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ABSTRACT

DEVELOPMENT AND CHARACTERIZATION OF TIN BASED ANODE
MATERIALS FOR LI-ION BATTERIES

Yilmaz, Emre
M.S., Department of Metallurgical and Materials Engineering
Supervisor : Prof. Dr. M. Kadri Aydinol

February 2017, 67| pages

Li-ion batteries are the most popular type of portable secondary batteries. They gener-
ate electrons at anode electrode during discharging process by releasing Li* ions from
anode, in which graphite is used as Li reservoir. Recently, Si0, and Tin (IV) Oxide
materials are investigated as anode materials by researchers, due to their very high
theoretical capacity. There are two problems, however, limiting their use which are
pulverization and irreversible reaction problems. These problems are, also, the causes
of the capacity loss during charge-discharge cycles. To solve these problems, tools of
nanotechnology are used to obtain different nanostructures. Doping with elements is
another way to improve properties. In this study, tin based anode materials was devel-
oped for lithium ion batteries. For the production of materials, hydrothermal method
was used. The effect of hydrothermal processing parameters and alloying elements
such as La, W, Y and Zr were investigated. Produced materials were characterized
by SEM, TEM also XRD for structural analysis and EDS were used for chemical
analysis. Samples will be assembled in coin cells and galvanostatic charge-discharge,
cyclic voltammetry and electrochemical impedance spectoscopy techniques were ap-
plied for their electrochemical characterization.

Keywords: Li-ion batteries, Anode materials, Tin oxide
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LITYUM IYON PILLERI ICIN KALAY BAZLI ANOT MALZEMELERININ
URETIMI VE KARAKTERIZASYONU

Yilmaz, Emre

Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi Boliimii
Tez Yoneticisi : Prof. Dr. M. Kadri Aydinol

Subat 2017 ,[67|sayfa

Lityum iyon pilleri taginabilir sarjedilebilir piller arasinda en popiiler olanidir. Anot
malzemesi olarak grafit kullanilan bu tip pillerde, enerji tiiketimi sirasinda lityumun
depolandigr anottan lityum iyonu salimimi gerceklestirilerek elektron iiretimi sagla-
nir. Son zamanlarda, yiiksek teorik kapasitelerinden dolay1, S1O, ve Tin (IV) Oxide
de anot malzemesi olarak arastirilmaya baglanmistir. Geri doniisiimsiiz tepkimeler ve
malzemenin tozlagsmasi bu pillerin kapasitelerini kisaltmaktadir. Ayrica bu problemler
pillerin, her bir sarj etme — kullanim dongiisiinden sonra performansinin diismesine
de sebep olmaktadir. Bu problemleri ¢ozmek i¢in, nanoteknoloji kullanilarak farkl
yapilar tiretilmekte ve farkli elementlerle alasimlamak da 6nerilmekte. Bu ¢alismada,
lityum iyon pilleri i¢in kalay bazli yeni anot malzemesi iiretilmistir. Malzeme iire-
timi i¢in hidrotermal yontem kullanilmigtir. Hidrotermal isleminin parametrelerinin
ve La, W, Y ve Zr gibi alagim elementlerinin etkisi aragtirilmisgtir. Uretilen malzeme-
lerin SEM, TEM ve XRD ile yapisal analizi, EDS ile kimyasal analizi yapilmistir.
Diigme pil olarak iiretilen bu pillerin galvonastatik sarj-desarj, dongiisel volt dl¢iimii
ve elektrokimyasal i¢ diren¢ spektropisi teknikleri uygulanarak elektrokimyasal ka-
rakterizasyonu da saglanmustir.

Anahtar Kelimeler: Lityum iyon pilleri, Anot malzemeler, Kalay oksit
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CHAPTER 1

INTRODUCTION AND THEORETICAL BACKGROUND

1.1 Lithium-ion Batteries

Batteries are cells that can store the energy in electrochemical form, and they are used
in devices that require energy in various applications. The batteries can be basically

classified into two categories:

1. Primary Batteries: This type of battery converts the chemical energy into elec-
trical energy. The electrochemical reaction is not reversible and the battery can-
not be used after it is fully discharged. Thus, this type of battery is preferred

for devices that require high energy density for a single use.

2. Secondary Batteries: This type of battery is also known as Rechargeable Bat-
tery. The electrochemical reactions in this type of battery is reversible. After
being discharged, the battery can be recharged with external power. This type
of battery converts the chemical energy into electrical energy during discharge,
also convert the electrical energy into chemical energy during charge. In both
cases, some of the energy is converted into heat energy inside the battery. In a

full cycle, the efficiency of the battery varies approximately between 80-90%.

