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ONUR SOZU
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OZET
Doktora Tezi

SARJEDILEBILIR PILLERDE KULLANILAN ELEKTROTLARIN
SYNCHROTRON RADYASYONU iLE KARAKTERIZE EDILMESI

Erding Oz

Inonii Universitesi
Fen Bilimleri Enstittsi
Fizik Anabilim Dali

114+ xii sayfa

2019

Danisman: Prof. Dr. Serdar ALTIN
Ikinci Danisman : Dog. Dr. Sevda AVCI

Bu doktora tezinde, Mn bolgelerine Co ve Ni katkilamasinin NagMnO>
nanorodunun elektrokimyasal performansina etkisi arastirildi.

Son yillarda, nanomalzemeler sodium-iyon pil teknolojisinde one ¢ikmistir ve
sodium-iyon pillerin ticarilestirilmesinde 6nemli bir rol almaktadir. Nag4MnO; kisa
difiizyon mesafesi ve genis reaksiyon alani gibi benzersiz avantajlar saglayan tiinel tipi
nanorod yapisina sahiptir. Diger taraftan bu kompleks yapinin avantajlari oldugu kadar
dezavantajlar1 da mevcuttur: uzun dongiilerde ortaya cikan yapisal stress ve Mn bolgelerinde
Jahn-Teller etkisi ile ortaya ¢ikan kristal yapit deformasyonu. Bu g¢alismada, Nag4MnO-
nanorod igerisindeki Mn bélgelerine Co ve Ni ikamesi yapilarak yapisal deformasyonun
engellenmesi ve pil performansinin arttirilmasi hedeflenmistir. Arastirma sirasinda fiziksel
ve elektrokimyasal analizler detayl sekilde yapilmistir, 6zellikle kristal yapidaki degisimleri
detayli sekilde incelemek igin synchrotron radyasyonunun benzersiz oOzelliklerinden
faydanalimilmistir,

Calismada yiiriitiilen analizler sonucunda, Nao.4sMnO; bilesiginde Mn bolgelerine
%0.1 ve %0.5 Ni ve %0.1 Co ikame edilen 6rneklerinin Nag44sMnO; bilesigine gore daha
yiiksek kapasite tutma oranina sahip oldugu belirlenmistir.

ANAHTAR KELIMELER: Sodyum-iyon pil, nanorod, pil performansi, synchrotron

1§1n1mi.
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ABSTRACT
Ph.D. Thesis
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114+ Xxii pages
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Supervisor: Prof. Dr. Serdar ALTIN
Co-supervisor: Assoc. Prof. Dr. Sevda AVCI

In this Ph.D. thesis, the effects of Co and Ni substitution on Mn sites on the
electrochemical performance of Nao.4sMnO2 nanorod were investigated.

In recent years, nanomaterials have been at the forefront of rechargeable sodium-ion
battery technology and currently have a significant role in the commercialization of Na-ion
batteries. The Nag.sMnO; has a tunnel type nanorod structure which provides unique
advantages such as short diffusion distance and large reaction surfaces. On the other hand,
there are disadvantages besides the advantages of this crystal structure: crystal structure
degradation due to structural stress and Jahn-Teller effect on Mn sites in long
charge/discharge cycles. In this study, it is aimed to prevent structural degradation and
increase battery performance by making Co and Ni substitution to the Mn regions of
Nao.44MnO, nanorods. During the research, physical and electrochemical analysis of all
samples were carried out in detail. Especially, unique advantages of synchrotron radiation
have been used to better understand the changes in the crystal structures.

As a result of this study, it was found that the 0.1% and 0.5% nickel and 0.1% cobalt

substituted samples had nanorod form and higher capacity retention than Nag.42MnOs..

KEYWORDS: Na-ion battery, nanorod, battery performance, synchrotron radiation.
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1. INTRODUCTION

The demand for energy has increased since the beginning of industrialization. From
the 1850s to 2000s, the period that marks the beginning of the industrial revolution,
the energy consumption of the world increased by 20 times [1]. This immense increase
in consumption is not solely related to the amount of energy required for production
but is also a result of the energy demands of the human population increasing along
with technological developments such as transportation, communication, etc. This
increase in energy demand has led people to seek alternative energy sources over the
past decades. Fossil fuels (particularly coal and petroleum products), which can meet
the majority of energy production needs, have recently been found to fulfill this
requirement. However, researchers have recently stated that a consensus has been
reached on two issues related to fossil fuels. First, the source of fossil fuels is
decreasing at such a dramatic rate that it will soon turn unable to meet the energy
demand. Second, and more importantly, fossil fuels are not as clean as they are
considered to be; CO2 emissions resulting from the consumption of fossil fuels cause
global warming by creating a greenhouse effect. The average temperature of the earth
increased by 0.6°C in the past century, and some estimations show that this average
temperature will further increase by 1.8°C in the next century [2]. Accordingly, it can
be concluded that the increase in temperature will have many negative effects. One of
these effects is the rise of sea levels, and this rise might threaten major cities such as
New York, London, Mumbai and many small coastal cities. Such immense impact has
brought about the need for a rapid search for alternative energy sources and provided
significant amounts of research on energy sources such as solar and wind energy that
are completely clean, renewable and sustainable.

The major problems that emerge in the use of resources, whether it is a fossil or a
renewable energy source, are the storing and efficient use of the energy obtained from
these sources. Researchers recommend the use of a new generation of rechargeable
lithium-ion batteries (LIBs) and sodium-ion batteries (SIBs) as an alternative to this
problem. LIBs and SIBs show high efficiency in the storage and reuse of energy. On
the other hand, rechargeable batteries are already in use as efficient energy sources for

many electronic devices, such as mobile phones, notebooks and cameras. Moreover,
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using these batteries as a source of energy for plug-in hybrid electric vehicles
(PHEVs) and electric vehicles (EVs) is an additional motivation for researchers. Many
studies have been carried out on battery efficiency with the development of cathode
and anode materials. In these studies, different element substitution [3,4], surface
coatings [5,6] and different production techniques [7,8] were applied to the electrodes
and their efficiency was also investigated.

Characterization techniques play a significant role in all production research. These
techniques determine whether a synthesized sample is in the desired form and how its
structure changes after any process. The synchrotron x-ray technique, one of the
spectroscopic characterization techniques, is significantly more advantageous
compared to other spectroscopic techniques (UV, IR, XRD, etc.) with its wide energy
range, more brilliant radiation, and element-specific operation. These facilities are,
moreover, rare and their limited usage time makes the technique more valuable.

It is obvious that fossil fuels will continue to be used in the following years. However,
studies on renewable energy sources and the storage of this energy will be the key to
how people will live in a clean and livable environment in the future.

This PhD Study aims to synthesis new cathode materials for use in new generation
energy storage systems and rechargeable batteries for environmentally friendly,
economical and long-life SIBs, and to characterize their structures with unique
synchrotron radiation techniques.

In the Introduction section, the short history of the rechargeable batteries, the
operating mechanism of Na-ion batteries, the basic components and the basic terms
related to the batteries are defined. Subsequently, in the last part of the section,
information is given about the cathode materials used in Na-ion batteries according to
their structure. In the Methodology section, detailed information is given about the
production of the materials which are the subject of thesis and the physical and
electrochemical characterization techniques used. In the Result and Discussion
section, the results of the characterization analyze were informed and the physical and
electrochemical meanings of the results were discussed. In the Conclusion section, it is
discussed whether the results are compatible with the hypothesis of the thesis. In
addition, the data obtained from the analyzes were compared with the literature, and

recommendations were made for future studies.



1.1. Short History of Rechargeable Batteries

In 1799 Alessandro Volta produced the first modern battery by using lead sheets,
cardboard and silver soaked in salt-water [9]. Although this is not the first battery to
generate electricity, it is the first battery to produce stable electricity. Unfortunately,
due to the rapid corrosion of metals, the electricity production time was significantly
short. This design was named as “Volta battery,” and the potential difference unit was
named as “Volt” in honor of Alessandro Volta. The English chemist John Frederic
Daniell improved the Volta battery in 1836. He placed a copper plate on the bottom of
a glass jar and filled half of it with copper sulfate solution. Subsequently, he placed a
zinc plate on top of the open glass jar and filled the remainder of the jar with a zinc
sulfate solution. Due to density difference between zinc sulfate and copper sulfate,
they do not mix. The zinc plate was used as the negative side (anode) and the copper
plate was used as the positive side (cathode) in this battery. In the years following its
invention, the Daniell battery was ideal for fixed devices (such as phones). In 1866,
French engineer Georges Leclanché invented the Leclanché battery, which became a
pioneer of modern zinc-carbon batteries [10]. The Leclanché battery consists of a zinc
anode and a manganese oxide cathode that is wrapped in a porous material and mixed
with some carbon to increase conductivity. This system is placed in a jar filled with
ammonium chloride solution. Approximately 1.4 volts of voltage can be generated
from this battery. Chemical reactions start with the oxidation of the zinc anode
surface. Zn ions and free electrons formed in the reaction, and thus the anode is more
negatively charged than the cathode. Free electrons move through the anode through
an external circuit and generate current. When the electrons reach the cathode, they
react with manganese dioxide and water to form manganese oxide and negatively
charged hydroxide ions. In the secondary acid-base reaction, negatively charged
hydroxyl (OH") ions accept a hydrogen (a proton) particle from ammonium chloride to
form water (H20), and thus the ammonium chloride is transformed to ammonia.

Gaston Plante introduced the first rechargeable battery in 1859 with the discovery of
lead-acid batteries [11]. The battery was formed by separating the two-layer pure lead
spiral roll with a linen cloth and immersing it in a glass jar of sulfuric acid solution.
The main starting point of the batteries used in cars today is based on the battery
developed by Plante. In 1899, the Swedish engineer Waldemar Jungner invented



rechargeable nickel cadmium batteries [12]. This battery contains nickel (111) oxide-
hydroxide (NiOOH) positive electrode, cadmium (Cd) negative electrode, potassium
hydroxide electrolyte and a separator. Due to their low internal resistance, they can
produce high current and rapidly recharge. Despite these positive characteristics, it has
a very significant disadvantage; memory effect. When these batteries are quickly
discharged to approximately 20% of capacity and re-charged again, and if this is
regularly repeated, the battery remembers this limit and partly loses its capacity.
Although these batteries were quickly replaced by primary batteries since they are
commercially available, in the 1990s, they quickly lost popularity with the discovery
of NiMH and Li-ion batteries.

NiMH batteries use NiOOH cathodes in a manner similar to NiCd batteries. However,
these batteries use ABs or AB> form alloys instead of cadmium as an anode. Where A
is titanium, vanadium (in AB2 form) or lanthanum, cerium, neodymium,
praseodymium (in ABs form), B is zirconium, nickel (in AB> form) or manganese,
aluminum, cobalt (in ABs form) [13]. NiMH batteries have been used as high-power
sources in hybrid commercial vehicles such as the Toyota Prius. However,
rechargeable batteries produced in AA size are used in many portable electronic
devices, due to their long cycle life and high-current-drain features. Although NiMH
batteries are quite popular for use in portable devices because of their high energy
density and safety, they have low voltage output (1.2 V for AA type battery) compared
to Li-ion batteries (3.7 V for coin type battery) and high self-discharge rate.

The development of rechargeable Li-ion batteries in 1980 by American physicist J. B.
Goodenough served a turning point in the field [14]. The working principle of Li-ion
batteries is similar to NiMH batteries, but they have unique advantages. First, Li is the
lightest and most electronegative element (3.04 V) in the periodic table. These features
provide the advantage of a much higher voltage to Li-ion batteries and also make them
lighter and more portable. Second, Li-ion batteries are suitable for long-term use
because of no memory effect.

Lithium-ion batteries are widely used in various industrial applications including
electrical appliances, telecommunications, healthcare, energy storage systems,
automobiles and consumer electronics products. Growing demand for consumer
electronics and renewable energy use has caused a boost in the lithium-ion battery
market. For example, the batteries of almost all mobile phones used today are Li-ion
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or Li-polymer batteries. Furthermore, these batteries also attract the attention of

electric car manufacturers, such as Toyota that uses Li-ion batteries in its vehicles and

provides funding for research into the development of these batteries [15,16].

1.2. General Concepts of Rechargeable Batteries

1.2.1. Working Principle

Rechargeable batteries function on a system that converts chemical energy (redox

reaction) into electrical energy. The primary idea is the use of the energy from redox

energy as a result of the insertion/extraction of positive ions into/from an electrode

(cathode or anode) during the charge/discharge process. During the charging process,

the oxidation reaction occurs on the cathode surface and positive ions flow from the

cathode to the anode through the electrolyte. Furthermore, the electrons flow from the

cathode to the anode through the external circuit and vice versa at discharge (Figure

1).
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Figure 1. A schematic of the rechargeable Na-ion battery components and working process.



1.2.2. Basic Components

A typical rechargeable battery consists of electrodes, electrolyte and a separator
(Figure 1). While the anode is selected from carbon-based materials, the cathode is
formed by the mixing of an active material (synthesized compound), a conductive
material (to increase the electrical conductivity) and a binder (for binding the entire
mixture to the current collector surface).

The electrolyte is used in transferring the ions between the electrodes for the
functioning of the battery and usually consists of an organic salt (NaPFs, LiPF4,
NaClOs, etc.) and a mixture of solvents (EC, PC, DMC, etc.). Chemical stability and
good interfacial contact between the electrolyte and the electrodes are fundamental
requirements for an efficient ion transfer. Although electrolyte research has focused on
these two basic features, other features that the electrolyte must have are—Ilow
electronic conductivity to prevent short cuts, high ionic conductivity to ensure
efficient ionic transfer, being chemically inert to the electrodes, membrane and other
components, high wettability of electrode surface and environmental friendliness.
Some research shows that these properties may be kept at the optimum level with the
change in the molarity of the salts or a change in the ratio of solvents in the electrolyte
[17-19].

