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OZET

Doktora Tezi

Li-iyon ve Na-iyon Piller I¢in Ti-Bazli Anot Materyallerinin Gelistirilmesi

Serkan DEMIREL

Inonii Universitesi
Fen Bilimleri Enstitiisii
Fizik Anabilim Dali
146+xi sayfa
2017

Damsman: Dog. Dr. Serdar ALTIN

Bu doktora tez projesinde, Vanadyum katkilamas: ile Li-iyon ve Na-iyon piller
icin Titanyum bazli anot malzemeleri incelenmistir. Bu kapsamda, LisTisxVxO12, LizTis-
«VxO7, Li2TisxVxO13, NasTisxVxO12, NazTizxVxO7 ve NazxTiexVxO13 x=(0, 0.025, 0.05,
0.1, 0.15) anot malzemeleri kati-hal reaksiyon ve iyon-degisim yontemleri ile basarili
bir sekilde tretilmistir. Anot malzemelerin yapisal 6zellikleri ve pil performanslari
detayli bir sekilde incelenmistir. XRD sonuglari, diisiik seviyelerde V degistirmesi ile
ana fazlarin korundugunu gostermistir. Buna ek olarak Na-bazli malzemelerde nano-tel
olusumu gozlemlenmistir. Raman spektrum analizleri, 1000 dongii sonrasinda pillerin
anot malzemelerinin bag yapilarinda deformasyon oldugunu gostermistir.

Sonug olarak, LisTisO12, Li2TisO7 ve NasTisO12 anot malzemeleri ile iiretilen
pillerde, sistemlere yapilan diisiik V katkilamalar: ile pil 6mrii ve pil kapasitelerinde

artis saglanmistir.

Anahtar Kelimeler: Li-iyon, Na-iyon, Ex-situ, Vanadium, Titanium.



ABSTRACT

Ph.D. Thesis

Development of Ti-based Materials for Li-ion and Na-ion Batteries

Serkan DEMIREL

Inonu University
Institute of Science
Physics Department
146+xi pages
2017
Supervisor: Assoc. Prof. Serdar ALTIN

In this Ph.D. thesis project, Titanium-based anode materials for Li-ion and Na-
ion batteries by vanadium doping in the system was investigated. LisTisx\VxO12, Li2Tis-
xVx07, Li2TiexVxO13, NasTisxVxO12, NazTizxVxO7 and NaxTie-xVxO13 x=(0, 0.025,
0.05, 0.1, 0.15) anode materials have been fabricated successfully via solid state reaction
and ion exchange methods. The structural properties and battery performance of the
anode were investigated in detail. XRD results of the samples showed that the main
phase was protected for low V substitution in the system. In addition of this, It was
observed a nanorod formation in Na-based anode materials. The structural properties of
the anode materials after 1000 cycles of the battery cells were showed that the bound
structure of the ions in the unit cell were deformed according to Raman spectra of the
samples.

As a conclusion, it was found that the capacity and battery life of the cell
fabricated by LisTisO12, Li-TisO7 and NasTisO12 anode materials were improved by low

level V-doping in the systems

Keywords: Li-ion, Na-ion, Ex-situ, Vanadium, Titanium.
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SYMBOLS and ABBREVIATIONS

Temperature

Critic Temperature

Specific constant current value for charge/discharge process
Specific Capacity

Cyclicvoltammetry or Cyclicvoltamogram
Carbon Black

Polyvinylidene fluoride

Faraday Constant

Gas Constant

Voltage

Electrode Potential

Molar capacity

Current

Mass

Mobility

Electrical conductivity

Resistivity

LisTisO12

LiCoO2

Xi



1. INTRODUCTION

To the present day, the use of underground energy sources without any
consideration has been damaging the environment, environmental life, and human life.
This situation has motivated humans to produce cleaner and more efficient energy
sources. Especially nowadays, the development and adoption of electronic devices needs
to be much more energy efficient.

Products such as electrical automobiles, laptops, cell phones, and any other
portable devices need long-life energy storage systems and sources to simplify daily life

and reduce environmental pollution.

One of the greatest discoveries in history is the lithium-ion (Li-ion) battery. It,
along with its commercialisation in 1991, is of great importance in human history. Li-ion
batteries, which are described as "secondary type batteries”, offer a great advantage to the
users because of their rechargeable features. They have taken their place in the technology
with their high operating capacity, high operating voltage, and charge-discharge life.
Nowadays, Li-ion batteries are used in devices such as mobile phones, computers, electric
cars etc. However, Li-ion batteries also have some disadvantages. The most important of

these is the cost of obtaining lithium element and reduced L.i reserves.

To overcome these disadvantages, scientists work on alternative energy storage
systems. In this context, sodium-ion (Na-ion) batteries have been discovered as an
alternative energy storage system. Research results show that Na-ion batteries can be used
instead of Li-ion batteries especially for stationary applications such as smart grid
systems. In particular, these two elements have similar physical properties, and the Na is
abundant in nature, and it is cheaper than Li. Environmentally friendly, easy to obtain,
and low cost Na-ion batteries offer great advantages. On the other hand however, Na-ion
batteries have some significant disadvantages compared to Li-ion batteries. The fact that
the Na ion is heavier (larger atomic mass) and larger (greater atomic radius) than the Li
ion results in significant disadvantages in battery performance. More specifically, a Li-
ion battery has an average operating voltage of 3.04 V while the Na-ion battery has an

average operating voltage of only 2.71 V.



Given the performance advantages and disadvantages of Li-ion and Na-ion
batteries, consequently Na-ion batteries have been the subject of much performance

boosting work and commercialisation efforts.

In this doctoral dissertation, performance upgrade studies of titanium (Ti) based
anode materials have been conducted via vanadium (V) substitutions for both Li-ion and
Na-ion batteries. In this context, the development of new generation Li-ion and Na-ion
batteries, and their technological use, is evaluated in the experiments presented in this

doctoral thesis.



2. BATTERIES

Batteries can generally be described as electrochemical power storage and usage
systems [1]. This system is composed of at least two components, which react with each
other to convert chemical energy into electrical energy via an electrochemical reaction
[2]. The oldest battery known in the history is the Baghdad battery. It is believed to belong
to the period from BC 250 to MS 224, and was introduced in 1935 by William Konig,
director of the National Museum of Baghdad [3].

NACHBILDUND EINES FUNDES AUS KHUJUT RABUAH BEI BAGDAD
A CA300V.D.Z.

Figure 2.1. Baghdad battery in National Museum of Baghdad [4].

As seen in Figure 2.1, the Baghdad pylon has a positive and a negative pole when
viewed from the outside. In general terms, a battery is composed of a negative electrode
(anode), a positive electrode (cathode), and a fluid electrolyte which provides ionic
conductivity [5]. A chemical reaction begins when these three components are combined.
In this reaction, the active elements in the anode are ionised and move towards the
cathode. During the ionization process, one or more electrons separates from the atom.
This process reveals one ion and one or more free electrons [5]. The free electron moves
to the conduction layers, and the ion moves from anode to cathode. Generally, this process

is called the discharge process and the recharge process is reversible [5].
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Until the Baghdad battery was recognised, the Volta battery was known as the first

battery in history. It was discovered by Alexander Volta in 1799 and announced in 1800

[6].

negative
pole

Zn

Seperator

positive
pole

Figure 2.2. Volta battery [7].

Figure 2.2 shows a visual of a working Volta battery, which does not use a fluid
electrolyte like the Baghdad battery. In the Volta battery there is a paper type separator
layer that prevents shorting between the two metal plates acting as anode and cathode [8].
This separator layer allows the transfer of ions in terms of ionic conductivity, while
preventing the electrons that break off the ions from transferring between the metal plates.
Usually, batteries produced in the past have consisted of basic components such as anode,
cathode, and electrolyte [5].



Figure 2.3. Commercial battery types [9].

Figure 2.3 shows the common commercial battery types [9]. Although the internal
structures of these batteries are almost the same, their potentials are different in terms of
their working voltage, working time, and shelf life [9]. The main reason for this is due to
the structure of the electrode designs [9]. In the most general sense, the batteries are
divided into two classes. These are called primary and secondary battery types [5]. The
primary type batteries are non-rechargeable batteries and are therefore disposable.
Secondary type batteries are rechargeable, so can be recharged and discharged over a

specific lifetime period [5].

2.1. Primary Batteries

In the most general sense, the primary battery is a non-rechargeable and single-
use battery [10]. They have high operating voltage, high capacity, and long shelf life. The
adventure of the primary battery started with the Volta battery, which was discovered by
A. Voltain 1799, when it attracted considerable attention. It began to be used in telegraph
systems from 1830 [10]. Afterwards, research and development studies on batteries led to

the discovery of the first high-current primary battery in 1870 [10]. The first production



of simple electric motors began after the high-current battery was discovered in 1870 [10].
In terms of commercialisation, although batteries firstly came to the attention of high-
income people, over a very short time period batteries took their place in the markets.
Nowadays, the primary type of non-rechargeable batteries are commercially effective,
manufactured in varying sizes, and have different working potentials. The general internal
structure of these batteries is composed of different types of anode (-) and cathode (+)
materials [10,11].

In the case of a primary battery, the discharge reactions are not reversible because
the reaction generally takes place in one direction. For example, the reactions occurring
on a zinc-manganese (Zn-Mn) electrode [10] are:

reactions on cathode and obtained voltage amount:

2MnO; + H20 + 2" — 2MnOOH + 20H" 0.12V, (2.1)

reactions on anode and obtained voltage amount:

Zn + 20H™ — ZnO + H20 + 2e~ 1.33V, (2.2)

and general reaction in the battery:

Zn + 2Mn0O2 — ZnO + 2MnOOH 1.45 V. (2.3)

In commercial and experimental research and development (R&D) studies,
copper-zinc (Cu-Zn), nickel (Ni)-metal hydrate, carbon-zinc (C-Zn), alkaline-manganese,
zinc-air, silver (Ag) oxide-zinc, lithium-manganese dioxide, lithium-carbon
monofluoride, and lithium-thionyl chloride batteries can all be given as instances of

primary battery types [5,10,12].
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Figure 2.4. Primary type alkaline-manganese battery discharge curve [12].

Figure 2.4 shows an alkaline-manganese battery discharge characteristic curve. As
can be seen from the figure, the primary batteries have good discharge capacity and long
discharge time [12]. Usually, these characteristic properties are the common behavior for

primary batteries.

2.2. Secondary Batteries

The story of secondary batteries, or rechargeable batteries, started with the
discovery of the lead-acid battery in 1859 by French physicist Gaston Planté. This battery
consists of lead-lead oxide (Pb-PbO, PbO2, Pb30s) electrodes and a sulphuric acid liquid
electrolyte (H>SO4). Lead-acid batteries were first commercialised around 1900 and
continuing to be used today [5,10,12]. The lead-acid batteries have received a great deal
of attention due to their good working voltage (about 2V), long discharge-charge lifetime,
and low production cost. This battery shows especially good discharge performance (~20
hours) under high discharge current (20 C) [5,10,12]. For that reason, this battery is used
in electrical vehicles. On the other hand, lead-acid batteries have some disadvantages such
as performance failure at low temperatures (< room temperature), heavy weight, and toxic

and hazardous components [5,10,12].
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Figure 2.5. Schematic of a lead-acid battery [13].

Figure 2.5. shows the charge-discharge process of a lead-acid battery in a
schematic fashion. The chemical reactions taking place in this battery can be described as
[10,12]:

reaction in electrolyte:

H2SO#— H*+ HSO, (2.4)
reaction in negative electrode (anode):

Pb(metaly + HSO s¢— PbSO4 + H* + 2¢7, (2.5)
reaction in positive electrode (cathode):

PbO, + 3H" + HSO4 + 2e+— PhSO4 + 2H20, (2.6)
and total reaction:

Pb(metary + PDO2 + 2H2SOs¢—> 2PbSO4 + 2H:0. (2.7)

For a secondary battery the charge-discharge process is repeatable until a specific
lifetime. This type of battery always loses charge-discharge performances while waiting
on the shelf or during charge-discharge cycling. This loss in performance is generally
caused by electrode deformations, electrolyte deformations, and dendrite formation on
electrode surfaces [5,10,12].



From the discovery of lead-acid secondary batteries to today, many secondary
battery kinds have been discovered. These include secondary nickel-cadmium (Ni-Cd),
silver oxide-zinc, lithium-manganese dioxide, lithium - vanadium oxide, lithium-
polyaniline, lithium-carbon, lithium-LGH-vanadium oxide, lithium-polyacene, niobium
(Nb) oxide - vanadium oxide, titanium oxide - manganese oxide lithium-metal, sodium-
metal, and magnesium (Mg)-metal batteries [5,10,12].

Among these battery types, Li-ion batteries are the most attractive ones for
technological evolution. Their discovery, and commercialisation in 1991, are of great
importance in human history [14]. The first lithium based batteries were introduced in the
1960s and gained popularity in 1991 when they were commercialised by Sony with a
LiCoO> cathode material [15]. This battery can, nowadays, be used as an energy source
in almost all electronic devices. Lithium batteries are notable for both high energy density
and high operating voltage. Especially for today's high-performance electrode, studies of

this battery type have been increasing in number [10-12].

Table 2.1 Comparison of batteries [16].

Lead-acid Ni-Cd Ni-MH Li-ion Li-Poly
Voltage 2 1.2 1.2 3.6-3.7 3.6-3.7
Cycle life 400 500-1000 400-1000 300-1000 300-1000
Life (years) 1 2 2 1+ 1+
Self-discharge rate %10 %30 %30 %3 %3
Charging time (hours) 8 1.5 4 2-6 2-6
Safety No BMS Good Good Poor Average
High temp performance Good Good Good Average  Average
Low temp performance Poor Poor Poor Average  Average

2.2.1. Lithium Batteries

The secondary type lithium battery was discovered around 1960, and in 1991 Sony
produced commercial Li-ion batteries with LiCoO cathode materials [14,15]. Since then
they have been used in almost every electronic device as energy storage and usage

systems. There are many variant types of lithium battery, and they are popular, having



good working potentials and energy density values. In this context, high performance Li-

ion battery electrodes and their investigations in the literature are discussed below.

2.2.1.1. Cathode Materials for Li-ion Batteries

Cathode materials, which create the positive pole of the battery, are the most
important part of the system. To obtain high working voltage batteries, the cathode
materials must have larger ionization voltages [10,12,17]. Nowadays, almost every
electronic device needs a high working voltage and high working capacity. For these
features, there are many cathode materials available. The materials can be separated from
each other in terms of their structure and electrical and thermodynamics features. In the
commercial field, LiCoO and LiMn20O4 are the most commonly used Li-ion cathode

materials, which we will now present [10,12,17].

2.2.1.1.1. LiCoO2 Cathode Materials

LiCoO: is the most popular cathode material for Li-ion batteries. It has a layered
crystal structure, and this layered structure enables the Li ions intercalate/deintercalated
[10,12,18]. The Li+ ions are bonded to the layers with weak Van der Waals forces and

are able to move within the layers [18,19].
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Figure 2.6. An example of a layered structure system [20].
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Figure 2.6 shows the crystal structure of layered LiCoO2. In general, layered
cathode materials consist of an ABC; type structure (A: alkaline earth metals, B: transition
metals, C: metals or oxygen) [21], with the alkaline earth metals located between two
similar transition metal oxide layers. The transition metal oxide layers have high electrical
and thermal conductivity coefficients. On the other hand, the alkaline metal layers have
insulator and low thermal conductivity coefficients [22]. In 1980, Goodegough discovered
the cathode properties of LiCoO- [23], with crystal structure shown in Figure 2.6. In this
structure the Li+ ions are located between two CoO: layers. In 1991, Sony first produced
commercial Li-ion batteries with LiCoO. cathode materials [24,25], and even today,

LiCoOz/Carbon Li-ion batteries are still used in almost every electrical energy storage

system.
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Figure 2.7. a) Charge-discharge and b) cyclic voltammetry characteristics of LiCoO>
[10, 26].

Figure 2.7 shows the charge-discharge characteristics of LiCoO2, which has 274
mANh/g theoretical, and ~140 mAh/g experimental capacity values [27,28]. The open
circuit voltage of LiCoO: is 3.9 V. Goodenough explained the effect of Li content in
LiCoO2: when the amount of Li is reduced in this structure the open circuit voltage
increases to 4.2 V at LiosC00. [23,27,28].
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2.2.1.1.2. LiMn204 Cathode Material

Another popular battery cathode material is LiMn20s [29]. LiMn20s has low
production cost and good environmental properties [29, 30]. Unlike the layered crystal
structure of LiCoOz2, LiMn2O4 has a spinel type crystal structure [31].

Figure 2.8. Spinel crystal structure of the LiMn204 system [32].

Figure 2.8 shows the spinel structure of the LiMn2O4 system. A three-dimensional
(3D) spinel structure has some advantages for an electrode, such as high electron and ion
flow and low internal electronic resistivity [33,34]. This structure also exhibits thermal
stability. All of these advantages are desirable for battery systems [33,34]. LiMn2O4 was
discovered by Thackeray et al. in 1986 [35]. Although the experimental capacity (~120
mAh/g) is 5-10% lower than that of LiCoO2, LiMn20O4 has entered the literature as a
cathode material with good performance.
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Figure 2.9. a) Charge-discharge and b) cyclic voltammetry characteristics of the LiMn204
system [36,37].