The cell is made up of positive and negative electrode plates which are insulated from
each other, and an electrolyte that provides conductivity between the plates. Both
groups of electrodes are connected to two terminals. These cells can store energy at
very low electrical potentials. The capacity of a typical cell is defined by Ampere-

hour (Ah). An ampere-hour denotes the amperage that a cell can give. The battery
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is made up of several cells which are connected in parallel or series to each other for

the desired current or voltage values. For example, the device using the battery has

to contain a large number of batteries connected in series to each other for both high

voltage values and high amperage values. Rate of the battery charge during use is

calculated by average voltage values. Charge and discharge rates of the battery are

determined by considering its Ampere-hour capacity value.

Today, the six major types of rechargeable batteries which have been commercialized

can be listed as follows:

1. Lead-Acid (Pb-Acid),

2. Nickel-Cadmium (NiCd),

3. Nickel-Metal Hydride (NiMH),

4. Zinc-Air,

5. Lithium Ion (Li-Ion),

(@)

. Lithium Ion Polymer.

The average voltage rates of the batteries during discharge based on their electro-

chemistry are shown in Table [[.1]

Table 1.1: Various rechargeable batteries and their average cell potentials [1]].

Electrochemistry Voltage (V) | Description

Lead Acid 2.0 The cheapest technology

Nickel Cadmium 1.2 Shows memory effect

Nickel Metal Hydride (NiMH) | 1.2 Sensitive to temperature

Lithium Ion 3.4 Safe, does not contain metallic Lithium
Lithium Polymer 3.0 Contains Metallic Lithium

Zinc Air 1.2 Requires proper air management system.

1.1.1 Introduction and the History

Compared to all rechargeable battery systems, lithium-ion batteries are the systems

that have the highest power. They are used as power supplies for the most popular

electronics such as cameras, laptops and mobile phones. The fundamental reasons
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why they are preferred are that they are lightweight, have flexible usage and longer

service lives.

Nowadays, the studies on increasing the energy density, cycle life and safety of bat-
teries continue to be conducted. When we look at the commercial sector, lithium-ion
batteries are preferred in almost all electronic devices that require batteries due to

their superior performance.

In the past, the studies were carried out on the use of lithium metal, which has the
highest electronegativity as the anode material in rechargeable batteries and is one of
the lightest elements (6.94 g/mol). The first battery with lithium anode electrode was
produced in 1970. Indeed, these batteries had a very high capacity, and in a short
time, they were presented for use with clocks, calculators and portable medical de-
vices. The first studies on lithium-ion batteries were conducted by Exxon group. In
the battery they developed, TiS, was used as positive electrode, lithium metal as neg-
ative electrode, and perchlorate in dioxolane as the conductive electrolyte [1]]. TiS,
compound had a very stable structure and was susceptible to reversible reaction with
lithium. However, many problems have arisen after its use. The main reason was the
growing dendritic structures on the surface of the lithium metal electrode. The reason
for their formation was the interaction between electrolyte and lithium metal. It was
observed that the growing dendrites penetrate the separator and caused short circuits
in time, and these short circuits caused combustions and burstings. After these kinds
of problems, instead of lithium metal, the studies have focused on different type of
materials and lithium-aluminum alloy [4]]. With the study they carried out in 1971,
Dey et al. have proven that lithium alloys carried out electrochemical reactions inside
the organic electrolytes [5]. From that day on, alternatively, many anode materials
have been produced. When compared to that of pure lithium metal, the energy den-
sities of lithium alloys have become two or three times lower [[6]. Besides this, the
electrochemical energy occurred at the entry or exit of the lithium metal into/from
the alloy matrix has been insufficient. This has caused a faster deterioration in the in-
tegrity of the alloy anodes, also in time, cracks and fragmentation in the anodes. The
service life of the rechargeable lithium-ion batteries using lithium alloys as the anode
material was, owing to this, very low. In the later studies, it has been observed that

the graphite was dimensionally quite stable. With the formation of LiCg compound



formed by the entry of lithium into the carbon structure, it has been observed that the
distance between the layers was, at most, 10%. For this reason, the graphite is used
in lithium-ion batteries as the only substitute of lithium metal and its alloys today.
In addition to this, the studies on the substitute materials of heavier halides - such as

oxides - have also been successful [[7]].