The electrolyte-wetted membrane placed between the anode and cathode prevents the
short-circuiting of electrodes by physically contacting each other. Chemically inert
and electrochemically stable membranes have a porous structure that prevents the
passage of electrons while allowing ions to pass through between the anode and
cathode. Wettability, another important feature, helps to carry out the ionic
conductivity in the battery efficiently and to reduce the internal resistance [20].

The movement of the electrons between the cathode and anode is carried out by an
external connection (Figure 1). As a current collector, the SIBs use the Al for both
positive and negative electrodes. On the other hand, since Li reacts with Al at low
potentials and forms an impurity alloy, LIBs use Cu at the anode electrodes. This

situation, as expected, gives SIBs a cost and lightness advantage.



1.2.3. Nomenclature

Electrochemical energy storage systems are available in a wide variety that can be
used in different areas. Rechargeable batteries have an important part of this variety,
while the definitions of the term may differ from other energy storage systems. Some
of the key terms that will be used frequently in the following sections of this study are

explained next to avoid confusion.

1.2.3.1. Capacity and Specific Capacity

The capacity of a battery is defined as the amount of charge that the battery can store
in it, and this is usually determined by the amount of active material the battery has
(typically in Ah). However, this is not sufficient to define the capacity alone because
other factors that affect the capacity (such as the charge/discharge zone and
temperature) should be considered when defining this. However, in order to make a
comparison between the capacities of the materials, it is more useful to use the
specific capacity obtained by dividing the capacity by the mass of the active material.

Specific capacity is the normalized amount of total capacity in the positive or negative
electrode over the mass of the electrochemically active material and is measured in
mAh/g. This value can be calculated in two different ways; theoretically and
practically. Theoretically, the specific capacity of a compound can be calculated with

the following formula:

_ nxF
T 3600+M

Qr *1000 (mAh/g) 1)

where n is the number of charge carrier, F is the Faraday constant, and M is the
molecular weight of the active material.

Practically we can calculate the specific capacity of a compound as follows: first, the
compound must be subjected to galvanostatic cycle testing. Subsequently, the data
obtained from the voltage-time graph as a result of this test is used in the following

formula:

Qp = =22 1 1000 (mAh/g) )

T 3600xM




where i is the current density, A is the area of the electrode, tc, is the time to reach to
cut off voltage in seconds, and M is the molecular weight of the active material.

In reality, the Qp is lower than the Q. Although there are multiple reasons for this, the
most important reason is the inaccessible ion mobility in the compound because the
cut off voltage value is not enough to remove the charge carriers remaining in the
compound. Some other reasons are, undesirable side reactions (for example reactions
between electrolyte and electrodes) in the battery cell and the formation of various
side products on the electrode surface, etc.

Another term related to capacity is C-rate. C-rate is defined as the current that an
electrode has to charge or discharge until reaching the theoretical specific capacity
value in a specific amount of time. The nC rate indicates a charge or discharge rate
corresponding to a sufficiently high current to charge/discharge the entire mass of the
active material in the electrode within n hours. For example, for a 1 Ah battery, the 1C
rate corresponds to fully charge/discharged with 1 A current in one hour, while 0.5C
rate corresponds to fully charged/discharged with 0.5A current in two hours for the
same battery.

In practice, when measuring the capacities of the batteries, some loss of capacity can
be observed caused by parasitic reactions occurring between the electrolyte and
electrodes or by surface distortions occurring on the electrodes in each
charge/discharge cycle. These capacity losses are related to the reversibility properties
of the electrode materials and we can define the reversibility rate with the term
“columbic efficiency ” (CE):

CE =22 4100 (3)

c

where Q, is discharge capacity, and Q. is charge capacity. For example, a 100% CE
value indicates that all charge carriers can make fully reversible reactions on the
cathode and anode, and there is not any capacity fade during charge/discharge. A
battery under these conditions is called an ideal battery. In experimental works, CE is

also useful for comparing the efficiency of different electrode materials in practice.



1.2.3.2. Voltage

The voltage of an electrochemical cell is defined as the potential difference between
the positive and negative electrodes of the battery. The potentials of the positive and
negative electrodes are due to the chemical potential, i.e., the tendency of these
electrodes to lose electrons. When two systems with different chemical potentials (in
this case these systems are positive and negative electrodes) are combined, electron
and charged particle transferring occurs due to the chemical potential differences
between the two systems. The driving force for this reaction between the two systems

is the Gibbs free energy (AG), and is expressed as below:
AGY = ¥, AGP (product) — ¥, AGY (reactant) (4)

After the reaction has started in the cell, an electrical force is generated by the charged
particles in the opposite direction to the Gibbs driving force. After a while, these two
forces are balanced, and the electron and ion transfer in the cell will stop (open circuit
conditions [OCV]). This balancing condition can be expressed as follows:

AGP = —ZFEey (%)

where z is the charge number, F is the Faraday constant, E..;; is the voltage of the
electrochemical cell (the difference between the positive and negative electrodes). At
this point, it can easily be assumed that positive and negative materials also have an
important role: for a high voltage battery, the anode material selected should be of the
lowest voltage possible. The reason for requesting a high-voltage battery is that the
voltage value is proportional to the energy value of the battery. One particular feature
to be considered when selecting batteries for use in applications is their specific

energies (measured in Wh/kg), and its can be calculated as follows:

spesific energy = (| Ecendq)/m (6)

The energy ranges of the batteries according to their voltage values are as follows:
0.5-1.5 Vis low quality, 1.5-3.5 V is medium quality, and 3.5-5.5 V is high quality
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energy [21]. The use of batteries with high quality energy, especially in hybrid and
fully electric vehicles, provides the desired energy with the use of a considerably a

smaller number of batteries.

1.3. Sodium-lon Batteries (SIBs)

The commercialization of rechargeable batteries began in the 1990’s when
Goodenough et al. developed Li-ion batteries. Li-ion batteries have since dominated
several fields, from portable electronic devices to electric cars.

In Li-ion batteries, materials with layered structure are used as cathodes, and carbon-
based materials are preferred as anodes. As the current collector, Al is preferred for
the cathode, while Cu is preferred as the anode (under low potential, Li and Al
transform to ternary alloy). The toxic elements (such as Co) are used in the cathode
and a copper current collector is used for the anode (it is more expensive than
aluminum), Li is the lightest alkaline metal (6.94 g/mol) and has the lowest redox
potential (-3.04 V, against standard hydrogen electrode). These are compelling reasons
to use Li-ion batteries in portable devices. However, these batteries are not cost
effective. There are several reasons:

e The extreme conditions (natural and political) in the regions where Li reserves
are located increase its cost of mining and transfer [22].

e Li occurs in nature as a mixture of mineral and salt-water. During the
separation of the minerals and salts, many by products (such as magnesium,
phosphate and sodium) are also obtained [23].

e Cobalt, widely used in Li-ion battery cathodes, contributes significantly to the
stability of the crystal structure and efficient energy storage. On the other hand,
it negatively impacts the cost of Li-ion battery production due to its toxicity,
high cost and limited resources [24].

The above-mentioned disadvantages defend the need for an element that can function

as an effective alternative to lithium; sodium. Although LIBs and SIBs were

developed in the 1970s and 1980s [14,25], the rapid commercialization of LIBs and

the technical problems related to the production of sodium batteries (such as material

quality and glove box problems) led to postponing sodium battery research [26,27]. In
10



the 1990s, however, research on LIBs and SIBs progressed in parallel [28]. Since the
capacity of the batteries is related to the chemical capacity and operating potential of
the positive and negative electrodes, there is no major obstacle to a competition
between SIBs and LIBs.

The components of LIBs and SIBs and the energy production mechanism are in
essence the same. Thus, this provides an opportunity to use the basic materials used in
lithium batteries in sodium batteries. Additionally, sodium has unique advantages of
its own; it has the lowest redox potential after lithium (-2.7 V) and minerals and salts
of sodium (such as Na,COs, NaCl) can be obtained in high amounts (sodium is the
fourth most abundant element on earth) [29]. Therefore, the use of Al instead of Cu
(Al and Cu do not react with sodium at low potential) for sodium anodes reduce the
weight and, by extension the cost of sodium batteries. On the other hand, sodium has
disadvantages too; the mass of sodium (23 g / mole) is much heavier than that of
lithium and this causes a lower theoretical capacity [29]. Additionally, different
carbon types (such as hard carbon, graphite etc.) used in lithium batteries as anodes do
not have similar capacity values in sodium batteries [30,31]. Thus, the anode materials
in sodium batteries should be developed in a way to support carbon-based materials.
Considering the above-mentioned statements, it can be argued that sodium batteries
are an alternative to lithium batteries. Nevertheless, several improvements must be
made in order to observe an increase in the electrochemical performance of electrode
materials. The meet these requirements, many studies have been undertaken in recent
years to develop electrode and electrolyte materials to be used in sodium batteries
(Figure 2) [17,32,33].
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Figure 2. Cathode (a), anode (b), electrolyte (c), and binder (d) materials used in sodium ion
batteries studied in the literature. Source: Hwang et al [34].

1.3.1. SIBs Cathode Materials

The cathode materials used in SIBs must have good host properties similar to LIB
cathode materials to ensure high capacity and long cycle life. This can be achieved by
maintaining the crystalline stability of the cathode material during the insertion of Na
ions. Similarly, the Na* ion has a larger radius when compared to the Li* ion, which
means that the change in the crystal structure is greater during the operation of the
battery. Therefore, a detailed study of the crystal structure properties of the cathode
materials used is instrumental.

In the early studies of sodium ion batteries, TiS> and NaxCoO, materials were used as
a cathode, as well as anode sodium-lead alloy [35,36]. After undertaking these
fundamental studies, it was concluded that the primary concerns can be overcome and
many different variations of the cathode material (tunnel or layered transition metal
oxide [37-39], sulfides [40], polyanionic [41], and organic carboxylates and polymers
[42—44] were produced.
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1.3.1.1. Monoanion Cathodes

1.3.1.1.1. Metal Oxides (MOx)

Monoanions are categorized as metal oxides (MOx) and sodium metal oxides
(NaMOy) based on their composition. Here, M is a transition metal such as Mn
[45,46], V [47,48], Ni [49], Fe [50], etc.

Metal oxides (MOx), as will be elaborated in the next section, have been used in
several different areas of the industry due to their unique properties. On the other
hand, they are attractive materials for sodium-ion batteries due to their easy synthesis
[48], long cycle life [51], and relatively high specific capacity [52].

MnO:; is a widely used nanocomposite in the industry with use in water cleaning [53],
and as a catalyst [54] and artificial oxidase [55], etc. However, the high theoretical
capacity (308 mAh / g), low cost and low toxicity defend the use of this material in the
battery industry. Another interesting feature is that it can be synthesized in many
different forms of nano-structures, such as nanorods [56], nanospheres [57], nanotubes
[58] and nano-disks [59], according to the production conditions. Some different

tunnel structures of MnO. can be observed in Figure 3.
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Although MnO: is a composite that was originally intended for Li-ion batteries [61],
SIBs were also used in a short time due to the above-mentioned characteristics. For
example, Su et al. used the hydrothermal synthesis technique to produce a-MnO; and
B-MnO: and obtained 278 mAh / g and 298 mAh / g specific capacity, respectively,
from these materials which they used as cathode material for SIBs [46].

Vanadium oxide (VO3) is another monoanion with a wide range of applications such
as in the form of catalysts [62], and in chemical sensor [63], memory device [64], and
lithium ion batteries [65] due to its chemical and physical properties similar to MnO,.
So far, VO2 material has been synthesized in different form, such as rutile (VO2 [R])
[66], monoclinic (VO2 [M4]) (VO2 [M2]) [67], (VO:2 [B]) [68], tetragonal (VO2 [A])
[69] and paramontroseite [70]. Within these phases, VO2 (B) is nano-size and has
different structures (such as nanorods [71], nanowires [72], nanospheres [73]) and thus
it can be produced with large areas and short reduction distances [74]. Thereby, they
have the ideal structure for energy storage systems. In the crystal structure of this
phase, the VOs shares both the corners and edges of the octahedral structures and

thereby forms shorter diffusion channels [75]. These short diffusion channels and
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large surface area support high capacity access. For example, Baudrin et al. have
reached a specific capacity of 500 mAh / g in their study using the VO, (B) phase
(Figure 4) [76].
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Figure 4. Cyclic performance of VO,[B] materials in different temperature and different
voltage range. (a) and (c) vacuum-heated to 280 °C, and (b) and (d) to 400 °C. The voltage
range for (a) and (b) is 4 to 1.5 V and the voltage range for (c) and (d) is 4 to 2.4 V [76].

Wang et al. used VO in sodium-ion batteries (Figure 5) and observed a stable 70 mAh

/g specific capacity over 50 cycles although they increased to a current density of 1000
mA /g [77].

Figure 5. The crystal structure changing and position of Na ions positions in the VO during
the insertion and extraction process [77].

Vanadium pentoxide (V20s) has been reported in early studies to possess higher
chemical stability. V.Os has two different crystal structures, orthorhombic and

layered. Moreover, it has been reported that the layered V20s has better
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electrochemical performance than the orthorhombic V20s due to the larger d-spacing
[78,79]. Combinations with various conductive carbons and different synthesis
methods, such as sol-gel [80], hydrothermal [81], electrospinning [82], were
investigated for higher capacity V20s. Recently, Wei et al. reported that high specific
capacity V20s.nH20 is synthesized by a facile freeze-drying process [83]. The water
molecules intercalated into the layer structure during the synthesis, thus the new
structure has larger d-spacing than the orthorhombic V.Os (Figure 6). Due to the
larger d-spacing, the diffusion channels are larger and shorter, and as a result of all of
these effects, V.0s.nH>O exhibited an excellent electrochemical performance (338
mAh/g at 0.05 A/Q).
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Figure 6. The crystal structure of (a) alpha-V20sand (b) V20s.nH,0 [83].