Figure 2.9 a) shows the charge-discharge characteristics of the LiMn2O4 system,
which has 148 mAh/g theoretical, and ~120 mAh/g experimental, capacity between 4.4
and 3.0 V. Figure 2.9 b) shows the cyclic voltammetry (CV) results of LiMn204[37,38].
As can be clearly seen in this figure, there are two different redox peaks for each electrode.
The positive current peaks correspond to LiMn2O4 electrode redox peaks [38]. These
redox peaks also affect the charge-discharge curves; as can be seen in Figure 2.9 a), there
are two capacitance change steps for each charge and discharge curve [38]. For the
discharge curve, the first down step approximately corresponds to the 4.17 V peak, while
the second down step corresponds to the 4.04 V peak. These situations can be assumed to

be similar for the negative CV region and charge curve [36-38].

2.2.1.1.3. LiFePO4 Cathode Material

Iron (Fe) based cathode materials are very attractive for battery applications due
to their natural abundance and low cost [39]. The LiFeO2 compound can be described as
the ideal low-cost battery [40]. However, the LiFeO- layered cathode material has some
disadvantages due to Fe+3 reductions as the FeOe octahedral layers make very difficult
the reduction of one electron from Fe3+ [40].

Thermally and mechanically stable LiFePO4 has entered the scientific literature
by Goodeneugh in 1996 [41]. LiFePOs is a type of LIMPO4 compounds, where M is Fe,

Co, Mn, or Ni. LiFePOg also has better battery performance than other compositions [42].
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Figure 2.10. LiFePOg4 crystal structure [43].

LiFePO4 has the close packed hexagonal crystal structure with Li-ions moving
along one direction in the channels of the structure (Figure 2.10) [43]. Furthermore, this
structure provides high diffusion routes for ions. A higher diffusion rate means high

charge-discharge capacity at high currents [43].
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Figure 2.11. a) LiFePO4 charge-discharge curve. b) CV curve of LiFePOg [5,44].

Figure 2.11 shows the charge-discharge curve of a LiFePO4/C battery. LiFePO4
has ~160 mAh/g capacity value and ~ 3.55 V long discharge plateau. Figure 2.11 also
shows that LiFePOs has better battery performance than Mn and cobalt (Co) based
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compounds [43,44]. On the other hand, LiFePO4 has a lower voltage plateau than
LiMnPOg4 (4.13 V), despite Fe being to the right of Mn in the periodic table.

2.2.1.2. Anode Materials for Li-ion Batteries

The anode material (negative pole during discharge) is another important
component of a battery. For a high working voltage battery, the anode materials have to
have lower ionization voltages [45]. Normally, the total battery working potential is equal
to the anode and cathode ionization voltage difference. There are many anode materials
for Li-ion batteries, which can be classified as metal-oxide, carbon based, and alloys [43].

We will now present the most popular anode materials for Li-ion batteries.

2.2.1.2.1. Carbon based Anode Materials for Li-ion Batteries

Carbon based (graphite) compunds can be described as the most attractive anode
materials for Li-ion batteries [46]. Graphite has a good charge-discharge performance and
low production cost, making it attractive for Li-ion batteries. Graphite has a theoretical
capacity of 372 mAh/g and Li ions can bond with six C atoms in the LiCe formation
[44,47].
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Figure 2.12. Structure of graphite [48].

Figure 2.12 shows the graphite structure, which is hexagonal two dimensional
(2D). In this structure, one Li ion can bond with six C atoms [47]. Graphite anode
materials have ~300 mAh/g experimental capacity and a ~0.1V plateau voltage. Because

of this, graphite is one of the most selected anode materials for commercial applications.
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2.2.1.2.2. Transition Metals Anode Materials

Transition metals anode materials can be a good alternative to carbon based
materials. These anode materials can transfer from two to six electrons, according to

the reactions below [49]:
MaXb + (b : n) Ll <> aM + bLlnX

Here, M is a transition metal, X is an anion, and n is the formal oxidation state of X
[50]. Transition metal anode materials can consist of oxide and non-oxide alloys. In the
above reaction, the X can be oxygen (O), sulphur (S), nitrogen (N), phosphorous (P),
and fluorine (F).
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Table 2.2 Experimental values of potential for the plateaus associated with reactions in

binary transition metal compounds of the type MaXy [44].

X=0 X=S X=N X=P X=F
M Phase  Econ/V Phase Econ/V ~ Phase Econ/V Phase Econ/V Phase Econ/V
Cr | Cr.03 0.2 CrS 0.85 CrN 0.2 CrFs 1.8
Mn | MnO; 0.4 MnS 0.7 MnP, 0.2
Mn;0Os 0.3
MnO 0.2
Fe | Fex0s 0.8 FeS; 1.5 FeP, 0.3 FeFs 2.0
Fes04 0.8 FeS 1.3 FesN 0.7 FeP 0.1
FeO 0.75
Co | Co30q4 11 CoS; 1.65-1.3F1  CoN 0.8 CoPs 0.3 CoF; 2.2
CoO 0.8 C00.92S 1.4 CosN 1.0
CoSg 1.1
Ni NiO 0.6 NiS; 1.6 NisN 0.6 NiP3 0.7 NiF; 1.96
NiS 1.5 NiP; 0.5-0.301
NizS; 1.4 NisP Slopel
Cu | CuO 14 CusS 2.0-1.7®1  CusN CuP; 0.7 CuF; 3.0
Cu20 14 Cu.S 1.7 CusP 0.8
Mo | MoOs 0.45 MoS; 0.6
MoO,  Slopel®
W WS, 0.8-0.601
Ru | RuO; 0.9

a) Slope indicates the absence of a distinct voltage plateau in the electrochemical profile.
b) Two plateaus were observed in the electrochemical profile.
c) Data collected for nanocomposites with carbon at 70 °C.

d) Conversion of Li;MnP4 to LisP and Mn.

Table 2.2 shows the experimental working voltage values of transition metal
anode materials. As we see in the table, each transition metal anode material has a low
working voltage, and this situation is very good for a battery. Also, Table 2.2 shows
that the oxide transition metal compounds have lower voltages than other types of
combinations; in addition, those transition metal oxides have average capacity values

of 600-900 mAh/g [44]. These capacity values apply to the very first charge-discharge
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cycles. After a few cycles these oxide compounds have dramatically reduced capacity

values during the long charge-discharge process [44,49].

2.2.1.2.3. Titanium Oxide Based Anode Materials

Titanium oxide based anode materials can provide an alternative to carbon and
transition metal anode materials. They include different compositions such as
LisTisO12, Li2Ti30O7, and Li2TieO13 [51]. These materials constitute a part of the work
presented in this Ph.D. thesis.

2.2.1.2.3.1. LisTisO12 Anode Material for Li-ion Batteries

LisTisO12 (LTO) is the most attractive anode material for Li-ion batteries, and it
is used in some commercial batteries. LisTisO12 can also be used as the anode material in
supercapacitors, Li-ion capacitors, and hybrid supercapacitors [51, 52]. LisTisO1 has a
low working potential around 1.5 V, a high discharge capacity ~175 mAh/g, and a stable
long charge-discharge cycle life. All of these excellent properties are due to the spinel

type cubic crystal structure [53].

‘ Oxygen
= ' Thanium
@ Lithium

Figure 2.13. Spinel type crystal structure of LisTisO12 [53].

Figure 2.13 shows the spinel type crystal structure of the LisTisO12 system. In this
system, there are two lithium ions at 8a and 16c¢ sites, with atoms ionizing and moving
during the charge-discharge process. The LisTisO12 Ssystem also has zero microstrain in
its crystal structure [53], ensuring a stable crystal structure which is reflected in the long
battery life [51-53].
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Figure 2.14. a) Charge-discharge characteristics of LisTisO12 b) CV characteristics of
LisTisO12 [54, 55].

Figure 2.14 shows the charge-discharge and CV characteristics of the LisTisO12
system. It is clear from Figure 2.14a) that LisTisO12 has a long capacity plateau during the
charge-discharge process [54]. This system has ~170 mAh/g discharge capacity between
1.0 and 2.0 V [54]. Figure 2.14 b) shows the CV characteristics of the system. LisTisO12
(LTO) has a redox reaction at 1.55V where Li+ ions separate from the crystal structure
[55]. Another redox reaction occurs at 1.5V, and this peak corresponds to the counter

electrode reaction [55].

Researchers have been working to improve the electrochemical performance of
the LTO system. To achieve this, different types of synthesis methods have been used
such as solid state reaction, spray paralysis, sol-gel, molten salt, micro wave and
electrodeposition [51-57]. LTO has insulator like electrical conductivity behavior. For a
battery electrode, high resistivity effects the battery performance negatively. To handle
this problem, researchers have been working on decreasing the grain size. The LTO
electrode’s battery performance improves when the grain size is lower than 1 um, because
of the reduction in the mean ion path. A short ion path leads to low electrical resistance
and has a positive effect on battery performance [53-57].

Researchers have also been trying some element doping/substitution in the LTO

system in an effort to improve battery performance. Scandium (Sc), silver (Ag), copper
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(Cu), vanadium (V), magnesium (Mg), zinc (Zn), nitrogen (N), cobalt (Co), manganese
(Mn), calcium (Ca), strontium (Sr), etc. doping or substitutions improves the battery
capacity as a result of the enhancement in electrical conductivity [58]. Battery capacity
increases by around 5-20 mAh/g.

Morphological treatments are another way to improve battery performance. Thin
films, porosity control, nanorods, etc. can be a better way to upgrade battery performance
than substitution methods. Thin film and porosity control in particular can improve the
capacity to around 1000 mAh/g. In this context, we now summarise some work from the

literature on LisTisO1o.

In 2015 Ge et al. studied the mesoporous LisTisO12 system [59]. Morphological
characterizations showed that the synthesised materials have ~5 nm non-ordered pore
sizes [59]. Mesoporous LisTisO12 was synthesised via the hydrothermal method in this
study. The electrochemical results showed that mesoporous LisTisO12 materials have 169
mAh/g at 1 C current rate and 140 mAh/g at 30 C [59]. In 2016 Zeng et al. studied a nano-
tin (Sn), antimony (Sb), and bismuth (Bi)] embedded LisTisO1> composite [60]. The
morphological studies showed that the materials consisted of ~10 nm particles [60]. The
C was used as anode material in this work. Under 200 mA constant current rate,
LisTisO12/Sn/C, LisTisO12/Sb/C, and LisTisO12/Bi/C have 718.4, 678.2, and 597.8 mAh/g
discharge capacity values, respectively [60]. Tran et al. have also studied the LisTisO12
anode material. Spinel LisTisO12 was synthesised at nano sizes by a solution route using
LiOH and Ti(OBu)4[61]. The morphological characterizations showed that LisTisO12 was
in the spinel phase with homogenous nanoparticles around 100 nm [61]. In this work,
LisTisO12 showed good battery performance of 160 mAh/g at a rate of C/10, as well as
good specific capacities of 120, 110, and 100 mAh/g at high rates of C, 5 C and 10 C,
respectively [61]. In 2017, Tang et al. studied carbon coated LisTisO12 material [62]. In
this work LisTisO12 was synthesised via an in-situ lithium-doped Ti based metal-organic
framework precursor with thermal annealing [62]. The annealing temperature was
between 800 and 900 °C. Battery performance tests showed that the carbon coated
LisTisO1 battery has 181 and 150 mAh/g discharge capacity after 1000 cycles, under
1000 and 2000 mA current rates, respectively [62]. Again in 2017, Jingyuan et al. studied
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a FesO4 nanoparticle coated LisTisO12 nanowires synthesized via a hydrothermal
synthesis method [63]. In this study, Li metal was used as an anode material [63]. The
results showed that the FesO4 nanoparticle coated LisTisO12 nanowires have 780 mAh/g
discharge capacity under 1C current rate for the first cycle [63].

2.2.1.2.3.1. Li2TizO7 Anode Material for Li-ion Batteries

The Li,TizO7 system is another important anode material in titanium oxide based
battery cells. Although Li>TizO7 has 198 mAh/g theoretical capacity, it is known that the
system has ~140 mAh/g experimental discharge capacity [64]. Although Li>TizO7 has
good capacity and working potential values, the capacity of the cell decreases dramatically
after repeated cycling. In other words, Li>Ti3O7 has higher capacity fading than LisTisO12
[64-66].

Figure 2.15. Crystal structure of Li,TizO7 [66].

Li>Ti3O7 has an octahedral crystal structure [65] as shown in Figure 2.15. The Li
ions move along one direction in the lattice [65,66]. The Li>TizO7 system is in the Pbnm
space group, and has a = 5.016 A, b = 9.543 A, and ¢=2.945 A crystal parameters [64—
66].
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Figure 2.16. Charge-discharge characteristics of Li>TizO7 [67].

Figure 2.16 shows the charge-discharge characteristics of the Li>TizO7 system. It
has a wide plain plateau at 1.55V, similar to LisTisO12 [67]. On the other hand, Li>Ti3O7
shows a microstrain in the crystal structure unlike microstrain-free LisTisO12. The

mechanism of the fast capacity fade in Li>TizO7 was not explained.

The capacity fade in the cell fabricated with Li>TizO> is attributed to the crystal
structure stabilization problem during the charge-discharge process [10,12]. During
cycling, Li+ intercalation/deintercalation affects the microstrain and crystal structure
leading to a change in the volume and the symmetry [10, 12, 24]. Volume expansion rate
is very effective in the battery life [10, 12, 24]. Therefore, substitution or structural
modification studies in Li>TisO7are important for both the explanation of the mechanism
and technological applications [10, 12, 24]. Although the Li>TizO7 system is classified as
a titanium-oxide based material, there are only a limited number of studies in the literature
[referans]. Hence, it is important to investigate the Li>TizO7 system thoroughly. Studies

from the literature are summarized below.

In 2006, Thournout et al. studied Fe and Ni substituted Li>TizO7 materials (instead
of Ti) synthesised by a quenching process via the solid state reaction method [68]. The
electrochemical results showed that the capacity of pure Li>TizO7 was ~105 mAh/g, the
Fe substituted Li>TisO7 was ~98mAh/g, and the Fe/Ni substituted Li>TisO7 was 68 mAh/g
[68]. In 2006, Ma and Noguchi studied temperature effects on battery performance for the

Li>Ti3O7 system synthesized by a solid state reaction process [69]. The electrochemical
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measurements were conducted at room temperature, 40, 50, and 70 °C. They found that
the batteries had capacities of 140 mAh/g, 163 mAh/g, 158 mAh/g, and 120 mAh/g at
room temperature, 40, 50, and 70 °C, respectively [69]. In 2010, Villevieille et al. studied
carbon modified Li>TisO7 materials under different gas conditions [70]. A half-cell was
prepared for electrochemical measurements [70]. The capacity measurements were
conducted at a C/10 rate and the obtained capacity values were 150, 140, 140, and 160
mAh/g for Ar, Ar/Hz, N2, and N2/H: gases, respectively [70]. In 2015, Gan et al. studied
the synthesis conditions of the Li>TisO7 system [71], and found that the sintering
temperature is very important. In this study, the Li>TizO7 materials were synthesised under
vacuum conditions, and pure Li>TisO7 can be synthesised at a minimum temperature of
700 °C [71]. The electrochemical measurement of the cell revealed ~120 mAh/g discharge

capacity under a 1C current rate [71].

2.2.1.2.3.2. Li2TisO13 Anode Material for Li-ion Batteries

Nowadays, commercial batteries for high technology applications should have a
long lifetime (above 1000 cycles) with high crystalline stability. Ti based battery cells
have longer battery life than the other oxide batteries [51]. Li2TisO13 is another kind of
titanium oxide based anode material [51]. It has a long charge-discharge cycle life

(average 1000 cycle) and low discharge capacity around 30 mAh/g [51,72].

Figure 2.17. Crystal structure of Li>TisO13 system [73].

Figure 2.17 shows the crystal structure of the Li>TisO13 system, where the system

has monoclinic crystal structure and Li+ ions move in a tunnel like structure along one
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direction [73]. The Li2TisO13 system is in the C2/m space group, and lattice parameters
are reported as a = 15.3065 A, b = 3.74739 A, and ¢ = 9.1404 A [73].
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Figure 2.18. Charge-discharge characteristic of Li>TisO13 [73].

Figure 2.18 shows the Li>TisO13 system charge-discharge characteristics. It is seen
from the figure that the capacity of the first cycle is ~210 mAh/g, but it decreases to
~90mAh/g under 0.1C. The voltage plateau characteristics is another important quantity
for Li>TisO13 anode material. The first cycle of the Li>TigO13 battery has a long voltage
plateau at ~1.5 V; the voltage loses the plateau behavior and decreases with increasing
capacity as seen in Figure 2.18 [73]. Even though Li>TieO13 has a stable cycle life, there
is an obstacle to its synthesis because it cannot have a direct synthesis method. The ion
exchange method can be used. Na:TisO13 or KoTieO13 are used for ion exchange to
synthesize Li>TisO13[73,74].

