equip some protective system to prevent the explosion. Last, the materials of batteries

should be affordable at a reasonable price.

3.2 Prussian Blue Analogs (PBAs)

As described in the introduction, aqueous Na-ion batteries are particularly attractive for
large-scale stationary applications. The similarity of Na® and Li" in terms of their
electrochemical nature facilitates the development of Na-ion batteries by mimicking the
Li-ion battery technology. Many electrode materials of Li-ion batteries are applicable in
aqueous Na-ion batteries. For instance, traditional Li-intercalation compounds, such as
transition metal oxides and polyanionic compounds, can work as electrode materials for
aqueous Na-ion batteries.['?*126l However, many of them suffer from a short life cycle and
severe degradation due to the larger ionic radius of Na-ions than that of Li-ions.[*>) Another
outstanding type of electrode materials for aqueous Na-ion batteries is Prussian blue
(Fe''4[Fe''(CN)s]3) and its derivatives, which exhibit a superior life cycle and moderate

performance. !

(1271t is the first purely

The discovery of Prussian blue traces back to the early 18" century.
synthetic blue pigment, which is still used in painting and also listed as essential medication
in the World Health Organization. Before its discovery, blue color was a costly one since
blue colors were made from expensive pieces of jewelry such as Lapis Lazuli. Prussian
blue is also one of the oldest chemicals. Although it has been known for the last four

centuries, the research on Prussian blue and its analogs is still very active in various

fields. (125134

The generic formula of PB and PBAs can be expressed as AMxTMy[Fe(CN)s]-zH20 (X, y,
z = stoichiometric numbers, AM = (alkali) metal cations, TM = transition metal ions).
Figure 3.4 shows representative schemes of the crystallographic structure of PB and PBAs.
They typically have a face-centered cubic (FCC) structure with a unit cell length of about
10 A, which slightly varies depending on their chemical compositions. The transition metal
(TM) and Fe are octahedrally-coordinated to cyan ligands (TM-C=N-Fe), and alkali metal

cations locate themselves in the tetrahedral sites of PB and PBAs.I'3! Zeolitic water
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molecules or some anions can also occupy these positions. The physicochemical properties
of PBAs can change by combining different kinds of transition metal ions. Due to the
versatile and tunable properties, PB and PBAs are applicable in different fields such as
photo- and optical magnetism, electrochromism, thermochromism, ionic sensors,

electrocatalysis and batteries.[2¢153]

Octahedra

Figure 3.4. The left figure shows the (100) plane of the PBA unit cell, and the right
represents the crystallographic structure of PBAs. The crystallographic axes are presented
with a, b, and ¢ (the axes are perpendicular to each other). Fe and TM are octahedrally
coordinated with carbon and nitrogen, respectively (see the blue octahedra).

It is known that Neff firstly reported the application of PB and PBAs for battery electrodes
in 1985.1141 But, their performance did not seem promising enough to replace the Li-ion
batteries. With the development of new energy technologies and increasing concern about
the environment and affordability of materials, PB and PBAs have been recently reviewed
as battery electrode materials. Cui et al. reported low-cost synthesis methods for various

(92, 101-103] The capacities of the reported

PBAs materials based on co-precipitation methods.
PBAs were measured to be between 50 and 60 mAh g!. These values are very low
compared to the state-of-art cathode materials for LiBs (>250 mAh g™!).[13% 13¢] However,
PBAs electrodes do not benefit from the capacity, but from the low-cost synthesis and
extremely long cycle life (thousand cycles). Furthermore, they exhibit very high power and
excellent energy efficiency in inexpensive aqueous electrolytes. Therefore, the cost-

efficiency of PBA-based batteries is the most outstanding feature for large-scale stationary
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(128,129, 157, 1581 Among various applications of PB and PBAs, this

ESS applications.
dissertation focuses on their applications in aqueous Na-ion batteries and the intercalation

mechanism using different techniques.
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4. Characterization Methods

4.1 Cyclic Voltammetry

Cyclic voltammetry is one of the most powerful and widely-used techniques to investigate
various electrochemical processes such as electron-transfer kinetics, reversibility of the
redox process, intercalation, adsorption and desorption.['> 1691 A potentiostat applies a
periodic triangular potential on the working electrode and records the resulting current.
Figure 4.1(a) shows an exemplary periodic potential function, where E; and Ef are the

initial and final potentials, respectively.

(a) E; (b) NaNi[Fe(CN)¢] Oxidation
‘ in 0.25 M Na,SO,
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Figure 4.1. (a) Typical triangular waveform of the electrode potential for CV
measurements and (b) an exemplary cyclic voltammogram (CV) of a quasi-reversible
electrode process (v is a scan rate). The CV was obtained for a NaxNi[Fe(CN)s] thin films
immersed into an aqueous 0.25 M NaxSOq electrolyte. Since the detailed interpretation and
explanation of the CV will be discussed later in Chapter 6.1, the potential and current
values are not given here.

The rate of potential change is defined by a scan rate v (typically few mV s™! to hundreds
mV s depending on the system). To determine an appropriate scan rate, one should
consider the capability of the investigated system’s response rate to the input signal. For
instance, one can apply higher scan rates in aqueous systems compared to non-aqueous
systems because aqueous electrolytes usually have higher ionic conductivities. Most

commonly, such a cyclic voltammogram (CV) is depicted by plotting the resulting current
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versus the applied potential. The applied electrode potential is measured against a reference
electrode, and the obtained current is often expressed as the current density (e.g., surface-
specific, volumetric or gravimetric). The CV plots possess information regarding different

electrochemical processes such as capacitive processes and Faradaic processes.

There are two conventions to represent cyclic voltammograms: The US and TUPAC

106, 1611 The former shows decreasing electrode potential on the x-axis versus

conventions.|
increasing current on the y-axis. The latter plots increasing electrode potential on the x-
axis versus increasing current on the y-axis. This dissertation follows the TUPAC
convention. Thus, oxidation and reduction currents are shown in the upper half and the
lower half of the plot, respectively. For instance, Figure 4.1 (b) shows a CV of
NaxNi[Fe(CN)s] in 0.25 M NazSO4 aqueous electrolyte in the IUPAC convention. Cyclic
voltammetry was used for the deposition and characterization of the electrode materials in

this dissertation.

4.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique for
investigating electrochemical systems and processes and physicochemical properties of
electrodes. Due to the capability to distinguish the contributions of different constituents,
the applications of EIS are numerous: Mechanisms of electrochemical processes (corrosion,
adsorption and desorption, catalytic reactions and intercalation), dielectric and transport
properties, properties of porous electrodes, and passive surfaces.['®*1®*] EIS can also be
used to estimate physical parameters, namely the surface roughness or the porosity of an
electrode.'®) The analysis of impedance data is essentially an inverse problem, which is
to elucidate a physical model and find its parameters from the data. In many cases, however,
the analysis can result in multiple solutions that cannot explain the electrochemical
processes. Therefore, other complementary techniques should often be used to avoid

misinterpretation.

The basic working principle of EIS is to measure the impedance response of the

investigated system perturbed by a sinusoidal signal of potential or current over a range of
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frequencies. In many applications, the potential perturbation with a small amplitude

(typically 5 to 10 mV) is often utilized in practice.
The sinusoidal input signal can be described as

E(w,t) = Eysin (wt) Equation 4.1
where E|, is the amplitude, w is the angular frequency, and t is time.

The output of a system, i.e., the resulting current, is then obtained with a different

amplitude and phase as
i(w,t) = ipsin (wt + 0) Equation 4.2
where i, is the amplitude of the recorded current and 6 is the phase shift.

According to Ohm’s law, the measured impedance, Z(w,t), of the system can be

formulated as

E(wt)

Z(w,t) = (@)

’f—;’ef" = |Z(w)|e* Equation 4.3

where |Z(w)]| is the modulus of the impedance.
Using Euler’s equation, Equation 4.3 can be expressed as complex numbers as
Z(w,t) =1Z(w)|e® = |Z(w)|(cos o + jsing) = Zp,(w) + Z;p (W) Equation 4.4

where Zz.(w) and Z,,(w) are the real and imaginary parts of the impedance at the

frequency w.

The modulus and phase angle of the impedance can also be expressed by the real and

imaginary parts of the impedance as

1Z(w)| = Z3,(w) + Z2,(w) Equation 4.5
_ -1 Zim(w) .
0(w) = tan [—ZRe (w)] Equation 4.6

The EIS data can be represented in various ways. A popular example is a Nyquist plot,
which presents real vs imaginary impedance (Figure 4.2 (a)). In Nyquist plots, one can see

the shape of impedance spectra, which can be used as a “fingerprint” of electrochemical
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processes. By reading intercepts of EIS spectra, it is possible to roughly estimate some
important parameters such as solution resistance, charge-transfer resistances, double-layer
capacitances and Warburg impedance. The Bode plot is another way that displays EIS
spectra in either the magnitude or the phase shift of the impedance as a function of the
frequency, respectively (Figure 4.2 (b,c)). Bode plots show the impedance frequency
dependency, which is useful to investigate the capacitive or inductive effects in

investigated systems.!!6]
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Figure 4.2. Exemplary impedance plots: (a) Nyquist plot and (b, c) Bode plots.

In order to acquire valid EIS data, four criteria must be fulfilled before the measurements:
Linearity, causality, stability, and fitness.['®® The first approximation for the analysis of
EIS data is linearity that the output of the system is linear with respect to the input. EIS
analysis is based on the linear time-invariant system theory.l'®) As electrochemical
reactions are typically highly non-linear, the linear approximation is conducted by applying
a perturbation with a small amplitude (typically 1-10 mV). If the applied AC signal is small
enough, the system’s response shows pseudo-linear responses. However, it must be large
enough to be measured. Causality states that the applied perturbation solely causes the
system’s response. In other words, the system should not generate any signals or responses
before and after the experiment. Stability declares that the investigated system must be
stable in the sense that the system does not degrade during the data acquisition and return
to the original state after the measurement. Lastly, the real and imaginary components of

the impedance must be finite values over the whole frequency range.
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The validity and quality of the obtained EIS data can be confirmed by testing the so-called
Kramers-Kronig relations. Those are the bidirectional integral transformations of the real
parts from the imaginary parts of the impedance values over a range of frequency from
zero to infinity. In a real system, however, the deviation between the calculated values from
the real part and the imaginary part may appear due to the imperfection of practical
experiments (for instance, it is not possible to measure the impedance in the complete
frequency range). In practice, less than 3 % of the deviation is conventionally deemed as

acceptable.[1%6]

The analysis of EIS data includes the complicated calculation of complex impedance
values, which makes it difficult to distinguish different parameters. Instead of the direct
calculation, the interpretation of EIS data is often conducted by comparing the recorded
impedance with the corresponding fit obtained by constructed physical models analogous
to the electrochemical system. The physical model is composed of electrical elements such
as resistors, capacitors, or inductors, and is, thus, called an equivalent electric circuit (EEC).
The advantages of using EECs for the impedance analysis are the visualization of the
individual electrochemical contributions with electric circuit elements and the

computational calculation to find the solutions.

Dolin, Ershler, and Randles proposed the classical interpretation of an electrode process at
the interface of an electrode and an electrolyte using physical models composed of electric

[167.168] According to their theory, the EIS model representing the electrochemical

elements.
process at the interface of the electrode and electrolyte can be generalized with (at least)

three major components as displayed in Figure 4.3:

1. The impedance response of the electrolyte (Ze). In liquid electrolytes, it behaves
analogously to that of a resistor. Thus, an (uncompensated) resistor (Ru) can

approximately represent the impedance of liquid electrolytes.

2. The interface itself (Z;) responds like a capacitor; however, its response often
deviates from that of the ideal capacitor. Thus, it can be approximated with a
constant phase element (CPE): Zcpr = Qpr! (jo)™, where QoL is a CPE coefficient
(proportional to the double layer capacitance), and n is a fractional exponent

between 0 and 1. If n is 1, the impedance response of the interface shows the
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behavior of the ideal double-layer capacitor.

3. The impedance of Faradaic processes (Zr) depends on various factors, namely the
kinetics of electrochemical reactions, the mode of mass transport, or the reaction
mechanism.!'®”! The Faradaic processes within this approximation are considered

as a “leakage” of the double-layer capacitance.

Figure 4.3. Illustration of the interface between the electrode and electrolyte generalized
with a physical model consisting of electric circuit elements according to the Dolin—
Ershler—Randles approximation. The impedance response of the electrode process contains
the contribution of the interface (Zi), the Faradaic processes (Zr) and the electrolyte (Z.).

Using the physical model based on the approach of Dolin, Ershler, and Randles, the total
impedance can be formulated as Zit = Ze + (Zi! + Zr')!. It should be noted that each
impedance component can be mathematically expressed using equations describing
physicochemical processes at the interface.l'%®! Since the impedance of, e.g., the Faradaic
processes can contain many factors, the total impedance equations can be lengthy and

complicated to formulate. A detailed example is presented in Appendix A.
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Rct ZW -

Figure 4.4. Randles circuit model. Rs, Cqi, Ret, and Zy represent uncompensated resistance
(or solution resistance), double layer capacitance, charge transfer resistance and Warburg

diffusion impedance, respectively. Zw= Aw/(jo)*>, where Aw is the Warburg coefficient.

tl1611 which is frequently used in

Figure 4.4 shows the famous Randles equivalent circui
the EIS analysis of the redox processes with a semi-infinite linear diffusion. Since Randles
developed this model from the study of mercury and amalgam electrodes, which are
different from currently used solid metal electrodes such as gold, platinum, or palladium,
the impedance response of the noble metal electrodes or other electrodes may differ. Thus,
the Randles’ model cannot account for impedance spectra in many cases. If the analysis of
a system with the Randles circuit does not result in an appropriate interpretation, one
should design an EEC model with other electric circuit elements. However, it should be
noted here that it is recommended to keep the number of elements in the EEC as little as
possible. Otherwise, there is the danger of “overfitting”, since a model with many
unknowns fits well to any impedance spectra. The number of circuit components is not
often determined (underdetermined system); thus, the analysis of impedance data is

(1701 1 other words,

generally an inverse problem that can formally have multiple solutions.
the obtained fitting results might not be a valid physical explanation of the real system, but

just a “mathematical solution” of the impedance equations.

Furthermore, the design of a proper EEC model corresponding to the studied system is not
always straightforward, as the electric circuit elements (a resistor, a capacitor, and an
inductor) do not practically exist in the electrochemical system. For instance, the interface
of an electrode and electrolyte does not behave like an ideal resistor or capacitor. Reacting
species also “differ” from real resistors. Moreover, electrochemical processes often have a

temporal structure that cannot be easily drawn with real electric circuit elements. A. Laisa
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mathematically well explained some good examples of electrochemical processes
(Faradaic and non-Faradaic processes).!!”!l Therefore, it is vital to rationally design
physical EEC models with a reasonable number of circuit elements, which describe the

EIS spectra well at the same time.
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4.3 Electrochemical Quartz Crystal Microbalance

Electrochemical quartz crystal microbalance (EQCM) is an advanced application of a
quartz crystal microbalance (QCM) to measure the mass changes due to the
electrochemical processes. Firstly, a QCM was used in the gas phase, but later it was
reported by Nomura and Okuhara that a QCM could also be used in a liquid.['7> 173
Kanazawa et al. experimentally proved the validity of the application of the QCM in liquid
environments, which facilitates the applications of the QCM in electrochemistry.['’4 A
QCM measures the resonance frequency changes of a quartz crystal resonator, which is
related to the mass changes on the surface with micro- to nanogram sensitivity in mass per
unit area. Due to its excellent mass sensitivity and real-time monitoring, it finds various

applications such as thin-film thickness monitoring, electrochemistry of interfacial process,

biotechnology, surfactant and drug research.!!7>: 17l

The working principles of the QCM are based on the piezoelectric effect. The application
of an electric field onto piezoelectric material generates its mechanical deformation (and
vice versa). If a periodic potential function is applied to the quartz crystals, the oscillatory
movement is generated. Quartz crystals exhibit various vibration modes depending on their
frequency and the orientation of cut.!'””l For instance, an AT-cut quartz crystal has a
thickness-shear vibration mode. If the acoustical wavelength of the generated oscillation is
twice the total thickness of the quartz crystal electrode (t;), a standing wave with a
particular frequency can be established. At this condition, the frequency is called the
resonant frequency (f,). The resonant frequency is firstly determined by the physical
properties of quartz crystals such as size, shape, and orientation of the cut with respect to
the crystallographic axis. The relationship between the resonant frequency and the crystal’s

thickness can be described as:[!"%!
fo= /?/th Equation 4.7
q

where pg, is the shear modulus of AT-cut quartz crystal (2.947 x 10" g em™ s), p, is
the density of the piezoelectric crystal (quartz: 2.648 g cm™), and tq 1s the crystal’s

thickness.[!4%]
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The resonant frequency can be shifted by external factors such as mass deposition onto the
quartz crystal, density or viscosity change of neighboring media and surface roughness.
Giinter Sauerbrey firstly explored the quantitative relationship of frequency shifts with the
mass changes on a quartz crystal resonator in 1959.1'""1 He discovered a linear relationship
between the resonant frequency and the mass loading. In his equation, Sauerbrey assumed
that the added mass on the quartz could be treated as the extension of the quartz in
thickness;!'7"! the deposited or adsorbed materials oscillate together with the quartz crystal
at the same frequency. Hence, the Sauerbrey equation is applicable under certain conditions:
1) rigid attachment of deposited films or adsorbed mass, ii) their homogeneous distribution,
ii1) no slip or deformation of the deposited films, and iv) small mass loading (less than 5%
of the total mass of the quartz). When these conditions are fulfilled, one can use the

Sauerbrey equation to calculate the mass change on the quartz crystal as described below:

2
Af = ——B_pAM = —Ciam Equation 4.8

AJkqPq

where Af is the frequency change (Hz), AM is the total mass change (g), A is the
piezoelectrically active area (the effective area between electrodes, cm?), Am is the mass

change in the unit area (g cm™), and C; is the sensitivity factor (Hz cm® g™).

In the Sauerbrey equation, the mass change is linearly proportional to the sensitivity factor,
which is the fundamental property of the quartz crystal. Thus, the properties of foreign
films on the quartz crystal are not needed to be considered in the equation when the

requirements mentioned above are fulfilled.

Since the Sauerbrey equation was firstly developed for the use of QCM in a gas phase, if
a QCM is used in a liquid phase, an additional contribution of the liquid to the oscillation
should be considered such as viscosity and density of the solution, hydrostatic pressure,

[180, 181

surface roughness, slippage effect, and temperature. I The frequency change includes

these parameters in addition to the mass loading, and the resonant frequency shift can be

described as below:
Af = Afm + Afy + Afp, + Afr + Afg + Afr Equation 4.9

where Afy, is mass loading, Af, is the viscosity and density of the liquid, Af, is
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hydrostatic pressure, Afgp is surface roughness, Af; is slippage effect, and Af; is

temperature.

In this dissertation, AT-cut quartz crystals were used as the QCM sensors. The advantage
of the AT-cut quartz crystals is that they have nearly zero frequency drift around room
temperature. For instance, if an AT-cut quartz crystal has a thickness of ca 330 um, a
resonant frequency of 5 MHz is generated at room temperature, and its sensitivity factor,

Cr, is approximately equal to 17.7 ng cm? Hz!.1182]

4.4 Atomic Force Microscopy

Atomic force microscopy (AFM) belongs to the scanning probe microscopies (SPMs) that
maps a three-dimensional surface image, often with the atomic resolution. Unlike other
optical or electron microscopes, AFM directly “touches” or “feels” the surface with the tip,
which makes AFM have several advantages over the other microscopies based on the light
or electrons. For instance, AFM can operate under atmospheric conditions. As AFM
utilizes the interatomic force for recording the surface image of a specimen, it does not
require any vacuum system which is necessary for many other microscopies based on the
detection of the outcoming electrons from the specimen. Moreover, AFM measurements
do not require complicated specimen preparation steps. Because of its very high resolution
and simple measurement, AFM is applied in various fields of physics, chemistry, biology

and medicine, where atomic-scale topography investigations are needed.!!33-137]

AFM records the 3D-topographical image of a sample by analyzing the cantilever
deflection caused by interatomic forces between the tip and the surface atoms. Figure 4.5
shows a typical configuration of an AFM. The main components of the AFM are a
cantilever, a laser source, a photodetector and a sample platform with the XYZ scanner. A
cantilever is typically made of silicon or silicon nitride, and it has a very sharp tip at the
free end. A piezoelectric element is attached at the other end to precisely control the
oscillation of the cantilever. A laser beam is irradiated on the backside of the cantilever,
and its reflection is detected at the photodetector to record the displacement of the

cantilever. A sample platform is used to carefully place the position of the sample in x-, y-,
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and z-directions. In general, the cantilever is fixed, but the sample platform is moved with

respect to the tip apex.

Photodiode

/

Figure 4.5. AFM configuration. AFMs are composed mainly of a laser, photodiode, a
cantilever with a sharp tip and a sample holder.

AFMs operate in three different modes: contact mode, non-contact mode and tapping mode.
Figure 4.6 shows the sketch of the interaction regimes as a function of distance. The
contact mode utilizes the repulsive force between the tip and surface atoms. In this mode,
the tip is brought in the proximity of the sample surface with a particular height or a
constant force where the repulsive force between them is dominant (see the blue area in
Figure 4.6) The contour of the sample surface is drawn by directly measuring the
deflection of the cantilever or by utilizing feedback loops, which maintain the position of
the cantilever. The contact mode is typically used for imaging hard samples. The choice of
a scan rate and a cantilever with a particular spring constant is important depending on the

sample.

66



For soft samples, the non-contact mode is preferable. In the non-contact mode, the tip is
placed relatively away from the surface (1 nm to 10 nm above), where the attractive force
is dominant (see the green area in Figure 4.6). In this mode, the cantilever oscillates near
its resonant frequency during the scan. As the tip approaches the surface or retracts from
it, the oscillation is perturbed by the attractive force between the tip and the surface,
resulting in the change of the resonant frequency and the amplitude. By measuring and
adjusting the distance between the tip and the surface at each (x,y) point with the combined

feedback-loop system, the topographic surface image of the sample is constructed.

Force 1 Contact Mode

Repulsive Forces

/ Force Response Curve

——— ———-

Distance

\ Non-Contact Mode

Attractive Forces

Figure 4.6. Sketch of the interaction forces of the AFM as a function of the distance. The
range of the contact and non-contact modes are expressed with the blue and green square,
respectively.

The tapping mode is an intermittent mode of the contact and non-contact mode. In the
tapping mode, the tip periodically strikes/retracts at/from the sample surface with the
oscillating cantilever. The problem of the contact mode (damage to the specimen) and non-

contact mode (imaging of adsorbed layers) can be bypassed using the tapping mode.!'3®!
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Nowadays, tapping mode is the most frequently used AFM mode when operating in
ambient conditions or liquids. In this dissertation, the tapping mode was applied to

investigate the topography of the samples.

4.5 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS), also called electron spectroscopy for chemical
analysis (ESCA), is one of the most widely used surface analysis techniques due to its
extensive information contents. XPS data possess various information about samples such
as the elemental composition, the “empirical formula” of the sample surface and the
chemical and electronic state of the elements at it. Thanks to its excellent ability to reveal
fundamental properties of the sample, XPS is applied in numerous fields of physics,

chemistry, biology and material science.

The working principle of XPS is based on the photoelectric effect. Figure 4.7 illustrates
the mechanism of the photoelectron emission by X-ray irradiation. If a solid sample is
irradiated with X-ray photons, the photons with energy (hv) can be absorbed by core-level
electrons of the sample, and then the electrons are emitted with the kinetic energy (Ey;,)
that is the reduced photon energy by the work function (@) and the binding energy (Ep)
with respect to the Fermi level. These emitted electrons are called photoelectrons. The

kinetic energy of photoelectrons is formulated as
Epin=hv—Ep —® Equation 4.10

where Ej;, is the kinetic energy of the photoelectron, hv is the photon energy of the X-
ray, Ep 1is the binding energy of the core electron, and @ is the work function which is

determined by both the spectrometer and the sample.
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Figure 4.7. Schematics of the mechanism of photoelectron emission. A core-level electron
is expelled as a photoelectron to the vacuum level as a consequence of the irradiation of
the sample by X-rays.

The kinetic energy of photoelectrons alters depending on their source: the sort of atoms,
the orbitals from which photoelectrons escape, the surroundings of atoms from which
photoelectrons are emitted, etc. By analyzing the kinetic energy of emitted photoelectrons,
it is possible to extract the information regarding the elemental composition and the

electronic configuration of the samples.

The binding energy of the core electrons (Ep) can be calculated by simple algebra with
experimentally known values (Ey;,, hv, and @). Because the binding energies of the core
electrons are not the same for different elements, observed XPS peaks are the characteristic
of different elements. Therefore, XPS spectra can be used as “fingerprints” for the
respective elements. Practically, XPS can detect all elements with an atomic number larger

than 3 (°Li).['"®"! There are several reasons why hydrogen is not detected in practice. First,
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hydrogen does not have core electrons (the 1s electron of hydrogen is a valence electron).
Second, the photoelectric cross-section of hydrogen is extremely small. For instance, the
cross-section of the hydrogen 1s orbital is 5000 times smaller than that of the 1s orbital of

%91 For helium, it does not form solid-phase in the practical XPS measurement

carbon.!
conditions. Even if He is solidified, the 1s orbital of He has a very small cross-section (only
one electron) for X-ray, which makes the detection of He very difficult. It should be noted
that XPS requires an ultra-high vacuum (UHV) to minimize the scattering of the
photoelectrons with particles in the air because only the photoelectrons, which finally reach

the detector, can be recorded.

—— NiHCF

Intensity / arb.
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Figure 4.8. Exemplary XPS survey spectrum obtained from a NiHCF sample. One can see
characteristic XPS peaks and a large background at the low kinetic energy region (high
binding energy).

The recorded XPS spectra include not only the characteristic peaks but also large

backgrounds in the low kinetic energy region (see Figure 4.8). The characteristic peaks
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indicate what elements are present in the material and their specific electronic
configuration (oxidation states). The characteristic peaks of elements can be slightly shifted
depending on the nearest-neighbor atoms. This is especially useful for the analysis of
carbon-based materials. The noise in the XPS spectra is mainly accused of the inelastic
scattering of the photoelectrons in the materials, thus the background noise is pronounced
at lower kinetic energy (larger binding energy). The generated photoelectrons can also
undergo inelastic scattering, recombination, excitation of other atoms, re-capture or
trapping in various excited states within the material. These effects hinder the escapement
of photoelectrons from the material. Thus, the detected signals are mostly attributed from

a few nm depths from the top surface.!!*!

Apart from photoelectrons, the excitation of atoms by the irradiation of X-ray can also
produce other signals such as Auger electrons, and X-ray fluorescence by the decay of the
empty core hole. Since the vacancy at the core-level is not energetically stable, this hole is
filled with another electron from an outer orbital. When an electron of an outer orbital fills
the vacancy at the core level, the energy difference between the core level and the outer
orbital can produce other signals. If this energy is released in the form of X-rays, it is called
X-ray fluorescence, or if this energy leads the emission of another electron from other

orbitals, the emitted electron is called Auger electron.
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5. Experimental

5.1 Experimental Setup
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Figure 5.1. Schemes of the electrochemical cells used for electrochemical measurements.
(a) Electrochemical cell with a quartz crystal working electrode and (b) a typical
electrochemical cell with an arrandee™ gold or graphene foam working electrodes. (a) is
adapted from reference.!'*!!