Raju et al. reported that they increased the specific capacity of orthorhombic V2Os to
276 mAh / g, which is higher than the unmodified V20s (170 mAh / g), by nanoporous
carbon encapsulation. Thus, they solved the problem of low Na diffusion rate of
orthorhombic V205 [84].
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1.3.1.1.2. Sodium Metal Oxides (NaMOx)

The NaMOys are another group of sodium ion cathode material, the major ones are
NaNiOz, NaCoO,, NaMnO,, and these sodium metal oxide cathode materials have
been reviewed in detail in this section.

The NaNiO: crystal structure was first investigated by Dyer et al. [85]. According to
this study, this structure has a transformation temperature about 220 °C. The low-
temperature crystal structure is a distorted monoclinic, while the high temperature
referred to a hexagonal form.

Molenda and Stoklosa have demonstrated the connection between the electrochemical
properties of NaNiO- and its thermoelectric and electrical conductivity properties [86].
In their study, they observed that the activation energy of 0.24 eV to 0.36 eV in the
semiconductor metallic transition observed at 600K is related to the voltage jump
between 3V and 2.5V, which can be observed in the discharge curve. The common
point between these two situations is the transformation of the crystal structure and the
subsequent change of the electron structure. This is, in other words, the change of the
Fermi energy. The results obtained from the electrochemical tests showed that sodium
ions could be deintercalated from the cathode only 0.2Na per mole due to the increase
of activation energy.

Vassilaras et al. re-investigated the NaNiO- capacity values by changing the operating
voltage range [87]. With NaNiO- produced by solid state reaction method, 147 mAh /
g charge and 123 mAh / g discharge capacity were obtained in 1.25-3.75 V operating
voltage. In 2.0-4.5 V operating voltage, 199 mAh / g charge and 147 mAh / g
discharge capacity were obtained. However, the reason behind the extra capacity in
the high working range being not reversible, that implies low Coulombic efficiency is
explained by the decomposition of the electrolyte and the passivation of the electrode
surface by impurity phases.

The NaCoO2 compound, which is particularly popular for its thermoelectric properties
and has been investigated for many different properties [88-90], has been observed to
have a capacity of 90 mAh/g as a result of electrochemical tests [91]. In order to
increase the capacity values, changes in the crystal form were made and the general
form was determined as NaxCoO». The NaxCoO> crystal structure was first examined
by Jansen and Hoppe [92], and the high temperature phase diagram is detailed by
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Fouassier et al. [93]. Kim et al. reported that NaxCoO> material was primarily divided
into two main phases: P2 and O3. While O and P respectively define the octahedral
and prismatic structures, the numerical definitions define the number of periods of Cox
layers stacked perpendicularly to the Na layers (Figure 7).
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Figure 7. The crystal structure of (a) P2-NaxCoO; and (b) 03-NaxCoO; (Na: yellow, Co: blue,
O: red). Reprinted from [94].

In the detailed studies conducted for the phase diagram, a temperature-dependent
phase map of the phases that may occur according to the Na: Co ratio was established
and showed that the phases P’3 and O’3 could occur in addition to the main phases P2
and O3 (Figure 8) [95].
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Figure 8. Synthesis phase diagram of NaxCoO- as a function of theprecursor Na:Co ratio ¢
Na:Co(X-axis) and the sintering temperature (Y axis) [95].
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The NaxCoO> material was used as a positive electrode by Braconnier et al. [25] and
Shaklette et al. [96] in SIBs, and the crystal structures of O3 (x=1), O’3 (x=0.77), P2
(0.64<x<0.77), and P'3 (0.55 <x < 0.60) are reported based on the amount of
sodium. Changes in the crystal structure during battery operation were investigated by
Berthelot et al. In the study, the relation of electrochemical properties with crystal
structure changes was investigated in the potential range of 2.1 V to 3.1 V using in-
situe XRD technique (Figure 9). As a result of the study, three new phases with x =
0.72, 0.76 and 0.79 and creating a total of nine phases in the range of 0.5 <x <1 for
NaxCoO, material were reported.

ok
e 090
— A 269
S e N =T i = 0 pA (relaxation)
P e N S 2681 J XRD XRD
== N [ 1 +oss
= 20 7
- N N 17
S A 266+
& A <2 Y 080
= 7 g
- =\ s TN S
s = 238V 2
v — 17 [}
2 - ‘/\é """"""" * | o7s 2
@ ~© 8
c ! ES
g - ! o5
g E Z £
= SN0 Lverrereneseseseseasnsassesesessssaneneneseiis ¥é
3 %
{ %
0.70
e S ... 7
/| ¥ Peculiar composition 0.65
| 7 Solid-solution region %
280V [ Biphasic domain é
Undetermined at RT é
v
| i 0.60
68.0 68.5 69.0 69.5 70.0 70.5 710 715 31 30 29 28 27 26 25 24 23 22 21
26 Ko, Cu (°) Voltage (V versus Na+/Na)

Figure 9. In-situ XRD test for NaxCoO. In the measurement, the battery was
discharged with GITT method and the potential values corresponding to the crystal
transition were observed [36].

One of the favored NaxCoO, compounds is Nao7CoO>. In studies on electrochemical
properties, a sample of Nao.7CoO2 material synthesized by solid-state reaction reached
a capacity value of 107 mAh/g with a potential range 2.0 to 3.8 V at 0.1C [97].
Furthermore, D'Arienzo et al. investigated the effect of starting components on
electrochemical properties [39]. In this study, Nao.71CoO. material was synthesized by
hydrothermal synthesis using two different Na source Na>CO3z and NaOH with C0304
and the effects of crystal morphology on battery capacity was investigated. The
researchers concluded that the compound produced with Na>CO3z sodium source has a
shorter crystal size than that of the compound produced with NaOH. A shorter crystal
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size results in faster diffusion which further implies superior kinetic properties. As can
be observed from Figure 10, the specific capacity values of the compound produced

with Na>CO3z were significantly higher.
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Figure 10. (a) The charge/discharge curve of N.COs(l) and NOH(II) at C/50 rate and (b)
specific capacity measurements of NOH (1) samples in different C rates [39].

Recent research shows the effects of the synthesis techniques on the material
morphology. In one of these studies, the production of Nag7CoO; material was
performed using solid state reaction, high energy ball milling and sol-gel methods and
their morphologies were investigated. Among these methods, it was reported that the
material produced by the sol-gel method had higher stoichiometry compared to other
methods and showed higher electrochemical performance than other production
methods [98].

NaxMnO: is one of the extensively investigated material among manganese-based
oxide cathode materials. There are two main phases for NaxMnOg; tunnel type for
x<0.44 (mentioned in the next section) and P2 type for x>0.7 [99].

P2 type layered Nao7MnO: is an extremely attractive cathode material because of easy
synthesis, low cost, and high theoretical capacity (200 mAh/g). On the other hand, P2
to O2 phase transformation at high voltage is the cause of capacity fade. Additionally,
because of the orthorhombic distortion and Jahn-Teller (JT) effect, Mn*® distribution
become irregular, and, the amount of active material decreases resultantly and the
battery impedance increases [100,101]. The JT effect, which is usually observed in
transition metals in octahedral environment, explains the geometric deterioration of
molecules and ions resulting from electron configurations [102]. In order to overcome
these problems, researchers tried different methods, such as element substitution or

surface coating. For example, Clement et al. [103] recommended Mg substitution for
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Mn in a Nap7MnO, compound to solve the inhibit phase transformation. They
reported that 5% Mg doping suppress the JT transition and contributes to high
capacity retention after 50 cycles (Figure 11).
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Figure 11. Cycling performance for NazszMn,-,Mg,O,: (a) y = 0.0; (b) y = 0.05; and (¢) y =
0.1[103].

In another study with surface modification, P2- Naz;3NizsMnz30, was coated with
Al>03 and battery performance was investigated [104]. At this point, the contribution
of Al20s3 is to suppress the side reaction on the surface during the charge / discharge of
the battery and to prevent the deformation of the crystal structure. However, at the end
of 300 cycles between 2.5 V and 4.3V, the non-coating compound and the Al2Os
coated compound showed 28% and 78% capacity retention, respectively (Figure 12).
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Figure 12. Electrochemical behavior of the as-prepared Nazs[NiysMnzs]O, and Al.Os-
Naz/3[Ni1/3|\/|n2/3]Oz for 300 cycle [104].

When the NaMnO. compound is examined, two different phases are observed: ao-
NaMnO: and B-NaMnO». The first one is a low temperature phase and has an O3
layered structure. On the other hand, because of the JT effect on Mn* ions,
monoclinic distortion is observed [99]. The latter is a high temperature and
orthorhombic phase, and it has different layered structure (MnO2 and MnQOs) [105].
Billaud et al. [106] investigated the electrochemical behavior of B-NaMnO. and they
reported that 190 mAh/g capacity at C/20 and good reversibility at a 2C rate (Figure
13).
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Figure 13. Specific discharge capacities as a function of cycle numbers for f-NaMnO; cycled
between 2 and 4.2 V [106].

In addition to the above-mentioned oxides, alternative cathode materials, such as

NaCrOz [107], NaNbO: [108], and NaFeO: [109] were also examined to obtain high

performance in SIB batteries. Among them, NaFeO: is especially notable for its high
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theoretical capacity value (242 mAh / g) and low-cost advantage. Unfortunately,
despite these important advantages, the crystal structure deteriorates due to the JT
effect on Fe*® ions and its capacity cannot be fully utilized. However, Takeda et al.
reported possible Fe*3/Fe** redox reaction in half cell with a lithium counter electrode
by Mossbauer spectroscopy [110]. The first study of NaFeO. with Na counter
electrode cell was performed by Okada et al. [50]. The cell that used Na as the counter
electrode was tested between 1.5 V and 3.6 V and a discharge capacity of 85 mAh/g
was observed. All of these studies show that the NaFeO, compound is a promising

electrode material and that various modifications may affect the capacity increase.

1.3.1.2. Mixed Cation Oxide Cathodes

The primary purpose of mixed anion cathode materials is not only to increase the
electrochemical yield but also to increase the structural stability. Additionally, another
goal is to reduce the cost of production by using other elements that are low in cost.

Hwang et al. [111] produced a compound with different layered hierarchical spherical
structure (Na [Nig.75C00.02MnQOg23] 02 in the interior and Na [Nios58Co.06Mno.ss] 02 in
the outer part) by the co-production method. In the mentioned study where Ni*2+3+4
transitions were provided during charge / discharge, 157 mAh / g discharge capacity
(15 mA / g) and 80% capacity retention in 300 cycles were obtained. Additionally, it
has been reported that efficient electrochemical results are obtained from the material

at ambient temperatures (25 °C) other than room temperature (Figure 14).
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Figure 14. a) First charge—discharge curves and (b) cycle retention of the Radially Aligned
Hierarchical Columnar (RAHC) and bulk electrodes using Na metal anode, (c) cross-sectional
TEM image of RAHC [Nio_eoCOo,osMno_35](OH)z [111].

In the study of Na batteries that can work safely and efficiently in high cycles, Gou
and colleagues [112] successfully synthesized Nao.esNio.17C00.17 Ti0.6602 compound and
an average working capacity of 92 mAh / g was obtained as a result of 1000 cycles.
Furthermore, during high current density tests, 65 mAh / g capacity was observed in
batteries at 2C rate. Similarly, Han et al. [113] produced the Ti doped
NazzsMnogFeo.1Tio1O2 compound by the ceramic method and investigated the
structural stabilization and electrochemical behavior. The compound maintained
87.7% of the initial capacity of 144 mAh / g at the end of 300 cycles between the 2.0-
4.0 V range at 1C (Figure 15).
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Figure 15. Charge/discharge curve of (a) pristine P2-phase NazsMnosFeo1Tio10-. and (b)
moisture-exposed NazsMnogFeo1Tio10,. (€) cyclic performance and Coulombic efficiency
within the voltage range 4.0—2.0 V at 1C for 300 cycles [113].

The effect of the synthesis techniques on the compound morphology and thus the
capacity yield is quite high. An example of this is the work of Kalluri et al. that
produces the mixed oxide compound Nazs(Few2Mn12)O2 by electrospinning [114].
One advantage of this method is that self-aggregation, which is undesirable property
for nanostructures since reducing reaction area, is avoided in nanofibers. Thus, the
interactions between nano-fiber structures and the electrolyte become more efficient
with this method. The data obtained by comparing the materials produced by
electrospinning (NFMO NF) and sol-gel method (NFMO NP), furthermore, reports
that nano-fiber structures are more efficient and the 195 mAh / g initial capacity has

been reached (Figure 16).
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Figure 16. (a) Charge/discharge curves of NFMO NF and NFMO NP at the 1% and 80"
cycles at the 0.1 C current rate, (b) cycling performance, (c) current rate performance, and (d)
CV curve of NFMO NF and NFMO NP between 1.5—4.2 V voltage range at 0.1 mV/s scan
rate [114].

In addition to these studies, crystal structure stabilization studies were performed by
using electrochemically inactive elements (Sh, Mg etc.) in the substitution process
[115,116]. For example, Billaud et al. aimed to prevent the deformations occurring
during the insertion/extraction of Na by substituting Mn*3 ijons with Mg*? in the
Nag.67Mn1-xMgxO2 compound [117]. They observed that the Nao.s7Mno.9sMgo.0s02
compound has a smoother voltage curve structure instead of stepped one, which
indicates the low number of phase transitions, in the charge/discharge curve.

Other than the above-mentioned compounds, a few P2-type cathode materials reported
with  multiple element doping, such as Naoe7MnoesCo02Nio1502 [118],
Nao.4sC00.11MnoesO2 [119], Naza[NiyzMnxTi2nx]O2 [120], NazaNiyzMn2z«TixO2
[121] and NaxCo23Mn29Ni1902 [122]. All of these synthesized compounds have their

unique morphologies and production techniques.
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1.3.1.3. Nao.4sMnO2 Cathode Material

Recently, the Nao44MnO> compound has been one of the most attractive electrode
materials due to its 1D nano-crystal morphology (tends to grow in c-axes) [123-125]
and high theoretical capacity (121 mAh/g) [126]. Moreover, it can tolerate stressing
during the diffusion of sodium ions that have wide ionic radii with the tunnel
structures; this is an instrumental behavior benefitting the use of a compound as an
electrode in long-term battery use. On the other hand, one of the negative features of
this compound is low capacity retention in long cycles and low capacity at high
current rates [127]. In order to overcome this problem, alternative production
techniques and surface morphology modifications have been attempted. These will be
specified in a later section. Another negative feature is the JT distortion observed on
Mn*2 ions during charge / discharge. In the long term, this situation leads to a
degradation in the crystal structure and causes capacity fade. A solution to prevent the
JT effect is to partially replace the Mn atom with an element of a similar electronic
structure [128,129].