It should be noted that Li>TisO13 is not much studied in the literature. Hence, it
needs further investigation to improve battery applications. In this context, some
important studies in the literature about Li>TisO13 are now presented. In 2015, Zhang et
al. studied Na>TigO13 and Li>TieO13 Systems which were synthesised by the ion-exchange
method described in Ref [75]. The electrochemical measurements showed that the
Li>TisO13 had ~190 mAh/g and ~150 mAh/g for the first and second cycles, respectively
[75]. In 2011, Katoka et al. studied the Li>TisO13 system produced via an ion-exchange

method and found that Li;TisO13 has ~210 mAh/g capacity in first cycle; the capacity
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reduced to ~90mAh/g under 0.1C current rate for the second cycle [76]. Li>TisO13 had
long plateau at ~1.5 V for the first cycle [76]. In 2011, Pérez-Flores et al. studied Li
insertion behavior of the Li>TisO13 system. The Li>TisO13 materials were synthesised from
Na>TisO13 via an ion-exchange method [77]. This study showed a dramatic drop in
capacity over the first five cycles. At C/12 current rate, the obtained capacity values were
250 mAh/g and 150 mAh/g for first and fifth cycles, respectively [77].

2.2.2. Sodium Batteries

Nowadays, Li-ion batteries are the best candidates for energy storage systems due
to their domination in commercial electronic devices; however, limited lithium reserves
on earth, and the cost of lithium production, are major problems for the future of Li-ion
batteries [23,78,79]. In addition, lithium carbonate presents a high level of environmental
risk for living things [80]. Scientists have been working to find environmentally friendly
new battery materials which have higher efficiency and lower production cost. In the past
decade, Na based batteries have come to attention due to their eco-friendly and low cost
properties. The properties of Na-ion battery electrodes and their investigations in the

literature are summarized below.

2.2.2.1. Cathode Materials for Na-ion Batteries

The cathode material is an important part of Li-ion batteries as well as Na-ion
ones. Na-ion batteries are considered as alternative for Li-ion batteries due to their natural
abundance and low production cost when compared to Li-ion batteries. It is expected that
Na-ion batteries must have high working voltage and high capacity value cathode
materials for commercialization in the market. But, the studies in the literature about Na-
ion batteries show that it has lower battery performance when compared to Li-ion
batteries. It is foresight that Na-ion batteries will be replaced with Li-ion batteries in the
market in the next future. In this section, we investigate the Na- cathode materials with
high performances.
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2.2.2.1.1. Layered Oxide Cathode Materials for Na-ion Batteries

Generally, the layered oxide cathode materials have the formula AMO; (A = Li,
Na; M = Co, Mn, Ni, and their combinations) [81,82]. Li based layered structures are
known with their high energy density. A good battery performance was therefore
expected from the Na based cathodes with similar crystalline properties. Nowadays,
researchers have focused on these types of structures for development and improvement

of Na-ion batteries.

Transition . Transition - —

metal layer m metal layer _ _____ B
(R SR s R #)

----- B

o Oxygen  Sodium "SRR
Sodium ion — \ on — @R

DR

¢

W QW >0 ® >

g

Figure 2.19. Layered structure of Na-ion cathode materials [83].

Figure 2.19 shows the layered crystalline structure of Na-ion cathode materials. In
this layered structure, the Na ions are located between the oxidised transition metal layers
of MOs (M = Co, Mn, or Ni). These layers are very important for the diffusion of Na-
ions during the charge and discharge processes. The Na-ions in the lattice are weakly
bound to oxygen atoms. These bonds provide Na+ ion insertion/disinsertion during the
charge-discharge process — the rechargeable property of battery cells. Figure 2.19 also
shows the stacking of layers in the structure, which can be different for different materials.
These differences are named as P2 (as ABBA stacks), P3 (as ABBCCA stacks), and O3
(as ABCABC stacks) phases [84-87].
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2.2.2.1.1.1. NaxCo0Oz2 system for Na-ion Batteries

In 1993, Doeff et al. discovered P2-type NaxCoO,which has the working potential
of 2.8 V [88]. After this initial discovery, studies showed that batteries based on NaxCoO>
have ~130 mAh/g capacity values between 2.0-3.5 V [43,88].
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Figure 2.20. Voltage change dependence of Na concentration in NaxCoO: cathode

material [89].

Figure 2.20 shows how the voltage depends on Na concentration in NaxCoO>.The
step-like behavior in the CV graph is related to Na diffusion at the different sites of the

lattice; detailed information can be found in Ref. [89].
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Figure 2.21. Performance comparison between LixCoO. and NaxCoO> [90].
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Figure 2.21 shows the battery performance comparison between LixCoO, and
NaxCoO> batteries. Although these two materials have the same crystal structure, the
battery performance differs. In addition to this, NaxCoO. does not show the stable plateau

of the capacity during charge-discharge due to the different Na-sites in the lattice.

2.2.2.1.1.2. NaxMnO2 system for Na-ion Battery

Another important cathode material for rechargeable batteries is NaxMnOx. It has
a different type of crystal structure compared to the layered NaxCoO> system [91]. It is
reported that the crystal structure is strongly dependent on Na content in the lattice, and
that the lattice symmetry also changes with the amount of Na in NaxMnO_ where x is 0.2,
0.40, 0.44, 0.70, and 1 [43,91]. x =1 phase has a layered structure, which is the crucial

property for the cathode materials of rechargeable batteries [43].

Figure 2.22. a) Tunneling structure of NaxMnOz, b) NaMnO: layered crystal structure.
Red: O, turquoise: Mn, magenta: Na. [92].

Figure 2.22 shows the different types of crystal structures of NaxMnO.. It has a

monoclinic crystal structure, which assists tunneling, as it can be extended along the ¢

axis and the Na+ ions move in the spaces between the MnOg layers [92].
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Figure 2.23 shows the theoretical and experimental discharge characteristics of the
battery, which is fabricated from NaxMnO. cathode materials, as a function of Na
concentration. The NaxMnO system has a step-like charge-discharge characteristics,
same as NaxCoO:x. In the steps in Figure 2.23, it can be noted that the oxidative reduction

potential of Nal and Na2 atoms is greater than that of the Na3 atom [94].

The Na-ion battery has a voltage range of 2-3.6 V for the cell fabricated with
NaxMnO: cathode material [81]. The capacity of these batteries increases from 120 mAh/g
to 200 mAh/g with increasing Na concentration. Furthermore, when the Na content
isbetween x = 0.8-1 for NaxMnO., ~200 mAh/g capacity is obtained [43]. On the other
hand, the battery performance can be improved for batteries with lower Na concentrations
by using a different synthesis method. The x = 0.44 phase can be synthesized in nanowire
form, and the Na-ion battery which is fabricated from these nanowires has approximately
200 mAh/g capacity [87]. However, a Na-ion battery produced from the bulk form of
Nao.44MnO3 has an average capacity of just 120-140 mAh/g [43]. So, Nag.4sMnO3 in the
form of nanowires is a good candidate for Na-ion batteries. However, Nag4MnO>
nanorod batteries have just a ~50 charge-discharge cycle life which can be explained by

decomposition of the nanowires during cycles of the batteries [34].
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2.2.2.1.2. Olivine NaFePO4 Cathode Material

Another remarkable material including Na-ions as cathode materials is phosphate
based. It is well known that the phosphate based cathode materials have higher working
voltage and capacity than the other oxide cathode materials, and these advantages of the

Na-P-O based materials are of great interest in battery studies.

Morean et al. produced NaFePO4 and Nao.7FePO4 phase as cathode materials and
the Na-ion batteries which is fabricated from these materials have showed a capacity of
~154 mAh/g value as seen in the figure 2.24 [95]. In the other studies, it was observed
that the batteries fabricated by using Na-Fe-P-O have the capacity values between 140
and 160 mAh/g. [95-97].
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Figure 2.24. Olivine NaFePO4 battery performance [95].

The Na-ion batteries which are produced using NaFePO4 cathode material have a
great advantage compared to the layered Na-Mn-O and Na-Co-O batteries; the
characteristic property of the battery fabricated using NaFePO. is 130 mAh /g capacity
between 3.2 and 2.8V. So, it can be concluded that NaFePO4 batteries show stable
performance compared to Na-Mn-O and Na-Co-O batteries [95-97]. This stable battery
performance is related to the structural stability of the cell during the charge and discharge
processes, which can provide non-deformed crystal structure over 1000 cycles; this is
better than any of the other batteries [95-97].
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Figure 2.25. Crsytal structure of NaFePO4 system [98].

Figure 2.25 shows the crystal structure of the NaFePO4 system. The orthorhombic
crystal structure consists of a Na, FeOs, and PO4 substructure that has better stability

during charge-discharge due to the similar structures of the subsystems [99].

2.2.2.2. Anode Materials for Na-ion Batteries

Although Na metal is not a good anode material for Na-ion batteries, Na metal is
a common choice for scientific research. The batteries which are fabricated using Na
metal exhibit a short lifetime of the cell since it is easily oxidises during charge/discharge,
causing a loss of the battery properties from the cell structures. The other important
problem is the working temperature of the battery fabricated from Na anode materials.
The melting temperature of Na is 97.7 °C. The environmental temperature is the crucial
factor that leads to irregularities in battery performance [100]. In the selection of anode
materials for Na-ion batteries, it should be noted that the anode material must have a low
ionization potential and large volume of the unit cell for ion intercalation/deintercalation.
The most suitable anode materials with these properties are carbon and titanium based
compounds [101-103].

31



2.2.2.2.1. Carbon Based Anode Materials

For carbon based anodes, graphite is the most preferred material in terms of
commercial production and scientific research. Although graphite is the most common
anode material for Li-ion batteries, it cannot be used in Na-ion batteries since it doesn’t
exhibit battery properties, which results in no voltage in the cell [104-106]. This can be
explained by the Na+ ions having a larger ionic radius than the Li+ ions preventing Na+
ion diffusion to the graphite layers [107]. Although graphite based anodes do not have
battery properties, scientists have been trying to develop different forms of carbon for Na-
ion battery applications [43,104-107]. It was found that petroleum-coke carbon, which is
a hard carbon, was observed to have anodic performance in a cell; hard carbon has a
theoretical capacity of 335 mAh/g, a promising result for future battery technology [43].
Doeff et al. experimentally observed the battery performance of the cell which is
fabricated by hard carbon as 85mAh/g, the highest value of the carbon based anodes for
Na-ion batteries [108].

2.2.2.2.2. Sodium Metal Phosphate Anode Materials

In 2011, Park and colleagues discovered that NaTi>(POa)s could be used as an
anode in Na-ion battery cells [109]. The NaTi2(POa)z system has a voltage of 2.1 V and it
has a two-step voltage change as seen in Figure 2.25. The experimental studies have
shown that the NaTi2(POas)z system has 123 mAh/g average capacity, which is very

promising for future studies.
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Figure 2.26. Na-ion battery performance of the NaTi2(PO4)s system [110].

From Figure 2.26 we see that NaTi2(POa4)3 has a long stable voltage plateau during
the charge-discharge process [110]. When compared to the batteries fabricated using
layered Na-Co-O and Na-Mn-O, NaTi2(POa4)s is more stable. However, one disadvantage

is its higher anodic voltage of 2.1 V; more studies arerequired to overcome this obstacle

[110].

Figure 2.27. Crystal structure of NaTiz(PO4)3[111].
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Stable battery performance is related to the crystal structure of the electrode
materials. Figure 2.27 shows the trigonal crystal structure of the NaTiz(PO4)s system,
which consists of TiOs and POs substructures. The Ti-O and P-O bonds cause the
formation of empty channels with widths up to 108 A; Na+ ions can diffuse easily in these

channels during intercalation/deintercalation [111].

2.2.2.2.3. Titanium Oxide Based Anode Materials

Studies of sodium-metal oxide anode material for the new generation Na-ion
batteries are important for future technologies. Titanium based anode materials were seen
to play a crucial role in the Na-ion battery studies. Three different types of Ti based anode
materials, NasTisO12, NazTizO7, and NaxTisO13 will be examined in the following

sections.

2.2.2.2.3.1. NasTisO12 Anode Materials for Na-ion Batteries

Li based electrode materials have similar structure to Na based electrode materials
for rechargeable batteries; examples include LisTisO12 and NasTisO12. The NasTisO12
system has attracted attention as an anode material due to its high theoretical capacity of
340 mAh/g [112]. In addition, NasTisO12 anode material has different intrinsic
characteristic properties when compared to other anode materials, so that it can be used
as an anode electrode in Li-ion batteries as well as in Na-ion ones [113]. When it is used
in Li-ion batteries, the capacity is 110 mAh/g, a good result when compared to other Li
anodes. Another advantage of NasTisO12 is the synthesis in the form of nano-sized

structures [43].
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Figure 2.28 a) Crystal structure and b) charge-discharge characteristics of the NasTisO12
system [114].

Figure 2.28 a) shows the NasTisO12 crystal structure and the charge-discharge
characteristics of the cell. NasTisO12 has a monoclinic crystal structure, which is different
from LisTisO12. NasTisO12 system is in the P3 space group, and lattice parameters are a =
b =5.31997 A and ¢ = 9.5567 A. This monoclinic structure consists of TiOs substructures
and weakly bound Na ions in the lattice [114, 130]. The Na-ions were placed between
TiOg regions, and this structure is called the tunneling structure. It should be noted that
NasTisO12 has strain-type crystal structure which can cause deformation during the charge

and discharge processes.

Although NasTisO12 has 340 mAh/g theoretical capacity, experimentally the
obtained capacity value is ~60 mAh/g, which is low enough for commercialization [115].
So NasTisO12 as an anode material has some advantages as well as some disadvantages.
The most important disadvantage is its short lifetime during charge-dischargecompared
to the other anode materials. It can be explained by deformation of the crystal structure

due to a possible increase in the microstrain [43,113]. Another important observation for
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NasTisO12 is the anisotropic crystal structure as seen in Figure 2.28 b); it is predicted that
this high anisotropy in the lattice can cause the capacity of the cell to decrease [43].
According to Naeyaert et al., NasTisO12 has anisotropic crystal structure volume changes
during cycles of the battery. During the first cycle, 64% volume change of the cell was
observed which prevents the Na ion diffusion during intercalation/deintercalation [115].
So, we see that the stability of the crystal structure of NasTisO12 during
intercalation/deintercalation is the most effective problem of this material. Hence, much
more investigation of this material is needed for it to be useful in battery applications. In
addition to this, cyclic voltammetry results were not found in the literature for NasTisO12

anode materials. Some studies of NasTisO12 are given below.

In 2012, Hee Woo et al. synthesised nano-sized and bulk NasTisO12 with different
lattice symmetry by an ion-exchange method using LisTisO12 [116]. The capacities of the
trigonal, monoclinic and nano-sized phase of NasTisO12 are reported as ~40 mAh/g, ~60
mAh/g, and ~100 mAh/g, respectively [116].

In 2014, Naeyaert et al. investigated the structural and electrochemical properties
of NasTisO12 materials synthesised via solid state reaction method [115]. They found that
the monoclinic NasTisO12 system has 64% structure volume change during the Na+
intercalation/deintercalation process [115]. The obtained discharge capacity value of the
cell is ~65 mAh/g.

2.2.2.3.1. Naz2Ti3sO7 and Naz2TisO13 Anode Materials for Na-ion Batteries

Na,TizO7 and NayTisO13 are other titanium oxide based anode materials for
rechargeable batteries. Basically, Na>TisO7 and Na>TieO13 anode materials have the same
monoclinic crystalline structure. These two materials have some advantages as well as
some disadvantages according to their electrochemical properties as summarized in the

following subsections.

2.2.2.2.3.1.1. Naz2TisOr System for Na-ion Batteries
It is very important that a good anode material should have a high electrochemical
capacity for low voltages (0-2 V). Na:TizO7 has a theoretical capacity of 311 mAh /g,
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which is the preferable value for commercial products [117]. Although experimental
measurements are still far from the theoretical value, it is believed that researchers will
reach the theoretical value in the near future. Na>Ti3O7 anode material synthesised via
hydrothermal method is found to have a capacity value of 188 mAh/g after 100 cycles
[117,118]. On the other hand, the capacity value of Na,TizO7, synthesized via solid state
reaction method is only 75 mAh/g [95,117,118]. So, it should be noted that the battery
performance of the fabricated cell is very sensitive to the synthesis method, and we hope

that the theoretical value of capacity will be reached with new or modified synthesis
methods.
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Figure 2.29. Battery performance of Na,TizO7 system [118].

Figure 2.29 a) shows the CV curve of the Na;TisO7 system [118]. There is one
anodic peak in the graph. The voltage-capacity behavior of Na TizO7 reveals a big
capacity fade during cycling of the cell(Figure 2.29 b) [118]. This result can be explained
by the anisotropic structure of the unit cell, which is similar to the NasTisO12 system.
Na>TizO7 has an open circuit voltage of 0.3 V, which is the expected value for anode

materials; Na>Ti3O7 is therefore an ‘ultra-low voltage’ anode material.
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The NazTizO7 system has a monoclinic crystal structure and the Na ions move
in one dimension. Furthermore, the Na;TisO; anode material has low electrical
conductivity and a short diffusion path for Na ions since they can be obtained in nano-
sized wires and granular formation. So, Na>Ti307 is potentially a great candidate for use

as an anode material in Na-ion batteries [84,87,117].
e
SRR D
Y g
BB b >
- waRi Ly
Py e

'\\ TiOg-octohedra @ Na' cation e Li* cation

Figure 2.30. Na2TizO7 and Na2TisO13 crystal structures [119].