All electrochemical experiments were performed in the customized glass cells under an Ar
atmosphere (Ar 5.0, Westfalen AG). Figures 5.1(a) and (b) are the schematic
representations of the used glass cells. The electrochemical cells are mainly composed of
two compartments. The main compartment, where experiments are performed,
accommodates a working electrode, a Luggin-capillary with a reference electrode, and a
counter electrode. The other compartment is the preconditioning cell, where experiment
solutions are prepared. The two compartments are connected through a glass pipe. The
second cell (Figure 5.1 (b)) was utilized mainly for the deposition and characterization of

NaxCr[Fe(CN)g] thin films, as they do not grow well on Au quartz crystal electrodes but
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on 3D graphene foams. Also, the second cell can accommodate various electrodes and
more electrolytes, which provide more reacting species, effectively keeping their

concentration during the deposition constant.
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Figure 5.2. Images of the electrochemical cells used for electrochemical measurements.
(a) Electrochemical cell with a quartz crystal working electrode and (b) a typical
electrochemical cell with a working electrode.

Before conducting experiments, the glass cells were entirely cleaned with a piranha
solution (a mixture of H2SO4 and H202, 30 wt%: 70 wt%) to remove unwanted (organic)
residues. Subsequently, the cells were thoroughly rinsed with ultrapure water (18.2 MQ,
Evoqua, Germany) and boiled in ultrapure water for one and a half days. After boiling it,
the glassware was covered with Al-foil and dried under atmospheric conditions. Figures
5.2 (a) and 5.2 (b) show representative images of the used glass cells. The gas outlets of

the electrochemical cells are connected to gas washing bottles that contain aqueous FeSO4
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solution in order to remove cyanides that might occasionally be produced during the
experiments.[*?] For safety reasons, a cyanide sensor (Honeywell Analytics™) was placed

close to the experimental setups during the experiments.

In this dissertation, AT-Au quartz crystal electrodes (Sgeo = 1.37 cm?), Au (111) single
crystals (Sgeo = 19.635 mm?), arrandee™ gold on glass substrates or 3D graphene foams
were used as the substrate materials. Note that Sgeo of arrandee™ gold substrate and 3D
Graphene foams are not determined, since they were only partially immersed in the
electrolyte, making the precise assessment of the surface area difficult. A silver/silver
chloride (SSC) electrode filled with 3 M KCI and a Pt wire were used as reference and
counter electrodes, respectively. In this work, the potentials are referred to SSC unless
noted differently. The reference electrode was placed in a Luggin capillary whose tip was
located in the closet vicinity of the working electrode in order to minimize the ohmic

potential drop between the working electrode and the tip.[*]

There are important prerequisites for the experiments. (1) The conductivity between the
working electrode and the terminal of the cable must be checked. Especially great care is
necessary for the second electrochemical cell (Figure 5.1 (b)), as the metal part of
crocodile clips can be corroded during the introduction of aqueous solutions. (2) The
Luggin capillary should be entirely filled with the reference electrolyte without any gas
bubbles. The bubbles can interrupt the electrolyte path, which causes a very high
impedance.['* 1] (3) The counter electrode (e.g., Pt wire) should have a larger surface
area than the working electrode to ensure that half-reaction at the counter electrode takes

place fast enough, not limiting the process at the working electrode.
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5.2 Electrode Preparation

All solutions were purged with Ar for at least 10 minutes to minimize possible unwanted
side reactions. It was reported that dissolved oxygen in the aqueous electrolyte has adverse
effects on the electrode growth and battery performance.!'”®! Before electrode film
deposition, gold substrates were electrochemically cleaned, firstly using 0.1 M NaOH and
subsequently utilizing 0.1 M H>SOs4. This procedure has significance not only for the
cleaning of the substrate, but also it makes the surface of a new substrate more active; after
the cleaning procedure, more accelerated and pronounced deposition of the electrode
material takes place. Figure 5.3 shows representative CVs for the cleaning procedure of
NayNi[Fe(CN)s] thin films deposited on Au substrates in (a) 0.1 M NaOH and (b) 0.1 M
H2SOq.
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Figure 5.3. CVs of NaxNi[Fe(CN)¢] thin films deposited on Au substrates in (a) 0.1 M
NaOH and (b) 0.1 M H>SOs. The arrows indicate the evolution of CVs along with the
increase of the cycle numbers. Adapted from references '°’! and %%,

Cleaning of the gold substrates was performed by applying the potential between 0 V and
0.7 V for 0.1 M NaOH and 0 V and 1.5 V for 0.1 M H2SOs. The cycle numbers were
typically from 10 to ~30 cycles, depending on the conditions of the substrates. In Figure
5.3 (a) and (b), typical CVs of the cleaning procedure are shown. The characteristic CVs
were obtained for the Na;Ni[Fe(CN)s] thin films deposited on Au substrates immersed in

0.1 M NaOH and 0.1 M H>SO4 aqueous solutions, respectively. Figure 5.3 (a) displays the
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CVs of Na;Ni[Fe(CN)g] thin films deposited on a gold substrate in 0.1 M NaOH (solid
lines) and 0.25 M Na»SOs4 (dashed line). The cathodic peak around 0.4 V vanishes along
with the increasing the cycle number; however, a new cathodic peak appears around 0.6 V,
and the anodic peaks around 0.4 V become more pronounced. After this procedure, the
deposited NaxNi[Fe(CN)s] thin films were found to be transformed into nickel oxides,
being easily removable in acidic media.'®” 8] Figure 5.3 (b) shows typical CVs
demonstrating the subsequent cleaning in 0.1 M H>SO4 solution. After several cycles, some
pronounced peaks around 0.5 V and 1.4 V disappear. Moreover, relatively small cathodic
peaks around 0.5 V and 0.95 V also disappear. Notably, catalytic reactions at 0 V is
significantly suppressed after 20 cycles of the cleaning. At the final cycle (20th), the CV
of pure Au substrate in 0.1 M H2SOq4 electrolyte can be obtained.

It should be noted that the cleaning procedure for the case of the deposited NaxNi[Fe(CN)s]
thin films is just shown as an example; how CVs evolve in the course of the cleaning may
differ depending on the residuals on the Au substrate. Consequently, one has to focus on
the shape of the final CV cycle of Figure 5.3 (b) (black line), which confirms the
completeness of the cleaning procedure as a benchmark. Figure 5.4 shows a typical CV of

a clean gold substrate in 0.1 M H2SO4 for comparison.
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Figure 5.4. CV of a bare (cleaned) gold substrate recorded in Ar-saturated 0.1 M H>SO4 at
a scan rate of 50mV sl
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The deposition of PBAs was carried out using an aqueous deposition solution by the cyclic
voltammetry technique. The deposition solutions were diluted to few millimoles in
different supporting electrolytes, depending on targeted electrode materials. The
compositions of the aqueous deposition solutions are listed in Table S.1. The solutions
were purged with Ar in the preconditioning cell for at least 10 min and then introduced into
the main cell. The deposition of PBA thin films on gold substrates was performed in the
deposition solution by cycling the electrode potential in a desirable potential range for the
different number of cycles. In all cases, the scan rate was set to 50 mV s'. The
corresponding potential ranges and the cycle numbers for the different electrode materials
are listed in Table 5.2. During the deposition, the frequency changes of the quartz crystal
were measured simultaneously in order to calculate the mass gain directly. The detailed

procedures for the deposition of PBAs are described later in Chapter 6, Results and

Discussion.
Target Material Composition of the Deposition Solution
NaaNi[Fe(CN)sg] 0.5 mM NiCl, + 0.5mM Ks[Fe(CN)s] + 0.25 M Na»SOq4
NazVOL[Fe(CN)g] 5 mM NaVOs + 5 mM K3[Fe(CN)s] + 3.6 M H2SO4
K2Cr[Fe(CN)¢] 10 mM CrCl; + 5 mM K3Fe[(CN)s] + 0.25 M KNO;3
NaMn[Mn(CN)s] 7 mM MnSO4 + 11 mM K3[Mn(CN)s] + 0.25 M Na,SO4

Table 5.1 The composition of the deposition solutions for Na;Ni[Fe(CN)s],
NaxVOx[Fe(CN)s], KoCr[Fe(CN)g] and Na2Mn[Mn(CN)g], respectively.
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Target Material Potential Range Cycles

NasNi[Fe(CN)s] 0.05V-0.85V ~60 cycles
NaxVOx[Fe(CN)s] 045V-12V ~110 cycles

K2Cr[Fe(CN)s] 1.1V-125V ~100 cycles
Na;Mn[Mn(CN)s] -1.18 V—--0.6V ~50 cycles

Table 5.2 The applied potential ranges and the cycle numbers for Na>Ni[Fe(CN)g],
Na;VOx[Fe(CN)s], KoCr[Fe(CN)g] and NaxMn[Mn(CN)g] deposition, respectively.

5.3 List of Equipment, Materials, Chemicals, and Software
Equipment:

AFM: MultiMode EC-STM/EC-AFM with a Nanoscope IIID controller, Veeco

Instruments Inc., USA.

EQCM: QCM 200, Stanford Research Systems, USA.
Potentiostat: VSP-300, Bio-Logic, France.

Reference electrodes: SSC, SI Analytics, Germany.

Water purification system: Evoqua Ultra Clear 10 TWF 30 UV, Evoqua, Germany.

Materials:
Ar 5.0, Air Liquid, Germany.

AT-cut Au quartz crystal wafer, dgew: 2.54 cm, dau: 1.37 cm, Stanford Research Systems,
USA.

Pt wire, 99.99 %, d: 0.3 mm, GoodFellow, Germany.
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Chemicals:

H2S04, 96 %, Suprapur, Merck, Germany

NaOH, >98%, Sigma Aldrich, Germany

NaxS0y4, 99.0%, Sigma Aldrich, Germany

K2S04, 99.0%, Sigma Aldrich, Germany

NacCl, 99.0%, Sigma Aldrich, Germany

KCl, 99%, Sigma Aldrich, Germany

NaClO4-H20, 98%, Alfa Aesar, Germany

MnSOs, 99%, Merck, Germany

NaCH3COO, 99%, Sigma Aldrich, Germany

KNO:s. 99.0%, Sigma Aldrich, Germany

KCH3COO, 99%, Sigma Aldrich, Germany

RbNO3, 99.7%, Sigma Aldrich, Germany

K3[Fe(CN)s], 99.0%, Sigma Aldrich, Germany

CsNOs3, 99%, Sigma Aldrich, Germany

NaNO3, 99.0%, Sigma Aldrich, Germany

LiNOs, ReagentPlus®, Sigma Aldrich, Germany

NaHCOs3, 99.7-100.3% Ph. Eur, VWR Chemicals, Germany

KCN, Reagent Ph. Eur. zur Analyse, Merck, Germany

Software:

EC-LAB 10.40- Potential control and Data collection.

EIS Data Analysis 1.1 and 1.2- Fitting of EIS spectra.

Nanoscope 5.31r1- AFM data collection.

OriginPro 2019- Data analysis, Treatment, and Display.

SRS QCM200- EQCM data collection.

WSxM 4.0 Beta 8.3- AFM data analysis.
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6. Results and Discussion

This chapter describes the preparation and characterization of four different battery
electrode materials based on PBAs and the study of the Na-intercalation mechanism in the
studied materials. This section is divided into four subchapters according to the electrode
materials. The first three subchapters discuss the three cathode materials, namely
NazNi[Fe(CN)g] (nickel hexacyanoferrate), Na2VOx[Fe(CN)e] (vanadium
hexacyanoferrate), and Na>Cr[Fe(CN)e] (chromium hexacyanoferrate), respectively. The
last subchapter demonstrates the synthesis of NaxMn[Mn(CN)e] (manganese
hexacyanomanganate) and its promising characteristics as an anode material for aqueous
Na-ion batteries. Strictly speaking, the precise chemical names of the four PBAs should
include sodium (e.g., Na2Ni[Fe(CN)e] is disodium nickel hexacyanoferrate), but those
materials will be called (also in their abbreviation) without Na in this dissertation. This
should help readers quickly recognize the compounds’ names with ease as frequently
named in the literature, (199213l

The four materials mentioned above were synthesized by electrochemical deposition and
characterized by various in-situ and ex-situ techniques. A tentative reaction model of the
Na-intercalation mechanism was established by primarily analyzing the EIS data collected
from the PBA materials immersed in aqueous Na-electrolytes with the elaborate
interpretations. The correctness of the suggested model was assessed with various
approaches, whose results have shown a good agreement with the proposed model. The
validity and applicability of the hypothesis of the intercalation mechanism have been
further confirmed in various systems ranging from other PBA materials to other Li-ion
battery systems in organic media. However, they are not discussed in this dissertation and

are instead referred to the references.[200-202]
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6.1 Nickel Hexacyanoferrate

The studies of nickel hexacyanoferrate (NiHCF) have been widely reported in the literature
since approximately 50 years earlier.[14-216] |n the beginning, they had focused on the
fundamentals and applications for electrochromism, ion exchangers, catalysts, chemical
and biosensors as well as Cs-ion removers. Recently, NiHCF has been re-spotlighted as a
potential energy storage material for aqueous alkali metal ion batteries or
supercapacitors. 83 102.108.217-224] |y the ljterature, NiHCF electrodes demonstrated specific
capacities ranging from 40 mAh g* to 60 mAh g with excellent cycling stabilities over
thousands of cycles in aqueous Na-electrolytes.[®® 102 2241 A sjgnificant portion of the
studies utilized slurry of NiHCF powder that is prepared by a precipitation method with
post-processes to improve the electrode quality such as vacuum drying at an elevated
temperature and mixing with conductive additives. However, for the fundamental
investigation of the Na-intercalation and -deintercalation mechanism, this preparation
method may not be proper, as the slurry contains not only NiHCF powder but also other
chemicals, such as conductive additives or mixing agents. The additional components are
necessary or at least beneficial to improve battery performances; however, their influence
might appear in electrochemical measurements. In this dissertation, therefore, NiHCF
electrodes were prepared solely by electrochemical deposition for studying their
electrochemical behaviors and Na-intercalation and -deintercalation with the minimal

degree of perturbation caused by other chemicals.

6.1.1 Preparation of Na:Ni[Fe(CN)e] Electrodes

The electrochemical deposition and characterization of Na:Ni[Fe(CN)s] electrodes were
performed in the glass cell using a three-electrode configuration as shown in Figures 5.1
(a) and 5.2 (a). AT-cut Au QCM crystals were used as substrates for the deposition of
NazNi[Fe(CN)s] thin films. An aqueous solution containing 0.25 M Na>SQO4, 0.5 mM
KsNi[Fe(CN)s], and 0.5 mM NiCl, was used as the deposition solution. Before the
deposition, the prepared solutions were purged with Ar gas longer than at least 5 minutes
to remove dissolved oxygen thoroughly.l*%! Subsequently, the electrode potential was
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cycled between 0.05 V and 0.85 V vs Ag/AgCI (SSC) at a scan rate of 50 mV s for ~60
cycles resulting in a deposited material.
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Figure 6.1. (a) Cyclic voltammograms obtained during the electrochemical deposition of
NazNi[Fe(CN)s] thin films on the Au QCM crystal and (b) the EQCM curves recorded in
the course of the deposition. (c) A representative CV of the Na2Ni[Fe(CN)e] films ina 0.25
M NazSO; aqueous electrolyte. The scan rate was set to 50 mV s™. (d) Charge vs time
curves registered during the deposition.[??!

Figure 6.1 (a) shows representative CVs of the NiHCF thin film deposition. In the CVs,
one can see the increment in the magnitude of the anodic and cathodic peak currents along
with the cycling, which reveals the growth of the NiHCF films. The origin of the anodic
and cathodic current is attributed mainly to the change in the oxidation state of Fe present
in the NaxNi[Fe(CN)e] films, which is the driving force for Na-intercalation and -

deintercalation. Thus, it can be observed that the deposition process also is accompanied
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by the intercalation and deintercalation of Na-ions. The mass change of the QCM crystal
during the deposition was measured with the EQCM as demonstrated in Figure 6.1 (b).
The resulting mass of the NiHCF film was calculated using the Sauerbrey equation. The
final frequency change of the QCM crystal was measured as ca 8 kHz, which is equivalent
to the mass change of ca 14 pg cm™2.[2%°! In comparison to the mass calculated with the
final charge consumed (ca 4.6 mC cm, see Figure 6.1 (d)), the mass deviation between
the value from the EQCM and that of the calculated from the charge is within ~5 %. This
shows high reliability of the mass balancing of the EQCM for this system. Here, the molar
mass of NaxNi[Fe(CN)s] (Na-intercalated film) was used to calculate the weight of the film.
The experiments related to the Na-intercalation and -deintercalation in the NiHCF thin film
were performed in a 0.25 M Na>SO4 aqueous electrolyte. Figure 6.1 (c) exhibits a typical
CV characterizing Na-intercalation and -deintercalation. The frequency change due to the
Na-intercalation and -deintercalation was measured as ca 60 Hz, which is equal to ca 1 g
cm as displayed in Figure A3 (see Appendix B). It should be remarked here that the
electrochemical deposition and Na-intercalation into the NiHCF thin films were highly
reproducible. This deposition procedure was equivalently conducted for the preparation of
NiHCEF electrodes for the subsequent measurements. The morphology of the NiHCF thin
films was investigated with SEM, electron microprobe, and AFM.
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Figure 6.2. (a) 2D and (b) 3D AFM images of the deposited NazNi[Fe(CN)s] thin films.
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Figure 6.2 (a) and 6.2 (b) shows the 2D and 3D AFM images of the deposited
Na2Ni[Fe(CN)e¢] thin films, respectively. The smoothness of the electrodeposited
NiHCF thin films was verified by 3D AFM profiling. The resulting surface roughness

was estimated as ~10 nm.

(C) Ni (green) § (D) Fe (blue)

(G) Ni (green) §l (H) Fe (blue)

(K) Ni (green) § (L) Fe (blue)

Figure 6.3. SEM images and elemental distribution images of the Na:Ni[Fe(CN)g]
films at scale bars : (a-d) 8um, (e-h) 3um and (i-1) 800 nm. (a), (e), and (i) are the SEM
images of the film, and the red, green, and blue colors represent Na, Ni, and Fe atoms,
respectively.

The SEM and elemental analysis of the deposited NiHCF films were conducted using
“Mira” (Tescan, Czech Republic) and “INCA Energy 350” (Oxford Instruments
Analytical, UK), respectively. The used electron beam has an energy of 20 kV. Figure
6.3 shows SEM images and the distribution of the main elements (Na, Ni, and Fe) of
the NiHCF thin films at different scales. As can be seen in Figure 6.3 (a-I), the NiHCF

thin films were uniformly deposited.
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6.1.2 Mechanism of Na-Intercalation into NiHCF

Considering the total mass of the Na:Ni[Fe(CN)g] films (=14 pg cm?) and the mass
alteration of ~1 pg cm? owing to the Na-intercalation and -deintercalation, it is
reasonable to conclude that one Na-ion per unit structure (Na2Ni[Fe(CN)e]) participates in
the intercalation and deintercalation processes within the given potential range (0.05 V
~0.85 V). This can be expressed as the following reaction formula:

NaNi[Fe''(CN)s] + Na* + & <> NazNi[Fe''(CN)s] Equation 6.1

Equation 6.1 is a generally accepted model for Na-intercalation in NaxNi[Fe(CN)e] in
aqueous electrolytes.!®! Here, the mechanism of Na-intercalation and -deintercalation is
simply described with a one-step process that does not involve any other components in
the system, such as a solvent or any other electrolyte components. In order to challenge the
validity of the generally accepted model described above, the electrochemical impedance
spectroscopy (EIS) measurement was performed.

For the EIS measurements, 10 mV of sinusoidal probing signals with a varying frequency
between 10 kHz and 0.5 Hz were applied to the deposited NiHCF thin films that were
immersed into a 0.25 M Na>SO4 aqueous electrolyte. The impedance data were collected
at the electrode potentials between 0.1 V and 0.8 V vs SSC. A shunt capacitor of 2.2 pF
was connected in parallel between the reference and counter electrodes to minimize
possible instrumental artifacts at the high-frequency range in resulting impedance
spectra.l!*®! The fitting results were evaluated by analyzing root-mean-square deviations
and the error of the individual parameters using the “EIS Data Analysis 1.2” software as
described in the literature.[??® 2271 The recorded impedance data were evaluated with
Kramers-Kronig analysis revealing no issues with the quality of the recorded
impedance spectra.

The resulting impedance spectra are presented in Figure 6.4. They have different shapes
depending on the electrode potentials at which the impedances were measured. As seen in
Figure 6.4 (a), the impedance spectra measured at 0.25 V and 0.27 V, at which no Na-
intercalation nor -deintercalation occurred, exhibit the shape of a semi-circle together with

a (quasi-) straight line at the low-frequency region. This shape is well-known for diffusion-
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limited systems. Interestingly, the “loop-shaped” impedance spectra were observed at the
electrode potentials (ca 0.30 V — 0.65 V) where Na-intercalation and -deintercalation take
place (see Figure 6.4 ((b-d)).
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Figure 6.4. (a-d) Impedance spectra (open symbols) of NazNi[Fe(CN)e] thin films in a
0.25 M Na2S0s aqueous electrolyte and their fitting (solid lines) at different potentials.
The used equivalent electric circuit model will be thoroughly discussed below.

In order to describe the particular shape of the impedance spectra, a rather complex model
is required. According to the literature, the loop-shaped impedance spectra can be seen in
the electrode process involving two reversible intermediate steps and one additional stage,
which do not contribute to the net interfacial charge transfer.?2 111 The “loop” is e.g.
frequently observed in corrosion processes, which often involve multi-step
mechanisms.[166. 2282341 However, it is not likely the case in this particular material because

of its extremely high stability. Nonetheless, the loop shape of the impedance spectra
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suggests that the Na-intercalation mechanism in the case of the NiHCF electrodes in
aqueous media involves at least three stages. For instance, the Na-intercalation mechanism
may encompass the relaxation process by anion adsorption and desorption. If there are
several stages during Na-intercalation and -deintercalation, it can be assumed that the
reaction rates of each stage may differ. Under this assumption, the first step (the fastest)
can be the alteration of the oxidation state of Fe, which is the driving force of the
intercalation and deintercalation of Na-ions. For the sake of a concise description of the
equations, only the deintercalation is formally described, while all steps are (quasi-)

reversible. The first step is the redox reaction of Fe in the NiHCF films.

(1) Electroactive step: Oxidation or reduction of Fe
Ni[Fe''(CN)s] — e = Na:Ni[Fe'"'(CN)e]*
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Figure 6.5. The first step of the proposed Na-intercalation and -deintercalation process. ()
Graphical illustration of the oxidation and reduction of Fe in the Na:Ni[Fe(CN)g] films. (b)
The corresponding equivalent electric circuit for this stage that can be often found in the
literature (Ry — uncompensated resistance, Zq — double-layer impedance, R¢t — charge
transfer resistance, and C, 1 — adsorption capacitance). () A representative “loop-shaped”
impedance spectra (open symbols) with the partial fitting (solid line) using the EEC model
present in (a).
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Figure 6.5 (a) shows the graphical illustration of the oxidation and reduction of Fe in the
NaxNi[Fe(CN)s] films. Figure 6.5 (b) represents the EEC model describing the one-stage
surface-limited reversible redox process. This model can, however, solely account for the
upper-semicircle of the impedance spectra as shown in Figure 6.5 (c). The EEC model
failed for the fitting of full spectra, which disproves the appropriateness of the simplified
model in interpreting the obtained data. The imperfection of the fitting using the four-
element model indicates the possibility of the existence of other steps in the Na-
intercalation mechanism. Therefore, a more complicated model with additional circuit
elements is needed. The excess positive charge may temporarily remain at the NiHCF films
before the Na-deintercalation is complete. This excess charge could be effectively
compensated by the adsorption of negative ions from the electrolytes (step 2). For instance,
in the studied system, the positively charged interface might be temporarily neutralized by
specifically adsorbing anions (e.g., SO4%) from the electrolyte. Here, sulfate ions represent
adsorption species present in the electrolyte. This adsorption process is distinguishable via

the EIS analysis. Thus, the second step can be written as:

(2) Specific adsorption or desorption step (temporary compensation of the excess
charge)
2 Na:Ni[Fe"(CN)e]" + SO4* = Ni[Fe""(CN)])2S04

Figure 6.6 (a) shows the illustration of the two-step mechanism: the oxidation and
reduction of Fe in the NiHCF films and the adsorption and desorption of anions for the
charge compensation. The EEC model accounting for the two-step mechanism can be
constructed as shown in Figure 6.6 (b). This EEC model can explain the impedance spectra
at higher frequencies, but the fitting result is, nevertheless, incomplete over the whole
frequency range (see Figure 6.6 (c)). Significant residual errors were observed in the low

frequencies in an attempt to the fitting of the full spectra.
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Figure 6.6. Two-step process consisting of a charge-transfer and a specific adsorption
reaction. (a) Scheme of the first and second steps of Na-intercalation and -deintercalation.
The two steps are quasi-reversible and interconnected with each other. (b) An equivalent
electric circuit that can describe two intrinsically-connected reversible redox processes (Ru
—uncompensated resistance, Zq — double-layer impedance, Rct — charge transfer resistance,
Ra1 — adsorption resistance, and Ca1 — adsorption capacitance). Note, that within this
physical model Ra1 and Ca1 can be formally negative due to the properties of the
physicochemical equations describing the system. (c) The loop-shaped impedance spectra
with the partial fitting result using the EEC model presented in (b). Note that the fitting of
full spectra is not possible yet using the model shown in (b).
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When the intercalation and deintercalation of Na-ions are completed, the adsorbed species
will leave the surface of the NiHCF films (step 3). Therefore, the last step can be described

as:

(3) A process without a net charge-transfer involving the Na-deintercalation in

conjunction with the desorption of anions:

(NaNi[Fe'" (CN)g])2S0s = 2 Na* + S04 + 2 NaNi[Fe'(CN)g]

= N
o o
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Figure 6.7. Three interconnected reversible steps of Na-intercalation and -deintercalation.
(@) Scheme of the “three-stage mechanism” and (b) the corresponding equivalent electric
circuit capable to explain the “loop-shaped” spectra (Ry — uncompensated resistance, Zq —
double-layer impedance, Ret — charge transfer resistance, and the other resistance and
capacitance elements in the dashed-square are pseudo-resistance and capacitance). Note,
that within this physical model Ra,1 and Ca1 as well as Ra 2 and Ca 2 can be formally negative
due to the properties of the physicochemical equations describing the system (c) The loop-
shaped spectra with the fitting using the EEC model in (b).

Including the two above-discussed steps, it can be concluded that the mechanism of the
Na-intercalation (and -deintercalation) has at least three quasi-reversible steps: (1) the
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alteration of the oxidation state of Fe in the NiHCF thin films, (2) temporary adsorption
(or desorption) of anions, and (3) Na-intercalation and -deintercalation with the subsequent
desorption (or adsorption) of the temporarily adsorbed (or desorbed) species.

Figure 6.7 (a) shows a schematic illustration of the proposed three-stage mechanism. An
EEC model representing the three-stage mechanism is shown in Figure 6.7 (b). It should
be noted that the four elements in the selected part are solely formal parameters which
describe the adsorption and desorption processes; their value can be either positive or
negative, and they must be considered as a group, not individual elements.[*”! Figure 6.7(c)
shows a representative impedance spectrum with an excellent fitting result. By using this
EEC model presented in Figure 6.7 (b) to fit the recorded impedance spectra, one can
obtain excellent fitting results for all the impedance spectra measured at different potentials
(see Figure 6.4).

The conducted assessment of the fitting results ensured the validity of the proposed model.
This further indicates that the acquired spectra are not associated with the artifacts or
experimental errors, such as contamination, non-stationarity, or non-linearity effects. The
detailed mathematical derivation of this model and its unique relationship with
electrochemical processes involving three steps are described in Appendix A in more
detail. The unique relationship of the impedance spectra and other EEC models presented
below can be found in the literature.[7!