Nao.44sMnO> was first studied in 1971 by Hegenmiiller et al. According to the amount
of sodium in the compound, there are three different composition types: a tunnel
crystal structure at a concentration of 0.22 < x < 0.44, a layered crystal structure at a
concentration of 0.66 < x <1, and a mixture of layered and tunnel crystal structures
between these two concentrations [130]. It has been reported that Nao4sMnO:
composition has an orthorhombic (Pbam space group) symmetry, and a large and
small pentagon S-shaped tunnel structure that consists of combinations of MnOs
square pyramid and MnQg octahedral structures (Figure 17) [131]. The large S-tunnel
forms the diffusion path of the sodium ions, while the small S-tunnel maintains the
stability of the crystal structure during the diffusion (without contributing to diffusion)
[132]. Doeff and colleagues are the first team to use the material Nao.44MnO; as a
cathode with solid polymer electrolyte [133]. In this study, Doeff and colleagues tried
the Nao4sMnO, composition for both Na and Li batteries, and unexpectedly
experienced a lower capacity loss in the Li batteries. Sauvage et al. performed in-situ
XRD experiments to more comprehensively understand the insertion/extraction
mechanism. With these experiments, they observed that there are six different phases
that are significantly close and connected with each other between 2V and 3.8V [134].
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As a result of the electrochemical test, Nao4MnO2 showed an initial capacity of 80
mAh / g at 0.1 C rate. Due to the large ionic radius, however, Na ions defected the
crystal structure during the insertion/extraction, and, could maintain only half of its
initial capacity at the end of 50 cycles.
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Figure 17 (a) The crystal structure of Nao4MnO.. The S-shape tunnel structure in the middle
section is highlighted with a black line [135]. (b) The change in the crystal parameters of
NaxMnO; compound in the 0.18 < x < 0.64 sodium composition range according to the in-situ
XRD results [134].

To enhance the electrochemical behavior, various synthesis methods have been
attempted for Nao.44MnO>, such as the hydrothermal[136,137], electrospun [138], sol-
gel [139], molten salt [140], spray pyrolysis [141], and modified-Pechini method
[142,143].

Cao et al. were synthesized single-crystalline, homogenous Nag.44MnO2 nanowire with
polymer pyrolysis method. The nanowires have shown 128 mAh/g reversible capacity
at 0.1 C rate and 77% capacity retention during the 1000 cycle at 0.5 C (Figure 18)
[144]. Xu et al. were created ultra-long (10-40 um length) Nao.44sMnO2 nanowires by
the sol-gel method. They reported that after the electrochemical characterization, the
material showed more than 120 mAh/g stable capacity, that is an actual theorical
capacity of Nao.44MnO2, over 100 cycles [142].
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Figure 18. Cyclic performance of NisMngOs samples calcined at different temperatures.

Represented from Cao et al. [144].

In order to increase battery performance, some researchers have tried the atomic
substitution method in the composition. For example, Chen et al. [145] synthesized the
cobalt-substituted Nao.44Mn1.xC0xO> phase by thermopolymerization method to ensure
high Na-ion battery performance. As a result of the structural analysis, they observed
that P-2 (layered) and P-3 (granular) type new phases were formed by the increasing
amount of substitution. On the other hand, it has been reported that in the

electrochemical tests of up to x = 0.11 Co substitution, the capacity values increased

40

60

with the contribution of P-2 type phase (Figure 19).
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Figure 19. The first (black line) and second (red line) charge—discharge curves of Nag4sMni.
xC0xO2, where x = 0 (a), 0.01 (b), 0.08 (c), 0.11 (d), 0.22 (e) and 0.44 (f). represented from
Chen et al. [145].

Wang and his colleagues are another team who tried the substitution method to
enhance battery performance [129]. They synthesized the tunnel type Nag.ssMn;.
xTixO2 (0< x <0.56) compound via the solid-state route. As a result of the analyses, Ti
substitution process was observed to create a smoother profile instead of the
transitional regions in the charge/discharge voltage profile and reduce the storage
voltage. Both Nap.44sMnO2 and Nao.44Mno44Tios602 showed strong structural stability

and more than 96% capacity retentions after 1100 cycle.
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Figure 20. The charge/discharge profiles of (a) Nag.44MnO; and (b) Nao.44[Mng.4Tios6]O2 at a
current rate at 0.1C. Long-term cycling performance at a current rate of 1C (c) Nag.4sMnO-
and (d) Nao.4s[Mno.44Tios6]O2. Represented from Wang et al. [129].

In this study, Mn ions have been substituted with Ni and Co ions, that have electronic
structures similar to Mn, in order to overcome the JT effect and increase the
stabilization of the crystal structure of Nao.4sMnO2 and thus to reduce the capacity

fade in long cycles.
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2. METHODOLOGY

2.1. Sample Synthesis

Two different series, Nao4sMnixNixO2 and Nao44Mni1xCoxO2 (x=0.01, 0.05, 0.08,
0.11, 0.16) were synthesized via the solid-state reaction method. The chemical
quantities to be used for each sample were calculated using the chemical stoichiometry
of the samples. NaCOz (Sigma Aldrich, > 99%), MnCO3 (Sigma Aldrich, > 99%),
NiO (Sigma Aldrich, > 99%), CosO4 (Sigma Aldrich, > 99%) were used to synthesize
all the samples. The precursors weighed with a precision balance and mixed with ball
milling for one hour for homogenization. The samples were placed in the alumina
crucible and calcined for eight hours at 300 °C. After calcination, the mixture, that
turned black was again mixed with the ball mill for one hour. To obtain the final
phase, a heat treatment was applied for nine hours at 800 °C [125,134]. All the
thermal processes were performed at 5 °C/min heating rate.

2.2. Electrolyte Preparation

For the electrolyte, 1 M NaClOs in a mixture of ethylene carbonate (EC) and
propylene carbonate (PC) (1:1 wt./wt.) were prepared. Due to the moisture sensitivity,
all the electrolytic materials were used in an argon-filled glove-box (H-O and O-
<lppm). EC was heated to 80 ° C for three hours on the hot-plate (EC has crystal form
in an aluminum bottle at room temperature), and subsequently transferred to the
glove-box (Figure 21). Micropipette and precision balance were used in the glove-box

to determine the amount of liquid from chemicals and salt, respectively.
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Figure 21. Electrolyte preparation in glove box.

First, the PC and EC were stirred for one hour at 400 rpm on a magnetic stirrer.
Subsequently, NaClO4 was added to this mixture and the stirring continued for two

hours at 400 rpm to obtain the final form of the electrolyte.

2.3. Electrode Preparation

The working electrodes were prepared by spreading the slurry of the active materials
(80 wt.%), carbon black (10 wt.%) and the polyvinylidene fluoride (PVDF) (10 wt.%)
binder on the Al foil. The working electrodes were dried at 120 °C under vacuum
over-night to remove the solvent (NMP) which is used to make slurry. Subsequently,
the disks were cut at 10 mm in diameter from the working electrodes and transferred
to an argon- filled glove box.

The CR2032 type coin cells were assembled using the sodium metal as anode, and the
Whatman GF / D filter paper is used as membrane. The electrolyte is 1 M NaClO4 salt
dissolved in ethylene carbonate (EC)/ propylene carbonate (PC) (1: 1 w/ w), and 300
uL electrolyte is used in each battery cell. All the assembling works were performed

in an argon-filled glove box below 1 ppm H>O and O level.
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2.4. Physical Characterization

2.4.1. XRD

X-ray diffraction is used to describe the formation of crystallization and phase
formations in the materials. The diffraction pattern that occurs as a result of the
interaction of X-rays with the atoms in the material provides information regarding the
crystal structures of the materials.

Figure 22. A schematic of Bragg diffraction.

As a result of the constructive interference of the x-rays that interact at the atoms, the
Bragg law (eq. 7) is fulfilled and the diffraction pattern is obtained (Figure 22).

nA = 2dsinf @)
where, 1 is the wavelength, d, is the distance between the atomic planes, n is the order
of the reflection (an integer) and the @ value is the angle between the incoming or
reflected x-ray and the atomic plane. Since all the crystalline structures have their own
specific d values, diffraction patterns can be used in the crystal structure

determination.

2.4.1.1. Cu K-alpha XRD

The X-ray diffraction (XRD) experiments were carried out using the GNR brand
EUROPE TT XRD model device at the DESY research center. (Figure 23). The data
were collected using Cu K-alpha radiation from 10 to 80-degree 26 values at 0.2-

degree intervals for 15 seconds at each sampling point. The sample holder was rotated
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at 30 rpm to increase the data count. The samples were ground in an agate mortar prior

to the measurement to procure a fine powder.

Figure 23. Desktop XRD device at P61 beamline, DESY, Hamburg.

The crystal structure parameters were calculated by using the Rietveld method [146]
with the FullProf software [147].

2.4.1.2. Synchrotron XRD

A synchrotron radiation source is the source of electromagnetic radiation generated by
a storage ring. The electrons are usually accelerated to obtain radiation in these storage
rings. Once the electron accelerated, they transmitted from the storage rings to the
auxiliary components (such as the undulatory or wigglers). These auxiliary
compounds allow the accelerated electrons to emit x-rays through their specially
sorted magnets. The resulting x-rays are transmitted to the beamlines where the end-
users can arrange the x-rays properties, such as energy and size, for specific
experiments.

The most important difference between synchrotron radiation and laboratory radiation
sources is brilliance. Brilliance is an important term used to describe the quality of x-
ray and is defined as the number of photons per second per square millimeter of area
per square milliradian of solid angle within a bandwidth of 0.1% of any given energy
[148]. A synchrotron has a brilliance that is more than a billion times higher than a
laboratory XRD (10* for DESY). Other advantages of Synchrotron resources include;

it has high energy that can penetrate deeper into the material (60 KeV for DESY).
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Since the x-ray has a smaller wavelength, the bond length in the molecules and
nanomaterials can be examined.

The synchrotron X-ray diffraction (XRD) experiments were carried out at the DESY
research center in P02.1 beamline. In the experiments, a Perkin Elmer brand XRD
1624 detector was used to detect the diffraction data. The samples were ground and
placed into Kapton tubes with a length of 4 cm and at a diameter of 0.2 mm (Figure
24). The Kapton tubes were rotated with a sample holder attached to a stepper motor
to increase the data count, and a 60 s sampling time was used for each sample. The
energy level was fixed at 60 keV by using the Laue type double-crystal
monochromator (DCM, C (111) and Si (111) crystals) in the beam line.

Figure 24. A sample in the Kapton tube placed on the sample holder for the powder
diffraction test.

2.4.2. Scanning Electron Microscopy (SEM)

The electron microscope is based on the principle of obtaining an image as a result of
the reflection of the accelerated electron beam from the sample surface under high
voltage.

The general method used for SEM measurements is as follows: the high energy
electron beam generated by an electron gun is sent to the sample. Secondary electrons
are formed as a result of the electron beam interaction with the sample, and these
electrons are emitted by a special detector (Figure 25). Thus, an image created from

these data and this image provide information pertaining to the surface topography.
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SEM measurements were undertaken by the LEO brand EVO 40 XVP model under 30
kV acceleration voltage. This device has a 0.2-30 kV acceleration voltage range and a
magnification of 7-1000000. The samples were kept under high vacuum to prevent
the scattering of electrons from the particles in the air.

Characteristic X-ray Electron Beam

|
| | Augerelectron

ContinuumX-ray " “ Secondary electron

(A
Cathodoluminescence \ [ / Beckscattered electron
\ Pl

Inelastic Scattering \ Elastic Scattering

Transmitted electrons

Figure 25. Signals emitted from interaction with electron beam sample [149].

2.4.3. Transmission Electron Microscopy (TEM)

In order to obtain TEM images, the electrons that pass through the sample instead of
the electrons reflected from the sample are used unlike SEM measurement. The beam
of electrons (typically 100—400 keV) from the electron gun is focused into a small,
thin and coherent beam using the condenser lens. The beam strikes the sample and
parts of it are transmitted depending upon the thickness and electron density of the
sample. These transmitted electrons focus by the intermediate and objective lens as an
image on a phosphor screen or charge coupled device (CCD) camera (Figure 26). The
CCD camera usually transmits the image to a computer screen so that the image can
be analyzed with various software. The image obtained in TEM is 2D and black and
white in color. The sample color scale in the image is closer to black in thicker regions
and closer to white in thin regions. Since TEM devices have a significantly higher
resolution (usually used for samples smaller than 100-150 nm), they provide more

accurate results in the analysis of samples in nano-size.
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The energy of the electron beams used in the TEM measurements is 100-400 keV
(approximately 1-0.3 nm) and these sizes are significantly smaller than the
interatomic distance in the sample. The sample atoms thus act as a diffraction grating.
In other words, some fraction of the beam will be scattered to specific angles, that are
determined by the crystal structure of the sample, while others continue to pass
through the sample without any deflection. Resultantly, the obtained diffraction
patterns appear as a spot on the screen. Each spot is associated with the crystal
structure of the sample that satisfies the diffraction conditions. This method is called
selected area electron diffraction (SEAD). The nomenclature is prompted by the
feature allowing the user to select any point on the sample by focusing. However, the
diffraction patterns will also change as the sample will have different angles when
tilted.