Figure 2.30 shows the crystal structure of the Na;TizO7 system in the P121/m1
space group. The crystal parameters of Na,TizO7 are reported as a = 8.571 A, b = 3.804
A, and ¢ =9.135 A [117, 131], and the Na ions in the unit cell were located between TiOs

octahedral layers. Some literature works for Na,TizO7 are given below.

In 2013, Pan et al. studied sodium storage and transport properties in layered
Na2TisO7 systems [118]. The Na TisO7 was synthesised via the solid state reaction method
and the electrochemical measurements were conducted between 0 and 3 V. The capacity
value of the cell fabricated with Na>TizO7 as an anode was found to be ~188 mAh/g for
0.1C current rate [118].

In 2015, Man et al. have synthesised sheet-like Na>TisO7 materials and the sample

has been synthesised with collodial carbon spheres which have ~2 micron sizes and the
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detailed production method can be seen in Ref [120]. The electrochemical measurements
show that the initial cycle capacities is obtained as 191/424, 171/364, 136/276, 126/248
and 104/206 mAh/g (charge capacity/discharge capacity) for 0.1, 0.2, 1, 2 and 5 C
constant current, respectively [120].

In 2016, Zhou et al. studied the fabrication of Na>TizO7 nanowires made via
solvothermal synthesis [121]. This synthesis method provides both nanowire and 3D
porous structure. In the study, Na>TisO7 nanowires reach ~450 mAh/g discharge capacity,

and the capacity value decreases to 150 mAh/g with increasing cycle numbers [121].

In 2017, Ding et al. studied Na,TizO7, synthesised via solid state reaction method,
for Na-ion batteries. The electrochemical tests were carried out with a graphite counter
electrode. The reported discharge capacity is ~100 mAh/g for 100 mA constant current
rate [122].

2.2.2.2.3.1.2. NazTisO13 System for Na-ion Batteries

Another Na based anode material is the NaxTigO13 system, which is similar to
Na TisO7 in terms of crystal structure and anode performance. The most important
advantage of the NaxTisO13 system is its high cycling life of the cell [89,92]. Rudola and
colleagues studied Na>TieO13 material for battery applications in 2013; the produced
battery cell was used over 5000 cycles which was the stuffing-discharge life, and they
found that the decrease in electrochemical capacity is about 5mAh/g, indicating that this
material is promising for the future [123]. Figure 2.29 also shows Na,TigO13 crystal
structure in the C2/m space group with lattice parameters of a = 1.51310 nm, b = 0.37450
nm, and ¢ = 0.91590 nm [124].
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Figure 2.31. Battery performance of Na>TieO13 [123].

Figure 2.31 shows the battery performance of Na>TisO13. Even though NazTisO13
has a stable charge-discharge characteristics, the capacity values are very low for
technological and commercial applications [123]. This material has ~35 mAh/g capacity
for a 1C current rate. On the other hand, Na>TisO13 has a stable cycle life. The capacity
retention is reported as 85% for 5000 cycles [123].

Na2TieO13 can easily be synthesised in nano-size structures with the solid state
reaction method. As mentioned before, it is well known that nano-sized rods and granular
structures provide great advantages in battery construction, and so it was expected that
the nano-sized Na>Ti6013 will be used in Na-ion batteries after many studies focusing on

how to improve the capacity [85, 94].

In 2014, Shen and Wagemaker studied Na dependence in the Naz+xTigO13 system
prepared via solid state reaction method with ball mill [125]. The electrochemical test was
conducted under C/10 current rate and in the voltage range of 2.5-0.3 V [125]. The
electrochemical performance results showed that Na>TieO13 has a capacity of 170 mAh/g

for the first cycle, and it then decreases to 50 mAh/g at the second cycle [125].

In 2016, Li et al. studied nanorods of the Na TisO13 system [126] which were
synthesised via solid state reaction method with different annealing temperatures. The
obtained results showed that nanorods of Na.TisO13 have a battery capacity of 175 mAh/g
at the first cycle and 90 mAh/g at the second one [126].
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In 2017, Rambabu et al. fabricated thin films of the Na;TisO13 system [127]
synthesised via the plasma laser deposition method. The electrochemical measurements
yielded capacity values of 73 mAh/g for first cycle and 48 mAh/g for the second one
[127].

2.2.2.2.4. Na based Alloy Anode Materials

Another focus of research on anode materials for the new generation of Na-ion
batteries is the Na based alloys. It is well known that Na can be easily alloyed with many
common metals such as tin (Sn), germanium (Ge), lead (Pb) and antimony (Sb), and it
was found that they have high capacity values compared tothe oxide anodes [43,128].
The alloys NaisSns, NazSh, NazGe, and NaisPbs have capacities of 847 mAh /g, 660 mAh
/g, 1108 mAh/g, and of 484 mAh/g, respectively [43,128]. Although Na based alloys
exhibit high capacity values, the major disadvantage of these alloys can be a decrease of
the capacity by 90% after 160 cycles [43,128]. Another problem is the oxidation of the
anodes during cycling of the battery cells [43,128]. Because of these reasons, Na-alloys

need more investigation to overcome their problems for use in commercial applications.
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3. PERFORMANCE PARAMETERS FOR BATTERIES

The production of the electrodes is the first stage in battery studies; the second
important stage is understanding of the phenomena of the batteries for their
characterization. For this purpose, we briefly review the important parameters for

batteries.

3.1. Capacity

The capacity of a battery can be defined as the amount of load ions that the battery
can store. The most commonly used unit of capacity is the ampere-hour, but different
units can be used such as W-h (Watt-hour) and kW-h (kilowatt-hour) [5,10,12,129]. The
meaning of those units is obtained current or power within an hour during potential
generation [5,10,12,129].

It is important to estimate the theoretical capacity of the designed cell; it can be
calculated as the molar weight of the active electrode material in electrode construction
[5,10,12,129]. Molar capacity is the amount of electrification that occurs with an

electrochemical reaction. This value is denoted by Q and given by:
Q =xnF (3.2)

where X is the number of moles of reactant entering the selected electro active fraction, n
is the number of electron transfers per mole in the reaction, and F is the Faraday constant

[5,10,12,129]. The mass of the electroactive component is given as:
M = xM; (3.2)

where M is the bulk mass of the electro-active component and M; is the molecular mass
of the component. The capacity value of the cell can also be given as Ah/kg or Ah/g and
the mass in the active materials should be found in the electrodes. This capacity is called

‘specific capacity’, and is calculated from [5,10,12,129]:
Cc=nF/M (33)

The specific capacity is calculated by multiplying by the mass of the electro-active

component entering the reaction in the battery cell [5,10,12,129]. In practice, the real
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situation is different from the above equations so that the theoretical calculated values

cannot be reached practically [5,10,12,129]. Possible explanations for this are:

e It may be due to the electrolyte, current conducting materials, coating on the
battery, etc, in addition to the type of active material.

e It may also be due to undesired (between the electroactive material and the
electrolyte) and incomplete (between the cathode and the electroactive material)
reactions. Undesirable reactions also affect the charge discharge time, and hence
the capacity of the battery, because the resulting internal resistance change also

affects the current drawn from the battery cell.

3.2. Voltage

The theoretical standard potential of a battery cell, E°(cell), can be calculated as
the potential difference occurring in the electrochemical reaction. This value can be found
from the difference between the standard electrode potential of the cathode and the anode
[5,10,12,129]:

E%(Cathode) — E° (Anode ) = E°(cell) (3.4)

To calculate the cell potential, the values of the reduction reactions must be known at
standard environmental conditions (298 Kelvin temperature and 1 atmosphere pressure
are considered normal environmental conditions) [5,10,12,129]. Table 3.1 shows the
standard electrode potentials which are used for the anode and cathode of battery cells
[5,10,12,129].
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Table 3.1 Standard electrode potentials. Some of the elements and compounds are liquid
electrolytes at 298 K [12].

Reaction Electrode Potential (V)
Li*+e —> Li -3.10
Na"+e — Na -2.71
Mn?* +2e—> Mn -1.18
Cd(OH)2+ 26—>  Cd + 20H" -0.82
Zn**+2e —>  Zn -0.76
Cd* +2e— Cd -0.40
Ni*+2e — Ni -0.26
2H" +2e—> H; 0.00
Cu**+e —> Cu' +0.16
Cu*+2e—> Cu +0.34
2Ag0 + H,0 + 26" —> AQ.0 + 20H" +0.64
Fe¥*+e —> Fe? +0.77
Hg?* +2e = Hg +0.80
Ag'+e —> Ag +0.80
2Hg** + 2 —> Hg' +0.91
O2+4H" +4e —=> 2H20 +1.23
Zn0+HO+2e° —=> Zn+20H +1.26
PbO; + SO4* + 4H* 26 —> PbSO4 + 2H20 +1.70
Fo+2e —> 2F +2.87

The potential of the battery does not remain constant during discharge due to
various factors such as ion amount change and/or chemical reactions continuing through
the electrodes during discharge [5,10,12,129]. For this reason, the variable cell potential

can be determined by the Nernst equation:
E = E% RT InW (3.5)

where R is the Boltzmann constant, T is the ratio of the temperature (Kelvin), and W is

amount of unreacted ions in the active material [5,10,12,129]. For example,
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A2 +2e = A, (3.6)
when the reaction starts in the battery the Nernst equation can be written as:
E =E°—RT In (ma/ma*?). (3.7)

The Nernst equation is also a time-varying equation since the amount of InW may
change via time-dependent chemical reactions, changing the value of the cell potential
(self-cathodic, anodic, or electrolytic reactions) [5,10,12,129]. This change can be seen in

Figure 3.1.

E (V)

RT InW (V)

Figure 3.1. Variation of the voltage of battery cell electrodes according to the ratio of
the active substance [12].

3.3. Battery Life

The "cycle" can be defined as the total time spent during a single charge and
discharge for a rechargeable battery. The battery life can be defined as the sum of these
cycles during active use of the battery. The number of cycles for rechargeable batteries
can vary from 500 to 1000 cycles. The internal components of the battery cell and the
environmental conditions can also affect the cycle number or the lifetime of the battery.
Each produced battery has a certain operating temperature range due to the characteristics
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of the components, thus the chemical reaction between the electrolyte and the electrodes
which causes the decrease in lifetime of the cell (Figure 3.2) [13,14]. As an example,
nickel-metal-hydride (NiMH) batteries lose 60% of their capacity when working at 60°C

[15].

,l.l).l.:>‘l.‘

Voltage

Discharge Time

Figure 3.2 Change of discharge time of battery voltage with temperature (T) [12].

Another reason for the decrease in the lifetime of the cell is the strain effect on the
electrode active substances [5,10,12,129]. During fabrication of the active material of the
cell, the internal strain in the crystal structure can change. Furthermore, the microstrain
can be caused by crystal structure deformations which affect the movement of ions in the
structure [12]. In addition to these factors, internal pressure during charging/discharging
at high potential or current, and settlement-separation reactions of the active material, can

be important parameters affecting the battery performance of the cell [5,10,12,129].
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4. METHODOLOGY

4.1. Sample Preparation

LisTisxVxO12, Li2TizxVxO7, Li2TisxVxO13, NasTisxVxO12, NazTizxVxO7 and
Na>TiexVxO13 anode materials have been synthesized via a solid state reaction method; x
= (0, 0.025, 0.05, 0.1, and 0.15). Synthesis of the anode active materials was carried out
with 99% purity Li2COs, Na2COs, TiO2, and V20s. Double heat treatment cycles were
applied to the fabrication of LisTis-xVxO12 and Na2TizxVxO7 powders. On the first heat
treatment, samples were heated to 800 °C in air for 16 hours to remove carbonates from
the structure. A second heat treatment was then applied to the obtained final powders
under the same conditions. A similar fabrication method was used for NasTisxVxO12 and
Na>TiexVxO13, powders at 600 °C and 1100 °C, respectively. The ion-exchange method
was used for the fabrication of Li>TiexVxO1s. In this method, Na,TigO13 powders were put
into molten salt LiNOs at 360 °C for six hours where Li and Na ions were exchanged. The
differential thermal analysis (DTA) of the unreacted powders was measured using a
Netzsch DTA system. The measurement was conducted at 10 °C/min constant heating

rate and from room temperature up to 900 °C.

4.2. X-ray Diffraction Analysis (XRD)

The crystal structural analysis of the materials was determined using X-ray
diffraction (XRD), a method based on Bragg reflections. X-ray analysis of the prepared
samples was performed using CuKa (A = 1.5405 A) radiation with a Siemens Bruker
D5000 computer-controlled X-ray diffractometer at the University of Illinois at Urbana-
Champaign Materials Research Laboratory. The measurements were taken at a constant
scanning rate of 2%min at 20 = 2-80°. The crystal parameters of the samples were
determined by comparing MDI Jade 9.0 Crystal Refinement program results with

reference data.
4.3. Scanning Electron Microscope Analysis (SEM)

Electron microscopy is based on the principle that an electron beam accelerated

under high voltage is reflected from a sample surface to obtain information about the
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sample. As a result of the non-elastic interference of the high-energy beam electrons with
the outer orbiting electrons of the atoms in the sample, low-energy Auger electrons are
generated. Again, as a result of the interaction with the orbital electrons, the electrons
break off from their orbit or decrease in energy, move to the surface of the sample, and
accumulate on it. These electrons are defined as secondary electrons. The electron beam
focusing on the sample surface can also generate elastic interactions with sample atoms.
The electrons formed in this way are called backscattered electrons, and the amount of
backscattered electrons is proportional to the atomic number of the sample. In other
words, data from these scattering events are collected with the aid of a detector and a

sample surface image is obtained.

In addition, the non-elastic interactions between the sample atoms and the electron
beam are characteristic of X-rays and continuous bonds in the sample. For energy
dispersive X-ray analysis (EDX), the electron beam from the filament interacts with the
atoms on the sample surface, resulting in X-rays at different wavelengths. These are
scattered over each element at different wavelengths and angles. The determination of the
phases and % atomic distributions in the structure using these X-rays was performed using

a Bruker detector combined with a Leo Evo-40xVP system.

For the surface morphology analysis, a JEOL 6060LV general purpose SEM at
the University of Illinois at Urbana-Champaign Materials Research Laboratory was used.
A back scattering detector (BSD) with 3 nm separation power was used, as well as a
secondary electron (SE) detector at 30 kV acceleration voltage and 4.5 nm in XVVP mode
separation power, a 0.2-30 kV acceleration voltage range, and a magnification of 7 to
1,000,000 times.

4.4. Electrochemical Measurements

To perform electrochemical characterization of the battery cell, pure Li and Na
metals were used as the counter electrode. LisTisxVxO12, Li2TizxVxO7, Li2TiexVxO13,
NasTisxVxO12, NazTisxVxO7, and NazTis-xVxO13 x = (0, 0.025, 0.05, 0.1, and 0.15)
electrodes were mixed by polyvinylidene fluoride (PVDF) and carbon black (CB) at the

rates of 70:15:15 for CR2032 coin cells, since the resistivity values of Ti based electrodes
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were higher than those of the other electrodes. The coin cells were pressed in an Ar gas
filled glove by Vigor. The electrochemical measurements of the cell were performed using
a Bio-logic VPM3 for charge-discharge and CV testing. Charge-discharge measurements
were done at 0.2, 0.5, 1, and 2C rates in the voltage range 0.5-2 V. CV measurements

were taken at 0.1 mV constant voltage scanning rate in the 0.1-2 V range.

4.5. Electrical Resistivity Measurements

The resistivity measurements of the cell and raw-electrodes were conducted at the
University of lllinois at Urbana-Champaign Materials Research Laboratory. The
measurements were taken at room temperature by an Agilent DC Benchtop 2 Point Probe

Station system. The resistivity of samples was determined from:

R.A

T

where p is resistivity, R is resistance, A is the cross section, and L is the distance between
the contact points.

49



5. EXPERIMENTAL RESULTS

5.1. DTA Results
The DTA analysis is one of the techniques that gives a deep negative peak in the

graph which depends on the endothermic and exothermic reactions in the sample. So it is
important to find out the temperature dependence of the reactions of the powders. In
addition to this, the phase formation temperature of the pre-mixed powders can easily be

determined by DTA analysis.

Li,CO,+TiO, |

LiTio, LiTiO, LiTiO,
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—Li,TiO,
—Li,Ti,0,
—LiTiO !
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Figure 5.1. DTA results of a) LisTisO12, Li2TizO7, and LizTieO13; b) NasTisO12,
Na,TizO7,,and NaxTigO13.
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The DTA analysis was performed on the pre-mixed raw powders for the
fabrication of LisTisO12, Li2TizO7, Li2TisO13, NasTisO12, NazTizO7, and NaxTisO13
compositions by using the starting materials Li,CO3, Na,CQOgz, and TiO2 obtained from
Alpha Aesar. The obtained DTA curves of the samples are given in Figure 5.1. The phase
formation temperatures of LisTisO12 and Na,TizO7 were determined to be at around 800
°C, the temperature of the NasTisO1. phase is at about 600 °C, and Li>TizO7 and NazTisO13
can be fabricated at 1100 °C which is higher than the upper limit of our system. The other
peaks on the DTA curves are related to decomposition, unwanted phases, and evaporation

of the carbonate in the systems.