If anions indeed participate in the Na-intercalation and -deintercalation process, the change
in the electrolyte composition should influence some Kkinetic parameters of Na-
intercalation. In order to find another support for the hypothesis of the three-stage
mechanism, cyclic voltammetry study of the NiHCF thin films in various aqueous

electrolytes was performed.
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6.1.3 Correlation of the Nature of Anions with Na-Intercalation

Properties

Under the assumption of the three-stage mechanism that involves the anion adsorption and
desorption, the change of the anion component of the electrolytes would influence the
kinetics of Na-intercalation and -deintercalation. In order to study the change of the kinetic
parameters, five different Na-salts with different conjugate base anions were selected:
Na>S0s, NaCl, NaNOs, NaClO4, and NaOAc (sodium acetate). The chosen anions have
different electronic structures or net charge densities. The concentrations of the anions in
all five electrolytes were equally set to 0.25 M. Besides, different concentrations of Na;SO4
electrolytes were used to study the concentration-effect: 0.25 M, 0.5 M, and 1 M Na>SO..
NazNi[Fe(CN)g] thin films were prepared as described in Chapter 6.1.1. For the Na2SOs,
NaNOz, NaClOs4, and NaOAc systems, electrode potentials were cycled from 0.05 V to
0.85 V vs Ag/AgCl at a scan rate of 50 mV s, whereas in the case of 0.25 M NaCl the
potential range was reduced to 0.8 V to avoid evolution of chlorine gas occurring at 0.85
V. While recording the CVs of the NiHCF, the frequency changes of the quartz crystals
were also measured using an EQCM to monitor the mass changes of the NiHCF films.
Although different potential ranges were applied in the case of 0.25 M NaCl, the recorded
EQCM curves do not show significant mass deviations between all the studied systems:
the frequency deviation between the intercalated and deintercalated states o**f all studied
films was calculated as ca 60 Hz (~1 pg cm™) as shown in Appendix B.

Figures 6.8 shows the CVs (solid lines) and the charge-discharge curves (dotted lines)
for the NazNi[Fe(CN)g] thin films in (a) 0.25 M Na>SOs, (b) 0.25 M NaCl, (c) 0.25 M
NaNOs, (d) 0.25 M NaClO4 and (e) 0.25 M NaOAc electrolytes, respectively. The
recorded CVs of the NiIHCF films using the different electrolytes resemble each other
as summarized in Figure 6.8 (f). This result shows that the change of the anions present
in the electrolyte does not alter Na-intercalation and -deintercalation per se. The
amount of charge consumed for Na-intercalation and -deintercalation is nearly equal to
each other: The mass alteration due to intercalation and deintercalation are almost the
same in all five cases as can be seen in Figure A3 of Appendix B. However, the

recorded charge-discharge curves result in significantly different values of the so-called
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“voltammetric reversibility” which can be associated with the kinetics of the Na-

intercalation and -deintercalation processes (see the dotted lines in Figure 6.8 (a-e)).
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Figure 6.8. Typical CVs of NaxNi[Fe(CN)e] thin films with the charge-discharge curves
recorded in different electrolytes: (a) 0.25 M Na>SOg4, (b) 0.25 M NaCl, (c) 0.25 M
NaNQs3, (d) 0.25 M NaClO4, and (e) 0.25 M NaOAc as well as (f) the collection of the
five CVs. The scan rate was set to 50 mV s™.
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The relationship between the reversibility and the electrolyte composition cannot be
simply explained with the electrolyte conductivity since the conductivities of aqueous
electrolytes of NaxSO4, NaCl and NaNOs are primarily similar considering the given
concentration.[?% 2361 The analysis of the voltammetric reversibility further supports
the hypothesis of the “three-stage mechanism” and also suggests the importance of the

choice of the electrolytes.
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Figure 6.9. “Voltammetric reversibility” (4E1,2) in the case of different anions present
in the electrolyte during Na-intercalation and -deintercalation.

S04

The voltammetric reversibility can be quantified for instance with the potential
deviation (4E12) between the “half-charged” and the “half-discharged” states. The
potentials of the half-charged and -discharged states were defined as the mean value of
the integrated charges of the anodic and cathodic branches of the CVs. Interestingly,
the voltammetric reversibility seemed to depend on the nature of the anions: The more
“asymmetric” anion or with a lower net charge density is used, the larger the value of
the voltammetric reversibility is observed (4E12: SO42 < ClI" <NO3 <ClO4 < OAC).
This trend is schematically illustrated in Figure 6.9.
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Figure 6.10. CVs of NaxNi[Fe(CN)e] films in Na>SOs electrolytes with different
concentrations of 0.25 M (black), 0.5 M (blue), and 1 M (red) (scan rate: 50 mV s™).

Furthermore, another evidence of the significance of the electrolyte composition was
found in the investigation using Na>SOg electrolytes of different concentrations. The
increase in the concentration of sodium sulfate in the aqueous solution shifts the
potentials of Na-intercalation and -deintercalation towards more positive values as
shown in Figure 6.10. Moreover, the irreversibility of the charging and discharging is
significantly decreased in the electrolyte with higher concentrations. For instance, 4E1/2
in the 1 M NaxSOg electrolyte is approximately 15 mV, which is roughly four times
smaller than that for 0.25 M Na>SO.. It is not merely explained with the conductivity
of the electrolytes as the conductivity of the Na>-SO4 solution does not proportionally
increase in the given concentration range.

The EIS studies of NaxNi[Fe(CN)s] films were additionally performed in other
electrolytes containing different alkali metal cations or anions to show that the loop-
shaped spectra appeared not only at specific electrolyte compositions. As shown in

Appendix C, the loop-shaped EIS spectra were also observed in various electrolytes
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with different compositions revealing that it is not the experimental artifacts, or it is

not limited to particular electrolyte compositions.
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Figure 6.11. Schematic illustration of the situation in the case of Na-intercalation
and -deintercalation using NiHCF thin films. During the intercalation (and
deintercalation) processes, the anions are adsorbed (desorbed) at the interface of
the NiHCF to compensate the excess charges. Different anions (SO4%, Cl', NO3',
ClOs and OAc’) graphically demonstrate the effectiveness of the charge
compensation depending on their geometry and effective charge density.

Figure 6.11 graphically illustrates the situation for the Na-intercalation and -
deintercalation. The cubic frameworks with different sizes of spheres schematically
represent the NazNi[Fe(CN)s] films. In the course of Na-intercalation, Na-ions travel

through the interfacial layer and diffuse into the films.

Summarizing the abovementioned findings, Na-intercalation into the Na;Ni[Fe(CN)s]
film in agueous media seems to have at least three quasi-reversible steps involving

intermediate steps of anion adsorption and desorption. Participation of the anions in
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Na-intercalation and -deintercalation emphasizes the importance of the choice of the
electrolyte composition in designing the battery systems. A slight modification in the
electrolyte composition causes the change in the kinetics of the interfacial charge

transfer.

6.1.4 Battery Performance Tests for NiIHCF Electrodes
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Figure 6.12. Galvanostatic charge/discharge profiles for Na;Ni[Fe(CN)s] films in
(a) 0.25 M NazSOq4 and (b) 1 M NaxSO4 electrolytes.

The charge and discharge profiles for an optimized half-cell using Na;Ni[Fe(CN)s] films
were recorded in 0.25 M Na>SO4 and 1 M NaxSO4 aqueous electrolytes as shown in
Figure 6.12 (a) and 6.12 (b), respectively. In the optimized systems, Na>Ni[Fe(CN)s]
films exhibit a specific capacity of ~80 mAh g! even at 180 C (20 seconds for the full
charge).* This capacity value is only 5% less compared to the theoretical specific
capacity of the Na;Ni[Fe(CN)s]. Compared to the reported value in the literature, the
specific capacity of the electrodeposited NiHCF exhibited ca 25% enhancement.[!%]

Moreover, virtually symmetric shape of the charging and discharging curves was

observed in 1 M NazSO4 electrolyte.

4. 1C is defined as the rate at which the battery is fully charged in one hour.
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6.1.5 Cation Effect on Intercalation Properties of NiIHCF

As the nature of the anions in electrolytes influences the voltammetric reversibility, it can
be foreseen that the replacement of intercalating species having different electrochemical
properties would also change the properties of the intercalation system. Considering the
crystal structure, NiIHCF has enough space to accommodate all alkali metal cations of
different sizes, from Li* to Cs* (see Figure 6.13).[2%" In order to investigate these effects,
cyclic voltammetry and EQCM study of NiHCF films were performed in 0.25 M of
aqueous electrolytes of AMNO3 (AM = Li, Na, K, Rb, or Cs).

Mere speculation was proposed in the literature that the capability of the insertion of alkali
metal cations and the resulting changes in the electrochemical properties of the host
materials are involved with the size of intercalating species.[?28-24% Considering the size of
alkali metal cations, one can expect that the bigger cations need to overcome the larger
energy barrier to be intercalated into the structure. According to this argument, Cs-ions
should be intercalated at the more negative potential compared to that of smaller ions such

as Li* or Na* ions.

Figure 6.13. Schematics of the crystal structure of NiIHCF accommodating Na- and Cs-
ions. The sizes of all atoms in the drawing are proportional to their relative size
difference.
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In contrast to the abovementioned hypothesis, an exactly opposite situation was observed.
The intercalation of the cations with bigger sizes was observed at the more positive
potential. Figure 6.14 (a) shows the collection of typical CVs of NiHCF thin films in
aqueous electrolytes containing AMNO3, where AM is Li, Na, K, Rb, or Cs. Cleary, apart
from the cation size, other physicochemical parameters might be crucial in the
determination of the potential for the intercalation. Assuming that the solvation shells of
the hydrated cations will be lost before intercalation, the ionic hydration energy might be
one of the parameters determining the intercalation potential. Figure 6.14 (b) displays the
plot of the electrode potential at the “half-charged” state, E;,,, as a function of the
hydration energy of the cations. In the plot, one can observe a quasi-linear correlation of

the potential and hydration energy.
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Figure 6.14. (a) Typical CVs of Na:Ni[Fe(CN)s] in 0.25 M aqueous solutions of MNOs3
where M = Li, Na, K, Rb, or Cs (scan rate: 50 mV s?). (b) Correlation of the hydration
energy of alkali metal cations and the potential at the “half-charged” state (E1/2).

The observed mass alteration during the charging and discharging (see Appendix D)
suggested that approximately half of Na-ions is replaced with other alkali metal cations.

The net reaction can be thus formulated as below:

NaNi[Fe"'(CN)s] + AM* + &= = AMNaNi[Fe"(CN)g]
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6.2 Vanadium Hexacyanoferrate

The study of vanadium hexacyanoferrates has been rarely reported compared to other
PBASs.[139 141, 241-246] T the best of my knowledge, the first electrochemical investigation
of vanadium hexacyanoferrates was reported in 1986 by Dong and Li.[*4! In their study, it
was revealed that a relatively high concentration of H2SO4 is necessary for the supporting
electrolyte for reversible redox reactions of vanadium hexacyanoferrates. They claimed
that the mechanism of the redox reaction of vanadium hexacyanoferrate is attributed to the
change of the oxidation states of both V and Fe atoms with the participation of protons and
alkali metal cations present in the aqueous solution. In a later study, however, Carpenter et
al. reported the controversial result disclosing the origin of the redox processes in
vanadium hexacyanoferrate.l**®1 From the XPS and electrochemical studies, they
concluded that V-atoms of vanadium hexacyanoferrate were not involved in the redox
reaction, but Fe atoms were the electroactive ones. Another issue of vanadium
hexacyanoferrates is their poor stability in neutral or basic electrolytes.?*2 Albeit
vanadium hexacyanoferrates show comparatively good stability in very acidic media, the
acidic environment is not preferred in the battery applications.[®® For large-scale

applications, the stability of the films in pH-neutral aqueous solutions should be improved.

In this work, vanadium hexacyanoferrates were prepared by electrochemical deposition
using Dong et al.’s method with slight modifications.’*6! The physicochemical properties
of vanadium hexacyanoferrate thin films were investigated in different aqueous
electrolytes composed of various alkali metal cations and anions. To verify the validity and
applicability of the previously discussed three-stage mechanism to this system, the thin
films were investigated using electrochemical impedance spectroscopy combined with
cyclic voltammetry and XPS measurements. The electroactive centers of vanadium
hexacyanoferrates were disclosed from the XPS. A feasible solution to the stability issue
of vanadium hexacyanoferrate in nearly neutral media was proposed. Finally, the
performance of the vanadium hexacyanoferrates as battery electrode materials was tested

in different electrolytes.
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6.2.1 Preparation of Na.VOx[Fe(CN)s] Electrodes
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Figure 6.15. Preparation of NaxVVOx[Fe(CN)g] thin films. (a) Representative CVs of the
electrodeposition of Na)VOx[Fe(CN)s] and (b) the corresponding EQCM profile
monitoring the frequency changes due to the deposition. (c) Typical AFM and (d) SEM
image of NaaVVOx[Fe(CN)g] thin film.

The preparation protocol of Na;VOx[Fe(CN)s] (VOxHCF) thin films was adopted by
modifying the method of Dong et al to some extent. The electrochemical deposition of
Na2VVOx[Fe(CN)s] was carried out in the glass cells with a three-electrode configuration as
shown in Figure 5.1. AT-cut gold QCM wafers, a gold single crystal and sputtered gold
on glass chips (arrandee™) were used as the substrates for the deposition. A Pt wire and
an Ag/AgCI electrodes were used as the counter electrode and the reference electrode,
respectively. The aqueous deposition solution was prepared by mixing 3.6 M H,SOg4, 5
mM NaVOsz and 5 mM KsFe(CN)e in ultrapure water. For the VOxHCF deposition, the
electrode was cycled in the potential range from 0.45 V to 1.2 V vs Ag/AgCl for ca 110
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cycles at a scan rate of 50 mV s, Electrode mass change was simultaneously measured
with the EQCM to determine the deposited mass.

The electrochemical deposition of NaVVOx[Fe(CN)g] thin films was conducted under the

potentiodynamic condition using the following tentative net reaction scheme:

2Na* + VO35 + [Fe(CN)e]® + (6 — 2X)H* — NaVOX[Fe(CN)s] + (3 — x) H20

Figure 6.15 (a) displays representative CVs of the deposition of NaxVOx[Fe(CN)e] thin
films. For better visualization, only the first and every 10th cycles are presented in Figure
6.15 (a). The obtained anodic and cathodic peak currents of the CVs were originated from
the change of the oxidation number of Fe atoms of Na;VOx[Fe(CN)g] thin films, which
results in the intercalation and deintercalation of Na ions. The increase in the peak currents
indicates the successful growth of the NaVVOx[Fe(CN)g] thin films: As the amount of the
films increases, the larger number of Fe atoms of the VOxHCF films are oxidized and
reduced, i.e., the higher current flow is observed. The net mass changes due to the VOxHCF
deposition were monitored using the EQCM as shown in Figure 6.15 (b). The resulting
mass of the deposited Na,VOx[Fe(CN)s] thin films was calculated to be ~27 g cm™. The
fluctuation of the electrode mass during the deposition is associated with the reversible Na-
intercalation and -deintercalation, which are caused by the redox reactions of Fe atoms
during the Na2VVOx[Fe(CN)e] deposition. From the comparison of the measured mass by
the EQCM and the calculated value from the integrated charge, the stoichiometric number
of oxygen, X, is estimated to be slightly lower than 2. The number of oxygen (x) is lower
compared to that of metavanadate anions (VOz’) used in the deposition solution. The lower
x value is presumably attributed to the conversion of the metavanadate ions into other
forms, namely, VO2* and VO?* in the acidic aqueous solution.**!] The morphology of the
electrodeposited NaxVVOx[Fe(CN)g] thin films was studied using AFM and SEM. Figure
6.15 (c) shows a typical AFM image of the Na2VOx[Fe(CN)s] thin films, and the surface
structure with the mean height of roughly 90 nm is seen from the image. An SEM image
of Na;VOx[Fe(CN)s] films is displayed in Figure 6.15(d). Although these two images
showed the different surface structures, it can be concluded from both images that the

Na>VOx[Fe(CN)e] thin films fully cover the electrode surface without pores.
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6.2.2 Mechanism of Na-Intercalation into VOHCF
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Figure 6.16. Characterization of the Na2VVOx[Fe(CN)e] thin films. (a) Typical CVs of the
VOxHCEF thin films measured in 1 M NaSOs + 3.6 M H2S0O4 electrolyte (scan rate: 50 mV
s'). The electrode potential was cycled from 0.45 V to 1.05 V vs Ag/AgCl. (b) XPS data
of the VOxHCF thin films. Black and blue lines represent the obtained XPS data from the
Na-deintercalated and the Na-intercalated VOxHCF thin films, respectively. (c) Impedance
spectra of the VOxHCEF thin films measured in 1 M NaxSO4 + 3.6 M H>SO4 electrolytes at
0.8 V and 0.9 V vs Ag/AgCl. (d) EEC describing the three-stage mechanism.

From the FT-IR analysis, Dong et al claimed that the origin of Na-intercalation and -
deintercalation at the vanadium hexacyanoferrate thin films is attributed to the redox
reaction of both V and Fe atoms in the structure.[*4: 2431 However, Carpenter et al. argued
that only Fe atoms in vanadium hexacyanoferrate are electroactive and involved in the
electrochemical reaction.* In order to shed light on the Na-intercalation mechanism of

VOxHCEF, cyclic voltammetric, EIS, and XPS measurements were performed.
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Figure 6.16(a) shows ten consecutive CV cycles of VOxHCF thin films in an aqueous
electrolyte containing 1 M Na;SO4 and 3.6 M H2SO4. Characteristic anodic and cathodic
peaks of Na-intercalation and -deintercalation were observed at ~0.91 V and ~0.89 V vs
SSC. The current density of the anodic and cathodic peaks has slightly decreased during
cycling within the given potential range (degradation of the films). The comparison of the
XPS spectra of the charged VOxHCF (black) and the discharged VOxHCF (blue) is
displayed in Figure 6.16(b). From the XPS spectra, the presence of the main constituent
elements (Na, V, Fe, and O) of VOxHCF was confirmed. Each XPS peak was identified
with the respective elements in comparison to the literature.[4”] Notably, one can see a
relatively reduced Na 1s peak at the Na-deintercalated VOxHCF when compared to that of
the Na-intercalated sample, which suggests that not all Na-ions were fully released from
the VOxHCF films, but some Na-ions remained in the structure. From the XPS spectra
analysis, Fe atoms in the VOxHCF films were identified to be electroactive. The binding
energies of both Fe 2pY2 and Fe 2p®? slightly differ between the Na-intercalated and -
deintercalated samples. This observation is in good agreement with the literature,
supporting the argument that Fe atoms are involved in the redox reaction for the Na-
intercalation and -deintercalation processes.[3 41 2431 However, the binding energy shift
of V or O between the two samples is barely detectable, which is in good accordance with

Carpenter et al’s claims.[**"]

As previously discussed in Chapter 6.1.2, if the Na-intercalation and -deintercalation
processes involve more than three stages, the impedance responses of the investigated
system will display the “loop-shaped" spectra in the Nyquist plots. EIS measurements were
carried out in the potential range from 0.55 V to 1.05 V using ac signals of a 10 mV
amplitude with varying frequencies from 50 kHz to 0.1 Hz. As shown in Figure 6.16 (c),
indeed, the “loop-shaped” impedance spectra were obtained at 0.8 V and 0.9 V, where the
Na-intercalation and -deintercalation occurred. The reliability of the acquired impedance
data was confirmed with the K-K test revealing no significant issues with the data quality.
Using the EEC shown in Figure 6.16(d), excellent fitting results were obtained, which
suggest the existence of the three-stage mechanism for Na-intercalation in this system.
Note that the generally-accepted EEC with Warburg elements cannot explain the loop-

shaped spectra, as the Warburg element accounts for a linear behavior at low frequency
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(typically 45 ©with respect to the X-axis in a Nyquist plot). However, the EEC of the three-
stage mechanism can successfully fit the complex impedance spectra with a minimum
number of the circuit elements possible. In a similar way to the case of NiHCF thin films,

Na-intercalation and -deintercalation mechanisms can be described with the following

three stages:
i) Redox reaction of Fe”, which is kinetically quicker compared to the other
processes
VO«[Fe'(CN)s] = VOL[Fe(CN)e]" + &
i) Specific adsorption of charge-compensating species, for instance anions (A")

VOL[Fe™(CN)s]" + A" = Na:VO,[Fe(CN)s]A

i) Na-intercalation or deintercalation with the adsorption or desorption of the
anions

VOL[Fe"(CN)sJA = NaVOL[Fe"(CN)g] + Na' +A”

The detailed interpretation of how the “loop-shaped” impedance spectra account for the
three-stage mechanism is described in the previous section in Chapter 6.1.2. It should be
noted that the hypothesis of the three-stage mechanism argues that the Na-intercalation
process involves at least three stages. In other words, in more complex systems, for
instance, Na2VOx[Fe''(CN)g] that was investigated in this work, the number of intermediate

steps in the reaction scheme can exceed three.

PBAs are constituted with various transition metals that are interconnected with cyanide
bonds. In the literature, a large number of PBA materials have been investigated mostly by
replacing the nitrogen-linked Fe elements with other transition metals. From the study of
NiHCF thin films, the change in intercalating cations, which are also constituent elements,
significantly alters the E1, potential of the NiHCF thin films (see Chapter 6.1.5). Thus,
when making a straightforward prediction, changing the intercalating species shifts the E1/

potentials of PBA materials.
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6.2.3 Cation Effect on Intercalation Properties of VOxHCF
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Figure 6.17. (a) Characteristic CVs of NaXVOx[Fe(CN)es] thin films in aqueous
electrolytes containing 3.6 M H>SO4 + 0.25 M XNOs, where X = Li, Na, K, Rb, or Cs. (b)
The comparison of the Ei. potentials of NiIHCF and VOxHCF thin films for the
intercalation of the different alkali metal cations. The Ei potentials are plotted as a
function of the hydration energies of the intercalating cations.

Figure 6.17(a) shows representative CVs of VOxHCF thin films in aqueous solutions
containing 0.25 M XNOs, where X = Li, Na, K, Rb, or Cs, with the addition of 3.6 M
H2SOa. In the case of the NiHCF thin films, the E1/2 potentials significantly vary depending
on the hydration energies of intercalating alkali metal cations. However, the “solvation
effect” in the case of VOxHCF is not remarkable compared to that of NiHCF thin films:
The E12 potentials of VOxHCF thin films do not exhibit the noticeable dependence on the
intercalating cations as shown in Figure 6.17(b). The intercalation potentials only slightly
shifted in the different electrolytes. This contrary result to the previous study might be
related to the complex redox reaction of vanadium in VOxHCF with protons in the
electrolyte, but it is skeptical to explain the reason for the different behavior of the NiHCF
and VOxHCF with the single parameter. Therefore, further profound investigations are

necessary to reveal the observed difference between the NiHCF and the VOxHCF.
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6.2.4 Electrode Compositions and Intercalation Potentials of PBAs
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Figure 6.18. (a) Characteristic CVs of NaxNi[Fe(CN)s], Na2Co[Fe(CN)e],
Na2Cu[Fe(CN)s], and Na;VOx[Fe(CN)e] and (b) the corresponding Ei, potentials as a
function of the empirical radii of the N-coordinated transition metal elements (Ni, Co, Cu,
and V) of the PBAs.
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As seen in Figure 6.18(a), Na-intercalation and -deintercalation using different PBA
electrodes took place in different potential ranges. When their E1/2 potentials are plotted as
a function of the empirical radii of the replaced transition metals in PBA thin films, one
can view an interesting correlation. As displayed in Figure 6.18(b), the correlation
between the E1/2 potentials and the size of the empirical radii of the transition metals seems
to be roughly linear: the E1zpotentials exhibit the more positive at the PBAs with the bigger
empirical radii of the key transition metals. The obtained E12potentials of the studied PBAs
are ~0.91 V for VOxHCF, whereas NiHCF, CoHCF, CuHCF for ~0.44 V, ~0.51 V, and
~0.67 V, respectively.
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6.2.5 Battery Tests and Stabilization of VOxHCF Electrodes
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Figure 6.19. (a) Galvanostatic profiles (C-rate: 30 C) of the Na;VVOx[Fe(CN)e] thin films
in aqueous electrolytes of 3 M NaNOs (blue), 3 M KNO3 (black) and 1 M LiNO3z (green).
3.6 M H2SO4 was added in all the three electrolytes. (b) CVs of the VOxHCF thin films in
0.25 M NazSO4 aqueous electrolyte (pH = 5) at a scan rate of 50 mV s, (c) CVs of the
VOxHCF films coated with the NiHCF films in 0.25 M Na,SOs electrolyte (pH = 4) at a
scan rate of 25 mV s, (d) Five CV cycles of the VOxHCF thin film protected with the
NiHCF coating in 0.25 M NazSOa (pH = 4) (scan rate of 25 mV s). The cycling stability
of the VOxHCF thin films was greatly improved. The acidity of the aqueous electrolytes
was adjusted by adding H2SOa.

Figure 6.19 (a) displays the charge and discharge curves of the NaxVOx[Fe(CN)e] thin-
film electrodes in a galvanostatic condition (C-rate: 30 C) in three different aqueous
electrolytes of 3.6 M H2SO4 with 3 M NaNOs (blue), 3 M KNO3 (black) and 1 M LiNOs
(green), respectively. The Na>VOx[Fe(CN)e] thin films showed the potential plateau
around 0.9 V vs SSC in all the cases. The specific capacities of the VOxHCF electrodes
were obtained as ~83, ~79, and ~76 mAh g in the 1 M LiNOs, 3 M NaNO3, and 3 M
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KNOs electrolytes, respectively. The obtained capacities are very close to the theoretical
values. Interestingly, the change of the intercalating cations changed the specific capacities
of the VOxHCF to a little extent. Presumably, because of the large channels of the VOxHCF
for Li-, Na- and K-intercalation, the number of the intercalating cations is virtually the
same (equal total charge), which results in the difference in only total mass due to the mass
difference of the Li-, Na- and K-ions. Note that the specific capacity is equivalent to a

measure of the stored charge per unit weight.

It has been reported in the literature that VOxHCF electrodes exhibited severe stability
issues in neutral media. In many cases, PBA materials showed rapid degradation typically
in basic or neutral media.?*®l In this work, the VOxHCF electrodes also suffered from
severe degradation even in less acidic media (at pH 5) as shown in Figure 6.19 (b). The
use of extremely high acidic aqueous electrolytes in the battery is not desired due to the
following issues: (i) The high acidity raises concerns regarding environmental and safety
issues of the accidental leakage of the electrolytes. (ii) The increase in the acidity shifts the
stability window of aqueous electrolyte towards more positive potential, which in return
reduces the operating electrochemical window for anode materials. It should be stressed
that the choice of the anode materials for aqueous batteries are even more restricted
compared to the cathode materials. Therefore, for facilitating the deployment of VOxHCF
electrodes in aqueous battery systems, the improvement of the stability in less acidic media

is crucial.

One viable solution to address the stability issues of the VOxHCF electrode is to coat the
surface with the protective layers, which do not deteriorate the battery performance of the
VOxHCEF at the same time. For this purpose, NiHCF thin films were chosen as protective
layers due to several beneficial characteristics of NiHCF: (i) NiHCF exhibits the excellent
cycling stability at neutral pH.[1%2 (ii) Particularly, less strain effect between VOxHCF and
NiHCF-coating was expected due to the similarity in the crystal structure and the lattice
parameters of the NiHCF to those of the VOxHCF.[237: 244,245, 249-252] (jjj) The potential range
for Na-intercalation and deintercalation in the case of the NiHCF does not fairly overlap
(0.2 V — 0.6 V) of those of the VOHCF (0.55 V — 0.95 V).122. 2461

109



The protective layers of Na:Ni[Fe(CN)e] were electrochemically deposited on the
VOxHCEF thin films by applying a constant potential (0.37 V vs SSC) in the aqueous
deposition solution consisting of 0.5 mM NiClz and 0.5 mM KzFe(CN)s and 0.1 M H2SOsg.
Figure 6.19 (c) displays the resulting CVs of a Na2VOx[Fe(CN)s]/NazNi[Fe(CN)g]
electrode in a 0.25 M Na,SO4 aqueous electrolyte (pH = 4). In comparison to the CVs of
pure Na2VOx[Fe(CN)e] electrodes, the NiHCF-coated VOxHCF electrode shows additional
redox peaks around ~0.37 V. Interestingly, the Na-intercalation and -deintercalation peaks
(ca 0.71 V/0.78 V) are shifted to more cathodic potentials compared to those (ca 0.63 V/
0.7 V) of the uncoated VOxHCEF thin films. The cathodic shifts of the Na-intercalation and
deintercalation peaks might be caused by the protective layers of the NiHCF thin films. In
the reduced potential range, the optimized VOxHCF/NiHCF system exhibit significantly
enhanced cycling stability, showing redox peaks at ~0.65 V and ~0.78 V as can be seen in
Figure 6.19 (d).
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6.3 Chromium Hexacyanoferrate

In the development of next-generation battery materials for large-scale applications, the
availability and the price of raw materials should be particularly taken into account.
Considering the statistics of the global production of battery materials (especially
inexpensive metals), it seems reasonable to develop electrodes based on Fe or Cr due to

their abundance in the Earth's crust (see Figure 6.20).
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Figure 6.20. Annual global production of the elements that are often found in battery
materials: Elements that are often used for electrodes are represented with the full circles,
and those with half-black circles represent the elements that can be either electrode or
electrolyte components. Reproduced from the reference 23°! with permission from the
American Chemical Society.