For TEM measurements, the powder samples produced in the study were dissolved in
ethanol and placed on the copper grid sample holder. The diffraction patterns of the
samples were also investigated by the SAED method. All TEM measurements were
performed in the Microscopy department of Universitat Autonoma de Barcelona.
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Figure 26. TEM device beam line [150].
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2.4.4. Magnetization Analysis

Magnetic characterization can be measure with a PPMS system using VSM (vibrating
sample magnetometer) attachment. The sample is placed in a magnetically
homogeneous sample holder to minimize the residual magnetization that occurs from
the holder. This magnetic homogeneous holder is mounted on a sample bar driven by
a linear motor, which ensures vibration movement. A superconducting magnet is used
to enclose the sample in homogeneous magnetic fields during measurement.
Measurements are performed by the sinusoidal movement of the sample into a pickup
coil. As a result of this movement, according to Faraday’s law, samples induced a
voltage whose value is detected by the system. The obtained data are converted to AC
electrical signal to determine the magnetization curves of the sample. In order to
gather an accurate signal, an oscillation amplitude with a peak of 1-3 mm and a
frequency of 40 Hz is usually applied. A sensitivity to magnetization changes in the
range of <107° emu at a data rate of one Hz could be reached [151].

The magnetization-temperature (M-T) measurements of the samples were carried out
by the VSM attachment of QUANTUM DESIGN PPMS device at the Inonu
University Scientific and Technological Research Center (IBTAM). During the M-T
measurements, 1000 Oe magnetic field was applied to the samples and the

temperature was controlled between 5-300 K.

2.45. RAMAN

The Raman analysis is based on the measurement of the scattered beam from a certain
angle by irradiating a sample with a strong laser source composed of monochromatic
beams. As a result of this interaction, atoms either absorb the photons in the beam or
scatter them. During the scattering, the frequency of a large part of the photons is
equal to the frequency of the photons interacting with the substance and this is called
elastic or Rayleigh scattering. However, the frequency of only a small portion of the
scattered photons is different from the incident photons, and this is called inelastic or
Raman scattering. Although Rayleigh scattering has a significantly higher intensity
than Raman scattering, it creates a single peak in the spectrum and does not provide

information about the bonding structures of the sample.
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The link between Raman scattering and the characterization of molecules is as
follows: the interaction molecules can rise to an upper energy level, in which case the
frequency of the scattered photon decreases. Contrariwise, the molecules can go down
to a lower energy level. In this case, the frequency of the scattered photons increases.
The frequency decrease and increase in Raman scattering are called stokes and anti-
stokes scattering, respectively (Figure 27). Since each energy transition is molecule-
specific, data from the Raman spectroscopy provides important information regarding

the atomic bonds within the sample.
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Figure 27. Energetic transitions involved in Raman scattering diagram [152].

In this work, Raman measurements were conducted with the RIGAKU brand Senterra
model device using a 532 nm wavelength laser (20 mW laser power). All samples
were examined with a 50 mm lens opening at 20x magnification and 3-6 cm
resolution at 60-2750 cm™ wavelength. Experiments have been undertaken at the

electrode form.

2.4.6. XAS

X-ray absorption spectroscopy (XAS) is a special measurement technique that can be
used to obtain information regarding the environmental structure of an element in a
crystal or molecule. In theory, when a sample is bombarded with precisely defined x-
rays, some of these x-rays pass without affecting the sample (transmitted x-rays),

some of these are scattered away from the core electrons (elastic/inelastic), while
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some of the x-rays are absorbed by the atoms in the sample. If the core electrons
absorb the x-rays, they either shift to higher-order orbitals (reaching an excited state)
or are released from the atom by oscillation (continuum) (Figure 28); the first instance
is known as x-ray absorption near-edge structure (XANES) and the second one as the
extended x-ray absorption fine structure (EXAFS). The XANES spectra inform about
the electronic structure and symmetry of the absorbing element while EXAFS spectra
inform about the distance and numbers between the absorbing element and ligands
[153].
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Figure 28. (a) Energy level diagram for L-edge and K-edge for Mn (1) (energy levels are not
in exact scale) [154]. (b) A schematic of the constructive and destructive interference in
EXAFS. After interacting with the incident beam absorbing atom, photoelectrons emit in the
waveform (black circles) and backscatter from the surrounding atoms (blue dashed circles). If
the waves emitted from the surrounding atom and the waves emitted from the absorbing atom
are in the same phase, a constructive interference occurs in the incident beam’s energy value
(1) and an increase in the XAS spectrum is observed. Conversely, if these two waves are in a
different phase, destructive interference occurs (2) and the absorption in the spectrum
decreases.

If the incident beam has enough energy to excite the electron a dramatic increase in
the absorption coefficient is observed (Figure 29) due to emission the photons from
the orbital electrons. This is called “EDGE”. For example, in Figure 29, Mn K-edge
peak can be observed at approximately 6530 eV. Currently, it is possible to access
online K or L-edge energy values almost all of elements [155]. On the other hand, in
the XAS spectrum, there is no sharp distinction between the XANES and EXAFS

regions. It is generally accepted that energy value of 40-50 eV above the EDGE
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energy is the boundary between the XANES and EXAFS regions. The lower and
upper parts of this boundary are called XANES and EXAFS regions, respectively
(Figure 29). The term, “Pre-edge” is used to define minor changes just before the
sharp increase of the spectrum (Figure 29). Although these data do not seem useful,
approaches have been made in some studies using the pre-edge data on ligand areas
and spin states [156,157].
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Figure 29 X-ray absorption spectrum of Mn K-edge from MnO,. Redrawn from Kelly et al.
[158].

The results of the sample and x-ray interaction can be seen in Figure 30.

X Scattered x-rays (elastic/inelastic)
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Figure 30. Interaction between x-ray and sample in XAS setup.
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The relationship between the incident x-ray, I, and the transmitted x-ray, I, can be

expressed as follows:

[ = IjeH* 8)

where u is the linear absorption coefficient, and x, is the thickness of the sample. The
incident and the transmitted x-ray can be measured with advanced devices and
detectors in the synchrotron facilities. However, the key point to consider is the
thickness of the sample.

There are different experimental techniques to measure the absorption coefficient. The
x-ray intensity measured before interaction with the sample is compared with the
intensity of the x-ray after interaction with the sample. The difference between these is
due to the absorption, and this is called the Transmission mode. When x-ray is
interacting with a sample, the core electron is excited and jumps to high-orbital and
leaves a hole in its initial orbital. This hole can be filled by electrons from a higher
orbital. When the electron passes to the lower level, it emits a photon. This photon
intensity is compared with the x-ray intensity after interaction with the sample, and
this is called the Fluorescence mode. The excited atom can emit a high-energy
electron (Auger electron) to fall back to the ground state. In this case, all these emitted
electrons can be counted and compared with the intensity of the transmitted x-ray, and
this is called the Electron yield mode.

In this study, an XAS experiments were conducted at P-64 beam line of the DESY
PETRA I1ll, Germany. A fully tuned and cooled with liquid nitrogen double-crystal
monochromator (DCM) equipped with a Si(111) crystal pair was used to select the
energy of the incoming X-rays with an energy resolution (AE/E) of approximately
1.4x10~* (Figure 31). A total of four measurements were taken for each sample and
their averages were used. Background subtraction and normalization of the XAFS data
were performed by the ATHENA software [159].
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Figure 31. XAS experimental schematic at the P64 beam line. lo, 11 and I, are the ionization
chambers that the measure the intensity of incident beam before and transmitted after the
sample.

2.5. Electrochemical Characterization

2.5.1. Cyclic Voltammetry (CV)

CV is one of the most extensively used techniques to study the reduction and
oxidation reactions in electrodes. The potential difference on the electrode is changed
as a controlled variable and the resulting current values are measured as a result of the
redox reactions. The potential difference starts from an initial potential (E1) and is
changed to a final potential at a specified scan rate (Figure 32 (a), “A” region). When
the potential value reaches the point E», it returns to point E1 (Figure 32(a), “B”
region) and this is called a cycle. While positive scanning is used to examine anodic

(oxidation) reactions, negative scanning is used to study cathodic (reduction)
reactions.
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Figure 32 (a) Voltage-time graph of potential used in CV measurements and (b) cathodic and
anodic reaction (current) graph on electrodes at the specified voltage ranges.
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In the graph shown in Figure 32 (b), CV measurement was initiated to measure anodic
reactions. As the potential difference increases, an oxidation reaction occurs on the
electrode surface. As a result of the ionic deposits on the surface, the diffusion at the
electrode surface starts slowing down and reaches a peak at point “C.” Since no
diffusion occurs after this point, the oxidation reactions are terminated, and the
measured current value starts to decrease. After the E> potential, the scan proceeds in
the opposite direction; subsequently, oxidation reactions occur on the electrode and
the current reaches the peak at “D.” In reversible reactions shown in Fig. 32 (b), the
number of reduction and oxidation reaction peaks is equal.

In this work, CV measurements were carried out at a 2-4 V potential range with 0.1
mV/s scan rate. BioLogic brand VMP3 model potentiostat was used for conducting

the measurements.

2.5.2. Capacity Measurements

Capacity measurements were conducted with the constant current technique (Figure
33). While using this technique, the current values are denoted by the term “C-rate.”

As shown in Figure 13, when the current C1 is applied to the battery cell, the battery is
fully charged to the cut off voltage at the end of T1 time. When the negative C2
current is applied, similarly, the battery cell will be fully discharged to the cut off

voltage when the time T2 is reached.

W |

O

Current/ mA

Time /s

(@]
~

Figure 33. Constant current graph for charging (from 0 to T1) and discharging (from T1 to
T2) a battery cell.
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The charge and discharge measurements were carried out on an lviumstat model
Octostat brand potentiostat at 2.0-4.0 V voltage and C/3 current range (1C current rate
corresponds to 121 mAh/g) under room temperature. The charge/discharge cycles
were applied 100 times for all the samples and these measurements were undertaken

twice.
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3. RESULTS and DISCUSSION

3.1. X-ray Diffraction (XRD)

XRD analysis results were investigated to determine the crystal parameters after the
phase comprising the production of Nao.44sMnO,. Because Na loss occurred during the
heat treatment, three different compounds were synthesized by adding 5% and 10% of
the starting component of Na,COs. The x-ray diffraction patterns of the three different
compounds obtained as a result of the synthesis are shown in Figure 34. The results
show that in the impurity phase, Mn,Oz was observed in the compounds with 0% and
5% Na>COs being added, whereas this impurity phase was not observed in the
compound after the addition of 10% Na>COs. All substitutions and analysis to be
applied during this study were carried out on a 10% Na>COz-supplemented sample
that did not contain the impurity phase.
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Figure 34. XRD patterns of the final compounds, obtained according to the amount of excess
Na.COs that was added to prevent Na loss during the synthesis.
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The Rietveld refinement method was used for the analysis of crystal parameters. The

result of the calculation is shown in Figure 35.
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Figure 35. The Rietveld plot for refined Nag4MnO, synchrotron x-ray diffraction
experimental data. The red dots, along with the black, the green and the blue lines correspond
to the experimental data, calculated peaks by Rietveld method, the Bragg peak positions of
Nao.4sMnO; and the differences between experimental and calculated data, respectively.

As a result of the calculation, it was determined that the crystal structure of the
synthesized sample was suitable for the Nao44MnO: structure of the orthorhombic
Pbam space group (PDF 02-0909), and the crystal parameters were determined as
follows: a=9.1072 A (+ 1.4E-4), b =26.4003 A (+ 4.1E-4) and ¢ = 2.8279 A (+ 4.1E-
5) (Figure 36).
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Figure 36. View of the Nag4MnO; crystal structure with five different Mn sites and three
different Na sites along the C-axis. The structure was generated according to the Rietveld
refinement calculation data.

As seen from Figure 36, there are five crystallographic sites for manganese, where the
regions (1), (5), and (2) are occupied by Mn** while the (3) and (4) regions are
occupied by Mn*3 [160]. The (1), (2), (4), and (5) sites follow the structure of the
MnQOs octahedral symmetry, while the (3) site has the square pyramid structure of
MnOs. During the insertion/extraction of Sodium, this MnOs square pyramid structure
acts as a hinge and prevents the crystal structure’s degradation due to stress [161]. On
the other hand, there are three different sites for Sodium: Na2 and Na3 sites are
located in large S-shaped tunnels, whereas the Nal site is located in a smaller tunnel-
like structure (Figure 36). The sodium in the Nal region occupied this area
completely, while the Na2 and Na3 regions occupied 2/3 and 1/3, respectively [162].
The Na2 and Na3 sites in the large S-shaped tunnel structure show reversible
insertion/extraction, whereas for the Nal site (especially in the range of 2—4 V) that is
quite difficult [163].

The XRD patterns of the Co substituted samples are shown in Figure 37. It can be
seen that there is an extra peak belonging to the P2-Nao7MnO20s phase at about 16°
(20) with x = 0.01 Co substitution. With the increase in the amount of cobalt
substitution, the P2-Nao.ssMnosC00502 phase was formed and the structure completely

transformed into Nao.5sMnos5C00502 at x = 0.17 (Figure 38).
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Figure 37. XRD pattern of Nao.4sMn1xC0xO2 compounds arranged in the order of increasing
cobalt content from bottom to top. The bottom standard patterns belong to the phases

Nao.4sMnO, (ICSD-261314), NaossMnosC00s02 (ICSD 192730), and Nao7MnOzs (PDF-27-
0751).

The ratios of the phases in the structures and the crystal parameters calculated from
the synchrotron XRD of Nao.44Mn1xCoxO2 samples are shown in Table 1. In some
compounds, low amount of Mn2O3s impurity phase has been detected, but this also was

reported in previous works [125].
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Figure 38. Crystal structure of Nag7MnO; (isostructural NagssMnosC00502) and NagsMnO- 7.
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According to the results, an x = 0 sample contains 100% Nao.44MnO phase, while an
X = 0.01 sample contains 94% Nao.44MnO2 phase. On the other hand, with the increase
of the Co substitution rate, the Nao.7MnO2.0s and Nao.ssMnosC00502 phases are found
to become dominant in the sample x = 0.05. Moreover, a peak occurs at 17° (20),

which belongs to Nao.3sMnO..7 (Figure 38).
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Figure 39. Synchrotron XRD Rietveld refinement plot of Nag4sMnixCoxO. samples. (a)
x=0.01, (b) x=0.05, (c) x=0.08, (d) x=0.11, (e) x=0.17.