5.2. XRD Results

In this study, the XRD investigation are carried out in two parts; the first part
includes the as prepared samples before they are used as an anode material in the battery

cell and the second part concerns the samples which are cycled for 1000 times in the cell.
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Figure 5.2. XRD results of LisTisxVxO12 (x =0, 0.025, 0.05, 0.1, and 0.15) powders.
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XRD results of the as prepared powders are given in Figure 5.2. Three different
phases are observed with increasing vanadium content in the structure, such as LisTisO12,
LiVOs, and Li2V204 phases. The XRD analysis of the unsubstituted samples shows that
LisTisO12 is synthesized successfully without any impurity phases. The vanadium
substitution in the system causes the formation of impurity phases in the structure after x
= 0.1. It should be noted that the samples where V substituted with x = 0-0.15 does not
change the main phase of LisTisO12. Although the XRD peak of the secondary phases
such as LiVOs and Li2V204 are overlapping with the diffraction pattern, we see in the
peaks at around 36° that the impurity phases are formed for x > 0.1 value as shown in the
right panel of Figure 5.2. This graph also shows the successful V substitution for x < 0.1:
the peak shifts to the right indicating successful substitutions and the shift to higher angle
in the XRD peaks is attributed to substitution of smaller ions in the structure. The cell and
lattice parameters of the samples were calculated using Rietvelt refinement methods as

shown in Figure 5.4.
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Figure 5.3. XRD results of LisTisxVxO12 (x =0, 0.025, 0.05, 0.1, and 0.15) electrodes
after 1000 cycles.

52



For an octahedral environment, the radii of Ti** and V°* ions are given as 0.6 pm
and 0.54 pm, respectively. When V ions were substituted with Ti in the structure, a
decrease of the lattice volume until solubility limit of the V ions is expected. In LisTisO12
the decrease of the volume which is calculated from the XRD pattern up to x = 0.1
supports the discussion above, as seen in Figure 5.4.
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Figure 5.4. Crystal parameter comparison of LisTis-xVxO12 before and after 1000 cycles.
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Figure 5.5. Microstrain and crystallite sizes of LisTisxVxO12 before and after 1000
cycles.

The calculated microstrain and crystallite size of the unsubstituted samples are
given in Figure 5.5. Although the microstrain value is almost zero, the strain increases
with increasing V content. It can be predicted that the shrinkage of the lattice may cause
an increase in the strain in the samples. The increase of the crystallite size is related to the
increase of the stability of the samples.

Deformation of the lattice during cycling of the battery is the main reason for the
decrease in battery performance [5,10]. For this purpose, the structural deformation of the
electrode after 1000 cycles is investigated. Figure 5.3 shows the ex-situ XRD results of
V-substituted LisTisO12 anode electrodes. It should be noted that the sample with x = 0.15
did not show any battery performance and so its XRD pattern at 1000 cycles was not
measured. The XRD pattern of the ex-situ data has two different structures. One is a broad
halo due to non-crystalline phases such as CB and PVDF in the electrode and the second
is the crystalline phase of the active materials. No peaks belonging to the Al substrate in
the electrodes are observed. After 1000 cycles, the main phase of the pure sample is
determined to be LisTisO12. The TiO2, LiosTiO2 Li2V204, and LiVO3z impurity phases are

observed for increasing V content in the electrodes. It can be concluded that the cycling
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of the electrode causes the deformation of the lattice and the formation of the TiO; phase,
since many of the Li-ions do not come back to the electrode during the cycling process of

the cell.

Figures 5.4 and 5.5 shows the crystal parameters, volume changes, microstrain,
and crystallite size values of the samples which are charged/discharged 1000 cycles.
Microstrain values reduce until x = 0.05 substitutions and then increase. In addition, the
microstrain values increase with increasing V substitutions. One can understand from
Figure 5.3 that the impurity phases are dominant for x > 0.1 and it can be predicted that

the increase of the microstrain is related to the impurity phases.

XRD patterns of Li>Tiz«xVxO7 samples where x =0, 0.025, 0.05, 0.1, and 0.15 are
given in Figure 5.6. Li>TisO7 (where x = 0) samples without any impurity phases are
synthesized successfully. When the V ions are substituted into the system, the impurity
phase of Li2VV204 for x > 0.025 appears in the samples. The solubility limit of V in

Li>TisOy is therefore determined as x < 0.025.

Figure 5.7 shows the ex-situ XRD results of Li>TisO7 anode electrodes after 1000
cycles. The main phase of LisTisO12 is not changed in the pure samples. The broad halo
is due to CB and PVDF and the TisO11 and LiosTiO2 impurity phases are determined in
the electrodes. For LisTisO12, it can be seen that some part of the Li-ions do not return to
the sites in the crystal structure, so the reason for the capacity fade could be due to non-
returned Li-ions in the battery cell.
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igure 5.6. XRD results of Li>TizxVxO7 (x =0, 0.025, 0.05, 0.1, and 0.15) powders
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Figure 5.7. XRD results of Li>TizxVxO7 (x =0, 0.025, 0.05, 0.1, and 0.15) electrodes
after 1000 cycles.
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Figure 5.9. Microstrain and crystallite sizes of Li>TisxVxO7 before and after 1000

cycles.

Figures 5.8 and 5.9 show the changes in the crystal parameters, volume,
microstrain, and crystallite size of Li,TisxVxO7. According to Rietveld refinement, LizTis-
xVxO7(x =0, 0.025, 0.05, 0.1, and 0.15) samples show orthorhombic crystal structure; the
a and b parameters of the samples are almost the same with increasing V content while
the ¢ parameters decrease until a certain value and then increase. The change of the lattice
volume is related to the valence state of the main phase and impurity phases in the
samples. The microstrain value of the Li>TisO7 phase implies almost zero strain, as
expected, and it increases with increasing V substitution for x < 0.025. After this value
the microstrain started to rise again. After 1000 cycles the microstrain values of the
electrodes increase. The change of the microstrain in the samples is related to volume

changes of the lattice and impurity phases in the samples.
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Figure 5.10. XRD results of Li>TisxVxO13 (X = 0, 0.025, 0.05, 0.1, and 0.15) powders.
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Figure 5.11. XRD results of the Li>TisO13electrode after 1000 cycles.
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Another important Li-Ti-O phase for battery applications is Li>TigO13. XRD
patterns from Li>TiexVxO13 samples (where x = 0, 0.025, 0.05, 0.1, and 0.15) are shown
in Figure 5.10. The pure sample shows only peaks of the Li-TisO13 phase without any
impurities. Increasing V content in the structure causes the formation of LiVOs and
LiV30s phases for x > 0.025 substitutions. Although the main phase does not change by
substitution, the impurity phases become the main phase with increasing substitution

levels.

Figure 5.11 shows the ex-situ XRD results of an anode electrode after 1000 cycles.
As stated in the battery performance section, the impurity phases in Li>TisO13 cause
decrease in the battery properties. Although the main phase (Li2TisO13) does not change

after 1000 cycles, the Ti.O3z impurity phase isobserved in the samples.

Figure 5.12 and 5.13 shows the crystal parameters, volume changes, microstrain,
and crystallite sizes for the samples. According to Rietveld refinement, Li>Tis-xVxO13 (X
= 0, 0.025, 0.05, 0.1, and 0.15) samples have a monoclinic crystal structure; the a
parameters increased and the ¢ parameters decreased. The crystal volume of the cell was
decreased with V substitutions for x < 0.025 and the lattice volume was not changed for
x > 0. 025. We can conclude that the stable volume of the cell is related to the solubility
limit of the V ions in the structure. Figure 5.12 also shows the change of the crystal volume
depending on V substitutions. According to these results, the volume expansion rates were

calculated as -1.11% for a pure Li>TisO13 sample.

Figure 5.13 shows the microstrain values of Li>Tis-xVxO13 (x =0, 0.025, 0.05, 0.1,
and 0.15) samples. V substitution causes a decrease in the microstrain for x < 0.025,
although it then increases with increasing V content. After 1000 cycles the microstrain
values of the electrodes decrease. In addition, the crystallite size of the samples increases
with increasing V substitutions for x < 0.05. However, after x = 0.05 the crystallite size

starts to decrease.
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Figure 5.14. XRD results of NasTisxVxO12 (X = 0, 0.025, 0.05, 0.1, and 0.15) powders.
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Figure 5.15. Ex-situ XRD results of NasTisxVxO12 (x = 0, 0.025, 0.05, 0.1, and 0.15)
powders.
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Figure 5.16. Crystal parameter comparison of NasTisxVxO12 before and after 1000
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Figure 5.17. Microstrain and crystallite sizes of NasTis.x\VxO12 before and after 1000

cycles.
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In the last decade, the Na based batteries have been alternatives of rechargeable
batteries due to their natural abundance and they have nature friendly properties. So, Na-
Ti-O based oxide materials have come to be regarded as good anode materials for

rechargeable batteries.

The XRD measurements of NasTis-xVxO12 (x = 0, 0.025, 0.05, 0.1, and 0.15)
samples are shown in Figure 5.14. The structural analysis of the pure sample shows
NasTisO12 as the main phase for x = 0. The V substitution in the system causes formation
of some impurity phases such as NasVV.07. No impurity phases are observed for x <0.05,
which means the solubility limit of the V ions in the NasTisO12. NasV207 impurity phase
is only observed for x > 0.05 and the main phase remains samefor all V contents. The
peaks shift to the right indicating successful substitutions for Ti®* with V4*. In addition,
the lattice volume decreases until x = 0.05, and the volume increases giving a stable value
for increasing V level. These changes in the unit cell volume can be due to two reasons;
one is the ionsc radii difference between V4* and Ti®*, and second one is the formation of

the impurity phases.

Figure 5.15 shows the ex-situ XRD results of anode electrodes after 1000 cycles.
The main phase of the unsubstituted sample is NasTisO12. NaxTi9O19 phase appears in the
V substituted smaples as an impurity phase. This impurity phase becomes dominant for
0.1 <x<0.15. Figure 5.15 also shows the small angle peak shifting to the left; these peak
shifts appear with x = 0.1 and 0.15 substitution levels. The lower angle change of the XRD
peak is related to a change of the valence state of V ions from 5+ to 4+.

Figures 5.16 and 5.17 show the crystal parameters, volume changes, microstrain,
and crystallite sizes upon V substitution. According to Rietveld refinements, NasTis-
xVxO12 (X =0, 0.025, 0.05, 0.1, and 0.15) samples have a monoclinic structure, and the a,
b, and ¢ parameters change by V doping and cycling of the electrodes. V substitutions
between x = 0.1 and 0.15 cause abnormal changes in the crystal parameters. This situation
can be due to the impurity phases and ionic radii difference between V and Ti ions in the
lattice. The ionic radius difference of the ions in the crystal structure is also responsible
for the the changes in microstrain. The value of the volume expansions increases to 15%

with x = 0.05 substitution level. Low level volume expansions, for example, <7% are the
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most desired for the Li-ion batteries because of the increasing microstrain. It should be
noted that Na-electrode materials have high microstrain due to the larger radii of the Na
ions compared to Li electrodes. According to Figure 5.17, although the volume expansion
rate increases, the microstrain values decrease after 1000 cycles for x = 0.025.
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Figure 5.18. XRD results of Na>Tiz-xVxO7 (x = 0, 0.025, 0.05, 0.1, and 0.15) powders.
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Figure 5.19. Ex-situ XRD results of Na TizxVxO7 (x = 0, 0.025, 0.05, 0.1, and 0.15)
powders.
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Figure 5.20. Crystal parameter comparison of NaxTizxVxO7 before and after 1000
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Figure 5.21. Microstrain and crystallite sizes of Na,Tiz.xVxO7 before and after 1000
cycles.

The XRD patterns of Na>Tiz-xVxO7 (x = 0, 0.025, 0.05, 0.1, and 0.15) samples are
shown in Figure 5.18. The unsubstituted samples are obtained without any impurity
phases, and the main phase is Na,Ti3O7 as expected. Although the vanadium substitution
in the system causes the formation of the impurity phase for x > 0.1 levels of substitution

(such as NasVOs), the main phase remains the same for all samples substituted with V.
The solubility limit of V ions in NazTisO7 is determined as x < 0.1.

Figure 5.19 shows the ex-situ XRD results of anode electrodes after 1000 cycles.
It is clear that the main phase of Na TizO7 does not change in the structure. In addition,

the TizOs and NazTisOg impurity phases are observed in the structure above 1000 cycles.

The impurity phases become dominant for x > 0.05 compared to lower doping levels.

Figures 5.20 and 5.21 show the crystal parameters, volume changes, microstrain,
and crystallite sizes of the samples. According to Rietveld refinement, NaxTizxVxO7 (X =

0, 0.025, 0.05, 0.1, and 0.15) samples have a monoclinic structure and the calculated a, b
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and ¢ parameters decrease with increasing V content in the structure. The crystal volume
decrease with increasing V content, the obtained changes are just 0-1%. Figure 5.21
shows the microstrain and crystallite size results. According to these results, all V
substitutions cause increase of both microstrain and crystallite size. On the other hand,
after 1000 cycles with x = 0.025 substitution, a smaller microstrain value isobtained than

that of the other substitution levels or the pure sample.
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Figure 5.22. XRD results of Na>TisxVxO13 (x = 0, 0.025, 0.05, 0.1, and 0.15) powders.
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Figure 5.23. Ex-situ XRD results of Na,TiexVxO13 (x = 0, 0.025, 0.05, 0.1, and 0.15)

powders.
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Figure 5.25. Microstrain and crystallite sizes of Na,TiexVxO13 before and after 1000

cycles.

The XRD patterns of Na>TisxVxO13 (x =0, 0.025, 0.05, 0.1, and 0.15) samples are
given in Figure 5.22. The XRD pattern of the pure sample exhibits no impurity phases
and is well matched with NaxTisO13 phase. When the V content in the samples increases,
an impurity phase of NasV20y7 is observed in the structure for x > 0.025, which is the
lowest substitution level in this study. The main phase of the samples remains unchanged

for all substitution levels.

Figure 5.23 shows the ex-situ XRD results of anode electrodes after 1000 cycles.
The main phase of Na;TisO13 does not change after 1000 cycles and NasV207 and
NazTigO19 impurity phases are observed. Furthermore, the NazTigO19 impurity phase

becomes dominant for x = 0.025 and 0.05 levels.

Figures 5.24 and 5.25 show the crystal parameters, volume changes, microstrain,
and crystallite sizes. According to Rietveld refinements, Na,Tis-xVxO13 (X =0, 0.025, 0.05,
0.1, and 0.15) samples have a monoclinic structure, and the a, b, and ¢ parameters
changewith increasing V content as seen in the figure. According to volume expansion

rates, the crystal volume decrease after x = 0.25 level of V substitution. According to
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microstrain calculations, all V substituted samples show higher microstrain than that of
the pure sample. However, crystallite sizes decrease for x = 0.05 and higher levels of V
substitution. On the other hand, after 1000 cycles we did not obtain any regular increase
or decrease in the microstrain and crystallite sizes of the electrodes. This situation can be

explained by assuming that the V substitution causes instability of the samples.
5.3.Morphological Analysis

The morphological surface analysis of the as-prepared samples, and after 1000
cycles, were investigated with the SEM. Before SEM analysis, the samples were washed
with dimethyl carbonate (DMC) in an Ar gas filled glove box. Cycling of the battery can
cause changes of the surface morphology of the electrodes since the Li/Na intercalation
and deintercalation in the grains causes deformation and re-organization of the structure.

So, SEM is a powerful tool for determination of this kind of change in the electrodes.

Figure 5.26 shows SEM photographs of LisTisxVxO12 samples with different V
contents. According to the surface morphology, unsubstituted and V susbtituted samples
are formed in a granular structure and the increasing V content causes the tight connection
of the grains. The grain sizes in the samples increase with increasing substitution
levels.SEM images of the 1000-cycled electrodes show that the smaples have a
conducting problem compared to the as-prepared samples. The coating layer on the
surface of the electrodes is formed by interactions of diffused ions in electrolyte and
electrode; these cause deformation in the structure and the formation of new phases on
the surface of the electrodes [solid electrolyte interface (SEI) layers] during Li/Na
intercalation and deintercalation in the cell. So, an unwanted coating layer on the
electrodes has non-conducting properties leading to worse SEM imagesthan that of the
as-prepared samples. Furthermore, the SEI layers also cause a deterioration of the battery
performance. There is no SEM image for the x = 0.15 sample since no voltage was

measured.
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Figure 5.26. SEM photographs of LisTisxVxO12 samples. a) x = 0, b) x = 0.025, ¢) x =
0.05,d)x=0.1, and e) x = 0.15.
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Figure 5.27. SEM photographs of Li.TizxVxO7 samples. a) x = 0, b) x = 0.025, ¢) x =
0.05,d)x=0.1, and e) x = 0.15.
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Figure 5.27 shows SEM images of Li,Tiz-«VxO7 samples. The surface morphology
of the unsubstituted sample shows an almost granular structure, as observed in LisTis-
xVxO12. When the V content increases, it is clear that the grain sizes in the samples
increase and tightly connected grains areobserved. Furthermore, the surface structure of
the V unbstituted samples exhibit partial formation of the melting phase. After 1000
cycles, the SEI layers are formed as a coating layer on the electrode surface as in
LisTisO12. The clarity of the SEM images of the V substituted samples are worse than that
of the as-prepared samples. It can be predicted that the change of the surface morphology
after 1000 cycles of the battery cell is directly related to battery performance.