The excellent tunability of PBA composition facilitates the replacement of expensive or
rare constituent elements with inexpensive and abundant ones. For instance, chromium
hexacyanoferrates (CrHCFs) seem to be a promising candidate as the electrode materials
for aqueous Na-ion batteries due to the high occurrence of Cr and Fe. Furthermore, it was

reported that the formal potential of CrHCF for K-intercalation in aqueous media exhibited
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1.005 V vs SHE, which is a relatively high value for aqueous alkali metal-ion batteries.[*>*

However, the main requirement for the utilization of CrHCF as battery material is that the
intercalation potential for Na-ions does not significantly differ from that of K-intercalation.

In the literature, the majority of studies on CrHCF focused on its electrochemical

I [260-262 [263-
9

properties,[23% 2361 ysage as an ion exchanger,'>>7-%>%! chemical senso I biosensor,

2671 and (electro)catalyst.® 26°1 However, research on CrHCF for battery applications is
scarce. In detail, only one study is available in the literature to the best of my knowledge.!*’"!
Hence, this chapter addresses the successful preparation of CrHCF thin films on 3D-

graphene foam and the evaluation of their performance as an electrode material.

6.3.1 Preparation of Na,Cr[Fe(CN)s] Electrodes

According to the literature, electrochemical deposition of chromium hexacyanoferrate
(CrHCF) films requires the reduction of Cr** in the deposition solution.[?>> 2% 2711 The
standard reduction potentials of Cr*" are reported to be -0.41 V vs SHE for Cr**?" and -
0.74 V vs SHE for Cr**", respectively.?’?! For the electrodeposition of CrHCF thin films
on a gold electrode, the electrode potential should be cycled from -0.85 V to 1.00 V vs SSC.
Unfortunately, gold QCM working electrodes could not be used as a substrate for the
deposition of CrHCF thin films since no proper CrHCF film deposition could be achieved
(even with the extended deposition time).

Moreover, gas evolution (H» evolution) was observed around -0.7 V vs Ag/AgCl1 (3 M KCl)
as shown in Appendix E. Thus, less electrocatalytically active substrates for the hydrogen
evolution had to be identified for the CrHCF deposition. In the literature, glassy carbon
electrodes were often utilized as the substrate for CrHCF deposition, but the amount of the

deposited CrHCF was not large enough to serve as an electrode material 1255 260 262, 265, 267,

269 2131 Herein, Graphene/thermoplastic polyurethane flexible foams (Graphene
Supermarket, USA), namely 3D graphene foams, were identified to be served as substrates
for the CrHCF deposition. In this work, a Pt wire and silver/silver chloride (SSC, Schott)
filled with 3 M KCI were utilized as the counter and reference electrodes, respectively. For
the CrHCF deposition, the Luggin capillary of the reference electrode was filled with a

saturated aqueous KClI solution.
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Figure 6.21. (a) Representative CVs of the electrochemical deposition of CrHCF thin films
on graphene foams. (b) Representative CVs of the CrHCF thin films in 0.25 M KNO3 (blue)
and 0.25 M NaNOs (green) aqueous electrolytes, respectively. (c) SEM images of the
graphene-foam before (top) and after the CrHCF deposition (bottom). (d) XPS analysis of
the deposited CrHCF thin films using a polycrystalline Pt QCM electrode as the substrate.

The deposition and electrochemical characterization of CrHCF thin films were carried out
in the setup shown in Figure 5.1 (b). The deposition solutions for CrHCF thin films were
prepared by dissolving 0.25 M KNOs3, 10 mM CrCls, and 5 mM K3Fe(CN)s in ultrapure
water. The electrode potential was cycled between -1.1 V and 1.25 V vs SSC at a scan rate
of 50 mV s™! for ~100 cycles. Figure 6.21 (a) displays typical CVs, which characterize the
growth of chromium (II) hexacyanoferrates. In detail, the growth of CrHCF thin films is
verified by monitoring the increase in cathodic and anodic current peaks upon cycling. In
contrast to the NiHCF or VOxHCF deposition, a very negative potential of ca -1.1 V is
needed to reduce Cr*" species.[*>’] This finding is in good agreement with the findings of
Gao, Jiang, and Karyakin.[?>> 2% 2711 Sybsequently, the intercalation and deintercalation of

Na- and K-ions were assessed by cyclic voltammetry. Figure 6.21 (b) shows typical CVs
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of CrHCEF thin films recorded in aqueous 0.25 M KNOs (blue) and 0.25 M NaNOs (green)
electrolytes, respectively. The recorded anodic and cathodic peaks can be attributed to the
change of the oxidation number of Fe in CrHCF, which shows the occurrence of the
intercalation and deintercalation of the alkali metal cations. The morphological analysis of
the deposited CrHCF thin films was performed using SEM. Figure 6.21 (c) displays typical
SEM images of the 3D graphene foam before (top) and after (bottom) the CrHCF
deposition. The pure graphene foams show a complex structure consisting of nano-sized
rods. Interestingly, the substrate is not visible after CrHCF deposition. Instead, it is
homogeneously covered with CrHCF films (see magnified image). The deposited CrHCF
thin films showed an adequately smooth topography of CrHCF aggregates with a mean
size of roughly 166 nm.

The chemical composition of the CrHCF thin films was revealed using XPS. To acquire
better XPS spectra, flat QCM Pt electrodes were used as substrates for the CrHCF
deposition. After the deposition, the CrHCF thin films were “fully charged” (the
deintercalated state) for XPS analysis. As displayed in Figure 6.21 (d), all expected
elements (K, Fe, and Cr) of CrHCF were identified from the XPS spectra. Interestingly, K
peaks were still observed in the XPS data even after the deintercalation. The XPS peaks of
Fe seem to overlap with at least two peaks. The characteristic peaks of Fe** for 2ps» and
2p1» were observed at ~711.99 and ~724.91 eV, respectively, and those of Fe*" for 2ps»
and 2p1,» appeared at ~713.39 and ~727.13 eV, respectively.?’# The ratio of the Fe?*- and
Fe**-peak areas suggests that 3+ is the dominant oxidation state in the charged CrHCF thin
films. The divergence of the XPS peaks of Fe can be attributed to the oxidation and
reduction reactions during charging and discharging, which is good agreement with the
literature.[*>3] Hence, considering the redox reaction of Fe, a tentative reaction formula can

be suggested as following:

KCr[Fe™(CN)¢] + K* + e = KoCr'[Fe''(CN)¢]
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6.3.2 Influence of Electrolyte Compositions on Capacity Retention of

CrHCF

In the previous studies of NiHCF and VO HCEF thin films, it was found that anion species
present in the electrolyte take part in the intercalation and deintercalation processes. The
change of the electrolyte composition has significant effects on battery performance,
namely voltammetric reversibility and cycling stability. To identify the optimal electrolyte
composition for the maximization of the battery performance, various electrolytes were
utilized to investigate the cycling performance of the CrHCF thin films as following: 1)
0.25 M of K-containing electrolytes with different anions, namely NOs", Cl', OAc™ (acetate)
and SO4* and ii) 0.25 M of NOs-based aqueous electrolytes with different alkali metal
cations such as Li*, Na", K, Rb", and Cs". The CrHCF thin films were cycled over 1000

cycles in all the corresponding electrolytes.

The CVs of CrHCF thin films exhibit a similar shape, independent on the anions present
in the electrolyte (see Figure 6.22(a)). However, the K-intercalation and -deintercalation
potentials vary in different electrolytes. Similarly to the case of NiHCF, improved
reversibility was observed in the electrolytes containing anions with more symmetric
shapes or higher net electric charges (i.e., the less peak separation: SO4> < Cl' < NOj3™ <
CH3;COOQO"). An interesting trend is also observable at the electrode potentials of the K-
intercalation and -deintercalation. The intercalation potentials (cathodic peaks) shift
towards more positive values in the order of K>SO4 (red), KCI (green), KNOs3 (blue), and
KCH3COO (black). Notably, in the case of KCH3COO, not only the potential shift is
significant, but also the CV's exhibit a more asymmetric shape compared to the others. This
surprising result explicitly demonstrates the significance of the electrolyte composition for
the battery performance of CrHCF. The long-term stability tests of CrHCF thin films
further supports the importance of the electrolyte composition. If the anions are not
associated with the charging and discharging processes, the capacity retentions should not
deviate from each other. However, the capacity retention of the CrHCFs over 1000 cycles
varied to a larger degree, depending on the electrolyte composition (see Figure 6.22B).

For instance, in the case of 0.25 M KCH3COO, the capacity dropped to ca 10 % of its
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initial value within 100 cycles, whereas ca 57 % of the initial capacity was retained in the

case of 0.25 M KNOs even after 1000 cycles.
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Figure 6.22. Electrochemical measurements of CrHCF thin films in four different
electrolytes with different compositions. (a) CVs of CrHCF thin films and (b)
corresponding long-term stability tests in 0.25 M of K-containing aqueous electrolytes:
KNO; (blue), KCI (green), KCH3COO (black) and K»SO4 (red). (c) CVs of CrHCF thin
films and (d) corresponding long-term stability tests in 0.25 M of nitrate-based aqueous
electrolytes with different alkali metal cations: LiNO; (yellow), NaNOs (olive), KNO3
(blue), RbNOs3 (purple) and CsNOs (black).

Many PBAs are known to be capable of accommodating different sizes of cations because
of their large channels.?? 101193, 2751 Ag discussed in the previous chapters, the CVs of
NiHCF thin films significantly differed depending on the intercalating species, whereas the
shape of the CVs for the VOHCEF thin films appeared to be similar regardless of the nature
of the intercalating cations present in the electrolyte. As can be seen in Figure 6.22 (c), the
CVs of CrHCEF thin films in 0.25 M AMNO; electrolytes (AM = Li, Na, K, Rb, or Cs)
displayed a similar shape except for the case of 0.25 M CsNOs. Since Cs-ions are bigger
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and heavier than Li-ions, one can anticipate that the cycling stability of the CrHCF will be

better in the Li-containing electrolyte compared to that in the Cs-containing one.

Moreover, the more symmetric CV shape of the CrHCF in the Li-electrolyte compared to
that in the Cs-electrolyte could support that simple expectation. Surprisingly, the long-term
stability tests of CrHCF thin films showed a counterintuitive result. After 1000 cycles, the
CrHCEF thin films demonstrated higher capacity retention in 0.25 M CsNOs than in 0.25 M
LiNOs3 or 0.25 M RbNOs as seen in Figure 6.22 (d). The cycling stability of the CrHCF
thin films was the highest in NaNO3z and KNOs electrolyte, which resulted in ~56 % and
~57 % capacity retention with respect to the initial value, respectively. These results
suggest that neither size nor mass of the intercalating cations is the sole factor determining

the battery performance.
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6.3.3 Electrode Compositions and Intercalation Potentials of CrHCF
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Figure 6.23. Electrode compositions of different PBAs and their intercalation potentials
for different alkali metal cations. (a) E;. potentials for NtHCF, VOxHCF, and CrHCF
electrodes as a function of the hydration energies of intercalating alkali metal cations (Li",
Na“, K*, Rb", and Cs"). (b) Comparison of the Ei of PBA electrodes (NaxX[Fe(CN)s]
where X =Ni, Co, Cu, Cr, VOx]) as a function of the empirical radii of the transition metals
that are linked to the nitrogen.

Figure 6.23 (a) shows the E1/; potentials of the NiHCF, VOHCF, and CrHCEF electrodes
as a function of the hydration energies of intercalating alkali metal cations. The Ej.»
potentials of the CrHCF electrode do show a dependence on the hydration energies of the
intercalating cations, however, similarly to the case of the VOXHCF electrode it is less
pronounced than in the case of NiHCF. On the other hand, an interesting correlation of the
E1 potentials with the electrode composition is observed, as shown in Figure 6.23 (b).
The E12 potentials of PBA electrodes tend to shift toward more positive values, at which
the PBAs consist of the N-connected transition metals with bigger empirical radii. Finally,
a model symmetric cell was built using two identical CrHCF electrodes and 0.25 M NaNOs3

aqueous electrolytes.
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6.3.4 Battery and Supercapacitor Performance of CrHCF
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Figure 6.24. The performance of CrHCF as a battery cathode and in a supercapacitor. (a)
Charge-discharge profiles of the CrHCF electrode in 0.25 M NaNOs electrolytes at
different C-rates. (b) Galvanostatic charge-discharge curves of the symmetric cell
composed of two identical CrHCF electrodes at a C-rate of 100 C in the 0.25 M NaNO3
aqueous electrolyte.

The charge/discharge rate capability of CrHCF thin films was investigated using a 0.25 M
NaNO:s electrolyte. The specific capacities of the CrHCF electrodes were measured at
different C-rates (from 5 C to 360 C). Figure 6.24 (a) displays the resulting charge-
discharge curves. The obtained specific capacities were highly dependent on the C-rates.
The higher specific capacities were obtained at the slower charging rates. For instance, the
CrHCF electrode showed specific capacities of ca 88 mAh g at 10 C and ca 58 mAh g'!
at 360 C, respectively. The correlation between the hydration energies of the intercalating
alkali metal cations and their intercalation potentials were investigated. Figure 6.24 (b)
shows the charge-discharge curves of the symmetric CrHCF cell. The resulting specific
capacities of the symmetric cell were ca 19 mAh g'! at 100 C with the maximum operation
voltage of 0.95 V; the specific energy density was calculated to be ca 4.6 Wh kg'!. The
obtained feature is comparable to the commercial supercapacitors based on non-aqueous

electrolytes, which are already available for power grids and industrial applications.!?7¢-277]
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6.4 Manganese Hexacyanomanganate

Whereas various sorts of cathode materials for Na-ion batteries operating in organic
electrolytes have been evaluated as to be compatible with aqueous systems, identification
of suitable anode materials remains the major bottleneck in realization of high energy
aqueous Na-ion battery systems. The main reason for the difficulty in developing of anode
materials is due to the limited electrochemical stability windows of aqueous electrolytes.
The redox potential of many cathode materials for Na-intercalation and -deintercalation
lies within the stable potential window of aqueous electrolytes. On the other hand,
conventional anode materials, namely graphites, do not exhibit Na-intercalation and -
deintercalation in the given potential ranges (-0.414 V and 0.817 V vs SHE at pH 7).185 1%
278, 2191 Therefore, it is crucial to develop new anode materials operating in the stable
potential window of aqueous electrolytes without triggering any side reactions, such as
hydrogen evolution reaction (HER). Further requirements of advanced anode materials for
aqueous Na-ion batteries can be listed: (i) Na-intercalation and -deintercalation should take
place at the electrode potential as low as possible for achieving higher energy density. (ii)
The electrode materials should be physically and chemically stable during the battery
operation. (iii) The anode materials should be compatible with the corresponding cathode

materials.[28%

Many anode materials have been reported in the literature. Probably NASICON (Na
superionic conductor) is the most intensively studied class of anode materials for aqueous
Na-ion batteries. Park et al. firstly reported the applicability of NaTi2(PO4)s as an anode
material in the aqueous system.[?83 The theoretical specific capacity of NaTi(POs)3 was
calculated to be ca 133 mAh g, and the plateau potential was observed at 2.1 V vs Na/Na*
(-0.61 V vs SHE). However, NaTi2(POs)3 exhibited a quick capacity fading in aqueous
media mainly due to its low electronic conductivity, dissolution of the active material and
side reactions with the electrolytes.!® Various approaches have been made to address the
abovementioned issues, for instance coating with conductive materials, 86 93 105, 282-291]
nano-structuring®®? and replacing Ti with heteroatoms.[?%-2%1 Albeit NASICON-type
anode materials might exhibit a high specific capacity with low working potentials, the
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high price of Ti and poor cyclability will be more costly over their high energy density in

the case of large-scale applications.

Organic compounds are another type of anode materials for aqueous Na-ion batteries. For
instance, polyimide,?®”1 quinone,?®®! alloxazine?*® and polypyrrole® were reported as
anode materials in the literature. Qin et al. proposed 1,4,5,8-Naphthalenetetracarboxylic
dianhydride (NTCDA)-derived polyimide as an anode material.[?°’ Unlike intercalation
compounds, the NTCDA-derived polyimide undergoes an enolization process that captures
cations with +1 charge. The polyimide anodes demonstrated a high discharge capacity of
ca 184 mAh g?, but it suffered from the rapid capacity fading. Although further
enhancements of polyimide-based anodes have been achieved by tailoring the molecular
structures, 9% 3921 3 fast capacity decay is yet questionable for practical applications.
Some transition metal oxides show the functionality of anode materials for aqueous Na-
ion batteries. Liu et al. reported polypyrrole coated-MoOs with the argument of its
amazingly high theoretical capacity of ca 1111 mAh g, but the actual capacity that they
obtained was only 33 mAh g*.B%l 1D nanostructured NazVsO16-nH20 was reported by
Deng et al. and showed a high initial discharge capacity of 123 mAh g, but it significantly
decreased to 42 mAh g in the subsequent cycle.3%4

Another remarkable family of anode materials is Prussian blue analogs (PBAS). Cui et al.
showed a new approach to the well-known PBAs as electrode materials for aqueous
media.['%> 1931 They reported manganese hexacyanomanganate (MnHCMn) as an anode
material for this type of batteries.'°) The MnHCMn was prepared by a coprecipitation
method and exhibited a specific capacity of 57 mAh g with the working potential of
around 0.052 V vs SHE, which is, however, still high as an anode material. The most
promising feature of the MNHCMn is that it is not only composed of very abundant and
cheap elements but also displays excellent cyclability over thousand cycles with high

stability and rate capability.

Despite the remarkable progress in improving the cathode materials for aqueous Na-ion
batteries, identification and development of the anode materials is the stagnant point at the
current stage. In the following subchapter, electrochemically prepared MNnHCMn thin-film

electrodes are demonstrated as an excellent anode material for aqueous Na-ion batteries.
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Subsequently, MnHCMn thin films are characterized by different techniques to investigate

the fundamentals and practices.

6.4.1 Preparation of NaxMn[Mn(CN)s] Electrodes

Electrochemical deposition and characterization including battery tests of
NaxMn[Mn(CN)e] thin-film electrodes were conducted in the glass cell using a three-
electrode configuration under Ar-atmosphere. The schematics of the used glass cells are
shown in Figure 5.1 (a) and 5.1(b). AT-cut gold quartz crystals or gold arrandee™ were
utilized as substrates for the deposition. As the reference and counter electrodes, an
Ag/AgCI (SSC) electrode and a Pt wire were used, respectively.

Electrochemical deposition of the MnHCMn thin films was performed by cycling the
electrode potential from -0.6 VV to -1.18 V vs SSC at a scan rate of 50 mV s%. The deposition
solution consisted of 7 mM MnSO4 and 11 mM K4[Mn(CN)g] in a 0.25 M NazSOa aqueous
solution. The synthesis of Ks[Mn(CN)s] was conducted at the Department of Chemistry of
Technical University of Munich. The detailed synthesis procedure is provided in
Appendix F. In the course of the deposition process, the frequency changes of the QCM
electrode, which can be computed to the mass changes, were simultaneously monitored.

The net reaction scheme for the electrodeposition of MNHCMn thin films can be tentatively

described with two-steps as(*%% 2¢%
Reduction process
3Na’(ag) + Mn*"aq) + [MN"(CN)e]*aq) + & — NasMn[Mn'(CN)e]s)
Oxidation process

NasMn[Mn'(CN)s]s) — Na*@q) + & + NazMn[Mn''(CN)s]s)
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Figure 6.25. Electrochemical deposition and AFM images of NaxMn[Mn(CN)s]
(MnHCMN) thin films. (a, d) Representative CVs for the electrochemical deposition of
MnHCMn from an aqueous solution consisting of 7 mM MnSO4 and 11 mM K4[Mn(CN)e]
in conjunction with (a) 0.25 M Na>S0O4 and (d) 0.25 M NaClOa. (b, €) The corresponding
EQCM curves disclosing the mass changes during the deposition. The AFM image of the
deposited MnHCMn thin films from (c) the Na>SOs-based and (f) the NaClOs-based
solutions.

Figures 6.25 (a) and 6.25 (d) show the characteristic CVs of the electrochemical
deposition of MNHCMn thin films on AT-cut quartz crystal substrates from aqueous
deposition solutions consisting of 7 mM MnSO4 and 11 mM Ks[Mn(CN)s] together with
(@) 0.25 M Na2SO4 and (d) 0.25 M NaClOs, respectively. As can be seen from the CVs,
the increase in current density of cathodic and anodic peaks reveals the growth of
MnHCMn thin films along with potential cycling. While the MnHCMn thin films showed
a gradual growth in both of the deposition solutions, surprisingly, the MNnHCMn thin films
from 0.25 M NaClOgs-based deposition solution resulted in a quicker growth rate compared
to that of the 0.25 M Na2SO4-based solution.

The corresponding EQCM curves display the mass changes due to the MnHCMn thin film
growth in real-time (see Figure 6.25(b) and 6.25 (€)). ~13.72 pg cm™ and ~38.5 pg cm™
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of the mass changes were observed (b) from the MnHCMn thin film deposition from the
Na>S0s-based solution and (d) from the NaClOas-based solution, respectively. The mass
oscillations during the growth of MnHCMn thin films explicitly show the occurrence of
Na-intercalation and -deintercalation in the course of the deposition. Interestingly, the
deposition rate of the MNnHCMn films in the NaClOs-based solution was roughly six times
faster compared to that of the use of the Na>SO4-based solution. Taking into account the
hypothesis of the three-stage mechanism that anions present in the electrolyte participate
in Na-intercalation and -deintercalation, it can be concluded that the growth rate of the

films is significantly increased by changing the anions (i.e., replacing SO+ with Cl04).[2%
280]

However, the MnHCMn films that were deposited from the perchlorate-containing
solutions exhibited an inferior Na-storage property. The MnHCMn thin films that were
deposited from the Na>SOs-based solutions exhibited approximately 6.70 % of mass
change after Na-intercalation. This value is virtually equal to the theoretical one (~6.88%)
with the assumption that one Na-ion (ca 23 g mol™?) is involved in the Na-intercalation into
NasMn[Mn(CN)s] (ca 334 g mol™) within the given potential range. The little deviation of
0.18 % is probably related to the capacitive charge stored at the MnHCMn films. On the
other hand, the MNnHCMn thin films that were prepared from the NaClOs-based solutions
showed merely ~5.97 % of the Na-utilization. The reduced proportion was presumably
caused by the fast growth of the films, which resulted in the deposition of a remarkable
amount of inactive materials. Therefore, throughout the experiments, 0.25 M of Na>SO4
was chosen as a supporting electrolyte for the deposition solution in the subsequent

experiments.

Figure 6.25 (c) and 6.25 (f) display the AFM images of the deposited MNHCMn thin films
from (c) the Na2SOas-based and (f) the NaClOs-based solutions, respectively. More uneven
surface morphology can be observed in (c), which is related to the MNnHCMn thin films
deposited at a slower rate. This result is counterintuitive to the commonly-believed fact
that faster deposition produces more uneven surfaces. Considering that the sole difference
in the deposition solution is the type of the anion species present in the supporting
electrolytes, this can be another evidence of the three-stage mechanism: Anions take part
not only in the Na-intercalation and -deintercalation but also in the deposition process. 28!
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6.4.2 Mechanism of Na-Intercalation into MNHCMn

In order to examine the Na-intercalation mechanism, the deposited MNHCMn thin films
were cycled in a 0.25 M NaxSOs4 aqueous electrolyte between -0.6 V and -1.18 V with
respect to the Ag/AgCl reference electrode (scan rate: 50 mV s?). A typical CV of
MnHCMn thin films in the 0.25 M Na>SO4 electrolyte is shown in Figure 6.26 (a). The
obtained CVs display an anodic peak at around -1.0 V and a cathodic peak at around -1.08
V. According to the literature, the redox reaction of Mn"!"" of MNnHCMn occurs at the
potential of ~0.7 V vs SHE (-0.91 V vs SSC).I*0% 254 However, it was observed in this
study that the potentials are shifted towards more negative ones. This discrepancy is
probably due to the use of the different electrolytes (1 M K-electrolyte) in the literature.[254]
The pronounced characteristic peaks of Mn"" are the evidence of the occurrence of Na-

intercalation and -deintercalation at the MnHCMn thin films.

A tentative net reaction of Na-intercalation and -deintercalation in MnHCMn in the

aqueous Na-electrolyte within the given potential range can be formulated as:
Na:Mn"[Mn(CN)s] + Na* + e = NasMn'"[Mn'(CN)s]

To verify the aforementioned reaction scheme, XPS measurements using the MnHCMn
thin films in the Na-intercalated and Na-deintercalated states were performed. Figure 6.26
(b) exhibits the obtained XPS peaks for Na and Mn of the MnHCMn thin films. The
reduced intensity of Na 1s peak (red-line) was observed at the Na-deintercalated MNHCMn
compared to that of the Na-intercalated MNnHCMn. As can be expected from the reaction
formula, not all Na ions were extracted from the MnHCMn thin films. According to the
literature, the MnHCMn should be charged to 4.0 V vs Na/Na™ to fully deintercalate Na-
ions (equivalent to 1.29 V vs SHE).[** However, this is not practical because the redox
reaction of Mn in the P-site, i.e.,, the N-linked Mn, is not reversible since the
Mn""[Mn"'(CN)e] is highly soluble and thus unstable in aqueous electrolyte.[!% The
binding energy shifts of Mn 2pY? and Mn 2p®? were revealed between the Na-intercalated
and Na-deintercalated MnHCMn, which shows the redox activity of Mn. For instance, the
binding energies of Mn 2p*? peaks of Mn* (Na-intercalated) and Mn?* (Na-deintercalated)
were obtained as 641.15 eV and 642.19 eV, respectively. Compared to those values from
the literature,[**® the binding energy of Mn* showed a deviation of 0.05 eV, but that of
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Mn?* was 0.59 eV. The relatively noticeable deviation of the binding energies of Mn?*
between the obtained and the literature values might be related to the overlap of several
possible valence states of Mn, which could have different intensities. Generally,
distinguishing the valance states of Mn is not straightforward, thus it would need more

advanced experimental techniques to determine the exact valance states of Mn.
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Figure 6.26. Identification of the Na-intercalation and -deintercalation mechanism for the
NaxMn[Mn(CN)e] (MNnHCMn) thin films. (a) The characteristic CV of MnHCMn thin
films in a 0.25 M NaxSO4 aqueous electrolyte. (b) XPS analysis for the MNnHCMn thin
films in the Na-intercalated (black) and Na-deintercalated (red) states, respectively. (c) The
EIS spectra (open symbols) of MNHCMn thin films in a 0.25 M NaxSOs electrolyte
measured at the potential of —0.7 V (squares) and -0.75 V (circles) vs SSC together with
the fittings (solid lines). The other EIS data collected at different electrode potentials and
the corresponding fittings are presented in Appendix G. (d) The equivalent electric circuit
used for the fitting. The description of the circuit elements is given in Chapter 6.1.2.
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The impedance study of the MnHCMn thin films was conducted by applying ac probing
signals with 10 mV amplitude and various frequencies between 10 kHz and 0.5 Hz. The
impedance data were acquired in the potential region from -0.6 V to -1.18 V with 70 steps.
Figure 6.26 (c) shows the EIS spectra collected at the potentials where Na-intercalation
and -deintercalation take place. The other impedance spectra recorded at different
potentials are presented in Appendix G. Similarly to the case of the previous studies of the
NiHCF and VOxHCEF, the “loop-shaped” spectra were also observed.