The unit cell volume of Nao.44MnO; decreases with the increase of the Co substitution
ratio, as observed in Table 1.
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Table 1. Phase rates and crystal parameters of Nag44Mn1.xCoxO2 compounds obtained from
synchrotron XRD refinement results.

Nao.44MnO2
Sample Phases Lattice Parameters
Volume (A3%)
(A)
a=9.1321 (+5.4E-4)
684.47
x=0 %2100 Nao4MnO, b=26.4474 (+1.6E-3)
(£0.064)
c=2.8339 (+1.1E-4)
9697.84 Nao.4sMnO; 2=9.1017 (+3E-4)
680.736
x=0.01 %3.86 Nag.7MnO2.05 b=26.4417 (+8.3E-4)
(+0.064)
%1.3 Mn203 c=2.8286 (+4.4E-5)
%68.8 Nao.42sMnO>
a=9.0868 (+8.7E-4)
%25.4 Nao.7MnO2 05 680.102
x=0.05 b=26.3951 (+2.8E-3)
%1.1 Nao.ssMno.5C0050: (£0.064)
c=2.8259 (+2.6E-4)
%4.7 Nao.sMnO2 7
%14.2 Nao.44sMnO>
a=9.1194 (+4.8E-3)
%34.9 Nao.7MnO2 05 679.29
x=0.08 b=26.459 (+1.6E-2)
%3.7 Nao.5sMno.5C0050: (x0.722)
c=2.7742 (+1.0E-3)
%47.2 Nag3MnOo 7
%3.1 Nao.4sMnO:
a=9.200(£5.9E-3)
%25.4 Nao.7MnO2.05 675.44
x=0.11 b=26.3658(x1.1E-2)
%20.5 Nao.ssMno5C00.502 (£0.722)
c=2.6474(+2.8E-3)
%51 Nao.3sMnO27
%1.2 Nao.4sMnO:
a=9.1291 (+3.8E-3)
%11.4 Nao.7MnOz.05 675.55
x=0.17 b=26.9781 (+5.2E-3)
%19.2 Nao.58Mno.5C00502 (£0.722)

%68.2 Nag3sMnO2 7

€=2.6817 (+0.4E-4)

The XRD diffraction patterns of the Nao.44Mn1.xNixO> series are shown in Figure 40.

In the x = 0.01 cobalt substitution diffraction pattern, the characteristic (002) peak of

the P2 phase becomes visible at 16° (20). The phases, ratios, and crystal parameters
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from synchrotron XRD refinement calculation (Figure 41) of all the samples are given
in Table 2. According to Table 2, the samples of x = 0.01 and x = 0.05 had an almost
identical phase reaction (about 73.5%) compared to the Nao.4s4MnO; phase. On the
other hand, the Nap7MnO; phase was observed as the dominant phase in all other
high-substituted samples. In addition, Table 2 shows that the Na.4sMnO2 unit cell

volume decreases with increasing Ni substitution.

NaO.44Mn1-xN|xO2
*Na, MnO,
—
3 A hax_ x X x + x  x=0.17
& s N o x=0.11
g A i*“A—**——A—w&.,M__u A A I X=0'08
ez Jf Jod ,.  x=0.05
E x=0.01
E x=0__|
NamMnOzr05
Na,,MnO,
ol | III. \P— _I_.I. k ek _I.I_Lu_ _..,L..UIJ._J_ILL O -
10 20 30 40 50 60 70 80

20 (Deg.)

Figure 40. XRD pattern of Nag4Mn1xNixO, compounds arranged in the order of increasing
cobalt content from bottom to top. The bottom standard patterns belong to the phases of
Nao.44MnO;> (ICSD-261314) and Nao.7MnQO2 05 (PDF-27-0751).

Unlike the cobalt samples, the x = 0.05 and x = 0.08 nickel-substituted samples have a
higher proportion of Nao.44MnO.. In this case, it can be said that Ni substitution causes

less degradation of the sample structure.
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Figure 41. Synchrotron XRD Rietveld refinement plot of NagsMnixNixO2 samples. (a)
x=0.01, (b) x=0.05, (c) x=0.08, (d) x=0.11, (e) x=0.17.

Co and Ni substitution were mostly effective on Mn (4) sites occupied by Mn*3. The
most important reason behind this finding is that these sites have an octahedral
symmetry, which is higher than the triangular square pyramid structure. Furthermore,
Mn*2 and Mn** ions exist in Nao.44MnO; to provide the charge balance, and the ionic
radius of Mn*® and Mn**is 0.58 A and 0.53 A, respectively. However, the ionic radius
of Co™ and Ni*® is 0.54 A and 0.56 A, respectively, and thus when Co or Ni is
substituted with Mn, these ions are likely to prefer Mn*® sites as they have smaller
ionic radius than Mn*2 [164]. This also explains the shrinkage in the unit cell seen in
Tables 1 and 2. On the other hand, the substitution of Mn (3) sites prevents the JT
effect on Mn*® [161].
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Table 2. Phase rates and crystal parameters of Nag4MnixNixO, compounds obtained from
refinement results.

Nao.44aMnO2
Sample Phases Lattice Parameters
Volume (A%)
(A)
a=9.1321 (+5.4E-4)
684.47
x=0 %100 Nao.44MnO2 b=26.4474 (+1.6E-3)
(£0.064)
c=2.8339 (+1.1E-4)
a=9.1234 (+4.3E-4)
%73.57 Nao.44MnO; 683.326
x=0.01 b=26.4356(+1.3E-3)
%26.43 Nao.7MnO2.05 (£0.052)
c=2.8332 (+9.8E-4)
a=9.1136 (+2.5E-4)
%73.54 Nap.44MnO; 682.687
x=0.05 b=26.4606 (+7.5E-4)
%26.46 Nao.7MnO2.0s (0.096)
c=2.8309 (+8.8E-5)
a=9.1112 (+8.4E-4)
%35.83 Nao.44MnO2 682.931
x=0.08 b=26.4814 (+2.8E-3)
%64.17 Nao.7MnO2.05 (+0.109)
c=2.8304 (+2.1E-4)
a=9.0874 (+1.9E-3)
%14.1 Nao.44sMnO> 681.42
x=0.11 b=26.5010 (+6.7E-3)
%85.9 Nao.7MnO2.05 (+0.258)
€=2.8295 (+5.2E-4)
a=9.039 (+2.3E-3)
%23.17 Nag.44MnO> 672.153
x=0.17 b=25.7768 (+5.8E-3)
%76.83 Naog.7MnO2.05 (+0.522)

£=2.825 (+5.6E-4)

3.2. RAMAN Analysis

The structural characterization of Nao44Mn1xC0xO2 and Nao.4sMn1xNixO2 samples

was continued using Raman spectroscopy. The samples were analyzed in electrode

form, and thus, peaks of carbon bonds are seen in the Raman spectra (Figures 42 and

43).

The Raman spectrum of Nap.4sMn1xCoxO2 samples (0 < x < 0.17) can be seen in

Figure 42. The band at 638 cm™ in the spectrum indicate Mn-O, the symmetric
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stretching of MnOs octahedra (A1g mode), while the band at 342 cm™ represents O-
Mn-O and Na-O bending [165]. With the substitution of Co, the bands at 275 cm™ and
537 cm* were observed from the x = 0.01 sample. The band at 537 cm™ belongs to
Mn-O stretching in the MnQOs octahedra; this band comes from both the starting
sample Nao.44MnO- and the Nao.7MnO2, NagssMnos5C00502, and Nao3MnO2.7 samples
formed using Co substitution [166]. The observation that the band at 537 cm
increases with Co substitution is consistent with the result where the Naog7MnO,
Nao.5sMno5C00502, and Nag3sMnO27 phases becomes dominant with Co substitution,
as mentioned in the XRD analysis. On the other hand, the Co-O bands have been
reported between 537 cm™ and 638 cm™ in previous studies [167], and one reason for
the peak broadening observed in this range (Figure 42) might be the effect of
overlapping Co-O and Mn-O bands. The bands observed at the wavelengths of 1352
cm? and 1593 cm™ in the spectrum are D and G bands, respectively, formed by the

carbon used in the electrode [168].
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Figure 42. Raman spectrum of Nao 44Mn1.xC0xO, samples as cathode form.

Figure 43 shows the Raman spectrum of Nao.44Mn1-xNixO2 (0 < x < 0.17) samples. The
band at 632 cm™ in the spectrum indicates Mn-O, the symmetric stretching of MnOs
octahedra (Alg mode), while the band at 340 cm™ represents O-Mn-O and Na-O

bending [165]. With the nickel substitution, starting from x = 0.01 sample, 480 cm™
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and 571 cm™ bands were observed. The band at 480 cm™ is reported as the point that
consist of the first-order transverse optical (TO) and longitudinal optical (LO) phonon
modes of Ni-O, respectively [169]. The band at 571 cm™ belongs to Mn-O stretching
in MnOe octahedra, and this band comes from both the starting sample Nao.44MnO2
and the Nao.7MnO> samples that were formed with Ni substitution [166]. The bands
observed at the wavelengths of 1352 cm™ and 1593 cm™ in the spectrum are the D and
G bands, respectively, formed by the carbon used in the electrode, similar to the
Nao.44Mn1.xC0xO2 samples [170].
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Figure 43. Raman spectrum of Nao.44Mn1xNixO2 samples as the cathode form.

3.3. Surface Morphologies

3.3.1. SEM Analysis

The surface morphology of the synthesized NagssMnixNixO2 powder samples
prepared by the solid-phase reaction are shown inFigure 44 with various
magnifications. In Figure 44 (a)-(d), it can be seen that x = 0 and x = 0.01 samples are
in nanorod form. The average widths of the nanorods are 540 nm and 702 nm for
samples x = 0 and x = 0.01, respectively. With the increasing rate of cobalt
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substitution, Nao7MnO, phase with a granular structure is formed in the samples
(Figure 44 (e)-(m)). The average width of the nanorods is 944 nm, 1056 nm, and 2166
nm for samples x = 0.05, x = 0.08, and x=0.11, respectively. According to the results
of the observed surface morphology, the nanorods were thickened by Co substitution
in the Mn sites. Additionally, the granular structure increased with Co substitution,
and consequently the nanorod form was not observed in the x = 0.17 sample. This

observation is consistent with the assertion that Nao.44MnO> peaks are not observed in

the XRD analysis of the x = 0.17 sample.
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Figure 44. SEM image of Nao4:Mn1xNixO2 samples: (a)(b) x = 0, (c)(d) x = 0.01, (e)(f) x =
0.05, (g)(h) x = 0.08, (1)(k) x = 0.11 and (I)(m) x = 0.17.

Figure 45 shows the surface morphologies of Nao.4sMn1.xC0xO2 samples synthesized
with solid state reaction, in different magnifications. As easily be seen from Figure 42
(a)-(d), samples x = 0 and x = 0.01 have similar nanorod forms. In addition, it was
observed that these samples had an average width of 540 nm and 943 nm,
respectively. Figure 45 (e)(f) shows the SEM images of the x = 0.05 sample. In these
pictures, the granular structures of Nao.7MnO2, Nao.ssMno.sC00.502 and Nao3sMnOz7
appear clearly. Furthermore, the number of these granular structures increase with the
increase in cobalt substitution rates in all SEM images of Figure 45, (e) to (m). The

63



measured widths of the Nao.44MnO> nanorods for x = 0.05, x = 0.08, x = 0.11, and x =
0.17 are 943 nm, 1828 nm, 1257 nm, and 1103 nm, respectively.
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Figure 45. SEM image of Na0.44Mnl1-xCox0O2 samples: (a)(b) x=0, (c)(d) x=0.01, (e)(f)
x=0.05, (g)(h) x=0.08, (1)(k) x=0.11 and (I)(m) x=0.17.

3.3.2. TEM Analysis

The TEM, the high-resolution TEM (HRTEM), and the Selective Area Electron
Diffraction (SAED) images (as inserted) of Nao.44Mn1.xCoxO2 samples can be seen in
Figure 46. Except for x = 0.17, which contains the highest amount of substitution, it is
clearly seen that all samples have a nanorod-like structure. The interplanar distance in
the range of 0.42-0.48 nm correspond to the (200) lattice plane [138] (Figure 46 (b),
(d), and (f)), while 0.27-0.28 nm range corresponds to (001) lattice plane (Figure 46
(h)). In addition, the lattice plane (200) is parallel to the direction of the [001] growth
axis of the nanorods. However, the HRTEM image could not be obtained due to the
increase in thickness of the x = 0.11 sample (Figure 46 (1)). The TEM images of the x
= 0.17 sample can be seen in Figure 46 (j)(k); these granular structures might belong
to the P2-type Nag7MnO2, NaossMnosCo0os502, and Nap3MnO27 compounds. The
SEAD images of the samples can be seen as inset figures, and according to the results,
all the samples were well-grown in the form of single crystals.
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According to the HRTEM results, no defects were observed in the x = 0 samples while
some structural defects were observed in other samples; these defects might be due to

the Co substitution in Mn sites.

0.9
e——

X
0.440 nm (200)

66



i)
%
-

101/nm AR \

o e

0.278 nm (001)

0.566 nm (002)

.2 U D

Figure 46. TEM image of Nao.44Mn1.xC0xO- (a) x=0, (¢) x=0.01, (e) x=0.05, (g) x=0.08, (1)
x=0.11 and (j) x=0.17 (insertion of SEAD); HRTEM image of Nao4:Mn1xC0xO: (b) x=0, (d)
x=0.01, (f) x=0.05, (h) x=0.08, and (k) x=0.17.