Goodenough et al. have produced a number of cathode materials belonging to Li, MO,
family (M = Co, Ni or Mn) [8]]. By the end of 1980s, the production of lithium-ion
batteries with proper anode, cathode and electrolyte compatibility had been fully re-
alized. The components of lithium-ion batteries were first fully explained by Mur-

phy [9] and then by Scrosati et al [[10]].

Ultimately, lithium-ion battery was first introduced to the market by Sony [/11]]. Nowa-
days lithium-ion batteries are frequently used in consumer electronics, military appli-

cations, space and especially wireless communication technology.

1.1.2 Basic Principles

The process concept of a basic lithium-ion battery system was described as partially
concentrated cells containing relatively similar electrodes with different reactors [12].
Later on, this concept was changed to anodes and cathodes containing metal com-

pounds [[13]].

A basic lithium-ion battery is made up of a positive electrode (cathode), a negative
electrode (anode), an electrolyte (liquid or solid) containing dissolved salts, and a
separator that separates two electrons. Lithium-ions provide a constant flow between
the electrodes. The basic working principle of lithium-ion batteries is shown in figure
During the discharge process, lithium-ions separate from cathode, pass through
the separator via electrolyte, and form a compound with the anode material. Similarly,
the electrons released from cathode are held by the anode material via an external
circuit. The charging process takes place in the opposite state. In order to achieve
high efficiency and long cycle life during cycles, it is extremely important that the
lithium-ions in the anode pass to the cathode material without causing any damage or

making any changes in the crystal structure. In order to obtain a very high operating



voltage in the design of a lithium-ion battery system, it is extremely important to
choose the right electrode pairs and electrolytes. A high operating voltage is obtained

by very small high-efficiency anode and cathode electrodes.

Discharge

Separator
Charge
- - - - -
Li4-
Cathode ISR |y o Anode
Discarge Electrolyte

Figure 1.1: Schematic representation of a typical lithium-ion battery cell .

The carbon (hard carbon or graphite) used as the anode material in lithium-ion batter-
ies has a potential ranging from O to 0.8 V. As cathode materials, LiMn,0y, layered
LiCoO; and LiNiO, materials with 4 V potential are generally preferred. A lithium-
ion battery with high cathode potential and low anode potential approximately has a
potential ranging from 3.6 to 3.8 V. This potential value is exactly three times higher

than that of Ni-Cd and Ni-MH batteries.

When we look at the literature, we can see that significant studies have been con-
ducted on the anode and cathode materials used in lithium-ion batteries for the last
25 years. The studies have especially concentrated on lithium metal, lithium binary
alloys, carbon and metal oxide composites. In the studies carried out until today,
graphite is found to be the best choice out of all anode materials in terms of perfor-

mance and service life.



1.2 Materials

1.2.1 Cathode Materials

In rechargeable lithium-ion batteries, cathode electrodes serve as a source for lithium-
ions that will go to the anode. Accordingly, the physical, structural and electrochemi-
cal properties of cathode materials have a great impact on the overall performance of

the battery. The basic properties of cathode materials can be listed as follows:
1. The discharge reaction needs to have the highest negative Gibbs free energy
possible (high discharge voltage).

2. The structure of the cathode material should have a low molecular weight and
be able to release the lithium-ion at high rates during discharge (high energy

capacity).

3. The cathode material should have a high lithium chemical diffusion coefficient

(high power density).

4. Structural changes during charge and discharge should be as low as possible

(long cycle life).

5. The materials should be chemically stable, cheap and have no toxic effects.

(@)

. Moving or handling the materials should be as easy as possible.

The first material to be proposed as a cathode material was TiS,. Later on, chromium
and vanadium oxides have also begun to be used [[14]]. In addition to this, many of the
compounds proposed for the cathode material in the literature are quite limited due
to critical requirements such as high energy density, good cycle life and safety. Gen-
erally, layered LiMO, (i.e. LiCoO,, LiNiO,, LiMnO;) compounds, manganese
oxides (i.e. LiMmn,0, spinel) can be given as examples for the cathode materials

with higher energies than 3 V [14].

Today LiCoQ, is the most frequently used cathode material. T. Ohzuku [15] exam-
ined the reaction mechanisms of LiCoO, cathode material by using the XRD tech-

niques and stated that LiCoQO, electrode material could be separated into three dif-
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ferent areas. It was discovered that L1, _,CoQO, cathode material had two hexagonal
structures in the 0 < x < 1/4 area. It was observed that a two-phase structure oc-
curred in the area as a result of the addition or subtraction of lithium and the resulting
structure in the 1/4 < x < 3/4 area had single-phase [[16]. Theoretically, the sep-
aration of lithium from 1 mol LiCoO, yields an energy of 274 mAh/g. However,
when only a portion of lithium is taken into account in terms of structural integrity,
only limited part of the lithium can reversibly separate from the cathode and returns.
Approximately 1000 charging/discharging cycles can be successfully achieved with
the capacity of LiCoO,cathode material [16].