On the other hand, the measured impedance spectra exhibited a typical shape of the
combination of a semi-circle and a line at the potentials (e.g., - 0.6 VV and — 0.65V), where
neither Na-intercalation nor -deintercalation is expected to occur (See Figure A8A and
A8F). The Kramers-Kronig check did not reveal any quality issues for the obtained
impedance data. Figure 6.26 (d) displays the equivalent electric circuit used to fit the
measured spectra. The good fitting results using this EEC suggest the presence of at least
three intermediate steps during Na-intercalation and -deintercalation in this system as well.
As previously discussed, the three-stage mechanism involves participation of anions
present in the electrolyte in the course of the intercalation and deintercalation. As a result,
the voltammetric reversibility can be influenced by replacing anions in the electrolytes.
Similarly to the NiHCF and VOxHCF, a tentative model of the Na-deintercalation

mechanism can be proposed for the case of sulfate-ions present in the electrolytes as:

Mn[Mn'(CN)s] <> NasMn[Mn"(CN)e]* + & (1)
2NasMn[Mn'" (CN)s]" + SO4% <> (NasMn[Mn'(CN)s])2SOx4 (2)
(Na:Mn[Mn"(CN)6])2SO4 <> 2Na" + S04 + 2 NaoMn[Mn'(CN)g] (3)
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6.4.3 Electrolyte Compositions and Intercalation Properties of MNHCMn

In order to verify how anions influence the voltammetric reversibility, CV measurements
of MnHCMn thin films were performed in different aqueous Na-electrolytes. Figure 6.27
(a) shows typical CVs of the MNnHCMn thin films in 0.25 M NaxSOs (black), 0.25 M
NaNOs (blue), and 0.25 M NaClO4 (red). The recorded CVs exhibit not only different
shapes but also a different degree of reversibility depending on the electrolytes.
Interestingly, a similar trend was observed in the case of the NiHCF films. The CVs of
MnHCMn films in the electrolyte having the anions with a higher net effective charge
density or a more symmetric structure resulted in less cathodic-anodic peak separations

(i.e., better voltammetric reversibility): AE, , so—2 < AEy/5n05 < AE1/2ci10;5-
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Figure 6.27. (a) Characteristic CVs of MNnHCMn thin films in aqueous Na-electrolytes
containing different anions: 0.25 M NaxSO4 (black), 0.25 M NaNOg (blue), and 0.25 M
NaClO4 (red). (b) CVs of MnHCMn thin films in NaClOa electrolytes with different
concentrations: 0.25 M (black), 5 M (blue) and 10 M (red). The scan rate was set as 50 mV
st for all the cases.

Recently, the concentration of the electrolyte is considered a crucial element for improving
the performance of aqueous battery systems.%-3%1 For the study of concentration effects
on the voltammetric-reversibility, NaClO4 was chosen because of its high solubility in
water. Figure 6.27 (b) displays representative CVs of MNHCMn in 0.25 M NaClO4 (black),
5 M NaClO4 (blue), and 10 M NaClOg4 (red). The cathodic current peaks shifted to more

positive potentials as the concentration of NaClOa electrolytes increases, whereas the
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position of the anodic current peaks does not significantly change. In other words, the
voltammetric reversibility of the MnHCMn was considerably improved in the more
concentrated NaClO4 solutions. Notably, the CV of MnHCMn recorded in 10 M NaClO4
exhibited a virtually symmetric shape. The cathodic-anodic peak separations for the
MnHCMn films greatly diminished in the ascending order of the concentration:

AEO.ZSMNaClO4 = ~100 mV, AESMNaClO4 = ""50 mV, and AEIOMNaClO4 = "'1 mV The

observed improvement of the reversibility cannot be simply ascribed to the ionic
conductivity of the electrolyte, as the conductivity of NaClO4 aqueous solution does not
always increase upon the concentration increase. For instance, the conductivity increases
until 5 M, but then decreases as the concentration increases.1% Hence, the rational choice

of the electrolyte composition is crucial to improve the battery system’s efficiency further.
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Figure 6.28. (a) Characteristic CVs of the MNnHCMn thin films in 0.25 M nitrate-based
aqueous electrolytes containing different alkali metal cations (Li*, Na*, K*, Rb*, and Cs").
(b) CVs of the MNHCMn thin films characterizing co-intercalation of Na™ and K*.

Many PBA compounds showed the ability to intercalate various-size alkali metal
cations.[?% 101-103.278] | the literature, a few of them, namely NiHCF or CoHCF, exhibited
the alteration of intercalation potentials for different alkali metal cations, which can be
related to the solvation energy of the cations.[?? 3111 In order to investigate the intercalation
properties of different cations at MnHCMn thin films, 0.25 M AMNO3 aqueous
electrolytes (AM = Li, Na, K, Rb, or Cs) were utilized. From the study of intercalation of
alkali metal cations at MNnHCMn thin films, a surprising result was obtained.

129



As shown in Figure 6.28 (a), it was revealed that not all kinds of alkali metal cations could
be intercalated into the MNHCMn thin films. While well-pronounced cathodic and anodic
peaks were observed in the 0.25 M NaNOz and 0.25 M KNO:s electrolytes, Rb-ions did not
appear to effectively intercalate into the MNnHCMn. Moreover, the intercalation of Li-ions
into the MNnHCMn does not seem to practically occur (see the cathodic peak of blue CV in
Figure 6.28 (a)), but one can see higher anodic current, which can be related to the
deintercalation of Na-ions. The CV of MnHCMn thin films in 0.25 M CsNOs does not
show characteristic features of the intercalation but instead reveals a side reaction, e.g.,
hydrogen evolution, at the potential of the intercalation to be foreseen to occur.
Considering that the channel size of the MnHCMn (~10.5 A) is large enough to
accommodate Cs-ions, it is an unanticipated result.[**! This can be associated with the fact
that the properties of the alkali metal cations probably have a vast influence on the HER
catalytic activity of different electrodes.*8? 312319 These consequences show that neither
the size of the intercalating species nor their hydration energy are the only determining
factors controlling the intercalation in this specific case.??l Figure 6.28 (b) exhibits CVs
of MNHCMn films in an aqueous solution containing both of 0.125 M Na>SO4 and 0.125
M K2SOs. The co-intercalation of both ions into the MnHCMn films was observed.

However, serious degradation of the films occurred at a comparably quick rate.

XPS measurements of the MnHCMn films were conducted to confirm the occurrence of
Na- and K-intercalation and the poor intercalation property of Li-ions. Figure 6.29 shows
the XPS peaks of Li, Na, and K collected from the K-intercalated, the Li-intercalated, and
both of Na- and K-intercalated MNnHCMn thin films, respectively. As expected, a
substantially low-intensity XPS peak for Li was seen, verifying the poor Li-intercalation
into the MNHCMn in the 0.25 M LiNOs3 aqueous electrolyte. Contrarily, distinct XPS peaks
for K were observed at both K-intercalated and Na- and K-co-intercalated MnHCMn films.
This shows the successful intercalation of K* into the MnHCMn films. Especially in the
case of the co-intercalated sample, the relative intensity changes of Na and K peaks were
found. Here, the intensity of the Na peak increased, whereas that of the K peak decreased.
This might be due to the fact that both Na- and K-ions shared the intercalation channels in
the MnHCMn films. The XPS peaks of Mn appeared to be virtually overlapped, showing
that the MNnHCMn thin films were “fully charged” in all the cases.
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Figure 6.29. XPS analysis of the MNnHCMn thin films in the K-intercalated (red), Li-
intercalated (blue), and K- and Na-co-intercalated (black) states, respectively.

6.4.4 Battery Performance Tests for MNHCMn

Grounded on the discovery of the influence of the electrolyte composition on cycling
efficiency, an optimized battery system using an MnHCMn electrode was built to
investigate the battery performances. As revealed from the previous studies, the effect of
highly concentrated NaClO4 electrolyte outperforms the anion effect of Na2SOs due to the
high solubility of NaClO4 (10 M) in comparison with that of NaxSO4 (less than 2 M).
Highly-concentrated aqueous electrolytes have been deemed superior in aqueous battery
systems in the literature.*%-3%1 Thus, a 10 M NaClO4 aqueous electrolyte was utilized
instead of Na>SO4 based electrolytes.
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Figure 6.30. Battery tests of MnHCMn electrodes. (a) Representative CVs for the
MnHCMn electrodes in a 10 M NaClOg electrolyte (3000 cycles). For better visualization,
every 100 cycles are displayed. (b) Charge and discharge profiles of the MnHCMn
electrode ina 10 M NaClO4 electrolyte (C-rate: 60 C). (c) A long-term battery performance
test of the MNHCMn electrode. The capacity retentions of anodic and cathodic processes
together with Coulombic efficiency is provided.

The MnHCMn electrode was cycled in the potential range of from -1.18 V to -0.6 V at 50
mV s for 3000 cycles. Figure 6.30 (a) exhibits the resulting CVs of the MnHCMn
electrode in 10 M NaClOa. After 100 cycles, the E1/2 potentials for the cathodic and anodic
scans were calculated as -0.958 V and -0.930 V vs SSC, respectively. At such negative
potentials, the hydrogen evolution reaction was not observed. Those working potentials of
the MnHCMn are surprisingly low in pH-neutral aqueous media considering the
equilibrium potential of hydrogen reduction to be -0.413 V vs SHE (-0.610 V vs SSC).[201
After 3000 cycles, the CVs of the MnHCMn electrode showed solely negligible
degradation. Interestingly, the E1> potentials seemed to shift towards more positive values
to a small extent (ca -0.937 V and ca -0.910 V, respectively) after the completion of 3000
cycles. The optimized system delivered a specific capacity of ca 85 mAh g at 60 C as
displayed in Figure 6.30 (b). This is roughly 50 % enhancement compared to the value in
the literature.!® Figure 6.30(c) shows the obtained capacity retentions and Coulombic
efficiency. The MnHCMn electrode exhibited very low capacity drop over 3000 cycles.
Only approximately 6 % drop in the discharge capacity was observed. The Coulombic

efficiency was maintained between 94 and 96 % in average.[%
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Figure 6.31. Operating potential ranges of the NaxMn[Mn(CN)g] thin films in comparison
with various types of electrode compounds for aqueous Na-ion batteries. Reproduced from
reference 81 with permission from the American Chemical Society.

Figure 6.31 summarizes various electrode compounds for Na-ion batteries in aqueous
media with pH 7. The electrodeposited NaxMn[Mn(CN)e] thin films display the lowest
operating potentials among the reported materials to the best of my knowledge.
Remarkably, no HER was seen in neutral aqueous electrolytes containing Na* and K* even

at such a negative potential.
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7. Conclusions

The main aim of this thesis was identification of suitable electrode materials for aqueous
Na-ions batteries for grid-scale applications as well as investigation of their
physicochemical and electrochemical properties to find parameters that influence their
battery performance. In this work, four different Prussian blue analogs, namely nickel
hexacyanoferrate (NiHCF), vanadium hexacyanoferrate (VOxHCF), chromium
hexacyanoferrate, and manganese hexacyanomangante (MnHCMn), were successfully
synthesized via electrochemical deposition. They demonstrated excellent features as
promising candidates for aqueous Na-ion batteries and enabled interesting fundamental

findings which allow predictable manipulation of battery performance.

In Chapter 6.1, widely-accepted simple models of a one-stage Na-intercalation
mechanism were challenged to examine the correctness of the model. Using impedance
measurements and careful analysis, the Na-intercalation seemed to proceed via at least
three reaction steps, involving participation of anions present in the electrolyte. The
appearance of the “loop-shaped” impedance spectra recorded within the operating
potentials was deemed as the indicator of the presence of the so-called “three-stage
mechanism” of Na-intercalation. The involvement of anions in the Na-intercalation was
evidenced by the observation that the voltammetric reversibility is significantly influenced
by the nature of the anions present in the electrolyte. The better voltammetric reversibility
was obtained from the NiHCF thin films immersed in the electrolyte containing anions
with higher net-charge density or a more symmetric ionic structure. The significance of the
three-stage mechanism lies in the fact is that the battery performance can be further
enhanced by a rational choice of the composition of the electrolytes. With the gained
knowledge, NiHCF thin films exhibited the £ potential of ~0.38 V vs SSC and a specific
capacity of approximately 80 mAh g at an extremely high charge rate (180 C).
Furthermore, the recorded charge-discharge profiles in 1 M NaxSO4 were virtually
overlapped for the NiHCF system showing excellent energy efficiency during charging and
discharging. Last but certainly not least, the nature of the alkali metal cations has shown a

substantial effect on determining the intercalation potential in the studied system. It is
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assumed that the E1/2 potential of NiHCF is quasi-linearly related to the hydration energy

of alkali metal cations.

Chapter 6.2 discusses the study of NaxVOx[Fe(CN)s] (VOHCF) thin films. The
electrochemically deposited VOHCF thin films showed the highest E12 potential (£;.:
~0.90 V vs SSC) in acidic media without recognizable side reactions compared to those of
NaxNi[Fe(CN)s], Na,Co[Fe(CN)s] and Na,Cu[Fe(CN)s] studied in this work. The obtained
specific capacities of VOxHCF electrodes exhibited ~83, ~79 and ~76 mAh g ™! at a high
charge-discharge rate (30 C) in aqueous electrolytes of 1 M LiNO3, 3 M NaNOs, and 3 M
KNO; with the addition of 3.6 M H2SO4, respectively. Despite the high operating potential
and high specific capacity, the requirement of high acidity for ensuring the stability of
VOHCF was needed to be mediated. As the protective layer, the NiHCF coating was
suggested to be used at the VOXHCF electrode. The NiHCF-coated VOHCF electrodes
displayed a significantly improved cyclability in a 0.25 M Na,SO4 aqueous electrolyte at
pH=4. Interestingly, the operating potential of the coated VOxHCF electrode has shown
negative shifts of approximately 0.2 V. The validity of the three-stage intercalation
mechanism was confirmed for all four investigated PBAs. The fact that the “loop-shaped”
spectra appear at different systems suggests that it is neither a material-specific nor
experimental artifact. The XPS study revealed that vanadium is not associated with the
redox reaction in VOxHCEF, but it was mainly ascribed to the change of the oxidation state
of Fe. The intercalation potentials of VOxHCF did not show a strong dependence on the
nature of the alkali metal cations; the solvation effects were not well-pronounced compared
to the NiHCF system. An empirical trend was found from the summary of the intercalation
potentials for the NiHCF, CoHCF, CuHCF, and VO HCF electrodes. It was seen that the

size of the transition metal is highly relevant to the working potential of the PBA electrodes.

Chapter 6.3 summarizes the results on identification and development of Na;Cr[Fe(CN)s]
electrodes for aqueous Na- and K-ion batteries. It was revealed that the electrochemical
deposition of CrHCF thin films required a very negative potential (-1.1 V vs SSC) to be
applied. Gold electrodes were not appropriate for the CrHCF deposition because of vast
side reactions at the potential of -0.7 V vs SSC, which was still too positive compared to

the required potential for the effective CrHCF deposition. Instead, 3D-graphene foams
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were identified to be good substrates for the CrHCF deposition since they did not show
any side reactions until -1.1 V vs SSC. The long-term cyclability tests of the CrHCF
electrodes showed that they perform better in NO3-based aqueous electrolytes compared
to other electrolytes. The optimized CrHCF electrode displayed £;2 of 0.69 V vs SSC (in
0.25 M NaNOs3) and 0.72 V vs SSC (in 0.25 M KNO3) and a specific capacity of 88 mAh
gl at 10 C in 0.25 M NaNO:s. After 1000 cycles, the CrHCF electrode retained more than
60 % of the initial capacity revealing its long cycle life. The constructed model cell using
two identical CrHCF electrodes exhibited an open-circuit voltage of 0.95 V with an energy
density of approximately 4.6 Wh kg™ at 100 C. Similar to the VOLHCF, the solvation
effects of alkali metal cations did not show a remarkable influence on their intercalation
potentials for the case of CrHCF. The empirical studies of five different PBA electrodes
hinted that the size of the transition metal is important to tune the working potentials for

this material.

In Chapter 6.4, NaxMn[Mn(CN)¢] thin films were introduced as an excellent anode
material for aqueous Na-ion batteries. The extremely low working potential of the
electrodeposited MnHCMn was recorded to be -0.93 V vs SSC, which is the lowest value
for aqueous Na-ion batteries ever reported to the best of my knowledge. A great emphasis
should be placed on the fact that hydrogen evolution reaction was not observed at
MnHCMn thin films even at -1.15 V vs SSC in 0.25 M of aqueous Na-electrolytes. The
obtained specific capacity of the MnHCMn thin films exhibited ~85 mAh g™ (C-rate: 60
C) with exceptionally high capacity retention over 3000 cycles in 10 M NaClO4 aqueous
electrolytes. The “loop-shaped” impedance spectra can also be seen in this system, which
indicates that the three-stage mechanism is also valid for the MnHCMn system.
Interestingly, the participation of anions was additionally found in the course of the
deposition process in which the deposition rate and resulting morphology of the MnHCMn
thin films significantly changed depending on the anions present in the deposition solutions.
The reason for the changes might be attributed to specific adsorption and desorption of
anions in Na-intercalation and -deintercalation, which simultaneously accompanied by the
deposition processes. Surprisingly, Cs-ions nor Li-ions were not intercalated into
MnHCMn thin films within the given potential ranges. What is worse, the hydrogen

evolution reaction was seen in the case of a 0.25 M CsNOs electrolyte. This result explicitly
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suggests that the electrolyte composition substantially affects not only the intercalation

properties but also catalytic reactions at the MnHCMn electrode surface.

To sum up, this dissertation presented three different cathode and one anode compounds
based on Prussian blue analogs and discussed on their Na-intercalation mechanisms and
battery performances in different electrolytes. The excellent features of the demonstrated
PBA electrodes are the abundance of raw materials, high operating potential both positive
and negative electrodes and long cycle life. In the course of the work, it was found that the
intercalation mechanism of alkali metal cations has more than three steps, which involve
anion adsorption and desorption to compensate for the excess charge at the electrode
surface. The discussed “three-stage mechanism” is found to be valid not only for the
particular systems presented in this dissertation but it can also be applied to different
aqueous and non-aqueous battery systems. Another impact of this work is put on the

discovery of the importance of electrolyte compositions on battery performances.
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8. Appendix

A. Three-Stage Mechanism

The theoretical background of the “three-stage mechanism” for Na-intercalation and -
deintercalation at Prussian blue analog electrodes is mathematically explained here. This
part is based on Chapter 5 of Electrochemical Impedance Spectroscopy and its

Applications by Andrzej Lasia.[t™]

Faradaic Reaction Involving Two Adsorbed Species with Subsequent

Potential-Independent Desorption

Supposing an electrochemical process involves two adsorbed species and the exchange of
two electrons without diffusion of redox species. Then, their chemical reaction can be

described as below(*!:

ASOl +e ‘E: Bads Eq Al.l
-1
k2
Bads +e E:) Cads Eq Al.2
-2
ks
Cads k(T sol Eq- Al3

Eq. ALl.1l and Eqg. Al.2 are the electrochemical reactions that involve charge transfer
between reactants and products. Eq. A1.3 is a pure chemical desorption reaction which is
not necessarily potential-dependent. Asoi and Dsor are the species present in the electrolyte,
and Bags and Cags are the adsorbed species at the surface of the electrode. E and E_i (i=
1, 2) are the potential-dependent forward and backward rate constants, respectively. ks
and k_s are the forward and backward rate constants, respectively. Here, it should be
noted that the arrow signs over the rate constants indicate the potential dependent reactions
where electron-transfer is involved. These three reactions can be formulated into kinetic

equations:
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v, = ky (1= 05 —0.) —k_105 Eq. Al4
vz = _EZ HB - (I—C-—ZHC Eq A15

7.73 = kgec - k_3(1 - HB - Hc) Eq A16

where v is the reaction rate of the process i with units of flux, mol cm?2s*and 65 and 6,
are the coverage fraction of the active sites by the adsorbed species B and C, respectively.
Eq. Al.4 - AL.6 can be further expanded with the assumption of the Langmuir adsorption

isotherm as below:

Uy = kfFOOCA(O)(l — 8 — 0c) exp[—B1f(E — Ef)]
- k91roo93 exp[(1 — B)f(E — Ef)]

Eq. AL7
Uy = kgrooeB exp[—p.f (E — Eg I- kgzrooec exp[(1 — B)f(E — Eg ] Eq. AL1.8
vy = k3,0, — k%I, Cr(0)(1 — 6 — 6,) Eq. AL9

where k) is the standard heterogeneous rate constant at the standard potential (kY and
k%, are in the unit of cm® st mol™, and the other rate constants are in the unit of s%). C,(0)
and C,(0) are the surface concentration of species Asol and Dsol. T, is the total surface
concentration of the active sites in the unit of mol cm™?. g; is the charge transfer
coefficient (0 < B; < 1). f = F/RT, where F, R, and T are the Faraday constant, the gas
constant, and the absolute temperature in Kelvin, respectively. E? is the standard potential
of redox process i.

At the equilibrium potential E,,, the reaction rates (v, v,, and v3) are zero, and the

qv
surface concentrations become equal to the bulk concentration, €,(0) = C, and C,(0) =
Cp. Here, * denotes the equilibrium. The introduction of these parameters results in the

following equations:
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= kCiT (1 — 65 — 62) exp[—f1f (Eeq — EY)]

—k°, 1265 exp[(1 — B1)f(Eeq — EY)] Eq. A1.10
vy = kII505 exp|—Paof (Eeq — E9)| — k%,T00¢ exp[(1 — B2)f(Eeq — ES)] Eq. AL1L1
vy = ki0; — k25 ChT(1 — 05 — 67) Eq. AL1.12

By reformulating Eq. A1.10 and Eq. Al.11, the deviation of the equilibrium potentials

(E.q) from the standard redox potentials (EY and EJ) can be written as below:

x 1= QB QC

Eoq — 1 c - Eq. AL.13
1 k9 6;
Eoq—E9 =+ nk°22 o Eq. Al.14

By introducing the overpotential, n = E — E,,, the deviation between the applied
potential and the standard redox potential can be expressedas E — EY = E — Eeq+ Eeq —
E) =n+E. —E (i =1 or 2). With some lengthy calculations, the forward and

backward rate constants (ﬁl, I?_l, EZ, E_Z, ks and k_3) can be expressed with the

heterogenous rate constants as:

—

ki = kyexp(=Bufn) EQ.ALIS =k jexp[(1-B)fn]  Eq.AL16
k, = k, exp(—=B,fn) Eq. Al.17 k_, =k_,exp[(1—B,)fn] Eq.Al18

ks = k3T, Eq. AL1.19 k_s = k%I, Cp(0) Eq. A1.20
where k, = kY A0 Picr P, oy, (R "B 96) B Eq. AL.21
k_, = kO (1- .81)k0 .81C*(1 ﬁl)F (1 93 9C)1 B1 Eq. Al.22
ky = kg Pk, Por, By Eq. A1.23

c
kp = kg O TPORC FPor, () 1-h Eq. AL.24

c
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Since the reaction rates v; and v, are involved with the exchange of electrons between
the electrode and the redox species, the equation of the total current flow can be expressed
by summing up the reaction rates v; and v,: i = —F(v; + v,) = —Fry, Where 1y =
v, + v,. Therefore, the current is also a function of n, 85 and 6.. The phasor of the

current (Ai) can be described with a partial equation as below:

Ai = (j—;)e&ec o+ (50-)

by substituting i with —Fr,, Eq. A1.25 is rewritten as:

005+ (=) A6 Eq. A1.25

n,0c 99c/ 65

Ai = _F[(ZL’:)HB,GC Ay + (ST”’B) A8 + (ﬁ)nﬁ A6c] Eq. AL.26

n,6¢ 99c/ 6,

The changes in the surface coverage of species B and C (I and I;) can be described as:

drg dfp _ 0,dfp

_— = —_— == =P, — 7V =AT EA127
dt © gt ~ F dt 1 2 1 9

arc dfc o, dOc

—_— = —_—_— ==, — 7V :AT EA128
dt © gt F dt 2 3 2 q

here Iy = I,05, I = I,0.,and o; = FI, (i=10r2). g, and o, are the total charge to
fully cover the electrode surface with species B and C, respectively. The changes in the
surface coverage of the species B and C are also the function of n, 8z and 6.. Similarly
to Eq. A1.25, Ar; and Ar, can be described as:

_ ﬂdGB _ 6r1 6r1 aT1

Ary =228 - (_6n)93,ec an + (2= HB)WC N GC)H,GB A6, Eq. AL.29
_ Qdac _ 67‘2 61‘2 67‘2

Ary = 222 = (_6n)93,ec tn + (22 HB)n,Gc 005 + (22 BC)M)B A6, Eq. AL.30

By introducing of the phasors (Ai = ie'®t, An = 7fe'®t, AG = Ge'®t, and, Ar = Fe'®?t)

and by dividing both sides by the time term (e‘“?), the following equations can be obtained:

A, ()

~
Il

_— aTO _—
+ (— 0 Eqg. A1.31
n6c B (aec)n,eB c] 9
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— ary —
0, + (BTc)n,eB e Eq. AL.32

O +(22) B Eq. AL33

~ _ . O2p7 ~ ary
R=jo2=(32) i+ (5) 20
M7 6p,6¢ B/ n,6¢ ¢’ n,0p

By dividing Eq. A1.31 - A.133 by 7j, the following equations can be obtained:

1 61‘0 67‘0 é}; 87’0 éZ‘
LA— o el =0 (=2 —= Eq. AL.34
,77 [( a?])HB,eC + (693)7”9C ﬁ + (69c)n,93 ﬁ] q
. g1 é‘é 67‘1 67‘1 9; 31‘1 Fz‘
=== — =+ (= = Eqg. A1.35
JOT (an)93,9c + (69B)n,ec 7t (aec)nﬁB 7 9
. Oy éz* 61‘2 61‘2 9’; 67'2 éE
=== (= —= —+ == —= Eq. A1.36
JOT (an)gB’ec + (393)n,9c 7 + (aec)n_gB 7i q
By solving the above equations, the Faradaic admittance ¥ = % can be described as:

P = (5,0 ol Go) G2 (5) - Go) G G+ o) () Gt -
Gan) G5) Gl + o2 =2 Gar) G3) ~ = Gap) Gl U =+ (5 (G5) +

1

=Gl o+ G G - GO G Eq. AL3?

)

As the impedance is measured at different frequencies, it is convenient to organize the
equation with respect to the frequency (w) and to consider the other components in

constants. Then, Eq. A1.37 can be written as:

= A 2HeC Eq. A.1.38

jwD—w?2+E

Y =

N =

where
A= 5 (5)
0p,0¢c
B =[G Gon) ()~ o) ) o) + () () (52) = Ge) (B (5]
c=-r[- () (5) - o) (G2
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D=5 () +5 )

= 2 [ (22) - () 62

Here, parameters A, C, are always positive, but B and D can be either positive or negative.