The TEM, HRTEM, and SAED images (inset) of Nao.4sMn1xNixO2 samples can be
seen in Figure 47 (a)-(k). All samples in the series have a well-crystallized nanorod-
like structure. Apart from the unsubstituted x = 0 sample, the Nao7MnO; phase in the
granular structure can be observed in all samples. The average 0.450-nm-long
interplanar distance is shown in Figure 47 (b)(f), corresponding to the (200) plane
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[171] that is parallel to the growth direction [001], while the 0.88 nm distance
corresponds to the (110) plane in Figure 47 (d)(h). On the other hand, since the
samples were too thick, the interplanar distance could not be measured in the x = 0.11
sample, whereas the HTEM image of the x = 0.17 sample could not be obtained.
HRTEM analysis is difficult with regard to high substitution rates due to the increase
in the merging tendency of nanorods with Co substitution. When the images of SAED
(which are inset figures in TEM images) are examined, nanorod structures are formed
as single crystals. However, in the HRTEM images of the samples x = 0.08 and x =

0.11, some deformations were observed on their surfaces.
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Figure 47. TEM image of Nao.Mn1xNixO: (a) x=0, (c) x=0.01, (¢) x=0.05, (g) x=0.08, (1)
x=0.11 and (k) x=0.17 (insertion of SEAD); HRTEM image of Nao4Mn1xNixO2 (b) x=0, (d)
x=0.01, (f) x=0.05, (h) x=0.08, and (j) x=0.11.

3.4. X-ray Absorption (XAS) Analysis

XAS is a unique way to obtain information about the valence state and the local
environment of the elements in the given samples. In our study, Mn K-edge
spectroscopy measurements were taken for both Nag4sMnixCoxO2 and Nao.4sMn;.
xNixO2 series, and the Mn valence state and the local environment changes were
investigated along with the increase in substitution rates.

Figure 48 shows the Mn K-edge spectra of the samples. Mn*® and Mn** valence were
compared with the Mn K-edge spectra of Mn,O3 and LiMnOs samples, respectively,
in order to fully understand the change of Mn valence state values in the samples. In
addition, the insets (Figure 48) show that both Mn*® and Mn** existed in the samples,
which is also indicated in the XRD section, and Mn** increased with the increase of
the substitution rate. The peaks seen at 6541 eV and 6543 eV both belong to “pre-
edge”. These pre-edge structures usually emerge out of from bound state transitions.
For the first-row transition metals, K edges arise out of 1s-3d transition and that can
be observed for every first-row transition metal if its 3d orbital is not fully occupied.
Although the 1s-3d transition is forbidden by dipole selection rules, it is nevertheless
observed due to 3d-4p orbital hybridization and as well as direct quadrupolar coupling
[172].
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The peak, called the “white line,” observed at approximately 6560 eV seen in Figure
48(a)(b) increased in intensity with increasing Co and Ni substitution ratio and shifted

0.63 eV and 0.16 eV, respectively, towards high- energy values.
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Figure 48. Mn K-edge spectrum of (a) Nap4MnCoO; and (b) Nao.4sMnNiO; series. Mn K-
edge spectra of standard Mn,O3 and Li.MnOs; samples were added to compare the Mn valence
states of the samples.
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The peak shift to high energies occurs due to the increase of Mn**/ Mn*2 ratio. On the
other hand, the increase in white line intensity is due to the increase in MnQOs
octahedra distortion [173], which is possible when Co and Ni substitution happens in
the Mn sites.

For further investigation, radial distance analysis was performed by using EXAFS
Fourier Transform (FT) data, and both FT spectra seem almost identical (Figure 49
(@)(b)). Each peak in the FT spectrum is the results of scattering from the nearest
neighboring Mn atom. In this case, for both sample series, the first peak occurred
around 1.9 A from the Mn-ligand (Mn-O), the second peak around 2.8-2.9 A from the
Mn-metal (Mn-Mn or Mn-Ni), and 3.1-3.5 A from the Mn-Mn/Na coordination shell
[174]. Except for the Mn-O coordination, all peaks gradually shifted to higher radial
distance values with increasing Co and Ni substitution ratio. These shifts might have
occurred due to the MnOeg octahedra distortion and/or the longer Mn-Co and Mn-Ni
bond length. Moreover, it was observed that the Mn-O peaks shifted to a small radial
distance, perhaps due to an increase of Mn**/ Mn*2 ratio as a result of the substitution
of Ni and Co ions with Mn*3, which thereby reduced the length of the Mn-O bond
[124].
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Figure 49. The radial structure’s function for (a)NaosMnCoO, and (b) Nag4MnNiO;
obtained from the Fourier transformation of k3 -weighed Mn K-edge EXAFS oscillations.

3.5. Magnetic Measurements

From previous studies, the Nao4MnO2 sample has been known to possess
paramagnetic properties [175]. As mentioned in the crystal structure analysis, Mn*4
and Mn*2 ions exist (Naf*Mn}3Mn}*0;2) to ensure the charge equivalence in the

given sample. However, all Mn*™ ions are in the octahedral MnOs site, while Mn*3
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ions are found in both octahedral MnOs and square pyramidal MnOs sites. These ions
may have different spin configuration values according to their environment: Mn*4
ions have three unpaired electrons in an octahedral environment (Figure 50). While
Mn*2 ions have LS configuration in the square pyramid structure environment, Mn*3
may exist in either HS or LS configuration due to the strength of the ligand effect in
an octahedral environment.

The arguments about the change in the magnetic moments of the samples were
evaluated by comparing the theoretical calculation and the experimental results.
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Figure 50. Energy-level splitting of the Mn*® and Mn** d orbital in octahedral and square
pyramidal environments.

The effective magnetic moment can be calculated from the following equation:

Herf = 8S(S + Dug (8),

where g is the Bohr magneton, g is the spectroscopic splitting factor and S is the spin
quantum number. According to this equation, Mn** ion has 3.97 ps and Mn*? ion has
4.9 ug in HS states and has 2.83 pg in LS states within an octahedral environment.
According to the previous studies, Nao.4sMnO2 displays Curie-Weiss type magnetic
behavior at low temperatures [135]. Therefore, the magnetic susceptibility values of
the samples were calculated by using Curie-Weiss law to evaluate their magnetic
behavior [176].

Cc
x(T) = T—o + Xcore + Xpauti + Xvv 9),
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where ycore IS temperature-independent diamagnetism of the filled electronic shells of
core ions, ypauli is a contribution related to the chemical potential of the samples, yvv IS
the Van-Vleck susceptibility term originating from the transitions between the ground
state and the excited state of the partially-filled d-shells in the octahedral crystal field,
C is the Curie-Weiss constant (which is defined as C= uﬁffIB), and 0 is the Weiss
temperature (the sing of this 6 value may lead to either ferromagnetism or
antiferromagnetism). The experimentally effective magnetic moments of the samples
were calculated from the ¢ *-T curve between 200-300 K, as per the Curie-Weiss law.

Figure 51 shows the temperature-dependent inverse magnetic susceptibility of Co
substituted samples. According to Figure 51, the magnetic susceptibility of the

samples increased with decreasing temperature.
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Figure 51. Inverse magnetic susceptibility as a function of temperature for Nag.44Mn1xC0xO>
samples.

Additionally, it is clearly seen that the magnetic susceptibility of the samples
decreased with the increase of Co substitution ratio. The pes values obtained from the

experimental data, according to the Curie-Weiss fitting, can be seen in Table 3.
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Table 3. pefr value of the Nap.4sMn1.xCoxO2 samples.

Sample peff(us)
x=0 3.76
x=0.01 3.44
x=0.05 3.26
x=0.08 2.74
x=0.11 2.83
x=0.17 2.53

One of the reasons for this decrease in pesr is explained as follows. As mentioned in
the crystal structure analysis, the substituted Co ions tend to be replaced by Mn*2 ions
in the octahedral structure. In this case, there are two possibilities. First, Co™ ions
might have an HS configuration in the octahedral environment, and consequently the
Co™ puerr is 4.9 us (Figure 52). However, we can ignore this possibility due to the
decrease in the perr. Second, Co™ ions might be in the LS configuration (Figure 52,
wers = Q) in an octahedral environment, which is reported in previous studies [177,178],
and, thus, does not contribute to the pess of the samples. It is clear that the second
probability is consistent with the experimental data and, therefore, we can assume that
Co* ions possess LS configuration.

Another point: although the P2-type compounds became dominant with increasing
substitution rate, they did not contribute to pes value. In this case, we can assume that

Co*® ions in the octahedral environment have LS configuration, similar to T-type

compounds.
Octahedral environment Octahedral environment
P J T
Co*3 /// Co*3 7 ,
— —
A\ A\
N T T N I N Y
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Figure 52. Energy-level splitting of the HS and LS Co*® d orbital in octahedral environments.
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The main reason behind the reduction in the pesr is probably the increase in the rate of
Mn** consequent to the increase in the Co substitution rate. In the analysis of the XAS
results, it was clearly observed that the Mn**/Mn*3 rate increased with the increase in
Co substitution (Figure 48).

Figure 52 shows the temperature-dependent inverse magnetic susceptibility of Ni-
substituted samples. As observed, the magnetic susceptibility of the samples increased
with decreasing temperature; however, it increased with the increase in Ni

substitution.
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Figure 53. Inverse magnetic susceptibility as a function of temperature for Nag.4MnixNixO;

samples.

The perr values obtained from the experimental data according to the Curie-Weiss
fitting can be seen in Table 4. The obtained data shows that pess value increased with

increasing Ni substitution.
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Table 4. pesr values of the Nag.4sMnixNixO, samples.

Sample et (UB)
x=0 3.76
x=0.01 3.82
x=0.05 3.96
x=0.08 4.01
x=0.11 6.08
x=0.17 6.17

The one of the reasons behind this increase in pest is explained as follows. As indicated
in the crystal structure analysis, the substituted Ni ions tend to be replaced by Mn*3
ions in the octahedral structure. There are two states for Ni on the octahedral site: Ni*2
and Ni*® (Figure 54). We can identify which of these two situations could be found in
the abovementioned structure by comparing the theoretical pes values from Eq. 8. In
this case, since Mn*3 ions have 2.83 ug in the octahedral environment and only Ni*? in
the HS state substitution can contribute its pefr value, we can therefore argue that Mn*3
was substituted with Ni*3ions in HS state.

Octahedral environment Octahedral environment
’ dx2—y2 l
) — —— e
v/ —I_ de ,’I ’
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\ \
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\ \
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the
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Figure 54. Energy-level splitting of the Ni*? and Ni*? d orbital in octahedral environments.
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Table 5. The petr value in the octahedral environment calculated from Equation 8.

Hefr (1B)
HS LS
Ni*3 3.87 1.73
Ni*2 2.82 2.82
Co* 4.90 0
Mn*3 4.90 2.83

Mn*4 3.97 -

One of the main strategies used to reduce the JT effect that causes crystal structure
degradation in the Mn sites is to reduce the number of Mn*3 or substitution with a
lower valence TM to convert Mn*® ions to Mn** ions [100]. In our case, it is clear
from the results that Mn*® numbers are decreased by Co*™ and Ni*? substituting in
Mn*2 sites. Additionally, abovementioned, Co*3 in LS and Ni*® in HS state are not
under the JT effect due to spin configurations in the octahedral environment. This will
have a direct effect on battery performance by lowering the crystal structure
degradation due to JT at high charge/discharge cycles, which will be discussed in

Electrochemical Analysis.

3.6. Electrochemical Analysis

3.6.1. Cyclic Voltammetry (CV)

The (de)insertion properties of Na ions for Nao4sMnixCoxO2 samples were
investigated by CV measurements. Figure 55 shows the CV measurements of
Nao.44Mn1.xC0xO2 samples at 0.1 mV / s scan rate. In Figure 55(a), six cathodic peaks
located at 2.17, 2.40, 2.62, 2.94, 3.17 and 3.41V are clearly seen for the sample x = 0
(Nap.44sMn0O3), and this observation is also consistent with the previous works
[166,179]. Moreover, the formation of these peak pairs (cathodic and anodic) also
proves that the reactions are reversible. However, the absence of a significant change
in the positions of the redox peaks at the end of four cycles indicates that the

charge/discharge processes are stable. The multiple peaks show the multiphase

79



transition mechanism during the Na-ion insertion/extraction reactions at different sites.
In addition, these multi-phase transitions can be clearly seen in the capacity graphs
examined in the next section. The low difference between the potential values of the
cathodic and anodic peaks observed in the graph indicates high ionic conductivity
[143]. The shoulder around 3.1V in Figure 55 (a) originate from Nal regions located
in small tunnel-like structures in the Nao.4«MnO2 [180], although it is difficult to show

a redox reaction normally.
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Figure 55. Cyclic voltammetry of Nao..aMn1.xC0xO2 (0 < X < 0.17) samples between 2 - 4 V
potential window at a 0.1 mV/s scan rate.

Figure 55 (b) shows the CV graph of the x = 0.01 sample, and the shoulder at 3.1 V
from the Nal region in the small tunnel-like structure is not observed. Also, the
current values in the graph are lower than x = 0, which may have been caused by some
irreversible reactions. The six cathodic peaks in 2.18 V, 2.39 V, 2.61 V, 293 V, 3.18
V, and 3.43 V are very similar those in the x = 0 sample. As the increase in Co
substitution caused the Nao.7MnO2.05, Nao58MnosC00502 and NaosMnO27 phases to
become dominant, the new redox peaks located at 2.01 V and 2.17 V are observed in
the CV graph of x = 0.05 sample (Figure 55(c)) [181]. However, the redox peaks of
the Nap.4sMnO> phase can still be seen in the CV graph. Although the redox peaks
cannot be seen in the CV graphs of the other samples, it is thought that this indicates
the overlap of the redox peaks of the two phases. In the CV graphics of the other
samples, the redox peaks of Nao44MnO2 were not seen due to the reduction of the
phase ratio in the samples. However, since the redox peaks of both phases are known
to overlap, the redox peaks of the NaosMnOz 7 phase were also not observed.