Figure 5.28 shows the SEM analysis of Li>TiexVxO13 samples. According to the
surface morphology of the sample, two types of grain formation are observed; one is a
granular structure and the other is the base structure. The differences in the surface of the
Li>TigO13 pure samples may be due to the formation process of the Li>TisO13 phase (ion-
exchange process). It can be suggested that Na based impurity phases (the base materials
for the ion-exchange mechanism of Li>TisO13) can behave as nucleation centres for phase
formation. As seen in the surface analysis of the V substituted samples, nanowire
formations are observed. As stated above, the granular type grains have higher surface
energy than the base type grains due to higher surface area. The growth point of the
nanowire should be formed in this metastable region of the surface. It is clear that V
doping in Li>TisO13 causes the formation of nanowires which can play a catalytic role for
nanorod formation, in that it can decrease the required energy of formation and accelerate
nanorod growth. Another possible scenario for the formation of nanorods may be the Na-
rich composition. As seen in the study of Nag44MnO> and Na>TisO13 phases, the Na-rich
phase in the structure causes nanowire formation [123, 144]. However, the nanowires
started to decompose for x > 0.1. This may be due to the impurity phases in the structure
as seen in the XRD section: the impurity phases are dominant after x = 0.1.

After 1000 cycles, we obtained battery performance from only the pure sample.
The batteries which were fabricated using V substituted materials didn’t show any voltage
and cycling properties. So, only the pure sample surface change after 1000 cycles is
presented. It can be seen from the surface of the electrode that deformation of the grains

is observed and it is related to the deterioration of cycling properties of the cell.
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Figure 5.28. SEM photographs of Li2TiexVxO13 samples. a) x = 0, b) x = 0.025, ¢) x =
0.05,d)x=0.1, and e) x = 0.15.
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Figure 5.29. SEM photographs of NasTis-xVxO12 samples. a) x = 0, b) x = 0.025, ¢) x =
0.05,d) x=0.1,and e) x = 0.15.

78



Figure 5.29 shows SEM images of NasTis.xVxO12 samples. The pure samples have
plate-like and rod-like grains and the grains are randomly bound to the others. When the
V ions are substituted into samples, rod-like grains start to grow in one direction for the
formation of the nanowires. The plate-like grains are tightly connected to others. As stated
before, The V ions in the structure play a catalytic role for the formation of the nanowires.
The numbers of nanowires on the surface increase with increasing V content in the
samples.

There is more SEI formation on the NasTisO12 electrode after 1000 cycles. On the
other hand, SEI layers decrease with increasing VV compared to pure NasTisO12 electrodes.
Figures 5.29 b) and c) show the x = 0.025 and x = 0.05 substitution levels. At these levels,
the SEI layers become lower and thinner than pure samples. In contrast, for x = 0.1 and x
=0.15 the SEI layers get a little thicker than for x = 0.025 and x = 0.05 substitution levels.

Figure 5.29 also shows the structural changes in the nanorods after 1000 cycles.
Some parts of the nanowires disappeare and new small point-type grains are observed on
the bigger ones. We can conclude that the point type grain formation is one of the reasons
for the decrease in battery performance.

Figure 5.30 shows SEM photographs of Na>TisxVxO7 samples. The rod-like and
plate-like grains are observed for the unsubstituted sample, rod-like grains grow in the
form of nanowires, and plate-like grains disappear with increasing V content. According
to these SEM photos and the NasTis.x\VVxO12 morphological analysis, similar results can be
expected for NaxTizxVxO7 samples. Nanorods started to form on the material surface with
V substitution. A random orientation of the nanowires is observed with a porous structure.
The number of nanowires and their thicknesses increase with increasing V content.
According to EDX analysis, V ions are not diffused to the structure of the nanowire,
supporting the idea of a catalytic role for V ions in the structure. After 1000 cycles the
surface morphology of the electrodes shows point-like grain formation on the nanowires.
We can conclude that intercalation and deintercalation of Na ions formed the clusters as
seen in the figure. Na>Tiz«xVxO7 nanorods show less decomposition compared to NasTis.
xVxO12 phases after 1000 cycles, since the batteries fabricated with NazTizxVxO7

nanorods are more stable.
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Figure 5.30. SEM photographs of Na>Tiz«xVxO7 samples. a) x = 0, b) x = 0.025, ¢) x =
0.05,d)x=0.1, and e) x = 0.15.
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Figure 5.31. SEM photographs of NazTiexVxO13 samples. a) x = 0, b) x = 0.025, ¢) x =
0.05,d)x=0.1, and e) x = 0.15.
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Figure 5.31 shows SEM photographs of the Na>TiexVxO13 samples. We observe
that the pure samples have plate-like and rod-like grains, and the plate-like grains are
tightly bound to each other. When V ions are substituted, the rod-like grains disappear
and the plate-like grains are combined with each other for the formation of bigger grains
than observed in the pure sample. So, the grain sizes increase with increasing substitution
levels. On the other hand, we rarely observe the formation of nanowires from grains on
the surface. The numbers of nanowires are less than observed in other samples. After 1000
cycles, the SEI layers and point-like grain formation is observed for all samples. The
deformation of the grains and the formation of the SEI layer in Na;TisxVxO13 electrodes

can be related to the decrease of the battery performance of the cell.

5.4. Spectral Analysis

Raman spectroscopy is a powerful method to investigate the change of the
vibrational modes of the bonds in the electrode material during charge, discharge, and V
doping. The structural stability of the sample which is used as an electrode in the battery
cell has a crucial influence on the battery lifetime. For this purpose, the pure and 1000

cycled samples were investigated.

The Raman spectra of the LisTis«VxO12 powders with x = 0-0.15 are shown in
Figure 5.32. Six Raman active modes are observed in the spectra and V doping does not
change any vibrational modes. It is predicted that the vibrational modes belong to V
bonding is below the resolution limit of the device, since the doping levels in the samples
are as low as x = 0-0.15. The vibrational modes of LisTisO1, Samples are given in Table
5.1. Half of the Raman active modes are due to Li-O vibrations and the other parts are due
to Ti-O. Although a small peak shift is observed in the spectra when V ions are substituted,
as seen in the figure, the main structure of the Raman peaks does not change by the

substitutions.

Figure 5.33 shows the ex-situ Raman spectra after 1000 cycles of the battery cell.
It is clear that the intensity and the resolution of the Raman spectra are worse than that of
the as-prepared powders. The ion insertion-exertion process during charge-discharge
causes a change in the unit cell, and the structure through which the ions are extracted in
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the lattice induce the change in the modes. The deformation of the vibrational modes
directly affects battery performance. According to the ex-situ XRD results, there is a new
type of impurity phase formation for x = 0.15. The peaks at 155 and 195 cm™ are the
different modes of the O-Ti-O bonds which may be due to the impurity phases [12].
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Figure 5.32. Raman analysis of LisTis-xVxO1> powder samples.
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Figure 5.33. Ex-situ Raman analysis of LisTisxVxO12 electrodes after 1000 cycles.

Table 5.1. Raman peak definitions for the LisTisO12 system.

Peak (nm) Bonds Reference
120 O-Ti-O [132]
244 O-Li-O [132]
367 Li-O in LiOa4 [133]
437 Li-O in LiOs [133]
686 Ti-Oin TiO2 [134]
770 Ti-Oin TiO2 [134]
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Figure 5.34. Raman analysis of Li>TizxVxO7 powder samples.
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Figure 5.35. Ex-situ Raman analysis of Li>Tiz-xVxO7 electrodes after 1000 cycles.



Table 5.2. Raman peak definitions of the Li>TizO7 system.

Peak (nm) Bonds Reference
125 O-Ti-O [132]
174 O-Li-O [132]
466 Li-Oin LiOs [133]
595 Li-Oin LiOs [133]
696 Ti-O in TiO> [134]

Raman spectra of Li>TisxVxO7 samples are given in Figure 5.34 and the peak
wavelengths are presented in Table 5.2. Five different Raman active modes are observed
in the spectra. The increasing V doping level causes a fluctuation of the Raman peaks
around the peak value of the unsubstituted samples since the impurity phases (as seen in
the XRD section) cause a change in the vibration modes.

Figure 5.35 shows the ex-situ Raman spectra of the samples after 1000 cycles of
the battery cell. It is easily seen from the figure that the vibration modes change drastically
with cycling of the cell. The vibrations decrease or disappear because ion diffusion causes

a change of the unit cell and/or the formation of new unwanted phases in the structure.
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Figure 5.36. Raman analysis of Li>TiexVxO13 powder samples.
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Figure 5.37. Ex-situ Raman analysis of Li>TisxVxO13 electrodes after 1000 cycles.
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Table 5.3. Raman peaks assignments for the Li>TisO13 system

Peak (nm) Bounds reference
125 O-Ti-O [132]
138 O-Ti-O [132]
205 O-Li-O [132]
241 Li-O-Ti [135, 136]
315 Li-O-Ti [135, 136]
426 Ti-O-Ti [137]
490 Ti-O in TiO2 [138]
643 Ti-Oin TiO2 [134]
692 Ti-O in TiO2 [139], [142]
892 Ti-O in TiO> [134]

Figure 5.36 shows that Li>TiexVxO13 powder has 10 different Raman active

modes, the details are listed in Table 5.3. V doping in the Li>TisO13 phase changes the

Raman active modesso that some of the Raman peaks are shifted, some disappear, and

some new peaks are observed. Those peak shifts and intensity increases originate from

bond expansion with vanadium substitutions.

Figure 5.37 shows the ex-situ Raman spectra of the as-prepared powder and

electrodes after 1000 cycles. The resolution and intensity of the peaks decrease due to the

deformation of the structure during the ion insertion-exertion process of the battery cell.

Because the V substituted samples didn’t show battery properties, we didn’t measure 1000

cycle data for them.
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Figure 5.38. Raman analysis of NasTisxVxO12 powder samples.
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Figure 5.39. Ex-situ Raman analysis of NasTisxVxO12 electrodes after 1000 cycles.



Table 5.4. Raman peak definitions of the NasTisO12 system.

Peak (nm) Bounds reference
157 O-Ti-O [138]
196 O-Ti-O [138]
266 Na-O-Ti [139]
315 Na-O-Ti [136]
379 Ti-O-Ti [137]
415 Ti-O-Ti [137]
545 Ti-O in TiO, [138]
615 Ti-O-Ti in TiOg [139-141]
650 Ti-O-Na in NaTiO, [140]
696 Ti-O in TiO2 [134]
745 Ti-Oin TiO, [139], [142]
035 Short Ti-O bond vib.ration irTvolvin.g norl—bridging [143]

oxygen coordinated with sodium ions

Raman spectra of NasTisxVxO12 samples shown in Figure 5.38 and the Raman
active modes are presented in Table 5.4. 12 different active modes are observed in the
Raman spectra of the pure sample. When NasTisO12 is substituted with V a small peak
shift is observed in the spectra. Theoretically, the peak shifts originate from the bond
expansions as a result of V substitutions. In addition to this, some other significant
changes are observed in the spectra depending on V substitutions. The first change at 615
cmt, which belongs to Ti-O-Ti turning, shifts to ~630 cm™, which belongs to a singular
V-0-V mode. The peak at 650 cm™, which belongs to Ti-O-Na, shifts to ~700 cm™, which
belongs to V-O-Na bonds vibrations. The second significant change for V substitutions
of x = 0.025-0.05 include the new peak at ~860 cm™ which belongs to anti-symmetric O-
V-0 bond vibrations. Another significant change for x = 0.1 and x = 0.15 samples is that
the peak at 142 cm™ (due to the V-O-V bonds) shifts to 157 cm™ and is due to the O-Ti-
O bonds. The Raman peak observed at 196 cm™ for the samples with x = 0.1-0.15 is due
to V-O-V bonds and O-Ti-O bonds [145].
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Figure 5.39 shows the ex-situ Raman spectra of the electrodes after 1000 cycles
of the cell. A deformation is evident at the O-Na-(V-Ti) bonds due to insertion-exertion

and formation of impurity phases in the sample.
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Figure 5.40. Raman analysis of Na>Tiz-xVxO7 powder samples.
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Figure 5.41. Ex-situ Raman analysis of NaxTisxVxO7 electrodes after 1000 cycles.
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Table 5.5. Raman peak definitions for the Na TizO7 system

Peak (nm) Bonds Reference
155 O-Ti-O [138]
216 O-Ti-O [138]
234 Na-O-Ti [139]
274 Ti-O-Na [134]
311 Na-O-Ti [136]
359 Ti-O-Ti [137]
394 Ti-O-Ti [137]
459 Ti-O in TiO2 [138]
503 Ti-O in TiO, [138]
603 Ti-O-Ti [136]
668 Ti—O-Ti stretch in edge-shared TiOs [136]
700 Ti—-O-Ti stretch in edge-shared TiOs [136]
757 Na-O-Ti [136]
859 Short Na-O & Ti-O bonds vibration [136], [143]
896 Short Na-O & Ti-O bonds vibration [136], [143]

Raman spectra of Na>TisxVxO7 samples are given in Figure 5.40 and the Raman
modes of the obtained peaks are given in Table 5.5. When the samples are substituted
with vanadium, no new peaks are observed in the spectra. A small peak shift is determined
for the V substituted samples and shifts originate from bond expansion upon V

substitution.

Figure 5.41 shows the ex-situ Raman spectra of the electrode materials after 1000
cycles of the cell. The intensity of the peaks decrease less when compared to as-prepared
samples. It is an evidence for the stronger structural stability of the Na Tiz«VxO7 phase

compared to that of the other Ti based electrodes.
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Figure 5.42. Raman analysis of Na>TiexVxO13 powder samples.
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Figure 5.43. Ex-situ Raman analysis of Na2TiexVxO13 electrodes after 1000 cycles.
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Table 5.6. Raman peak definitions for the Na TisO13 system.

Peak (nm) Bonds Reference
155 O-Ti-O [138]
195 O-Ti-O [138]
205 Na-O-Ti [139]
239 Ti-O-Na [136]
284 Na-O-Ti [136]
354 Ti-O-Ti [137]
369 Ti-O-Ti [137]
414 Ti-O in TiO; [138]
494 Ti-O in TiO; [138]
618 Ti-O-Ti [136]
693 Ti—-O-Ti stretch in edge-shared TiO6 [136]
758 Short Na-O & Ti-O bonds vibration [136], [143]
798 Na-O-Ti [136]
888 Ti—-O-Ti stretch in edge-shared TiO6 [136]

Raman spectra of unprocessed Na:Tis-xVxO13 samples are given in Figure 5.42

and the observed peaks are presented in Table 5.6. There are 14 different peaks in the

Raman spectra of the pure sample; nine of them are due to Ti-O vibration modes and the

remaining five are due to Na-O-Ti vibrations in the samples. When V ions are substituted

into the sample, the intensity of the peaks change and a peak shift is observed. The peak
at 618 cm™ (due to Ti-O-Ti) shifts to ~630 cm™ (due to singular V-O-V bonds); the peak
at 650 cm, which is related to Ti-O-Na vibrations, shifts to ~700 cm™ and is caused by

V-0O-Na bonds vibrations.

Figure 5.43 shows the ex-situ Raman spectra of the electrodes after 1000 cycles.

A decrease inthe peak intensities is observed due to the deformation of the bond structure
of Ti-O-Ti, V-0-V, and O-Na-(V-Ti). The deformation is related to the ion insertion-

exertion process during charge-discharge, and to impurities in the structure.
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5.5. Resistivity Analysis

The resistivity of the battery cell is related to its lifetime and performance since
non-conducting electrodes cannot perform good intercalation and deintercalation during
charge-discharge of the cell. Although the electrode materials have high resistivity (above
1 kQ/cm), the conductivity of the electrodes is increased by the addition of materials such
as super carbon (SC), carbon black (CB) or carbon based conducting materials. The basic
principle of the battery is electron and ion transfer during the charge and discharge
processes. Movement of the charged particles strongly depend on the electric field applied
between the two electrodes of the cell. Therefore, the conducting properties of the

electrode should be investigated as part of the cell characterization process.

The resistivity of the as-prepared samples of LisTisx\VVxO12 are given in Table 5.7;
the materials have high resistivity values and when V is added, the resistivity of the
samples increase. Ti ions in LisTisO12 have a valence state of 4+ and the valence state of
V ions is known as V°*. We predicted that V°* doping in p-type LisTisO1, can cause an

increase of the resistivity due to the decrease in the number of the charge carriers.

Table 5.7. Resistivity measurement results for LisTisxVxO12.