As the Faradaic impedance (Z) is the reverse of the admittance, it can be written as:

[ B+jwC ]‘4 1 B+jwC
JwD —w?+E A A2[w2+jw(D+%)—(E+§)]

Eq. AL.39

<MH

% corresponds to the charge transfer resistance (R.;), and the polarization resistance can be

obtained at zero frequency (w =0) as Ry = Rer + Eq A1l.39 can be

AZ(E+B/A)
reformulated as:
7 =Ry +- L Eq. AL40
JwCq 1+ T
a1t
]wCa2+R 2
2 _ _r2\2
where Cy; = —A—, Ry1 = L, Conz = M, and Ry, =

C(C2E+B2%-B(CD)

A(C?E+B?-BCD)
ACE+BC

Eq. A1.39 can be represented as, for instance, a ladder-type electric circuit as illustrated
in Figure Al.
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Rct I I
: Ca,2
Ra,l 1
| I |
Ra,2

Figure Al. Equivalent electric circuit describing a Faradaic reaction involving two
reversibly adsorbed species with their subsequent desorption.

Notably, the parameters C,1 , Ry 1, Cq, and R, , can be either positive or negative in
contrast to real electric circuit elements that have positive values. The reason is that they
are not present in the real system, but they theoretically deducted from the mathematical
derivation (see above). By taking the double layer response into account, the whole EEC

can be drawn as in Figure A2.

[
Cal
—{ —
Run | I
[
Can
—{
Ret | |
|1
— Caz ]
I
Raz1 —

Raz

Figure A2. Equivalent electric circuit describing the double layer response and the
response of the Faradaic reaction involving two reversibly adsorbed species. Run and Cai
represent uncompensated resistance and the double layer capacitance, respectively.

This model was used to perform the fitting of the acquired impedance spectra from Na-

intercalation and -deintercalation measurements.
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B. EQCM curves of NiHCF in 0.25 M Na-Electrolytes (Na2SOs,
NaCl, NaNOs, NaClO4, and NaOAc)
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Figure A3. EQCM-curves of Na:Ni[Fe(CN)s] electrodes in different electrolytes: (A)
0.25 M Na2S04 (B) 0.25 M NaCl (C) 0.25 M NaNOs (D) 0.25 M NaClO4, and (E) 0.25
M NaOAc.
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C. EIS of NiIHCF in 0.25 M K2SO4 and 0.25 M KNOs
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Figure A4. Impedance spectra (open symbols) and the corresponding fitting
results (solid lines) of NiHCF measured (A) at 0.6 V in 0.25 M KNO3 and at (B)

at 0.5V in 0.25 M K2SOas.
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D. EQCM Curves of NiIHCF in 0.25 M AMNOs3, (AM = Li, Na,
K, Rb, or Cs)
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Figure A5. EQCM curves of Na2Ni[Fe(CN)e] films characterizing Na intercalation and
-deintercalation in different electrolytes: (A) 0.25 M LiNO3z (B) 0.25 M NaNOs (C)
0.25 M KNOs (D) 0.25 M RbNO3, and (E) 0.25 M CsNOs.
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E. CV of Gold Electrode in Deposition Solution

0.2- CrHCF deposition on Gold electrode
o N
E 0.2
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Figure A6. A typical CV of a gold electrode in an aqueous solution containing 10 mM
Cr2(S04)3 + 2 mM Ks[Fe(CN)eg] + 0.25 M K2SO4 in the potential range from — 0.9 V to 1.0
V vs Ag/AgCl.
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F. Synthesis of Potassium Hexacyanomanganate(lll)
Trihydrate, Ks[Mn(CN)g] -3H20

Potassium hexacyanomanganate(l11) was synthesized using the methods of Grube, Brause,
and Meyer with a slight modification.?°! An aqueous solution of MnSQO4 (150 g, 1 mol,
1.0 eq., 360 mL H20) was slowly added to a stirred solution of NaHCOs3 (215 g, 2.55 mol,
2.6 eg.) in 1 L water. The resulting precipitate of MnCO3 was stirred for another 15 min,
retrieved by suction filtration and thoroughly washed with water until the filtrate was free
of excess of sulfate and carbonate.

The moist MnCOs was divided into three portions of 50g, which were subsequently treated
equally. The MnCOs was added to a vigorously stirred aqueous solution of KCN (135 g,
2.07 mol, 6.3 eq., 270 mL H20). During the exothermic reaction, the temperature of the
suspension was controlled not to exceed 50°C. After the color had turned from pale yellow
to dark violet, it was cooled externally to 10°C, and diluted hydrogen peroxide solution
(3%, 50 mL) was added. After the suspension had turned dark brown formed manganese
oxides were removed by suction filtration.

The resulting dark red solution from each portion was stored at 4-7°C for about a week.
Precipitated KsMn(CN)s was recovered by suction filtration, thoroughly washed with
ethanol and dried in a vacuum desiccator over solid KOH. The retrieved portions of the
product were combined to yield 157 g (0.411 mol, 0.41 eq., 41 %) KzMn(CN)s-3H20 as
micro-crystalline, dark red-brownish powder. Elemental analysis of the synthesized
KzMn(CN)s-3H20 revealed the composition of C 18.44%, H 0.18%, N 21.40% which
exhibits a good agreement with the theoretical values (C 18.84 %, N 21.98 %, H 1.58 %).

This page is reproduced from the reference 2% with permission from the American

Chemical Society.

149



G. EIS Spectra of MNHCMn in 10 M NaClO4
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Figure A7. (A-F) EIS spectra of MNnHCMn measured at different potentials in 10 M
NaClO;4 electrolytes. The open symbols are the obtained experimental data, and the solid
lines are fitting results.
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Intercalation is among interesting phenomena changing everyday life with a remarkable speed. Numerous
generations of modern batteries use it and markedly contribute to the portfolic of energy materials for
future sustainable energy provision. Na-ion batteries operating in agueous media, being presumably the
“number two” compared to other alternatives for portable and automotive applications, are probably
among potential leaders in the case of future larger-scale energy storage schemes, specifically because of
safety and sustainability issues. However, there is a certain lack of detailed understanding of such systems.
In this work, using model electrodes we further emphasise that it is not only the electrode materials
themselves that determine the performance of intercalation electrodes. Surprisingly, comparatively slight
changes in the electrolyte compaosition and solvation effects can very radically control intercalation of alkali
metal cations. Therefore, it would be stimulating to adjust existing strategies in designing future aqueous
battery systems. Several examples are given using one of the state-of-the-art cathode materials,

www.rsc.org/ees NazNi[Fe(CN)gl, with model electrodes prepared as quasi-uniform thin films.
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Introduction

Solar and wind energy systems already significantly contribute to
energy provision schemes nowadays."™ However, more effective
solutions of the so-called “generation versus consumption”
problem are required to facilitate their further development.
Rechargeable batteries are a part of the answer to this challenge
as they are, in general, very convenient means for energy storage
thanks to their relative affordability, flexibility, high energy
conversion efficiency and simple maintenance.>®
Intercalation materials for lithium ion batteries remain
probably among the most attractive ones for portable devices

“ Physik-Department ECS, Technische Universitit Miinchen, James-Franck-Strafie 1,
85748 Garching, Germany. E-mail: bandarenka@ph.tum.de;
Tel: +49(0) 89289 12531
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t Electronic supplementary information {ESI) available: Experimental details,
additional experimental data and data analysis. See DOIL: 10.1039/¢5ee03197d
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ing their performance is necessary. In this work, it is shown that the

interfacial transfer of sodium berween one of the best cathode materials and aqueous electrolytes likely involves at least three stages. These stages are
significantly influenced by the electrolyte properries and composition. The findings of this work can be used ro design ever berrer Na-ion aqueous batteries,
taking into account rhar the specific eapacity of the optimised cathode systems in this work is just 5% lower compared to the theoretical one ata C-rate as high

and automotive applications.”” Nevertheless, for larger-scale
stationary energy storage systems, several key issues should be
additionally considered. For instance, one of them is related to
sustainability factors.’® It has been roughly estimated that in
order to address the so-called “Tw-challenge” using just Li-ion
batteries, ~160 years of current lithium production would be
necessary."” While there is a certain capability to increase the
rate of production of this metal substantially, it is nowadays
clear that its fast accumulation for various stationary applica-
tions might be problematic. A second issue is associated with the
current use of flammable organic electrolytes in Li-ion batteries.
Safety problems upon scaling up are often of non-trivial com-
plexity, increasing the maintenance costs and the total system
price in this case.**™¢

A viable alternative for stationary large-scale storage appli-
cations is to use Na-ion batteries, where electrode materials
operate in aqueous media.'” " These types of devices have
attracted great attention with an increasing amount of publications,

6,9, 955-961 955
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as thoroughly reviewed recently by Kim et al.*® Accumulation
of Na in amounts necessary to address the TW-challenge
seems to be more than one order of magnitude faster com-
pared with lithium."* Additionally, aqueous electrolytes would
gradually minimise safety risks. However, further develop-
ment and optimisation of functional electrode materials in
this area require detailed understanding of processes which
control Na intercalation and de-intercalation, including inter-
facial charge transfer. For this, model systems and electrodes
as well as their comprehensive in situ characterisation are
necessary.

In this work, using model electrodes consisting of electro-
chemically deposited thin films of one of the state-of-the-art
cathode materials, namely Na,Ni[Fe(CN)q] (a typical represen-
tative of so-called Prussian blue analogues),”**” we demon-
strate that intercalation of Na and its reversibility in cathodic
and anodic cycles are largely influenced by the nature of
anions present in the electrolytes. On the other hand, the
electrode potential required for intercalation is determined
not only by the electrode material itself: it is directly pro-
portional to the hydration (solvation) energy of cations.
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Implications for the development of new Na-ion battery sys-
tems are briefly discussed.

Experimental

Na,Ni[Fe(CN),] thin films were deposited onto AT-cut Au quartz
crystal wafers (Stanford Research Systems) from a solution of
0.25 M Na,S0, containing 0.5 mM K;Ni[Fe(CN),] and 0.5 mM
NiCl,:6H,0 by cycling the potential in the range from 0.05 V to
0.85 V at a scan rate of 50 mV s * for ~60 cycles, as shown in
Fig. 1A and B. All chemicals and solvents utilised in this work
were used without further treatments and are listed with full
details in the ESL{ The experiments were performed in a typical
glass cell exploiting a three-electrode setup using a Bio-Logic
VSP-300 potentiostat and a QCM 200 (Stanford Research Systems)
electrochemical quartz crystal microbalance (EQCM). Electrode
potentials were referred to an Ag/AgCl (SSC) reference electrode.
A Pt wire was used as a counter electrode.

Cyclic voltammetry, EQCM measurements and common battery
tests were performed using different electrolytes including
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/
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Sas 0.6 0.5 \ /4
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Fig. 1 Characterisation of the NazNi[Fe(CN)¢] thin films. (A} A typical cyclic voltammogram obtained during film depositicn and (B) the corresponding
electrode mass change, dE/dt = 50 mV s~ (C) A typical cyclic voltammogram characterising Na intercalation/de-intercalation in aqueous 0.25 M Na,SQO4
clectrolyte. (D-F) AFM images comparing a reference metal single-crystal surface (D) before and (E and F) after deposition of the NaaNi[Fe{CN)g] thin
films. (G-I} Distribution of (G} Na, (H) Ni and (I} Fe in the resulting film (see ESIt for further details).
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1 M Na,S0O,, 0.25 M Na,S0,, 0.25 M NaCl, 0.25 M NaNQ;,
0.25 M NaClO, and 0.25 M NaOAc (sodium acetate). Morcover,
in order to determine the onset potential for intercalation of
various alkali metal cations, further experiments also involved
different 0.25 M aqueous solutions of MNO; (where M = Li, Na, K,
Rb, or Cs) at a scan rate of 50 mV s, Electrochemical impedance
spectroscopy (EIS) characterisation of the Na,Ni[Fe(CN)g] thin
films in 0.25 M Na,SO, electrolytes was conducted using AC
probing frequencies between 10 kHz and 0.5 Hz with a 10 mV
amplitude of the probing signals in the potential range between
0.1 V and 0.8 V. The output of the fitting procedure was
controlled by root-mean-square deviations and estimated indivi-
dual parameter errors using home-made “EIS Data Analysis 1.0”
software to ensure the validity of the model and correctness of the
fitting, as described in detail elsewhere.*®*°

The morphology and uniformity of the deposited thin films
were investigated by SEM, electron microprobe and AFM. The
atomic force microscope, utilised in this work, was a multimode
EC-STM/AFM instrument (Veeco VI) with a Nanoscope ITID con-
troller using the Nanoscope 5.31r1 software. All measurements
were conducted in tapping mode (AFM tips, Bruker RTESP-300).
SEM and electron microprobe images were obtained with a 20 kv
beam using “Mira” from Tescan, Czech Republic, with an “INCA
Energy 350" electron microprobe from Oxford Instruments
Analytical, UK.

Further detailed information on experimental procedures,
instrumentation and chemicals is available in the ESL+

Results and discussion

The following electrochemical reaction was used to form thin
films of Na,Ni[Fe¢(CN),] under potentiodynamic conditions, as
additionally described in detail in the ESI:+

2Na'(4q) + Ni*'aq) + [Fe"™(CN)g]P (oq) + 1€
— NaNi[Fe"(CN)e]sotia)

Fig. 1A shows a typical cyclic voltammogram (CV), which
characterises the deposition process. It should be noted here
that CVs in each subsequent figure, related to the same type of
experiments (for instance CVs of Na intercalation in 0.25 M
Na,SO, solutions), are shown for different sets of experiments
intentionally in order to demonstrate a good reproducibility;
however, some possible stability issues are not taken into account,
as they are outside of the scope of this work. Anodic and cathodic
peaks in the CV shown in Fig. 1A are due to the changes in the
oxidation state of Fe in the forming Na,Ni[F'e(CN),] film. It can be
seen from Fig. 1A that the peak current increases with the potential
cycles. The associated net electrode mass change measured using
a quartz, erystal microbalance is shown in Fig. 1B. A comparison
of the resulting mass change at the end of the deposition
process (~14 pg em ?) and the integrated charge from the
CV (~4.6 mC em ?) gives, within ~ 5% accuracy, the expected
molar weight for Na,Ni[Fe{CN);] (note that oscillations seen in
Fig. 1B are due to intercalation and de-intercalation of sodium
during the film formation). Fig. 1C shows a typical CV of the

This journal is © The Royal Society of Chermistry 2016
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Na,Ni[Fe(CN),] film in a pure aqueous 0.25 M Na,SO, electrolyte
characterising Na intercalation/de-intercalation (corresponding
net electrode mass change is ~1 pg em %, which is close to that
expected, considering that only 50% of sodium is exchanged in
the complete cycle). The resulting electrodes are relatively smooth
(see the morphology and topology in Fig. 1D-F and the ESIY),
with uniform distribution of the key elements, Na, Ni and Fe, as
revealed by the electron microprobe technique (Fig. 1G-I).

A generally accepted scheme of Na intercalation and de-
intercalation in aqueous systems in the case of Na,Ni[Fe{(CN)q]
cathode material is as follows:*

NaNi[Fe™(CN),] + Na" + e~ « Na,Ni[Fe'(CN),] (1)

This scheme describes Na intercalation as a very simple one-
stage process, in which neither solvent nor other electrolyte com-
ponents play an essential role. In order to explore the validity of the
mechanism presented above in more detail, we have performed an
EIS study combined with nano-gravimetry. The latter was used to
particularly ensure the required quasi-stationarity of the system
during the measurements. Fig. 2A shows a typical electrode mass
change during voltammetric cycling and subsequent potentiostatic
modes (the latter is referred to as being rather convenient for the
further comparison situation when only ~ 50% of the intercalated
sodium is exchanged, Ze. a “half-charged”/“half-discharged” state).
As can be seen from Fig. 2A, after the electrode potential had been
fixed, the electrode mass remained practically unchanged during
the time required to obtain an impedance spectrum (~1 min).
Additionally, Kramers-Kronig tests did not reveal significant pro-
blems with spectral quality.

Surprisingly, impedance spectra recorded at different electrode
potentials at which Faradaic processes take place do not support
the hypothesis about the simple one-stage mechanism of the
interfacial process. Typical “loops™ which can be seen in the spectra
(Fig. 2C-F) suggest at least a three-stage mechanism involving two
reversible “intermediate steps” with interfacial charge transfer,
followed by a step which does not contribute to the net charge
transfer through the interface (see ESIT for further details). The
unique relation of the spectral shapes and the multi-stage mecha-
nisms is well known and protocolled for various systems, as
summarised in ref. 30. Furthermore, a relatively simple physical
model which reflects the above-mentioned three-stage mechanism
(Fig. 2B) fits well all the spectra for all the measured potentials,
additionally verifying that the observed spectral shapes are not an
experimental artifact due to, for example, contaminations, non-
stationarity or non-linearity effects. Thus, a more complex model
should be taken into account.

As a first approximation we propose the following three-
stage mechanism capable of explaining the impedance data
(for simplicity only de-intercalation is formally discussed, while
all three steps are quasi-reversible):

(1) Electroactive step, i.e. oxidation of Fe", which proceeds
comparatively fast due to the good electronic conductivity of
the film (we use some arbitrary schematic designations in the
equations below):

Na,Ni[Fe"(CN),] — €™ « Na,Ni[Fe"(CN),]"  (2)

2016, 9. 955-961 957

nviron. Sci

153



This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 16 December 2015. Downloaded on 13/05/2016 15:01:11.

)

154

View Article Online

Paper Energy & Environmental Science
(A) 0.25M Na2504
0 %0
aw
N .20 g
= fw
S—
40
<
)
02TV
80 0 100 200 300 400 500
0 50 100 Re[Z] /1 ©
Time/s
200 700
(D) (E) = (F) o
150 200 600
150 500
c
G L = 100 =, 400
g s % 50 %m
E T 0 L. T 200 th 0.66 v
£ 057V
= 400 10 064V
50 100 150 200 250 0 50 100 150 200 250 300 350 100 200 300 400 500 600 700
Re[Z]/ Q Re[Z]/ Q RelZ] / @

Fig. 2 Characterisation of the NazNilFe{CNJg] thin films using impedance spectroscopy. (A} A typical electrode mass change curve confirming quasi-
stationarity of the system within the time necessary to record one impedance spectrum. (B) kquivalent electric circuit reflecting the 3-stage mechanism
(R, uncompensated resistance; Zy, impedance of the double layer; R.., charge transfer resistance; other R and C elements are adsorption (pseudo)resistances
and (pseudolcapacitances, respectively, which are given by complex combinations of physicochemical parameters of adsorption/desorption {see text for
details)). (C-F) Examples of impedance spectra lopen symbols) at different electrode potentials together with the fitting (solid curves) to the model shown in (B}

Inset in (C) shows the high frequency part of the same spectrum

(2) Specific adsorption step, which can be considered as tem-
porary compensation of the excess positive electrode charge
due to relatively slow Na* de-intercalation (this step is likely to
be distinguished as a separate one in EIS, as the mass transport
in solids is relatively slow compared to that in liquids, and the
change in the oxidation state of Fe in the film is in turn faster
than the mentioned compensation from the electrolyte side):

2Na,Ni[Fe™(CN) ] + S0, « (Na,Ni[Fe"™{CN)]).S0,

(3)

(3) “Non-electroactive step’ (no net interfacial charge transfer),
in which Na' and SO,* ions leave the surface:

(Na,Ni[Fe"™{CN],]),80, « 2Na® + 80, + 2NaNi[Fe"'(CN),]
(4)

Importantly, the suggested mechanism involves the electrolyte
components, namely anions. If sodium intercalation and de-
intercalation indeed depend on the electrolyte composition,
some key kinetic properties should be affected by changing the
nature of the anions or their concentrations accordingly. Indeed,
Fig. 3A further supports this hypothesis.

Fig. 3A shows how the nature of anions influences the peak
shapes and so-called voltammetric reversibility, i.e. it reveals
how fast intercalation and de-intercalation of sodium are as a
function of the electrolyte composition. Noticeably, the corres-
ponding peak separation becomes more and more evident if
more “asymmetric” anions and/or anions with a lower net
negative charge density are used, i.e. SO,°” < CI” < NO;~ <
ClO,~ < OAc™. This trend cannot be easily explained by some
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(B) Qualitative correlations between AEy.z and the net charge density as
well as the “symmetry” of the anions. (C} Effect of the sulfate-anion
concentration on the voltammetric reversibility. (D) Impedance spectra
(open symbols} and corresponding fitting results (solid curves, model is
shown in Fig. 2B} in the presence of KNO; and K250,

electrolyte conductivity issues, as, for example, aqueous solutions of
Na,SOy, NaCl and NaNOs of these concentrations have very similar
(within 2-3%) conductivitics. However, the above-clucidated

This journal is © The Royal Society of Chermistry 2016
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trend is in qualitative accordance with eqn (3), where efficient
compensation of the excess “electrode charge" is necessary for
the fast sodium exchange at the interface. Fig. 3B additionally
illustrates this effect, in which the differences between the
potentials of the “half-charged” and “half-discharged” states,
AE,;, are given for each anion used in this study.

Further evidence supporting the importance of the electro-
Iyte composition for sodium interfacial transfer is given in
Fig. 3C. The increase in the concentration of Na,SO, not only
shifts the potentials of Na intercalation/de-intercalation, as
expected from the common rules; it also decreases the degree
of CV-irreversibility between the “‘charging” and “discharging”
cycles. Again, this effect cannot be easily explained by, for
example, some electrolyte conductivity issues. It is even not
proportional to the increase in the electrolyte conductivity
(~2 times). However, it is well in accordance with the require-
ment of fast and effective compensation of the effective charge
at the interface (eqn (3)) and questioning the simple mecha-
nism represented by eqn (1).

.F“ Ni Na*

eC &N

(A)

(B) 1.0
C-rate: 180C
> 0.8
O 0.6
(2
7] —
o 04 =
>
W o2
1M Na SO,
0.0

0 20 40 60 80
Specific Capacity / mAhg”

Fig. 4 (A) Schematic representation of the situation when the temporal
and spatial charge compensation is critical to enhance the interfacial
charge transfer (see text for details). Due to a slower diffusion of alkali
metal cations in the solid with respect to the liquid electrolyte side
(illustrated as a deficiency of Na ions in the solid thin film), the compara-
tively immediate change in the oxidation state of Fe atoms in the film
requires a fast response from the electrolyte side. The latter would depend
on the concentration, effective charge density and geometry of, for
example, anions. (B} Galvanostatic charge and discharge curves at 180 C
for NazNi[Fe{CN)g] electrodes in 1 M Na>SOQ4. The galvanostatic cycling
even at this very high C-rate shows a very low hysteresis resulting in high
energy efficiencies.
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Moreover, Fig. 3D demonstrates that the observed shapes
of the impedance spectra are not because of some specific
electrolyte composition: changing the anions or cations does
seem to be critical for the mechanism of the interfacial charge
transfer itself in this case, further reducing the probability of
misinterpretation of the CVs shown in Fig. 3A and C. Therefore,
even relatively small changes in the electrolyte composition can
play a very essential role in the interfacial charge transfer.
Fig. 4A schematically illustrates the importance of the inter-
mediate interfacial charge compensation from the electrolyte
side during intercalation/de-intercalation. Additionally, Fig. 4B
shows that the performance of an optimised system, even at
a high C-rate (180 C), is very good, with the specific capacity
(~80 mA h g™} being only ~5% lower than the theoretically
possible value for this material (see more experimental data in
Iig. $8-810 of the ESIT).

Another important parameter controlling the performance
of secondary intercalation batteries is the potential at which
intercalation starts. Very straightforward expectations about the

©)
0.6
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o
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Fig. 5 Cation size versus cation solvation effect on intercalation of alkali
metal cations into NapNilFe(CN)gl. (A} Schematics of the Na;NilFe(CN)g]
crystal structure demonstrating that even Cs' can be inserted (all atoms
have approximately realistic relative sizes). (B) Typical cyclic voltammo-
grams for NazNi[Fe(CN)s] in 0.25 M aqueous solutions of MNQOz (where
M = Li, Na, K, Rb, or Cs), de/dt = 50 mV s . (C) The potential of the “half-
charged” state as a function of the alkali metal cation hydration energy.
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capability of alkali metal cations to insert into the Na,Ni[Fe(CN)g}
like structures from the electrolyte side are associated with the
size of the intercalating cations.*™ According to these expecta-
tions, the larger the cation, the more difficult it is to be intercalated
into the solid state structure; though it is still possible for all the
cations from Li' to Cs' to do so in the case of Na,Ni[Fe(CN),] (see
schematics in Fig. 5A). Corresponding to this model, Cs* should
intercalate at much more negative potentials compared to e.g. Li'.
However, what is observed experimentally is exactly the opposite,
as was partially reported previously.***

Iig. 5B displays typical CVs for Na,Ni[Fe(CN];] in 0.25 M
aqueous solutions of MNO; (where M = Li, Na, K, Rb, or Cs). It
can be seen that intercalation is possible for all five alkali metal
cations. Morcover, our quartz crystal microbalance data (not
shown here} suggest that even after tens of initial cycles the net
reaction can be fairly deseribed as follows:

NaNi[Fe™(CN),] + M' + ¢~ « MNaNi[Fe"(CN),]

(where M = Li, K, Rb, Cs), i.e. only approximately half of the
sodium is replaced by the other alkali metal cations.
Surprisingly, despite the biggest cation radius of Cs', its
insertion starts at the most positive electrode potentials followed
by Rb", K, Na*, and Li". Evidently, not only the cation size but
other physicochemical parameters control the potential of their
insertion. One of these parameters might be the ion hydration
energy. Indeed if the potential of the half-charged state is plotted
as a function of the alkali metal eation hydration energy, a
statistically relevant linear correlation is observed (Fig. 5C).

Conclusions

In summary, we have further emphasised the importance of the
electrolyte composition for the kinetics and mechanisms of
interfacial charge transfer during intercalation/de-intercalation of
sodium in the cathode materials for Na-ion batteries. Answering
the question stated in the title of this paper, the commonly
accepted models of Na intercalation in aqueous media, including
a variety of theoretical ones, are likely to be too oversimplified
affecting the strategies of the development of new materials for
large-scale energy storage schemes. In particular, the nature
of the anions present in the electrolyte significantly influences
the intercalation/de-intercalation. On the other hand, solvation
effects are probably among the main parameters governing the
potential of alkali metal intercalation.

Consequently, more sophisticated models for Na intercalation
in aqueous media need to be further elaborated to account for
the observed trends. This will enhance our fundamental under-
standing and thus the performance of such Na-ion battery
systems in the future.
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Electrodeposited Na,VO,[Fe(CN),] films As a Cathode Material for

Aqueous Na-lon Batteries

Bianca Paulitsch,” Jeongsik Yun, ™ and Aliaksandr S. Bandarenka*

fl’hysik—Department ECS, Technische Universitit Miinchen, James-Franck-StraBe 1, 85748 Garching, Germany
tNanosys'cems Initiative Munich (NIM), Schellingstrae 4, 80799 Munich, Germany

12 Na,VO,[Fe(CN),] —— 31 NaNo,

o —— 3M KNO,

-~ —— 1M LiNO,
1.0

O

(D]

UJ- 08

[d

> \

w os 3\

Crate:30C || '

0.4

20 40 60 80

0
Specific Capacity / mAhg”

Na,VO,[Fe(CN)s]

ABSTRACT: The so-called Prussian blue analogues (PBAs) are spotlighted as promising cathode materials for aqueous Na-ion
batteries regarding their good performance for the application in future large-scale energy storage systems. In this work, we
demonstrate that one of the PBA representatives, namely Na,VO,[Fe(CN)4] thin films (VHCFs), is a promising cathode
material for aqueous Na-ion batteries with very positive intercalation/deintercalation potentials, which might likely designate a
new benchmark in the field. T'o maximize the material utilization, we have formed VHCEF thin films on model current collectors
from aqueous solutions. The resulting films demonstrated a very positive half-charge potential (AE,,, = 0.91 V vs Ag/AgCl
reference electrode) in acidic media with a specific capacity of ~80 mAh g™' recorded at high C-rates (30 C) in 1 M LiNO;, 3 M
NaNO; and 3 M KNOj; electrolytes in the presence of 3.6 M H,SO,. It is also shown that well-known solvation effects related to
the nature of the alkali metal cations during intercalation and deintercalation are surprisingly not pronounced in the case of

VHCFs.