Figure 56 shows the CV curves of the Nao.44Mn1xNixO2 series. In the CV of the x =
0.01 sample, six cathodic peaks are located at 2.17 V, 2.40 V, 2.62 V, 2.95 V, 3.18 V,
and 3.42V (Figure 56 (b)), similar to the x = 0 sample. The CV graph shows a
decrease in the current values compared to x = 0, resulting from the presence of
irreversible reactions due to Nao.zMnO- on the cathode surface.

In contrast to the Co series, the redox peaks of Nao.7MnO> phase were not dominant in
the CV graph of the x = 0.05 sample (Figure 56 (c)). This is because the ratio of the
Nao.7MnO: phase in this example is less than the ratio in the same sample with regard
to the Co series, as reported in the XRD results. However, the redox peaks at 2.09 V
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and 3.59 V originate from Nao7MnO- [182]. The former peak became dominant from
X = 0.08 and, thus, the redox peaks of Nao.44MnO: phase in the samples x = 0.11 and x

=0.17 could not be observed.
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Figure 56. Cyclic voltammetry of NagMnixNixO, (0<x<0.17) samples between a 2-4 V
potential window at a 0.1 mV/s scan rate.
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3.6.2. Capacity Analysis

Na2 and Na3 sites in the Nao.4sMnO> crystal structure have a large S-shaped tunnel
structure; as mentioned in the structural analysis section, these sites have an important
role in the insertion/extraction mechanism. The effect of these Sodium sites on the
capacity curves is investigated in this section.

Figure 47 shows the initial discharge curve and the CV curve (inset) of the
Nao.44sMnO; sample. Reaction peaks and plateaus originating from the same Na sites
are indicated by the same number. The plateau transitions in the discharge curve are
also characteristic of multiple phase transitions. Accordingly, in the discharge curve,
plateaus 1, 2, 3, and 5 are associated with the Na2 site, while 4 and 6 are associated
with reactions in the Na3 site [160]. However, the initial discharge value for the

Nao.44MnO> sample was observed about 84 mAh/g at a 0.3 C rate.
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Figure 57. The first discharge and CV curve (inset) of Nag4MnO,. The peaks of the redox
reactions in the CV graph are numbered the same as the corresponding plateau in the
discharge curve.

Figure 58 shows the charge/discharge curves of the Nao.44sMn1.xCoxO- series. With the
increase in Co substitution, the plateau structure seen in the capacity curve gradually
turns into the sloping structure. This transition may have occurred because the Co

substitution disrupted the charge/Na order in the structure.
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In the Nao4sMnO> capacity graph, with the increase in the number of cycles, the
plateaus, which were clearly visible in the first cycle, started disappearing due to
structural degradation damaging the insertion/extraction mechanism of Na (Figure
58(a)). The capacity curves of the x = 0.01 sample (Figure 58(b)) are very similar to
Nao.44MnO3, and this sample has 83.9 mAh/g initial capacity, which is consistent with
the results obtained from the CV analysis. On the other hand, these plateaus were
almost not observed in the capacity curves of samples x = 0.05, x = 0.08, x = 0.11, and
x = 0.17 (Figure 58 (c)-(f)). However, we can argue that the reason behind this
observation is that the amount of Nao7MnO2 and Nao58Mnos5C00502, which become
dominant with increasing Co substitution, is higher than Nag.4MnO3 in these samples.
Nevertheless, they have 98.4 mAh/g, 115.75 mAh/g, 118.25 mAh/g, and 111.1 mAh/g
initial capacities, respectively, all of which are high in degree. This is because these

compounds allow for more Na diffusion in their P2 layered structure [145].
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Figure 58. 1%, 10", 20" 30™, 50" and 100" discharge/charge curve of Nag44Mn;xCoxO; in a
2-4 V voltage window at a 0.3C current rate (1C=121 mAh) versus Na/Na*. (a) x=0, (b)
x=0.01, (c) x=0.05, (d) x=0.08, (e) x=0.11 and (f) x=0.17.

The cyclic performance of the Nao.44Mn1.xC0xO2 series over 100 cycles at 0.3 C can be

seen in Figure 59. The coulombic efficiency of all samples was close to 100%, which

indicates that the Na insertion reaction is highly reversible. On the other hand, it was

observed that the x = 0 and x = 0.01 samples underwent 23% and 17.25% capacity

fade after 100 cycles, respectively. Although the initial capacity values of x = 0.05, x

= 0.08, x = 0.11, and x = 0.17 samples were high, the observed capacity fade at the
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end of 100 cycles were 35%, 45%, 44%, and 36%, respectively. Although the JT
effect from Mn*2 ions is inevitably present in the Nao.44sMnO; and T-type x = 0.01 still

show high stability.
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Figure 59. Cyclic performance and coulombic efficiency of NagMni1xCoxO, samples. (a)
x=0, (b) x=0.01, (c) x=0.05, (d) x=0.08, (e) x=0.11 and (f) x=0.17.

The rate performances of Nao.4sMn1xCoxO2 samples in 2.0-4.0 V at various current

densities are shown in Figure 60. The rate of x = 0, x = 0.01, and x = 0.05 at the

location of the tunnel structure is reasonably close. This result shows that the P-type
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structure found in the x = 0.01 and x = 0.05 samples has no negative effect on
discharge performance. Additionally, it was observed that x = 0.08, x = 0.11, and x =
0.17 samples with high prevalence of P-type crystal structure showed high rate
performances. Accordingly, these samples can be considered as promising positive-

electrode candidates for Sodium batteries. Table 6 shows the average discharge

capacities of all samples in specific C rates.
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Figure 60. The rate capability of the Nag44Mn1.xCoxO, sample series.
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Table 6. Discharge capacities of Nao.44Mn;1.xC0xO, sample series at different C rates.

Discharge capacity (mAh/g)

Sample

0.2C 0.5C 1C 2C

x=0 90 81 75 65
x=0.01 89 82 77 69
x=0.05 100 92 68 53
x=0.08 118 112 90 71
x=0.11 127 104 85 69
x=0.17 115 92 69 58

The charge/discharge curve of the Nag.4sMn1.xNixO2 series over 100 cycles at a 0.3 C

current rate can be seen in Figure 61. In contrast to the results of the Co substitution
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samples, a multiple plateau structure is also observed in the x = 0.05 with the x = 0.01
sample (Figure 61 (b)(c)); this result is consistent with the structural characterization
analysis. In the higher Ni-substituted samples, the multiple plateau structure was
almost absent. An important reason for this may be the degradation of the Mn/Ni sites
after the Ni substitution. Therefore, the irregularity of the charge/Na order in the
structure can be observed. Another important reason is the Nao7MnO20s phase is
facilitated by the increase in Co substitution rate; it becomes the dominant phase with
the increase of this rate.

The initial capacities of the samples x = 0, x = 0.01, and x = 0.05, which have similar
discharge profiles, were observed as 84 mAh/g, 82 mAh/g, and 85.2 mAh/g,
respectively (Figure 61(a)-(c)). On the other hand, the initial capacities of the x = 0.08,
x = 0.11, and x = 0.17, which have different discharge profiles and are dominated by
Nao.7Mn0O2.0s, are 99.19 mAh/g, 111.5 mAh/g, and 101.8 mAh/g, respectively (Figure
61 (d)-(f)). The reason behind such a high initial capacity is that Nao7MnO2.s
compounds allow for more Na diffusion in the P2-layered structure [145].
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Figure 61. 1%, 10™, 20", 30", 50" and 100" discharge/charge curves of Nag4sMnixNixO; in a
2-4 V voltage window at 0.3C current rate (1 C = 121 mAh) vs Na/Na*. (a) x=0, (b) x=0.01,
(c) x=0.05, (d) x=0.08, (e) x=0.11 and (f) x=0.17.

The cyclic performances and coulombic efficiency over the 100 cycle at a 0.3 C rate
of the Nao.4sMn1xNixO2 series are shown in Figure 62. The fact that coulombic
efficiency is close to 100% indicates that all samples display a high level of Na
insertion mechanism. However, high coulombic efficiency is not directly related to the

capacity efficiency of the samples. The capacity fading of x =0, x =0.01, and x = 0.05
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samples was calculated as 23%, 13.6%, and 22.7%, respectively. The capacity fading
of the samples x = 0.08, x = 0.11 and x = 0.17, where the Nap7MnO20s phase was
dominant, was calculated as 25.7%, 36.2%, and 30.7%, respectively. Although the JT
effect due to Mn*2 ions is inevitably present in the Nag.4sMnO2, T-type x = 0.01 and x
= 0.05 still show high stability.
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Figure 62. Cyclic performance and coulombic efficiency of Nag44Mni«NixO2 samples. (a)
x=0, (b) x=0.01, (c) x=0.05, (d) x=0.08, (e) x=0.11 and (f) x=0.17.
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The rate performances of Nao.44Mn1xNixO2 samples in a 2-4 V window at different C
rates are shown in Figure 63. It was observed that all samples maintained their
discharge capacity subsequent to high C rates. The high rate performance of the T-
type crystal structure is an expected result due to the large diffusion tunnels. On the
other hand, the rate performances of x = 0.11 and x = 0.17 samples, where the ratio of

the tunnel structure is very low, are remarkable.
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Figure 63. The rate capability of Nag.44Mn1.xNixO2 sample series (1C=121 mA/g).

The average discharge capacities of all samples at 0.2 C, 0.5 C, 1C, and 2 C rates can

be seen in Table 7.
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Table 7. The average discharge capacities of Nao44Mn1.x<NixO2 sample series at different C
rates.

Discharge capacity (mAh/g)

Sample

0.2C 0.5C 1C 2C

x=0 90 81 75 65
x=0.01 84 75 69 55
x=0.05 90 86 82 73
x=0.08 104 98 88 68
x=0.11 106 96 82 66
x=0.17 104 93 86 68

The high capacity and high rate performance of these P2 structures makes them
promising candidates for longer and more efficient use of Sodium batteries.

It has been reported in previous studies that especially in electrode materials
containing Mn*3, JT effect induce the stress on the crystal structure and that causes the
structural deformations, amorphization and low reversibility during charge/discharge
[183,184]. The data obtained from the magnetism and XAS results show that Mn*3
ions decrease in the structure of Co and Ni substituted samples, which leads to a
decrease in the JT effect. The capacity retention rates of these Co and Ni doped
materials, which can be more stable during long charge / discharge cycles in the
crystal structure, have also increased. Among the Co and Ni substitutes, the capacity
losses of Nag.4aMno.99C00.0102, Nao.4aMng.99Nio 0102 and Nao.44Mno.g9Nio.0s02 samples

are at the lowest level.
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4. CONCLUSIONS

In this paper, the Nao.4sMn1xC0xO2 and Nao.44sMn1xNixO2 series (x = 0, x = 0.01, x =
0.05, x = 0.08, x = 0.11, and x = 0.17) cathode materials were successfully produced
by a solid-state reaction method and their physical and electrochemical properties
were investigated.

As a result of physical characterization of the Nap.4sMni1.xCoxO2 samples, it was
observed that P2-Nao.5sMno.5C00502 structures were formed from the sample x = 0.05
in the Co series, while the tunnel-type structure was completely lost in the x = 0.17
sample. This indicates that Co, which is substituted in the Mn regions, does not
consequently substitute the tunnel-type structure observed in x = 0.05. On the other
hand, with the increase in Co substitution, the use of Na in the formation of P2-type
structures instead of the tunnel-type structure results in the degradation of the
Nao.44sMnO2 nanorod structures. This degradation is also observed in the SEM and
TEM results.

The effects of nanorod form degradation on battery performance have been
investigated by electrochemical tests. At this point, the most significant result is
provided by the x = 0.01 sample, with the least (%17.25) capacity fade after 100
cycles (Figure 64). Additionally, this sample maintained its structural stability at high
current densities from different C rate results. The structural stability of the long
cycles in the nanorod form, which is the main target of this study, was obtained in this

example.
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Figure 64. Battery performance of x = 0 and x = 0.01 samples during the 100 cycles at 0.3C.

More interesting results were observed in the other Nap.44Mn1.xCoxO2 sample series. In
contrast with the substitution of Co, the increase of the Ni substitution caused only the
Nao.7MnO20s5 phase to be considered as the impurity phase in the sample. The
nonexistence of any impurities containing Ni indicates that the Ni substitution in Mn
sites was successful for the nanorods. On the other hand, the x = 0.01 and x = 0.05
samples in this series were found to have nanorod forms and a lower capacity fade
ratio than Nao.44MnOz (Figure 65).

One of the main reasons for the increase in battery performance is the reduction of
Jahn-Teller effect, which is one of the main factors of crystal structure degradation

and effective on Mn*3 sites, by cobalt and nickel substitution to these sites.
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Figure 65. Battery performance of x = 0, x=0.01 and x = 0.05 samples during the 100 cycles
at 0.3C.

Table 8 shows a comparison between the electrochemical properties of T-type and P-
type positive electrode materials between this work and the literature data. According
to the comparison results in Table 8, T-Nao.44Mno.99C00.0102, T-Nao.44Mno.95Nio.0102,
and T-Nao.24Mno 95Nio.0502 can be a promising alternative for Na-ion batteries.

Table 8. A comparison of the specific capacities of T-type and P-type cathode materials
between this work and the literature data.

Cathode Specific capacity (mAh/g)  Refs.
T-Nao.54Mnos0Tio5102 83 [185]
T-Naog.4sMnoggTio.1102 110 [129]
P2-NaxMgo.11Mno 8902 63 [116]
T-Nao.44Mno.99C00.0102 83.9

T-Naog.44Mng.g9Nio.0102 82 In this work
T-Nao.44Mno.g9Nio.0502 85.5
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Using Cobalt and Nickel modified T-Nao.44Mno.99C00.0102, T-Nao.424Mno.95Nio.0102, and
T-Nao.44Mno.gsNio.0502, it could be possible to assemble high-energy and high-density
Sodium-ion batteries that only consist of the earth’s most abundant elements. We
believe that these findings enrich the exploration of promising cathode materials that
can be used in rechargeable Sodium-ion batteries for large-scale energy storage

applications.
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