Another cathode material on which the studies concentrated is LiN1QO,, and its ther-
mal stability is especially low in highly oxidized form. With the separation of one
half mole of lithium from LiN1O,, two cubic spinels of LiN1,0,4 are formed and
this structure has a very high stability. Therefore, the amount of Li* that should be
separated from cathode and its mobility are reduced. Owing to these limitations, the

use of LiN1O, compound as a cathode material is practically impossible [16].

1

The theoretical capacity of LiNiO, compound is close to 275 mAhg~", when com-

pared with LiCoQO,. In practice, when charged with a value between 4.1 and 4.2 V,

it reaches a value between 185 and 270 mAhg .

This value is even higher than
that of LiCoO, cathode. However, the cycle lives of LiN1O, electrodes are shorter.
These studies have shown that the electrochemical power, structural stability, specific
power and average charge/discharge of the LiNiO, compound have changed over
time. The reason for this was that the lithium-ions in spinel structure were settling

into octahedral spaces [17].

There are many publications and patents on various applications of doping on the
LiNiO;, compound today. Ti, V, Cr, Fe, Co, Mn, Cu, Zn, Cd, Sn, Al, B, Mg, Ga, Ca
and Na can be given as examples. Nowadays, the cathode production has been focus-
ing on adding new ones to the multiple systems mentioned above and the advantages

that each compound will bring to reversible reactions.

The spinel LiMn O, belonging to the cubic system is in a crystal structure in which
Li* ions are in tetragonal, Mn*3/** jons are in octahedral, and O~ ions are in

octahedral spaces. Electrodes with similar crystal structures have very high electro-



chemical cycles. For example, spinels can be highly tolerable towards the cycles
in unit cells. Electrode of the Li-Mn-O spinel has a capacity of 4 V. Li;,Mn,0,4
electrode has two crystal structure. These are LiMn,0, and Li,Mn,0,4 with cubic
and tetragonal structure. In LiMmn, 0, spinel, the structural integrity of the electrode
is maintained thanks to strong Mn-O bonds at the exit and return of the lithium-
ions. In time, however, a cubic structure gradually replaces the tetragonal structure.
This phase change causes changes in the crystal structure of the electrode and de-
teriorations in its electrochemical properties by causing volumetric changes in each
unit cell of the electrode. In important aspects such as capacity and rechargeabil-
ity, LiMn, Oy, electrochemical properties of spinel vary depending on the production
methods. LiMmn, Oy, spinels synthesized at low temperatures have high capacities and
low cycle lives. LiMn,0, spinel - generally obtained by solid-solid reactions - has

a discharge capacity of 120-140 mAhg~!

, which is a very good loop cycle. In the
tin-rich Li,,,Mn,_, Oy, spinels, the capacity decreases are reduced at a high rate. In
addition to this, at higher temperatures, the degradation is still much worse than that
in nickel or cobalt-rich materials. The life cycle of LiMn, Q4 spinel can be increased

with the addition of elements such as Li, Mg, Zn, Co, Cr, Al and Ti.

Besides this, with the increase of the metal concentration, various decreases have been
observed in the capacity. Robertson and his study group [ 18] have examined the effect
of metals - such as B, Cr, Fe, Ti, Al and Ga - on the single-phase Li;,, Mn, ,0O4
spinel. Their studies have shown that the best doping effect has been achieved by
the addition of Cr. In addition to obtaining a reversible capacity of 110 mAhg~!,
no capacity change was observed during the first hundred cycles. The reasons for

this can be the ionic structure, the orientation of crystal structure and the stability of

oxidation.

Successful results have been achieved by the addition of cobalt into LiMn,0, spinel.
LiCo;/6Mny; 604 spinel has shown the best performance in terms of capacity and
cycle life. In the three hundredth cycle, the energy density of the cathode for the
Li/LiCo;/6Mmny; 604 cell has been calculated as approximately 370 Wh/kg [18].
With the addition of Co into Li, Mn,O, spinel, there has been an increase in its grain
size, and its overall surface area has been reduced by half. When the Co content was

changed between y=0 and y=0.06, there have been very high increases in the first



capacity of LiCoy,Mn,_, Oy spinel. The lithium-ion diffusion coefficient in the Co
doped spinel has changed between 2.4 x 1072 and 1.4 x 10~''m?/sec . These values
are much higher than that of a pure spinel by (9.2 x 107!* and 2.6 x 10~!>m?/sec).
Moreover, the increase in the grain size of Co doped into the spinel also causes a
decrease in the contact between the active materials and the electrolyte, resulting in

the discharge phenomenon at a lower rate [18]].