KEYWORDS: Na-ion battery, cathode battery materials, vanadium hexacyanoferrate, Prussian blue analogues, intercalation

1. INTRODUCTION

An efficient and sustainable solution of the so-called generation
versus consumption problem will most probably enable further
and wider application of “clean” energy provision schemes. It is
nowadays widely accepted that battery systems will significantly
contribute to such a solution, for instance in the case of
stationary energy storage systems.‘ However, to upscale the
battery-based schemes to the TW-level,” abundant materials,
safe systems, and easy production processes are required.’
From the portfolio of the devices, aqueous Na-ion batteries are
a suitable choice taking into account the above-mentioned
issues:" ™" although Li-ion batteries are currently the “number
one” in automotive applications, aqueous Na-ion batteries have
clear benefits for stationary systems. For example, accumulation
of sodium is nowadays at least 1 order of magnitude faster
compared to lithium.” Aqueous electrolytes are safer compared
to those used in the state of the art nonaqueous Li-ion batteries.
Finally, the electrode materials for these batteries normally
contain abundant elements. However, the major issue related to
the intercalation materials for the aqueous Na-ion batteries is
that they should simultaneously enable a wide operational
window and prohibit side reactions, such as oxygen and

v ACS Publica‘tions © 2017 American Chemical Society
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hydrogen evolution reactions.” For instance, cathode materials
should enable reversible intercalation and deintercalation of
sodium at the electrode potentials, which are as positive as
possible, and simultaneously should not catalyze the oxygen
evolution reaction. As for the anodes, the electrode materials
should enable sodium intercalation and deintercalation at the
potentials, which are as negative as possible, and should
prohibit the hydrogen evolution reaction. These “anti-electro-
catalytic” requirements significantly restrict the choice of the
materials for the efficient Na-ion batteries operating in aqueous
media.

The Prussian blue analogues (PBAs) with a general formula
AB[M(CN),] (where A is, for example, an alkali metal cation,
B is a transition metal cation or oxy-cation, and M is some
transition metal like Fe or Mn) are a class of compounds that
are recently of great interest to use at both cathodes and anodes
in Na-ion aqueous batteries.” ™! Lately, a screening among
some PBA materials led to the development of battery systems
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Figure 1. Na,VO,[Fe(CN),] thin film growth and characterization. (A) A typical CV of Na,VO, Fe(CN)g] film deposition from the aqueous
solution containing 3.6 M H,SO,, 5 mM NaVO; and S mM KFe(CN), by cycling the electorde potential in the range of 0.45 to 1.2 V at a scan rate
of 50 mV/s and (B) its corresponding QCM curves revealing the resulting electrode mass change of ~27 ug cm % (C) Sodium intercalation/
deintercalation for the deposited film in 1 M Na,SO, + 3.6 M H,SO,, dE/df = 50 mV/s. (D) XPS spectra of key elements (Na, Fe, O, and V) for the
deposited VHCE thin films comparing the deintercalated (black) and intercalated (blue) states. (E) AFM and (F) SEM images of the resulting film.

with operating voltage between 1.0 and ca. 1.4 V."*"? However,
a further significant increase in the operating voltage is
necessary motivating to a further screening for better cathode
and anode materials.

In this work, we demonstrate that electrodeposited films of
Na,VO,[Fe(CN),] are a promising cathode material for Na-ion
batteries operating in acidic aqueous media. With its positive
half-charge potential as high as ca. 0.91 V vs Ag/AgCl reference
electrode and reversible intercalation/deintercalation of alkali
metal cations, it outperforms the state of the art PBA materials
like Na,Ni[Fe(CN)4] or Na,Cu[Fe(CN)4] even at high C-
rates. Surprisingly, although the mechanism of the mass and
charge transfer involves electrolyte components, namely anions,
the influence of the nature of the alkali metal cations present in
the electrolytes on the potential of the intercalation/
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deintercalation is of much less importance, if compared with
other PBA materials.'*'*

2. EXPERIMENTAL SECTION

Electrochemical deposition and characterization of Na,VO, Fe(CN)4]
thin films were performed in a glass cell with a three-electrode
configuration using a VSP-300 potentiostat (Bio-Logic, France) and a
QCM 200 (Standford Research Systems, USA). A Au single crystal, a
sputtered Au on glass arrandee or an AT cut Au quartz crystal wafer (3
MHz, 1” diameter) were used as working electrodes. A Pt wire was
used as a counter electrode. All electrode potentials in this work are
referred to the Ag/AgCl (SSC) reference electrode. The thin film
deposition procedure was adapted from Dong et al.'® with
modifications. Namely, Na,VO, Fe(CN)g] thin films were electro-
chemically deposited by cycling the potential between 0.45 to 1.2 V in
a solution containing 3.6 M H,SO,, S mM NaVO; and 5§ mM
K;Fe(CN)g at a scan rate of 50 mV/s for ~110 cycles as shown in
Figure 1A. Characterization of the intercalation was performed using
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Figure 2. (A) Typical CVs for sodium intercalation/deintercalation in the case of Na,B[Fe(CN);] (B = Ni, Co, Cu and VO,) in 0.25 M Na,SO,
aqueous electrolytes. In the VHCE film, 3.6 M H,SO, was added to stabilize the film. (B) The half-charge potentials as a function of empirical radii
of transition metal elements that are linked to the N-coordinates in the PBA crystal structure. (C) The equivalent circuit (R, uncompensated
resistance; 7y, impedance of the double layer; R, charge transfer resistance, other R and C elements are adsorption (pseudo)resistances and
(pseudo)capacitances, respectively). (D) Impedance spectra (open circles) with fitting results (lines, see refs'"'” for further details regarding the
model and fitting) for two different potentials. (E) Typical CVs of the Na,VO,[Fe(CN),] films in 3.6 M H,SO, and 0.25 M XNO, aqueous
electrolytes (X = Li, Na, K, Rb and Cs) with (F) the comparison of the effect of cations (half-charge state vs cation hydration energies) in the case of

VHCF and NiHCF electrodes.

cyclic voltammetry (CV) in different electrolytes containing 0.25 M
LiNO,, 025 M NaNO,, 025 M KNO,, 025 M RbNO,, 025 M
CsNO; in 3.6 M H,S0; and 025 M Na,SO; in ultrapure water
(Evoqua, Germany). Common battery tests were performed using | M
LiNO;, 3 M NaNO; and 3 M KNO; in 3.6 M H,S0, as electrolytes.
The protective Na,Ni[Fe(CN)g] (NiHCF) thin coating layer was
formed by depositing NiHCF at a constant potential (0.37 V) for 10
min from a solution containing 0.5 mM NiCl,6H,0 and 0.5 mM
K;Fe(CN)4 and 0.1 M H,SO, onto the predeposited VHCF thin films.
The preparation of Na,Co[Fe(CN);], Na,Cu[Fe(CN),] and Na,Ni
[Fe(CN)g] thin films has been performed according to the procedure
described in detail elsewhere.'

The sample morphology was investigated using atomic force
microscopy (AFM) and scanning electron microscopy (SEM). For the
AFM measurements a multimode EC-STM/AFM instrument (Veeco
VI) with a Nanoscope TIID controller was used with the Nanoscope
5.31r1 software. All measurements were performed in tapping mode
with AFM tips (Bruker REESP-300). For SEM investigations the
NVision 40 (Zeiss) was used. X-ray photoelectron spectroscopy (XPS)
was performed using a SPECS XPS spectrometer (SPECS, Germany).
The X-ray beam was generated in a XR30 X-ray tube by an Al anode
(12 kV, 200W) with photon energy of 1486.61 €V and beam focus of

1.4 mm X 4 mm on the sample. The kinetic energy of the electrons
was detected by a semispherical electron energy analyzer (PHOIBOS
150 2D CCD), operating with a pass energy of 20 eV to ensure a high
resolution of the spectra.

Electrochemical impedance spectroscopy (EIS) measurements were
performed in the potential range between 0.55 and 1.05 V using ac-
probing frequencies from 50 kHz to 0.1 Hz with a 10 mV amplitude.
The impedance data were analyzed using homemade software.”'®

3. RESULTS AND DISCUSSION

The following general scheme was used to deposit Na,VO,[Fe-
(CN)4] thin films under potentiodynamic electrochemical
conditions:

2Na® + VO, + [Fe(CN) '™ + (6 — 20)H"
— Na,VO,[Fe(CN),] + (3 — x)H,0

Figure 1A demonstrates a typical CV characterizing VHCF thin
film deposition, where only the first and every 10th cycles are
shown. Anodic and cathodic peaks are associated with the
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Figure 3. (A) Galvanostatic charge and discharge curves at the 30C rate for the Na,VO,[Fe(CN);] films in 1 M LiNO,, 3 M NaNO;, and 3 M
KNO; with 3.6 M H,SO. electrolytes with specific capacities of ~83, ~79, and ~76 mAh g !, respectively. (B) Typical CVs of the VHCF film in
0.25 M Na,SO. (pH §) with peak potentials of 0.7 V/0.63 V. (C) CVs of the VHCE electrodes coated with NiHCF thin films (25 mV s ! scan rate
in 025 M Na,SO; (pH 4, with H,SO. pH correction) with peak potentials of 0.38 V/0.36 V showing the impact of NiHCF and 0.78 V/0.71 V
belonging to VHCE. (D) Improved stability of VHCE/NiHCF “protected” thin film in 0.25 M Na,SO, with peak potentials of 0.78 V/0.65 V.

change of the oxidation state of Fe inside the subsequently
growing thin film followed by alkali metal cation intercalation
and deintercalation. The associated net mass change of the
electrode was measured during the deposition process using the
electrochemical quartz crystal microbalance (EQCM) as shown
in Figure 1B.

The resulting mass change of the working electrode was
calculated to be ~27 pg cm™* (fluctuations in the mass, which
can be also seen in Figure 1B, are due to alkali metal cation
intercalation and deintercalation during the film growth).
Considering the results of XPS in combination with EQCM
and CV results and Faraday’s law, it was possible to calculate
the composition of the thin film. Using the corresponding
integrated charge obtained from the voltammograms, we obtain
the values x in Na,VO,[Fe(CN),] of slightly below 2. The
lower than expected x values are likely due to conversion of
VO;~ not only to VO, but also to some extent to VO*' in
acidic aqueous media.'®

Figure 1C shows 10 subsequent CV cycles characterizing Na
intercalation and deintercalation with main peaks at ~0.9 V
demonstrating slightly decreasing current densities. XPS spectra
analysis confirms the presence of key elements (Na, V, O, and
Fe) in the VHCF thin films (Figure 1D). All XPS-peaks were
identified by comparing the experimental binding energies to
the references of the binding energies from ref 19. From the
comparison of the XPS peaks of the intercalated and
deintercalated states, it is clearly seen that the intensity of the
Na s peak is decreased for the deintercalated state, indicating
that Na ions leave the structure in the anodic scan. The shift of
the binding energies for Fe 2p"* and Fe 2p*? results from
different oxidation states of Fe in the VHCEF thin films after the
intercalation and deintercalation of sodium. The double peak of
Fe 2p"/? for the deintercalated state suggests that both Fe'" and
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Fe' are present in the film. In the intercalated state, Fe is

reduced to Fe resulting in a single peak. For the Fe 2p*? peak,
the change in oxidation state can be seen in a slight binding
energy shift to higher values for the intercalated state. The XPS
peaks for O and V seem not to be affected by the insertion of
Na, as expected.”” From the XPS analysis it can be concluded
that only Fe is contributing to the capacity behavior of VHCEF.
Figure 1E shows an AFM image of Na,VO,[Fe(CN)] thin
film, where structures of over 180 nm are seen. SEM image of
the Na,VO,[Fe(CN4)] sample is shown in Figure 1F. The
comparison of these two images reveals different aspects;
however, suggesting that the resulting films are not porous, and
the geometric electrode surface area can (as the first
approximation) be considered as the real electroactive one.
Figure 2A compares CVs of some state-of-the art cathode
materials, namely PBA-containing Ni, Co, and Cu, as well as
VHCEF electrodes in a 025 M Na,SO, aqueous electrolyte (3.6
M H,SO, was added in VHCEF to stabilize the films). Among
different PBAs, Na,VO,[Fe(CN);] demonstrates the most
positive electrode potential for Na intercalation in 0.25 M
Na,SO, aqueous electrolyte. The half-charge potential of
Na,VO,[Fe(CN),] reaches ~0.91 V, whereas Ni-, Co-, and
Cu-HCF films show the half wave potential at 0.44, 0.51, and
0.67 V, respectively. Interestingly, a roughly linear correlation
between the half-charge potentials and the empirical radii of the
key transition metal elements™""** can be seen in Figure 2B.
The interfacial charge and mass transfer process at the VHCF
thin films during quasi-reversible Na intercalation/deintercala-
tion was also investigated using electrochemical impedance
spectroscopy. The used equivalent electric circuit model and
the resulting impedance spectra'® are shown in Figure 2C, D,
respectively. The “loop-shaped” impedance spectra, similar to
refs 14 and 15, reveal that Na intercalation of VHCF follows at
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least a three-stage mechanism involving anions in the
electrolyte.

It should be noticed here that the difference in the
impedance spectra in Figure 2D is due to changes in the
kinetics of the interfacial charge and mass transport at different
electrode potentials. Normally, the kinetic parameters are
exponential functions of the potential, resulting in very
significant changes even if the potential is changed slightly.

Na intercalation in the case of the VHCF thin films involves
specific adsorption of anions from the electrolyte because of the
different kinetic rate of a faster oxidation/reduction of Fe and a
slower diffusion of Na in the electrolyte and electrode. If the
three-stage mechanism could be represented using simplified
terms, the first step is the change in the oxidation state of Fe in
the VHCEF thin film, which could be represented as follows:

Na,VO,[Fe"(CN),] — 1e™ < Na,VO,[Fe''(CN),|*

(1
Because of a good conductivity of the VHCF thin film, this
oxidation/reduction rate of Fe is much faster than ditfusion rate
of the Na ions in the solid electrode and the electrolytes. Thus,
the surface of the thin film would temporarily show the excess
positive charge and attract anions in the electrolyte to
compensate the excess charge (we assume the specific
adsorption in this case).

Na,VO,[Fe"'(CN),]* + A < Na,VO,[Fe"(CN),]A
@
where A is anion in the electrolyte. Finally, Na ions and the
anions leave the thin film:

Na,VO,[Fe"'(CN)s] < Na* + A" + NaVO,[Fe"'(CN),]

(3)

Further details regarding the mechanism and the interpretation
of EIS spectra are demonstrated in refs14 and15.

Figure 2E displays typical CVs for VHCF electrodes in
different 0.25 M XNO, aqueous electrolytes (where X = Li, Na,
K, Rb and Cs) with the addition of 3.6 M H,S0,. It is known
that solvation effects during intercalation of different alkali
metal cations might be one of the key parameters to determine
the electrode potential of NiHCFE."" However, in the case of
‘VHCEF the “solvation effect” is not as pronounced as compared
to NiHCF as shown in Figure 2F, where the intercalation
potential only slightly depend on the nature of the alkali metal
cation. This effect is very surprising but detailed explanation of
it is outside of the scope of this manuscript, where
phenomenological effects are intended to be primarily
described. Further investigations are necessary to address the
above-mentioned issues.

Common battery tests for Na,VO,[Fe(CN),] thin films were
also performed. Specific capacities of Na,VO,[Fe(CN),]
electrodes in 1 M LiNO; 3 M NaNO;, and 3 M KNO,
electrolytes with 3.6 M H,SO, at the 30 C rate show values
close to the theoretical ones with ~83, ~79, and ~76 mAh g™/,
respectively, as can be seen in Figure 3A. Similar behavior of
the different cations further underlines the already mentioned
low impact of cations on the performance of VHCEF.

It should be noted that some PBAs are unstable in basic and
neutral media, because CN™ ligands can likely be exchanged by
OH™, which results in degradation of PBAs battery perform-
ance.”” The cycle stability of the VHCEF thin film is poor in
electrolytes only containing 025 M Na,SO, showing fast
degradation as can be seen in Figure 3B. To address instability
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of VHCEF thin films in neutral solutions, we propose that other,
more stable thin films, e.g, NiHCF layers, could be
electrochemically deposited as protecting layers onto VHCEF.
NiHCF was selected as protective layer, because NiHCF has a
similar crystal structure to VHCF, which will introduce less
strain to the VHCF structure and the electroactive potential
range of NiHCF lays outside of the electroactive potential
range of VHCF and therefore a deposition with constant
potential is not affecting the performance of VHCEF. Figure 3C
shows one example of CV characterization of such a layered
electrode when Na,Ni[Fe(CN)4] thin protective layer was
deposited on much thicker Na,VO,[Fe(CN),] film. As can be
seen from Figures 3C, the protection causes some cathodic shift
in the potentials of intercalation and deintercalation of sodium
compared to the pure Na,VO,[Fe(CN),] films in the acidic
media with peak potentials of 0.78 V/0.71 V. This is likely due
to the influence of the Na,Ni[Fe(CN),] material on the
resulting film properties (notice also a pair of smaller peaks at
approximately 0.38 V/0.36). On the other hand, the protective
coating indeed can stabilize the system as shown in Figure 3D,
where § stable cycles are shown with peak potentials of 0.78 V/
0.65 V.

B CONCLUSIONS

The very positive half-charge potential for intercalation/
deintercalation of sodium reveals the electrodeposited VHCF
material as a promising candidate for the cathodes in acidic
aqueous Na-ion batteries, outperforming in that respect Ni-,
Co-, and Cu- HCFs even at high C-rates. In fact, the VHCF-
films exhibit the highest anodic potential for the Na
intercalation without noticeably catalyzing side reactions
among PBA-based materials. The issue regarding the stability
of the VHCEF film in neutral or basic media can be addressed by
coating the VCHF films with very thin protective layers, for
instance, NiHCF.

Interestingly, the intercalation electrode potential for PBA-
based cathode materials seems to be determined by the choice
of transition metal elements that are largely linked to the N
atoms in the PBA structures.

As for the VHCFs, Na intercalation into the VHCF follows a
three stage mechanism involving anions present in the
electrolytes. However, the well-known solvation effects
associated with the alkali-metal cations in the intercalation
process was not pronounced in the case of VHCF compared to
those known for, for example, NiHCF. This surprising result
should be further studied to deepen the understanding of
intercalation processes.
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Chromium(ll) Hexacyanoferrate-Based Thin Films as a Material for
Aqueous Alkali Metal Cation Batteries
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ABSTRACT: Identification and characterization of novel battery
electrode materials are key factors in transitioning the grids to renewable
energy provision. Given the scale of the challenge, special attention
should be paid to safety and availability of resources. This paper presents
a new electrode material for aqueous batteries and supercapacitors based
on highly available resources: chromium(II) hexacyanoferrate (CrHCF)
thin films. Electrodeposited CrHCF exhibited “half-charge” potentials
(E ;) of ~0.69 and ~0.72 V versus silver/silver chloride (reference
electrode) for Na and K intercalation, respectively, a high specific
capacity of ~88 mA h/g (10 C), and a good rate performance at fast C-
rate (360 C). The electrolyte composition significantly influences the
long-term cycling stability of the CrHCF electrodes and the choice of the
intercalating alkali metal cations significantly impacts the E, , potentials.
Finally, a CrHCF-based symmetric cell (quasi-supercapacitor) was

constructed and showed high specific energy of ~4.6 W h/kg at 100 C.

B INTRODUCTION

The changes in society’s perspective on climate change and
sustainability have led to global compromises to reduce carbon-
based emissions, such as the Paris climate change agreement. In
a bid to cut carbon emission, various technologies have been
developed for electricity provision from renewable energy
sources, as well as for energy consumption, such as fuel cell cars
and battery electric vehicles. In research and development of
energy technologies, batteries (often combined with super-
capacitors) are placed as the key candidates for electricity
storage to transfer energy from production to consumption.":
The expectation for the huge growth in the electric vehicle
market has opened explosive increase of investments on battery
development from both public and private institutions, leading
to already successful commercialization.”

However, the development of appropriate electrochemical
energy storage systems (ESSs) for grid ESSs is still at an early
stage because of different requirements from mobile
applications.” For large-scale applications, safety and costs
should be considered to be equal to or even more important
than energy density. The global energy demand is predicted to
increase to ca. 30 TW,,, by 2050.” To achieve sustainable
energy provision using new schemes, the availability and the
abundance of materials should be taken into consideration as
one of the main factors for upscaling. Figure 1 provides a visual
comparison of the annual global production of common
elements for battery materials. It suggests that the direct
application of current Li-ion batteries onto grid-scale storage
systems might not be achievable within a reasonable time
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Global production (kglyr)

Elements

Figure 1. Annual global production of common elements for battery
applications. The full circles represent the elements mainly used for
electrode materials and the half-black circles represent those for either
electrodes or electrolytes, partly adapted from ref 5.

scale,” despite their high energy density and well-developed
technology. The limited availability and increasing demand of
Li will further increase the price, which makes it more difficult
to address the “T'erawatt Challenge” in time.%” Furthermore,
flammable organic electrolytes of Li-ion batteries largely
increase safety risks in large-scale applications.
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Figure 2. (A) Typical CVs characterizing the electrodeposition of CrHCF thin films. (B) Typical CVs of CrHCF thin film in aqueous 0.25 M KNO,
(blue curve) and 025 M NaNO; (green curve) electrolytes. (C) SEM images of graphene foam before CrHCF deposition (top) and
electrodeposited CrHCF thin films on graphene foam, showing the film morphology (bottom). (D) Typical XPS spectrum of electrodeposited
CrHCF thin films. To improve the signal intensity, the CrHCF thin film was electrodeposited onto a Pt/Ti quartz crystal substrate.

Aqueous batteries using different alkali metal cations for grid-
scale energy storage have drawn a considerable attention,
thanks to safety and the high rate capability of aqueous
electrolytes compared to organic eIectrolytes.S Among various
classes of electrode materials for aqueous batteries, Prussian
blue analogues (PBAs) are particularly interesting owing to
their superior cycle life, low price, and abundant raw materials
for building electrodes.” "' PBAs have fcc structure based on
the two transition metals that are coordinated with sixfold
carbon or nitrogen. The representative chemical formula of
PBAs can be written as X, TM'[TM?*(CN)s] (where X
represents the intercalating cations, TM! and TM? are the
transition metals, and y is frequently 1 or 2). Many different
PBAs have been studied for aqueous and nonaqueous batteries
such as Na,Ni[Fe(CN),] (NiHC}F),u'“ Na, ;,Co[Fe-
(CN)Joss¥o142:16H;,0 (CoHCE)," KyzyCu [Fe(CN)glysy
3.7H,0 (CuHCEF),'® Na,VO,[Fe(CN),] (VHCE)," and
Na,Mn[Mn(CN)] (MnHCM)."**  However, considering
utilization for large-scale applications and the availability of
raw materials, it would be ideal to use the most abundant and
light TM" and 'TM?, namely, Cr and Fe (see Figure 1).

B RESULTS AND DISCUSSION

Figure 2A shows a typical cyclic voltammogram (CV)
characterizing the electrochemical deposition of chromium(IT)
hexacyanoferrate (CrHCEF) thin films: the increase in cathodic
and anodic current peaks reveals the growth of the film.
Electrodeposition on graphene foam using a smaller potential
range, for example, from —0.7 to 1.1 V versus silver/silver
chloride (SSC), could not be achieved. Only when the lower
potential was extended to —1.1 V versus SSC, CrHCF
electrodeposition occurred. This is in good accordance with
the claims of Gao and Jiang et al.”**" that reduction of Cr?'
(—095 V vs SSC)** is a mandatory condition for electro-
deposition. Further insight into the CrHCF electrodeposition
mechanism is beyond the scope of this manuscript.
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Representative CVs of CrHCF thin films in aqueous 0.25 M
NaNO, (green curves) and 025 M KNO; (blue curves)
electrolytes characterizing intercalation and deintercalation of
K" are depicted in Figure 2B. The cathodic and anodic peaks
result from the change of the oxidation state of Fe in CrHCF,
which in turn induces the intercalation and deintercalation of
Na or K cations, respectively. Figure 2C shows typical scanning
electron microscopy (SEM) images of graphene foam before
(top) and after (bottom) CrHCF thin-film deposition. The
substrate shows a branch-like structure, but after the deposition
of CrHCF thin films, the structure appears to be homoge-
neously covered with the deposit and shows a smooth topology
with an average feature size of about 166 nm. X-ray
photoelectron spectroscopy (XPS) analysis of CrHCF thin
films deposited on flat Pt electrodes (see Figure 2D) indicates
the presence of all key elements, Fe, K, and Cr.

The presence of K-related peaks in the XPS data suggests
that not all K" cations are removed from the CrHCF thin films
during deintercalation (CrHCF is in the deintercalated state,
Figure 2D). The investigation of Fe 2p,,, and Fe 2p;;, peaks
reveals that the main oxidation state of iron after
deintercalation is +3 (at ~713.39 and ~727.13 eV for Fe
2ps/> and Fe 2p,,, respectively); also, the peaks with less peak
area and reduced binding energy can be observed alongside
these peaks (at ~711.99 and ~724.91 eV for Fe 2p;;, and Fe
2p, s respectively).

According to Yamashita and Hayes,” these peaks can be
assigned to Fe'', caused by partially divergent oxidation of Fe
during the K deintercalation process. Therefore, the tentative
reaction scheme for intercalation/deintercalation of K ions in
CrHCF thin films can be proposed as following

KCr"[Fe™(CN)g] + K + ¢ > K,Cr"[Fe"(CN),]
()]
According to recent studies,l’z“m‘:4 anions participate in the
intercalation/deintercalation processes and affect the reversi-
bility and stability of the electrode materials. The influence of
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Figure 3. Characterization of the CrHCF electrodes in aqueous electrolytes containing different anions and/or alkali metal cations. (A) Typical CVs
of CrHCF electrodes and (B) their long-term cycling tests in 0.25 M KNO, (blue), 0.25 M KCI (green), 0.25 M KOAc (black), and 0.25 M K,SO.
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Figure 4. (A) Galvanostatic charge—discharge test of the CrHCF electrodes in 0.25 M NaNO; electrolytes at different C rates. (B) Comparison of
the E, ;, potentials for the CrHCF, VHCF, and NiCHF electrodes as a function of the hydration energy of the intercalating alkali metal cations. (C)
E,;, potentials of NiHCF, CoHCF, CuHCF, VHCF, and CrHCF electrodes for Na intercalation/deintercalation as a function of empirical radii of
transition metals.” ¢ (D) Charge—discharge characteristic curves for a CrHCF symmetric cell (quasi-supercapacitor) at 100 C using 2 025 M

NaNOj; aqueous electrolyte.

the electrolyte composition on the reversibility and stability of
CrHCF thin films was investigated using 0.25 M K-containing
electrolytes, namely KNO;, KCI, KOAc (potassium acetate),
and K,SO,.

The shapes of CVs look similar regardless of the anions
present in the electrolytes, whereas the potential of K

5113

intercalation/deintercalation varies (see Figure 3A). Among
the studied electrolytes, the long-term stability tests of CrHCF
electrodes showed the highest cycle stability in 0.25 M KNO;
solutions (ca. 57% of the initial capacity), as shown in Figure
3B. The worst stability was observed for the sample in 0.25 M
KOAc, which retained only ~21% of its initial charge capacity

D0I:10.1021/acsomega.8b00273
ACS Omega 2018, 3, 5111-5115
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Table 1. Specific Capacities for CrHCF Electrodes in 0.25 M NaNO; at Different C-Rates

10 C
~88

Corate
specific capacity {mA h/g)

5C
~89

30C
~81

60 C
~76

90 C
~73

120 €
~71

180 C
~68

360 C
~58

after only 50 cycles. The large channels of PBAs have been
shown to be able to host different cations.'** Figure 3C shows
the CVs of CrHCF thin films in 0.25 M XNO; electrolytes (X
= Li, Na, K, Rb, and Cs) characterizing quasi-reversible
intercalation/deintercalation of different alkali metal cations
into/from CrHCF. The shapes of CVs in different electrolytes
appear similar except for the case of 0.25 M CsNO;, but the
positions of the CVs are slightly different. Subsequently, the
long-term cycling tests of CrHCF thin films were performed in
different electrolytes for 1000 cycles (see Figure 3D). CrHCE
thin films cycled in NaNO; and KNO; showed the best
stabilities after 1000 cycles, reaching ~56 and ~57% of the
initial capacity, respectively.