) Electrode
Active
] ) After 1000
Phase Material Before cycling | After 1 cycle
cycles
(Q.cm) (Q.cm) (Q.cm)
(Q.cm)
LisTisO12 1.8x10* 0.55 0.860 2.872
x =0.025 1.8x10* 0.57 0.882 2.981
x =0.05 1.805x10* 0.63 0.93 3.016
x=0.1 1.807x10* 0.82 0.98 3.189
x =0.15 2.23x10* 135 | e | -

We measured the resistivity of the electrodes after a certain cycling number in
order to investigate the change in the conducting mechanism of the electrodes. The battery
cells were taken apart to get the electrodes in the glove box. We found that increasing the

cycle number causes an increase in the resistivity of the electrodes. Similar results are also
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obtained for the V substituted samples. The increase in resistivity can be explained as
being due to SEI layers and impurity phase formation during the charge-discharge

process.

Table 5.8 shows the results of resistivity measurements for the LixTizxVxO7
system. According to these results, the resistivity value of pure Li>TizO7 is lower than that
of the LisTisO12 phase. It can be regarded as a characteristic feature of two different
materials the same as band structure, carrier density, etc. V substitutions cause an increase
in the resistivity value and we observed that the resistivity values for x > 0.05 are almost
the same. The electrodes which were fabricated using CB, PVDF, and active materials
have similar values compared to the LisTisO12 phase. Cycling causes an increase in
resistivity. Increasing resistivity in the cell leads to the emergence of a heating problem.
As stated before, SEI layers and impurity phases, which form during cycling of the

battery, are the main reasons for the resistivity increase.

Table 5.8. Resistivity measurements for Li>TizxVxOz7.

) Electrode
Active
_ _ After 1000
Phase Material Before cycling | After 1 cycle
cycles
(Q.cm) (Q.cm) (Q.cm)
(Q.cm)
Li2TizOr 3.4x10° 0.484 0.415 1.862
x =0.025 3.52x103 0.567 0.583 2.915
x =0.05 3.43x10° 0.503 0.521 2.154
x=0.1 3.42x103 0.492 0.507 2.273
x =0.15 3.42x10° 0.497 0.518 2.334

Table 5.9 shows the resistivity measurements of the Li>Tie-xVxO1s system. The
resistivity of the pure sample is the highest among the Li-Ti-O anode materials in this
study. The electrodes before cycling have a resistivity of 0.63 Q.cm and it increases with
increasing V content. The obtained resistivity value of the V substituted electrodes before
cycling is above 4.7 Q.cm, but no battery properties are obtained. We suggest that battery

features are prevented by high resistivity of the electrodes above 0.7 Q.cm.

96



Table 5.9. Resistivity measurements for Li>TisxVxO13.

_ Electrode
Active
) ) After 1000
Phase Material Before cycling | After 1 cycle
cycles
(Q.cm) (Q.cm) (Q.cm)
(Q.cm)
Li2TieO13 2.6x10* 0,630 0,580 3,652
x=0.025 3.23x10° 4721 | - e
x =0.05 3.8x10° 4957 | - | e
x=0.1 3.82.6x10° 5678 | @ - | -
x=0.15 4.03x10° 5897 | - | e

The electrical conducting properties of Na-Ti-O batteries with V dopingwere
investigated. Table 5.10 shows the results of the resistivity measurements of the NasTis.
«VxO12 system. The resistivity value of as-prepared active materials is 4.2x10° Ohm.cm
which is higher than that of the Li-Ti-O based anode materials. Increasing the V content
in the structure causes an increase in the resistivity of the samples, which may be due to
changes in the carrier concentration, band structure, and impurity phases. When the active
materials are mixed with CB and PVDF in NMP to obtain the electrodes, the resistivity
value decreases to 0.083 Ohm.cm. Similarly, the resistivity values of the electrodes with
higher V ion content than the pure sampleincrease.

After one cycle the resistivity of the electrodes decrease with increasing V content
of the sample. This situation can be explained from ex-situ SEM results: the SEI layer
gets thinner with V substitutions and it should be noted that the important part of the SEI
layer is grown during one cycle. On the other hand, after 1000 cycles the resistivity values
first decrease and then increases with increasing V content, as observed in other anode

materials in this study.
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Table 5.10. Resistivity measurements for NasTis-xVxO12.

) Electrode
Active
_ _ After 1000
Phase Material Before cycling | After 1 cycle
cycles
(Q.cm) (Q.cm) (Q.cm)
(Q.cm)
NasTisO12 4.2x10° 0.083 2.350 5.689
x =0.025 4.27x10° 0.092 2.12 4.823
x=0.05 4.46x10° 0.107 2.05 5.247
x=0.1 5.37x10° 0.302 1.972 6.982
x=0.15 5.83x10° 0.428 1.826 8.459

Table 5.11 shows the resistivity values of the NaxTizxVxO7 system for as-prepared
samples, before cycling, after one cycle, and after 1000 cycles. We see that V substitution
increases resistivity. The measured resistivity of the electrodes before cycling is0.066
Q.cm and it increase to 0.093 Q.cm for x = 0.15. As with other electrode materials in this

study, we saw that the cycling of the battery causes an increase in the electrode resistivity.

Table 5.11. Resistivity measurements for NaxTiz-xVxO7.

_ Electrode
Active
_ _ After 1000
Phase Material Before cycling | After 1 cycle
cycles
(Q.cm) (Q.cm) (Q.cm)
(Q.cm)
Na:TisO7 2.3x10° 0.066 2.150 4.820
x =0.025 2.32x10° 0.072 2.238 5.183
x=0.05 2.37x10° 0.077 2.346 5.629
x=0.1 2.43x10° 0.086 2.654 6.782
x=0.15 2.57x10° 0.093 2.891 7.437
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Table 5.12 shows the resistivity values of the NaxTis-xVxO13 samples. The pure
sample’s resistivity is 7.4x10* Q.cm and it increases to 7.89x10* for x = 0.15. The
resistivity values for samples before cycling, after one cycle, and after 1000 cycles show
similar behavior as the other active materials, and the increase in resistivity for increasing

cycle number can beexplained as above.

Table 5.12. Resistivity measurements for NaxTie-xVxO1s.

) Electrode
Active
_ _ After 1000
Phase Material Before cycling | After 1 cycle
cycles
(Q.cm) (Q.cm) (Q.cm)
(Q.cm)
NazTisO13 7.4x10* 0.200 0.720 0,460
x =0.025 7.52x10* 0.215 1.182 5.272
x =0.05 7.58x10* 0.218 1.238 5.386
x=0.1 7.81x10* 0.226 1.296 5.681
x=0.15 7.89x10* 0.234 1.378 5.825

From the resistivity changes of the V substituted Na-Ti-O and Li-Ti-O samples, some

conclusions are now suggested:

1- The V doping in Li-Ti-O and Na-Ti-O materials causes an increase in resistivity
since the substitution of Ti* with V°" promotes a decrease in the carrier
concentration and causes changes in the band structure.

2- Although the resistivity value of the active materials are above kOhm.cm level,
when the electrodes are prepared using CB and PVDF, the resistivity drops below
1 Ohm.cm.

3- Cycling of the battery causes an increase in the resistivity value, since the resulting
SEI layer and impurity phases can be regarded as contributing to the change of
resistivity with increasing cycle number.

4- The electrodes which have a resistivity value above 1 Ohm.cm did not display the

rechargeable battery feature; this should be investigated in more detail.
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5.6. Battery Performance Analysis

Ti based anode materials exhibit longer battery life due to their intrinsic properties
[147]. The main reason for the long cycle life may be the structural stability of the
electrodes during the charge-discharge process. To this end we investigated the battery
performance of V substituted Li-Ti-O and Na-Ti-O anode materials systematically. To
explain V substitution effects on battery performance, the electrochemical properties of
V substituted LisTisO12, Li2TizO7, Li2TigO13, NasTisO12, NarTizO7, and NaxTisO13
systems were investigated by CV. Cycling performances were measured for constant C
up to 1000 cycles and for different C values. The battery performance measurements were
conducted via charge/discharge of the cells at 1C constant current rate up to 1000 cycles.
The capacity dependence of the current was recorded for five cycles for C rates of 0.2C,
0.5C, 1C, and 2C.
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Figure 5.44. CV measurements of the LisTisxVxO12 system. a) x =0, b) x =0.025, ¢) x =
0.05,and d) x =0.1.

CV is a technique in which the intercalation and deintercalation of Li/Na ions for
Li/Na-ion batteries are observed as peaks during positive and negative scan rates of the
voltage, which is a characteristic feature of the rechargeable batteries. If one of the peaks
in the CV is not observed, it can be said that the cell does not have rechargeable properties.
The peak in the CV is related to ion-sites and coordination number of Li/Na in the crystal

lattice. While the increase of the coordination number of the diffusing ions causes an
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increase of the voltage in the CV graph, the intensity of the peak is related to the current
value which is obtained in the cell.

The CV measurements were conducted in the 0.1-2 V region (vs Li/Li+) with 0.1
mV/s scanning rate. Figure 5.44 a) to d) shows the CV measurements of LisTis-xVxO12 (X
=0, 0.025, 0.05, and 0.1) cells. During the first three cycles, we observe two redox peaks;
the first one is obtained at 1.67 V/1.47 (it shows a cathodic peak/anodic peak) and the
other one is seen at 0.6 VV/0.12 V. It is known that LisTisO12 has two Li-ion sites in the
lattice. The first has five coordinations in the lattice and the second one has eight. The
increasing coordination number can cause an increase in the crystal field and bond
strength of Li-ions. So, we predict that the first redox peak is due to the five-coordinated
Li-ions and the second is due to the eight-coordinated ones in the crystal structure.

Figures 5.44 b) and c) show the CV graph of the cell, fabricated with x = 0.025
which has a similar structure with the unsubstituted sample. The intensity of the second
redox peak in the CV graph decreases upon V doping. It can be predicted that V
dopingprevents the extraction of the eight-coordinated Li ions during the charge-
discharge process. It is seen from Figure 5.44 d) that the second redox-cathodic peak is

deformed by increasing V content.
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Figure 5.45 shows the capacity change in LisTisxVxO12 system with increasing
cycle number up to 1000 cycles at 1C current rate. The highest capacity is obtained for
the cell fabricated using x = 0.05 sample.The capacity of the cell for x = 0.025 is184
mAnh/g and 180 mAh/g for 1 and 1000 cycles, respectively; the capacity fade is calculated
as 0.04% in the cell. The capacity of the cell with x = 0.5 is 202 mAh/g and 194 mAh/g
for 1 and 1000 cycles, respectively, and the capacity fade is calculated as 0.07%. V doping
with x <0.05 in LisTisO12 causes an increase in the capacity of the cell. Further increasing

the V content decreases the capacity to a value which is less than that of the unsubstituted

sample.
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Figure 5.46. Battery performance of LisTis-xVxO12 system at different C rates.

Figure 5.46 shows the capacity change of the cell at different C rates. The best
battery performance is obtained for the cell with x =0.05 at a 1C rate, which is the standard
value for comparison of battery performance as seen in Figure 5.45. To see the different
current performances, the cellwas measured at different C rates. However, it should be

noted that C rates which are higher or lower than 1C can cause different responses in the
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cell. We conclude that the differences originate from the voltage fluctuations,

inhomogeneity of the electrodes, and the surface roughness.
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Figure 5.47. CV measurements of Li>TizxVxO7 system where a) x = 0, b) x = 0.025, c) x
=0.05,d) x=0.1, and e) x = 0.15.
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The V substituted Li>TizO7 system battery measurement results are given in
Figures 5.47-5.49. The CV measurements of Li>Tiz-xVxO7 are performed in the range 0.1—
2 V (vs Li/Li+) with a 0.1 mV/s scanning rate; Figure 5.47 a)—e) shows the results of CV
measurements. Two redox peaks are observed at 0.6 VV/0.15 V and 1.53 VV/1.39 V (cathode
voltage/anodic voltage) in the CV data. There are two different Li sites in the unit cell of
Li>Ti3O7. The redox reactions are related to extraction and insertion of Li ions for different
lattice sites with different coordination numbers as stated in the previous sections.

When V ions are substituted into the Li>TisxVVxO7 system, the peak positions and
their intensities change. The redox peaks are obtained at 0.55 V and 1.63 V during the
positive voltage scan, and the oxidation peaks are observed at 0.14 V and 1.41 V for x =
0.025.. The reduction peaks of the x = 0.5 cell are obtained at 0.54 V and 1.73 V and the
oxidation peaks at 0.14 V and 1.43 V. In the cell with x = 0.1, the reduction peaks appear
at 0.55 V and 1.8 V and the oxidation peaks are observed at 1.42 V. The reduction peaks
are obtained at 0.55 V and 1.67 V and the oxidation peaks are seen at 0.66 V and 1.42 V
for x = 0.15 substitution. According to CV measurement of the cells, V substitution in
Li»TisO7 causes redox peak expansion and decrease current values. This result can be

attributed to the change of the crystal field and coordination of the ions in the structure.
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Figure 5.48 shows the capacity change with increasing numbers of cycles up to
1000; the highest capacity is obtained for the sample with x = 0.025 at 123 mAh/g and
153 mAh/g for 1 and 1000 cycles, respectively. On the other hand, the pure samples have
149 mAh/g and 159 mAh/g for 1 and 1000 cycles, respectively, and the cell with x = 0.05
has 125 mAh/g and 107 mAh/g after 1 and 930 cycles, respectively. After 930 cycles the
cell lost all battery properties. The cell containing x = 0.1 has 104 mAh/g and 101 mAh/g
for 1 and 435 cycles, respectively. After the 435th cycle this cell also lost its battery
performance. The cell fabricated using x = 0.15 vanadium substitution has 70 mAh/g and
61 mAh/g for 1 and 1000 cycles, respectively. As a consequence, although V substitution
in Li2TisO7 increases the stability of the cell, it also causes a decrease in the capacity of

the cell.
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Figure 5.49. Battery performance at different C rates of the Li>TizxVxO7 system.

Battery performance at different C rates is important for commercial applications.
Figure 5.49 shows the performance at different C rates. We see that the pure sample shows
the highest battery performance of all the C rate results, and that the V substitutions cause
different capacity behaviors at different C rates. According to Figure 5.48, the V

substitution causes an increase in the stability of the cell after 300 cycles, and the different
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C rate measurements were performed for newly fabricated cells. High performance is
expected for pure samples, for cycles numbers lower than 300. It is therefore expected

that the best performing cells would be the V substituted ones after 300 cycles.
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Figure 5.50. CV measurements of the Li>TigO13 System.

The CV measurements were conducted in the 0.1-2.5 V region (vs Li/Li+) with a
0.1 mV/s scanning rate. Figure 5.50 shows the CV graph of pure Li>TisO13/Li cell; two
redox peaks are observed, one is for the cathode at 0.55 V and the other is the anodic peak
at 0.16 V. These result show that Li>TisO13 has the lowest ionization voltage among the
Li-Ti-O based materials in this study, and shows expected behavior for an anode material.
The V substituted samples didn’t show any CV or capacity measurements which are the

characteristic properties of the rechargeable batteries.
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Figure 5.51. The battery performance of the Li>TisO13System at 1C rate up to 1000 cycles.
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Figure 5.52. Different C rate battery performance of the Li>TigO13 system.

Figure 5.51 shows the capacity change with increasing cycle number of the cell.
We see that the capacity value is low, which is an unwanted property in a battery cell.
Figure 5.52 shows that the capacity of the cell is36 mAh/g and 27 mAh/g for 1 and 1000
cycles, respectively. Even if Li>TisO13 has a lower ionization voltage, it has poor capacity

values for commercial applications.

The CV measurements of NasTis.xVxO12 were conducted in the 0.1-2 V region (vs
Na/Na+) with 0.1 mV/s scanning rate. Figure 5.53 a)-€) shows the CV graphs for x = 0,
0.025, 0.05, 0.1, and 0.15. For the pure NasTisO12/Na cell the CV graph corresponds to a
capacitance type cell and we did not observe any redox peaks at all. Although one
oxidation peak is observed at 1.03 V during the negative voltage scan for the first cycle,
there are no oxidation/reduction peaks at all for NasTisO12 cell after the first cycle; it acts
as hybrid capacitor, and the obtained CV graph exhibits too smallcapacity for it to act as

a good hybrid capacitor.
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Figure 5.53 b) shows the CV graph of the cell with x = 0.025. Three reduction
peaks which are obtained at 0.9 V, 0.41 V, and 0.26 V during the positive scan rate, and
the oxidation peak is seen at 0.55 V. During the second and third cycles, the oxidation
peak at 0.26 V vanishes and other reduction peaks appears at 0.45 V and 0.89 V. Figure
5.53 ¢) shows the CV graph of the cell with x = 0.05, and reduction peaks appears at 0.26
V, 0.41V, and 0.9 V and the oxidation peak is obtained at 0.56 V during the first cycle.
The reduction peaks are obtained at 0.27 V, 0.45 V, and 0.91 V and the oxidation peak is
obtained at 0.71 V for the second and third cycles. It should be noted that there are no
redox peaks in the cell with x = 0.1 which means that it doesn’t have any battery type
properties. On the other hand, x = 0.15 sub cells show tiny reduction peaks at 0.42 V and
0.91 V during three cycles. The oxidation peaks are obtained at 1.12 V for the first cycle
and at 0.74 V for the second and third cycles.