The specific capacity of a CrHCF electrode in 0.25 M
NaNO; was measured at multiple C rates to investigate the rate
performance (see Figure 4A). The resulting specific capacities
strongly depended on the applied C rate (summarized in Table
1). At 10 C, the electrode showed a specific capacity of ~88 mA
h/g, and the specific capacities tend to be lower at higher C
rates. The half-charge potential (E,) of CrHCF thin films
slightly varies depending on the nature of the alkali metal
cations in different electrolytes as shown in Figure 4B.

In contrast to the case of NiHCF," the half-charge potentials
of CrHCF only slightly depend on the hydration energy of
alkali metal cations, similar to VHCE."” Figure 4C shows a
good correlation between the E, ;; potentials for different PBAs
(NiHCF, CoHCF, CuHCF, VHCF, and CrHCF) and the
empirical radii of the key TM' elements of PBAs. The larger the
empirical radii of the transition metals TM! in PBAs, the higher
the E,, potentials are.

Using CrHCF, we have also constructed a symmetric cell
(quasi-supercapacitor with two identical CrHCF electrodes)
operating at 100 C, with the maximum initial operational
voltage of 0.95 V' (see Figure 4D). It demonstrated a specific
capacity of ~19 mA h/g and a specific energy density of ~4.6
W h/kg. At 120 C, the Coulombic efficiency exhibited ~99.6%.
These values slightly outperform those of commercially
available nonaqueous supercapacitor systems for power grids
and industrial applications (energy density of ~3—4 W h/kg
and maximum efhiciency at nominal power of 98.6%).7"

The good rate performance of CrHCF electrodes would
position them between battery and supercapacitor materials,
opening the possibility of future application of this material in
hybrid ESSs. If the CrHCF electrode is combined with an
appropriate Na battery anode, such as a phosphorene—
graphene anode,” the recently reported high-rate TiC,
anode,™ or MnHCM," it would result in a full cell with
excellent voltage and rate capability.

B CONCLUSIONS

In summary, we have demonstrated electrodeposited CrHCF
thin films as an affordable cathode material for aqueous Na*
and K' ion batteries. CrHCF electrodes exhibited the E,
potential of ~0.69 and ~0.72 V versus SSC for Na and K
intercalation, respectively, and a high specific capacity of ~88
mA h/g at 10 C, with excellent cycling stability and capacity
retention of ~60% after 1000 cycles. Surprisingly, the choice of
electrolytes has a significant influence on the cycle life. The
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electrode potential of PBAs appears to be adjustable by
replacing N-coordinated transition metals with others. The
symmetric cell using two CrHCF electrodes showed a high
voltage of 0.95 V and an energy density of ~4.6 W h/kg at 100
C. The high availability of raw resources for the fabrication of
CrHCEF electrodes should enable the use of this material in
large-scale ESSs.

B EXPERIMENTAL SECTION

Electrochemical measurements were carried out in an electro-
chemical glass cell in Ar-saturated electrolytes (Argon 5.0
Westfalen AG) using a three-electrode configuration and a
VSP-300 potentiostat (Bio-Logic, France) to control the
experiments. Graphene/thermoplastic polyurethane flexible
foam (Graphene Supermarket, USA) and AT-cut Pt quartz
crystals (Standford Research Systems, USA) served as working
electrodes and substrates, respectively, for the electrochemical
deposition of CrHCF thin films. A Pt wire and 3 M KCI Ag/
AgCl (SSC, Schott) were used as a counter and a reference
electrode, respectively. The electrochemical deposition of
CrHCEF thin films was performed using a deposition solution
containing 0.25 M KNO;, 10 mM CrCl, (prepared from CrCl;-
6H,0, 95%, Sigma-Aldrich, Germany), and 5 mM KFe-
[(CN)g] (~99%, ReagentPlus, Sigma-Aldrich, Germany) in
ultrapure water (Evoqua, Germany) by cycling electrode
potential between —1.1 and 1.25 V versus SSC at a scan rate
of 30 mV s7". Cyclic voltammetry analysis of the resulting
CrHCF thin films was performed in different electrolytes (0.25
M KNO, 025 M KCJ, 025 M K,S0O,, 025 M KCH,COO,
025 M LINO,, 0.25 M NaNO,, 025 M KNO,, 0.25 M RbNO,,
and 0.25 M CsNO;, all ReagentPlus, Sigma-Aldrich, Germany)
to investigate the electrochemical characteristics and battery
performance. For that, the electrode potential was cycled from
—0.6 to 1.2V versus SSC for 1000 cycles at a rate of S0 mV s~
Battery capacitance determination tests of CrHCF thin films
were carried out in the 0.25 M NaNQ; electrolyte at different C
rates (5, 10, 30, 60, 90, 120, 180, and 360 C). A 095 V
symmetric cell (a guasi-supercapacitor) was constructed using
two CrHCF thin-film electrodes and the 0.25 M NaNO,
aqueous electrolyte; and its charge—discharge test was
performed at 100 C. Prior to the XPS measurements, the
electrochemically deposited CrHCF thin films were rinsed with
pure water several times to remove possible residues of still-
adsorbed chemicals and then dried in ambient conditions. It
should be noted here that the drying procedure in ambient
conditions did not introduce any functional changes of the
CrHCF thin films, neither in electrochemical nor XPS
measurements. The XPS setup included SPECS GmbH XRS50
X-ray source with Al anode (Ke line at 1486.61 eV), a SPECS
GmbH spectrometer, and SPECS GmbH PHOIBOS 150
hemispherical energy analyzer. High-resolution field emission
SEM analysis of the deposited films was performed on Zeiss
NVision 40, operated at 3 kV.
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ABSTRACT: The development of electrode materials for
Na-ion batteries has been substantially accelerated recently
with respect to application in grid energy storage systems.
Specifically, development of Na-ion batteries operating in
aqueous media is considered more promising for this
application due to safety issues. Many different types of
cathode materials for agueous Na-ion batteries have been
proposed; however, the number and performance of
contemporary anode materials are still insufficient for practical
deployment. In this work, we demonstrate that electrochemi-
cally deposited NaMn[Mn(CN),] thin films are very
promising anode materials for aqueous Na-ion batteries.
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Na Mn[Mn(CN),] films exhibit (i) very low half-charge potential ca. —0.73 V vs SHE (ca. —0.93 V vs SSC) being one of the
lowest among those reported in the literature for the electrode materials, which also inhibit hydrogen evolution reaction; (i) a
specific capacity of ca. 85 mA h g'; and (iii) only ~3% loss of capacity and high round-trip efficiency (99.6%) after 3,000
cycles. Surprisingly, the choice of the electrolyte composition has a very strong influence not only on the intercalation process
but also on the long-term performance of battery anodes and their electrode surface morphology.

KEYWORDS: agueous Na-ion batteries, Na intercalation, Na Mn{Mn(CN),], Na-ion battery anodes,

electrochemical impedance spectroscopy

1. INTRODUCTION

Over the past years, the need for decentralized integration of
so-called large energy storage systems (ESSs) as buffers to
smoothen power fluctuation generated by less flexible
renewable energy sources has risen in importance.‘_(' Aqueous
rechargeable alkali-metal-ion batteries and especially aqueous
rechargeable sodium-ion batteries have positioned themselves
as promising alternatives to conventional lithium-ion batteries
(LIBs) to cope with these needs.”* From a kinetic point of
view, aqueous sodium-ion batteries profit from a favorable
transport of Na' over Li" in both electrodes and electrolyte,
enhancing the performance of the system.””'" Moreover, their
electrolyte inherent safety and environmental friendliness
coupled to the cost-efficiency due to extremely abundant
constituents are major arguments to implement them in large-
scale ESSs. However, the bigger atomic radius and mass of Na*
ions compared to Li* ions implying poorer volumetric and
gravimetric energy densities, as well as the smaller operating
voltage window arising from the electrolysis of the aqueous
electrolyte together with the lack of suitable anode materials in
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aqueous media, are among the biggest drawbacks that have to
be balanced. Thus, for aqueous Na-ion batteries to become
competitive in ESS applications, new materials that effectively
overcome these limitations have to be found.

Many cathode materials for LIB such as LiCoO,, LiMn,0,,
and LiFePO, are applicable to sodium-ion batteries, but
commonly used anode materials for LIB such as graphite are
not suitable for them due to their instability in the Na™-
intercalated state in aqueous electrolytes.'” The anode
materials for aqueous Na-ion batteries should fulfill various
requirements. (i) They should exhibit the lowest possible
electrode potentials for sodium intercalation and deintercala-
tion to achieve high full cell voltages and high energy densities,
but, at the same time, (ii) they should not trigger any side
reactions such as hydrogen evolution reaction (HER).
Furthermore, the anode materials have to be chemically and
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Figure 1. Electrochemical and AFM characterization of Na,Mn[ Mn(CN)g4] thin films. The films were d d from aq solutions ¢

7 mM MnSO, and 11 mM K,[Mn(CN)g4] together with (A—C) 0.25 M Na,SO. and (D, E) 0 25 M NaCIO‘ The panels show characteristic C)’CllC

from the 1 c g (A) 0.25 M Na,SO; and (D) 025 M

voltammograms of Na,Mn[Mn(CN),] thin films during d

o |

NaClO,, respectively. Corresponding EQCM curves (B, E) show the mass changes of the deposited \la_,\/ln[Mn(CN)d thin films as (B) ca. 14 ug
em™ and (E) ca. 38.5 pg cm™, respectively. AFM images of Na,Mn[Mn(CN)g] thin films from the deposition solution containing (C) 0.25 M
Na,S0, and (F) 0.25 M NaClO, reveal drastically different surface roughness. Note the different scale of the z-axis of the profile line across the

bottom of each AFM image in panels C and F.

mechanically stable at the operating pHs of the electrolyte to
prevent dissolution and deformation of the active material.
Correspondingly, the anode materials have to operate in the
same media (be compatible) with the state-of-the-art
cathodes."?

Several types of anode materials have been proposed to meet
the above-mentioned requirements. For instance, NASICON-
type anodes were first proposed by Park et al, and their
specific capacity exhibited 100 mA h g™! at 2 C with the
plateau voltage at ca. —0.61 V vs SHE and a cycle retention of
95% over 100 cycles."*™"® Qu et al. reported intercalation
properties of the nanostructured vanadium oxide V,0q-
0.6H,0, presenting a reversible capacity of 43 mA h g™ in a
0.5 M Na,SO, aqueous electrolyte."” Further improvements
led to the one-dimensional nanostructured Na,V,0,,-nH,0
with a lower redox potential and a high initial charge capacity
of ca. 123 mA h g'l‘m However, it suffers from irreversible
structural changes upon Na® insertion, deteriorating its
intercalation properties resulting in a specific capacity of 42
mA h g7' in subsequent cycles. Recently, a 1,4,5,8-
naphthalenetetracarboxylic dianhydride (NTCDA)-derived
polyimide was reported by Qin et al., presenting a discharge
potential of ca —0.19 V vs SHE when operated in a highly
concentrated 5 M NaNO; aqueous electrolyte.'” It showed an
extremely high discharge capacity of 165 mA h g™ at a
discharge rate of 1/3 C. However, its stability is rather
questionable, with a capacity decay of 17% after 20 cycles; and
the Na* storage mechanism is still not fully understood. Pasta
et al. showed another approach using coprecipitation of the
Prussian blue analogue (PBA)-based Mn"'-N=C-Mn""
also operating in aqueous electrolytes.'>*’ Its working
potential was found to be ca. 0.052 V vs SHE, with a specific
capacity of 57 mA h g' and a high rate capability at C rates
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between 1 and 10 C. When combining the manganese
hexacyanomanganate (MnHCM) anode with the well-known
copper hexacyanoferrate (CuHCF) cathode, it showed an
almost negligible capacity loss over 1,000 cycles, presenting a
Coulombic efficiency of 99.8% at 10 C. Despite the various
approaches, it is evident that further research is necessary to
come up with an anode material to achieve significantly higher
energy density, specific capacity, and good stability.

In this work, we demonstrate that electrochemically
deposited MnHCM thin films show an extremely low half-
charge intercalation potential of ca. —0.73 V vs SHE, which is
one of the lowest potentials ever reported for the anode
material for aqueous Na-ion batteries, to the best of our
knowledge. The electrochemically deposited thin film
furthermore showed a specific capacity of 85 mA h g™' with
retention of 97% over 3,000 cycles and a high round-trip
efficiency of ~99.6%, thus presenting a significant improve-
ment compared to the previously reported systems. The
inhibition of HER at the potentials of charging/discharging
allows, in principle, achieving the operating potential over 2 V
if combined with state-of-the-art cathode materials for aqueous
Na-ion batteries. Interestingly, not only ions in the electrolyte
involved in the intercalation processes but also different anions
species, which are present in the deposition solutions,
drastically change the morphology and the performance of
the resulting electrode material.”*~**

2. RESULTS AND DISCUSSION
The electrochemical deposition of NaMn[Mn(CN),] thin

films was conducted making use of the following tentative
redox schemes, which manifest themselves in Figure 1A,D.

D0I:10.1021/acsaem.7000022
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Figure 2. Characterization of the MnHCM thin films. (A} CVs of MnHCM thin films in 0.25 M Na,SO, (black), 0.25 M NaNO, (blue), and 0.25
M NaClO, (red), respectively. (B) CVs of MnHCM thin films in NaClO, electrolytes of different concentrations: 0.25 M (black), $ M (blue), and
10 M (red). (C) Intercalation/deintercalation of different alkali metal cations (Li*, Na”, K, Rb*, and Cs™} into MnHCM thin films. (D) CVs of
MnHCM thin films in the mixture of 0.12§ M Na,50. and 0.125 M K,SO. electrolytes (scan rate in all the cases is S0 mV s ). (E) The equivalent
electric circuit proposed to model the intercalation mechanism (see the ST} and (F) the collected EIS data (open symbols} of MnHCM thin films
in 0.25 M Na,;SO; electrolyte and their fitting data (solid lines) are shown, respectively.

reduction of the redox active species:

3Na*(aq) + Mn”(aq) + [MnH(CN)ﬁ]A'_(aq) +e

— NaMn|Mn'(CN),(s) (1
oxidation of the redox active species:
Na,Mn|Mn'(CN),I(s)
— NayMn|Mn"(CN)|(s) + Na*(aq) + e~ (2)

Panels A and D of Figure 1 show the characteristic cyclic
voltammograms (CVs) for electrochemical deposition of
Na Mn[Mn{CN)g] thin films from deposition solutions
containing 7 mM MnSO, and 11 mM K;[Mn(CN},] based
on (A) 0.25 M Na,80, and (D) 0.25 M NaClO, electrolytes,
respectively. The deposition from the 025 M NaClO,-based
solution results in a faster growth of the Na,Mn[Mn(CN)]
thin films compared to that from the 0.25 M Na,SO,-based
solution. Panels B and E of Figure 1 demonstrate typical
electrochemical quartz crystal microbalance (EQCM) curves
describing the mass changes of the Au quartz crystal electrodes
during electrochemical deposition of Na,Mn[Mn(CN),] thin
films from the 0.25 M Na,S0,-based and the 0.25 M NaCIQ,-
based deposition solutions, respectively. Resulting mass
changes due to the thin film depositions result in ~14 ug
em? from the 0.25 M Na,S50,-based solution and ~38 ug
em™? from the 0.25 M NaClO,-based solution, respectively.
The “oscillations” of the mass seen in Figure 1B,E characterize
intercalation/deintercalation of Na ions during the film
deposition.

Interestingly, different practically pH-neutral electrolytes
(i.e, Na,50, and NaClQ,) not only change the rate of the
deposition but also influence the surface morphology of the
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deposited films (Figure 1C,F). Counterintuitively in this case,
the faster deposition results in a2 much smoother and uniform
surface than the slower deposition, indicating different modes
of deposition. This can be closely related to the nature of the
anions species that are present in the deposition solutions;
anions should likely participate in the deposition process
through specific adsorption at the surface. Recent studies on
the intercalation mechanism support this l‘qrpethes:is.ﬂ_':s

The studies found that anion species participate in the
intercalation processes and have a significant influence on the
intercalation. In order to further investigate the influence of
electrolyte composition on the intercalation, cyclic voltamme-
try of NaMn[Mn(CN),] thin films was performed in different
electrolytes. Figure 2A shows representative CVs of Na Mn-
[Mn(CN);] thin films in 0.25 M Na,SO,, 0.25 M NaNQ;, and
0.25 M NaClO, electrolytes. As already found in the previous
research, the “irreversibility” of intercalation varies depending
on the anions in the electrolytes, exhibiting different shapes of
Cvs.*'™* Figure 2B shows CVs of NaMn[Mn(CN),] in
NaClO, electrolytes of different concentrations (0.25, S, and
10 M). As can be seen in Figure 2B, the voltammetric behavior
of the film is more reversible in electrolytes with higher ionic
strength.

Since N2,50, shows only limited solubility in water (lower
than 2 M), NaClO, was chosen due to its extremely high
solubility. The higher the concentration is of NaClO,
electrolytes, the more intercalation/deintercalation reversibility
can be achieved. Especially, at 10 M NaCIO,, the CV shows
almost symmetric shape. The peak separations were reduced
from AE .oy = 100 mV at a 0.25 M NaClO, electrolyte over
AEqy = 50 mV to AE,g = 1 mV, significantly improving the
systems’ efficiency, and this cannot be explained just with the
changes in the ionic conductivity of the electrolyte. Some PBAs
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Figure 3. (A) XPS data for MnHCM thin films in “Na-intercalated” and “Na-deintercalated” states. (B) XPS data for MnHCM thin films at
intercalated states with different alkali metal cations (Li, Na, and K). All XPS peaks confirmed the presence of intercalated species in the MnHCM
thin films. The intensity of the Na peaks is different according to the state of the intercalation, but their positions are the same, while Mn peaks
were shifted according to the intercalation/deintercalation of Na ions.
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Figure 4. Battery tests of MnHCM thin films. (A) CVs of MnHCM thin films in 10 M NaClO, for over 3,000 cycles (only every 100th cycle is
shown; deconvolution of the peaks is also presented). (B) Battery capacity determination of MnHCM thin films at 60 C (ca S A g '). The resulting
specific capacity was ca. 85 mA h g ! with almost overlapped hysteresis of charge/discharge. (C) Anodic and cathodic capacity retention and
Coulombic efficiency of the deposited thin film.

such as nickel hexacyanoferrate (NiHCF) and cobalt All key elements for MnHCM thin films were found from
hexacyanoferrate (CoHCF) have different electrode potentials the XPS analysis. The comparison of MnHCM thin films in the
for intercalation of alkali metal cations, which can be associated Na-intercalated state and the Na-deintercalated state con-
with different hydration energies of alkali metal cations.”"*! firmed that not all Na ions are expelled from the films as
However, MnHCM thin films show very poor intercalation expected from eq 2 as evident from Figure 3A. Figure 3B
properties for Li*, Rb", and Cs* ions (see Figure 2C). shows XPS peaks regarding different elements. Interestingly,
Considering the ionic radius of Li’, this can be found as a characteristic XPS peaks for Na were seen at all MnHCM thin
rather surprising fact, which, however, can be explained by films, which shows that some amount of Na is present in the
taking into account the influence of alkali metal cations on the MnHCM thin films regardless of the intercalation of different
HER catalytic activity of various electrodes.” alkali metal cations from the corresponding solutions

In the case of Cs intercalation, only HER takes place at the containing Li or K ions. These Na ions are the ones of the
potential where Na or K intercalation occurs, showing that the main composition of the MnHCM structure. Mn peaks are
nature of the cations drastically influences the HER catalytic clearly shown in all of the XPS measurements. Characteristic
activity of electrodes.”® A simple assumption that the size of XPS peaks for lithium were very small, verifying the analysis of
the intercalating species or the related hydration energy would the CV of MnHCM thin films in 0.25 M LiNO; and the
determine the nature of the intercalation process is not true in limited, negligible intercalation of Li ions into the MnHCM
this particular case; the catalytic properties of the whole system thin films. On the other hand, XPS peaks related to potassium
likely influence the interfacial process.”* Figure 2D shows CVs prove that intercalation of K ions had taken place not only in
of co-intercalation of Na' and K' ions, which are 0.25 M K,SO, but also in the mixture of 0.125 M Na,SO, and
simultaneously present in the electrolyte, into the MnHCM 0.125 M K,SO, electrolytes. The comparison of MnHCM thin
thin films. The CVs show that co-intercalation of both ions is films in the Na-intercalated state and the Na-deintercalated
possible, but the films suffer from severe degradation in a state confirmed that not all Na ions are expelled from the films.
number of cycles. Panels E and F of Figure 2 are the equivalent The shift of the binding energy of Mn elements between Mn
electric circuit (EEC) model used for fitting and collected EIS Zp"’yz and Mn I.)‘py2 peaks of the Na-intercalated/-deinterca-
spectra for MnHCM thin films, respectively. As shown in lated films suggests that the intercalation of sodium is
Figure 2F, the “loop-shaped” EIS spectra indicate at least three accompanied by the change of the oxidation state of Mn.
stages during the intercalation processes.” ~** The Krammer— The binding energies of Mn 2p3/2 of NaMn[Mn(CN),] are

Kronig test did not reveal any problem with the quality of the 641.15 eV for Mn?' (Na-intercalated film) and 642.19 eV for
fittings. Detailed explanation and interpretation for the physical Mn*" (Na-deintercalated film). Compared to the binding
meaning of the EEC model and its corresponding fittings are energies of Mn 2p>? of Na,Mn[Mn(CN),], the difference of
given in the Supporting Information (SI). the binding energy shows only 0.05 eV for Mn?" and 0.09 eV
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for Mn*', respectively.”’ Those values are in good agreement
with the other literature values.*

Based on the above-discussed findings, an optimized system
was set up and its properties were analyzed. A 10 M amount of
NaClO, was chosen as an electrolyte to provide the charge
carrier of the system due to its considerably higher solubility
limit compared to Na,SO, and the fact that the investigated
concentration effect outweighs the anion effect. The system
was cycled 3,000 times with a scan rate of 50 mV s™' between
—1.18 and —0.6 V. Figure 4A displays CVs of MnHCM thin
films in 10 M NaClO,, where every 100th cycle is shown.
Other than that postulated so far, no HER was observed in this
range. The cathodic and anodic half-charged potentials were
found to be as low as —0.958 and —0.930 V, after 100 cycles,
respectively. After the full 3,000 cycles, they had slightly shifted
toward less negative values (ca. —0.937 and —0.910 V,
respectively), thus showing a superior cycling stability. The
system presented a specific discharge capacity of ~85 mAh g™
at a high C rate (60 C, i.e,, ca. SA g™') as shown in Figure 4B.
The capacity retention over the 3,000 cycles was as high as
97.0%, and the Coulombic efliciency improved from 95.1% in
the first cycle to 99.6% in the last cycle (shown in Figure 4C).

Figure 5 shows the different classes of the electrode materials
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Figure 5. Working electrode potentials of Na,Mn[Mn(CN)4| in
comparison with different classes of electrode materials for aqueous
Na-ion batteries. Adapted with permission from ref 12. Copyright
2014 American Chemical Society.

for aqueous sodium-ion batteries. Electrochemically deposited
NaMn[Mn(CN)4] thin films exhibit one of the lowest
electrode potentials among different types of electrode
materials for aqueous Na-ion batteries. Notably, no HER was
observed (in the presence of Na' and K') even at such a low
potential.

3. CONCLUSION

An extremely low electrode potential for Na-intercalation/-
deintercalation in aqueous media was achieved with electro-
chemically deposited sodium manganese hexacyanomanganate
thin films, which at the same time do not catalyze the hydrogen
evolution reaction. The half-charged potential of Na,Mn[Mn-
(CN)4] thin films in 2 10 M NaClO, aqueous electrolyte
exhibited —0.93 V vs SSC with a high Coulombic efliciency
and a good specific capacity of 85 mA h g~ showing only
marginal losses over 3,000 cycles. Interestingly, electrolyte
composition and its concentration have an influence not only
on the battery performance but also on the morphology of the
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Na,Mn[Mn(CN),] thin film during the deposition. Inter-
calation of Li~ and Rb™ into NaMn[Mn(CN)4] thin film
triggered severe degradation of the films upon cycling, and Cs’
does not intercalate into the films at all. Notably, hydrogen
evolution reaction does not take place at the NaMn[Mn-
(CN),] thin films at the potentials even lower than —1.15 V vs
SSC in 0.25 M NaNO; and 0.25 M KNO; electrolytes, but,
surprisingly, hydrogen evolution reaction takes place at the
Na Mn[Mn(CN),] thin films in 025 M CsNO,, which
suggests the electrolyte composition has a strong influence
not only on the intercalation properties but also on side
reactions at the electrode. For the optimization of the aqueous
Na-ion batteries for future applications, the role of the
electrolytes composition should be comprehensively studied.

4. EXPERIMENTAL SECTION

Deposition, in situ characterization, and battery performance tests of
NaMn[Mn(CN),] thin films were performed in an argon-flooded
three-electrode setup consisting of an AT-cut Au quartz crystal wafer
(5 MHz, 1 in. diameter) or an Au-sputtered glass arrandee as working
electrode, a Pt wire as counter electrode, and an Ag/AgCl (SSC)
reference electrode, against which all the potentials are referred to
(unless others are indicated explicitly), with the exception of Figure S,
summarizing the data from the literature and that obtained in this
work. Potentials and currents were controlled with a VSP-300
potentiostat (Bio-Logic, France). A QCM 200 (Stanford Research
Systems, USA) electrochemical quartz crystal microbalance (EQCM)
was used to monitor the mass changes related to the deposited film.
The schematics of the experimental setup are provided in Figure S4.

For the deposition of MnHCM thin films, an aqueous solution
containing 025 M Na,SO,, 7 mM MnSO,, and 11 mM K,[Mn-
(CN)4] (see the SI) was prepared, and the potential of the working
electrode was cycled at a scan rate of S0 mV s " in the range between
—1.18 and —0.6 V. The same deposition procedure was modified by
replacing 0.25 M Na,SO, with 0.25 M NaClO, in the preparation of
the deposition solution. Potassium hexacyanomanganate(IlI) was
synthesized following a slight alternalmn of the methods of Grube,
Brause, and Meyer, respecnvely All other chemicals used are
referred to in more detail in the SL

The reaction mechanism was analyzed using electrochemical
impedance spectroscopy (EIS) using a 10 mV ac perturbation with
probing frequencies between 10 kHz and 0.5 Hz in the potential range
described above. The fitting quality was controlled by the normalized
root-mean-square deviations, and the fitting was performed with the
homemade “EIS Data Analysis 1.1” software.”® The morphology of
the synthesized film was investigated using a multimode atomic force
microscopy (AFM) instrument (Veeco Instruments Inc.) with a
Nanoscope 111D controller using the Nanoscope 5.31rl software. All
measurements were performed in tapping mode making use of Bruker
REESP-300 AFM tips. All microscopy data were analyzed by the
WSxM 5.0 Develop 8.0 software.”

The MnHCM thin film chemical composition was investigated by
means of X-ray photoelectron spectroscopy (XPS) using a SPECS
XPS spectrometer (SPECS, Germany) employing an Al anode (12
KV, 200 W) and setting the pass energy to 20 eV to ensure a high
resolution of the spectra. Due to the high vulnerability of the film in
the presence of oxygen, water, and possibly light, special precautions,
such as the use of an Ar-purged Precundmomng cell and the shielding
from light had to be taken.™ Further details on experimental
procedures, instrumentation, and chemicals are given in the SI.
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