According to the CV graph of NasTisxVxO12, two types of data are observed, one
characteristic of batteries and one characteristic of capacitors. The redox peaks observed
has lower intensities (below 10 pum) compared tothe other materials in this study.
Capacitive type CV graphs exhibit hysteresis behavior as observed in Figure 5.53, and we

predict that NasTis-xVxO12 is not a good material for battery applications.
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Figure 5.54 shows the capacity change with increasing cycle number for NasTis.
xVxO12 samples up to 1000 cycles. The highest capacity is obtained for x = 0.025 at 87
mAnh/g and 45 mAh/g for 1 and 1000 cycles, respectively. The capacity of the cell with
x =0.05 is 131 mAh/g and 37 mAh/g for the first cycle and 1000 cycles, respectively.
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Figure 5.55. Different C rate battery performance of the NasTis-xVxO12 System.

Figure 5.55 shows the capacity change with different C rates of the NasTisxVxO12
system. At a 2C rate, the cell with x = 0.15 shows a similar capacity performance to those
with x = 0.025 and x = 0.05. The highest value obtained is~40 mAh/g at a 2C rate for x =
0.025 and x = 0.05. This can be explained by the impurity phases in these samples. The
lower C rate shows higher capacity values than the 1C rate. At 0.5 and 0.2 C rates, the
discharge capacity shows better battery performance than other substituted levels. After
cycling of 2, 1, 0.5 and 0.2 C rates, we performed cycling of the cell at a 1 C rate and
observed a decrease in the capacity of the cell. These results show that the NasTisO12/Na
batteries are not promising for battery applications at different C rates..
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Figure 5.56 a)-e) shows the CV measurements of NaxTizxVxO7 (x = 0, 0.025,
0.05, 0.1, and 0.15) cells. Six redox peaks are observed with cathodic peaks at 0.28, 0.4,
and 0.86 V and anodic peaks at 0.1.1, 0.8, and 1.13 V. When V ions are substituted into
Na:TizxVxO7, two redox peaks appear for the x = 0.025 sample. During the CV
measurement, the reduction peak is obtained at 0.29 V and the oxidation peak is obtained
at 0.53 V. After the first cycle of the CV measurement, there is only capacitive-like anodic
structure in the battery cell. A similar structure is observed for the cell with x = 0.05 in
that the reduction peak is observed at 0.3 V and the oxidation peak is seen at 0.53 V.
Vanadium substitutions and impurity phases in the structure can cause changes in the CV
graph such as the redox voltages and the peak intensities. Figure 5.56 d) shows the CV
graph of the cell with x = 0.1; there are only four redox peaks at 0.29 V and 0.44 V for
cathodic peaks, and at 0.53 V and 1.03 V for anodic peaks. In Figure 5.56 e) the number
of the redox peaks in the cell decrease to two at 0.3 V and 0.35 V for cathode and anodic
peaks, respectively. As a result of Figure 5.56, we conclude that V doping in NaxTizxVxO7
can cause a decrease in the number of redox peaks and convert the behavior to

capacitance-like CV data.
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Figure 5.57. The battery performance of the Na>TizxVxO7 system for 1C rate up to 1000
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Figure 5.57 shows the capacity change with increasing number of charge-
discharge cycles for the Na>TisxVxO7 system; it is seen that V substitutions cause a
decrease in cell capacity. The pure sample has 81 mAh/g and 43 mAh/g, the sample with
X = 0.0025 has 72 mAh/g and 32 mAh/g, the sample with x = 0.05 has 67 mAh/g and 32
mAh/g, the sample with x = 0.1 has 48 mAh/g and 34 mAh/g, and the sample with x =
0.15 has 62 mAh/g and 41 mAh/g for 1 and 1000 cycles, respectively.
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Figure 5.58. Different C rate battery performance of the Na,Tiz-xVxO7 system.

Figure 5.58 shows the capacity changes for different C rates up to 1000 cycles.
Although pure and V substituted samples show similar performance behaviors at different
C rates, we found that the higher and the lower C rate behaviors are different. The samples
containing x = 0.05 and 0.025 have higher capacity values than others at 0.2C rate. This
may be due to an increase in the chemical potential of the system. However, the highest
capacity value is obtained at 947 mAh/g for x = 0.5 substitution at a 0.2C rate, and the
capacity at 0.5C rate shows a similar increasing trend. High C rate capacity measurements

show similar behavior at1C rate.
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Figure 5.59. CV measurements of the NaxTis-xVxO13 system where a) x = 0, b) x = 0.025,
c)x=0.05,d)x=0.1,and e) x = 0.15.
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The CV measurements for NaxTisxVxO13 system were conducted at 0.1-2.0 V (vs
Na/Na+) with a 0.1 mV/s scanning rate. Figure 5.59 a) shows the CV result for the pure
Na2TieO1a/Li cell. Over three cycles we observed two redox peaks, although for the first
cycle the obtained redox peaks are seen at 1.02 V and 0.33 V and the oxidation peaks
appear at 0.91 V. After the first cycle, the obtained peaks are at 0.91 V (a reduction
cathode peak) and 0.73 V for the oxidation anodic peak. It is predicted that the anomaly
in the first cycle is related to the stability of the cell. V substitutions in NazxTisxVxO13
cause distortion in system which means there are no battery properties associated with the

cell, and the redox peaks vanish as seen in Figure 5.59 b)—e).
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Figure 5.60. Battery performance of the Na:TiexVxO13 system for 1C rate up to 1000
cycles.
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Figure 5.60 shows the capacity change with increasing cycle number for the
Na2TiexVxO13 System up to 1000 cycles. We found that V substitutions cause a decrease
in battery performance in this system. The capacity values for the V substituted samples
are due to capacitive behavior of the cell, and it is concluded that the V substituted

Na>TisO13 materials are not suitable for battery applications.
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Figure 5.61. Different C rate battery performance of the NaxTie-xVxO13 System.

Figure 5.61 shows the different C rates battery performances of the cell. At 2C
constant current rate, the highest capacity value is found to be ~40 mAh/g and all
substitutions levels show better capacity values than pure NasTisO12/Na cell. Lower C
rate measurements show higher capacity values than the one measured at 1C rate. At 0.5
and 0.2C rates higher capacities are measured than that of the pure NasTisO12 samples.
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6. CONCLUSION

In the last decade, the need for portable batteries has increased due to increasing
numbers of small electronic devices and large systems such as electric cars. The Ti based
anode materials for rechargeable batteries have longer battery life compared to the other
oxide anode materials. From this point of view, Ti based anode materials for the
development and/or improvement of battery properties are one of the hot topics for
commercial and scientific studies in rechargeable batteries. The main goal of this study is
the investigation of battery performance and lifetime of Ti based anode materials for Li

and Na-ion cells via the substitution of Ti*" with VV*° ions.

LisTisxVxO12, Li2TizxVxO7, Li2TisxVxO13, NasTis«VxO12, Na:TizxVxO7, and
Na TiexVxO13 (with x = 0, 0.025, 0.05, 0.1, and 0.15) anode materials have been
fabricated successfully via solid state reaction and ion exchange methods, and their
structural and electrochemical properties were investigated in detail. The obtained results

were discussed as summarised below.

The XRD results of pure and V substituted LisTisO12 show that the main phase is
protected in all V substitution levels in this study. The impurity phases are observed after
x = 0.1 level of substitution and they affected the battery performance of the cells. The
ex-situ XRD results show that the main phase, LisTisO12, has been protected and the
Li2V204 impurity phase becomes dominant in the structure after 1000 cycles of the cells.
The morphological analysis has shown that the V substitutions cause the formation of
larger granular structures. In addition, after 1000 cycles huge levels of SEI layers are
coated on all electrodes. Raman analysis show that the V substitutions do not affect the
characteristic Li-Ti-O bonds for as-prepared samples. We found that the boundary
deformations are the main reason for the decrease in battery performance of the cell by
ion intercalation/deintercalation process and impurity phases after 1000 cycles. In
addition to this, an increase in the resistivity of the samples is seen upon V doping in the
samples. It is stated by Zhong Zhi-Yong et al. [143] that LisTisO12 shows p-type and n-
type conductivity in the structure; the intercalation potential is found as 1.42 V for the p-

type conducting mechanism which corresponds to the peak in the CV curve at 1.55 V in

124



this study. So if V" is substituted by Ti** in p-type LisTisO12, an increase in the resistivity

of the samples is expected.

On the other hand, the V substitutions up to the x = 0.05 level for LisTisO12 leads
to an improvement in the battery performance. The best capacity at a 1C rate is obtained
for x = 0.05: 201.37 mAh/g and 200.55 mAh/g for one and 1000 cycles, respectively.
According to these values, the capacity fade is calculated as 0.04% for 1000 cycles. It can
be predicted that V substitutions at level lower than 0.05 for LisTisO12 can be used for

commercial battery cells.

Li>Ti3O7is one of the important Ti based anode materials in rechargeable batteries.
The effect of V doping in Li>TizO7 on the structural and electrochemical performance of
the cell was investigated. The XRD patterns of pure and V substituted Li>TisO7 show that
the main phase does not change for all V substitutions. The change in structural properties
after 1000 cycles reveal the main phase of Li>Ti3Oy7 is protected in all samples and that
LiosTiOz is the dominant phase for x = 0.1 and x = 0.15 samples. The morphological
analysis show that the V substitutions in the system cause larger grains and a SEI layer is
observed after 1000 cycles. The Raman analysis show that the V substitutions affect the
characteristic Li-Ti-O bonds for x> 0.1 and that boundary deformations are observed after
1000 cycles.

The electrical resistivity measurements of Li>TizO7 show that the V substitutions
cause an increase of the resistivity for x < 0.025 and then a decrease with increasing V
content in the structure. The change of resistivity, which depends on the V content, is
related to changes in the carrier concentration and the formation of impurity phases.V
doping in Li>TizO7 up to x = 0.05 causes an increase in battery performance, which means
a decrease of the capacity fade of the cell. The lives of the cells fabricated with x = 0.05
and 0.1 V doping are determined as 930 cycles and 435 cycles, respectively. The best
capacity results are obtained with an x = 0.05 vanadium substitution level, and the pure
samples show 149 mAh/g and 159 mAh/g after one and 1000 cycles, respectively. The x
= 0.05 sample exhibits 125 mAh/g and 107 mAh/g after one and 930 cycles, respectively.

As a conclusion of the electrochemical investigation, although V doping in Li>TizO7
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decreases the battery life and the capacity, capacity retention increases upon V doping,

which is important for long cycle applications of the batteries.

The last investigated anode material in Li-Ti-O system in this study is Li>TisO1s.
There is limited information in the literature due to the difficulty of the fabrication
techniques such as ion exchange. This material is successfully synthesized in this study
by using the exchange of Na ions with Li ions in the starting materials; their structural,
electrical, and electrochemical performance were investigated in detail. The XRD data of
V substitution in Li>TieO13 show that the main phase is protected for all V substitutions,
and that LiVOsand LiV3Ogimpurity phases are observed with increasing V content for x
> 0.025.

The morphological analysis show nanorod formation with V substitution. It is a
property of Na-Ti-O based anode materials. We predicted that the substitution of V by Ti
causes an increase in nanorod formation, which can be due to flux agent behavior of the
high mobility ions (such as Na or Li) in the structure. The Raman analysis show the
characteristic Li-Ti-O bonds, implying formation of Li>TigO13 phase. V substitutioncauses
peak shifts due to boundary structure changes, and it begins from the x = 0.05 substitution
level. Formation of boundary deformation effects in the materials also increase with

increasing cycle number of the cell.

The impurity phases reveal that for x = 0.025 level substitution battery
performance was lost for all V substituted samples. After 1000 cycles the ex-situ XRD

results show undefined structural deformations in Li>TigO13 System.

The electrical resistivity measurements show that the V substitutions increases the
resistivity for x >0.025 levels significantly. As stated above, the increase of the resistivity
is related to the decrease in the carrier concentration and the formation of impurity phases
in the structure. The reflection of the carriers at grain boundaries is another explanation

for the increase in resistivity of the samples.

V substitution in Li>TieO13 causes the disappearance of the battery properties of

the materials. The pure sample has 36 mAh/g and 27 mAh/g capacity after one and 1000
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cycles respectively. Even if Li>TisO13 has lower ionization voltage and stable capacity

values, the battery cell shows poor capacity values for a commercial application.

The other group of Ti based anode materials investigated in this study are the Na
based materials. NasTisO12, Na>TizO7, and NazTisO13 phases were fabricated successfully
and Ti was substituted by V ions. The structural, electrical, and electrochemical properties
of the materials fabricated were investigated.

The NasTisO12 phase was successfully fabricated by a solid state reaction
technique and V substitutions were performed systematically. XRD results of the samples
show that the main phase is protected for all V substitution in the system. The impurity
phases are observed for x > 0.05. The ex-situ XRD results show that the main phase
(NasTisO12) is protected after 1000 cycles, and formation of the NazV9O19 impurity phase
IS observed for increasing cycle number. The volume expansion for 1000 cycles is
determined as ~15% for the cell with x = 0.05.

Nanorod formations are observed in NasTisO12 System. These have a larger
surface area for ion diffusion. We observed an increase in the number of the nanorods
with increasing V content in the structure. In addition, the nanorods are deformed after
1000 cycles, which means that the Na-insertion and de-insertion in the nanorods cause

deformation of the structure.

The Raman results show that there is a peak shift in the spectra of all V
substitutions which originate from bond expansion. On the other hand, deformation of O-
Na-(V-Ti) bonds are observed for 1000 cycles. The deformations are attributed to the ion
insertion-exertion process during the charge-discharge. The electrical resistivity
measurements show that the V substitutions cause an increase in resistivity as obtained

for the other electrodes in this study.

According to battery performance results, the capacity of the cell which was
fabricated with V substituted electrodes show an increase for the first few cycles and then
decrease with increasing cycle number. The capacity of x = 0.05 substitution is obtained
as 131 mAh/g for the first cycle, and it decreases to 37 mAh/g for 1000 cycles; the capacity

fade rate is 9.4%. According to 1000 cycle measurements of the cell, the highest capacity
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results are obtained for x = 0.025 vanadium, and x = 0.0025 substitution shows better
battery performance than other samples after ~400 cycles being 87 mAh/g and 45 mAh/g
after 1 and 1000 cycles, respectively. According to these values, the capacity fade is
calculated as 4.2% for 1000 cycles.

It can be predicted that low level of V doping of the NasTisOq. structure has a
promising outlook for commercial batteries.

Another important anode material for Na-Ti-O type cells is Na;TizO7. The XRD
results of V substituted samples show that the main phase is protected for all V substituted
saples. Impurity phases are detected for x > 0.05— TizOsand NaxTisOg. After 1000 cycles
of the cells, although the main phase of Na>TizO7 is protected in the structure, the impurity

phases are observed for x > 0.1.

Nanorod formations are observed in the Na,TisO7 system, and increasing V
content cause an increase in the number of nanorods in the samples. According to ex-situ
SEM analysis, deformation of the nanorods in the structure is lower than in the NasTisO12
system.

From Raman measurements of Na,TizO7 we found that boundary stabilizations
occur before cycling and after 1000 cycles. The electrical resistivity measurements show

that the V substitutions cause an increase in the resistivity.

The battery performance measurements of the cell show that V substitutions cause
a change in the capacity for long cycle measurements. The highest capacity results are
obtained for pure samples and are equal to 81 mAh/g and 43 mAh/g after one and 1000

cycles, respectively.

Na>TisO13 is the last material investigated for use as an electrode of a battery cell
in this study. We found that the main phase of Na>TisO13 composition is protected for all

V substitutions and an impurity phase (such as Nas;V207) is observed for x > 0.025.

In the ex-situ XRD results after 1000 cycles, the main phase of Na,TigO13 and the
impurity phases of NasV207 and NazTisO19 are observed in the structure. The crystal
volume changes aree in the range from -3 to -1%.
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Nanorod formations are seen in Na2TisO13. Vanadium doping in the structure
increases the number of nanorods and SEM results show nanorod deformation after 1000
cycles. The Raman results from Na,Tis-xVxO13 compositions show that there are
significant changes in boundary structure with V substitution. The ex-situ Raman
measurements of 1000 cycled electrodes exhibit boundary deformations of Ti-O-Ti, V-
O-V and O-Na-(V-Ti) vibrations. According to electrical resistivity measurements, V

substitutions are the cause of an increase in the resistivity of the system.

From 1000 cycle charge-discharge measurements, we found that the V
substitutions in the structure cause a decrease in the battery performance of the cell. In
addition to this, the first cycles of V have better capacity than that of pure Na>TisO1s.
Na>TieO13 has ~40 mAh/g and ~35mAh/g capacity values for one and 1000 cycles with
0.05% capacity fade values. As a consequence, the Effects of V doping in Li-Ti-O and
Na-Ti-O were investigated in detail. We found that vanadium content in these systems
can improve capacity and cycle life for low concentrations of x < 0.05, such as in
LisTisO12, Li2TizO7 and NasTisO12 systems. We hope that they can be used as anode

materials in commercial batteries in the near future.
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