One of the most important reasons for the increases in the cycle performance is the
enhanced stability of the octahedral spaces in the spinel. The bond energies of MnQO,,
Cr0O; and CoO, are respectively 946, 1142 and 1067 k] /mol. Depending on these
values, it can be said that M-Cr and M-Co bonds are much stronger than M-O bonds
[18].

Other developed cathode materials are lithium vanadium oxide and vanadium ox-
ides in lithium-ion batteries. Lithium metal is used as an anode in lithium-ion poly-
mer batteries. Because of the direct use of lithium in anode, it is necessary to use
a lithium-containing metal in the cathode. For this reason, vanadium oxides are
cathode materials which are in demand for lithium-ion polymer batteries since they
have high specific energy and voltage values ranging between 2 and 3 V. Crystalline
V,05 [19], amorphous V,0s5 [20] and V,05 — B,O3 with V,Mo0Og [21] compounds
have also been studied intensively. It has been found that the discharge voltages of
the cathodes were approximately 2.5 V. Since the capacity decreased during the cy-
cles, mass production of these cathode materials has not been introduced. In the last
studies, Li Fe, O, (Li*/Fe™=0.69) compound was synthesized and, after electro-
chemical measurements, it has been found that the specific capacity of the electrode
material was 140 mAh/g and its discharge voltage was 2 V [22]. When the low
cost of Fe is taken into account, it is certain that this electrode will be among the
popular cathode materials. Padhi and his study group have developed an olivine-
based (M — Si0,) cathode material [23]. In another study, Li;FePO,, LiFeP,O,
Fe4(P,05); and LiFePO, compounds were examined and it was observed that the
specific capacity of the LiFePO4 compound was 130 mAh/g and the average cell
voltage was over 3.3 V. In order to increase the discharge voltage, LiCoPO4 com-
pound was prepared and its cyclic behavior was examined [24]. Even though the

average voltage was increased to 4.5 V, it wasn’t a great success because of the elec-



trode deteriorations.

1.2.2 Anode Materials

Prior to rechargeable lithium-ion batteries, lithium was used as the anode material
for primary batteries. With the introduction of lithium-ion secondary batteries, a
high energy density has been obtained due to lithium having the highest capacity
among the available preferences. However, the rechargeable lithium batteries caused
great failures in the first attempts. The most important reason for this was the safety
problems caused by the anodes produced with pure lithium metal. After charge and
discharge, the formation of dendritic growths was observed in the lithium anode.
These dendritic structures were highly porous, had a large surface area and were able
to interact with organic electrolytes. In addition to that, it had been observed that
dendritic structures, which were gradually forming in the lithium metal, continued
to grow throughout the cycles, and reached the separator that separates the anode
and cathode. As a result, the short circuits occurred in the batteries, and these short
circuits could even cause the batteries to burst or combust. These problems were
overcome in a very short time by the discovery of various alloying elements such
as graphite, Sn, Al, Pb, Bi, Sb, and As. Also, some oxides such as Li;Ti50;, and
perovskites can form compounds, which have relatively low potentials, with lithium.

There are three basic requirements for an anode material;

1. The anode electrode should have the capacity to form reversible compounds

with lithium,

2. For a high specific capacity, the anode material should form a compound with

the maximum amount of lithium,

3. For a high cycle life, anode electrodes should form convertible compounds with

lithium metal.

Today, carbon is used as an anode material in the rechargeable battery industry. As
an anode material for lithium-ion cells, carbon has very important properties. In the
history of the development of lithium-ion batteries, the successful use of carbon an-

odes and their commercialization are highly striking. The first use of graphite as an
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anode material was a major failure due to its fragmentation. However, it has been de-
termined that carbon anodes produced in low crystallinity state showed less reactivity
towards the electrolyte solution. The first production of lithium-ion battery by using

non-crystalline carbon anodes was carried out by Sony in 1990 [25].

Today, many carbon types containing natural and synthetic graphites, carbon black,
active carbon, and carbon fibers can be commercially produced in an inert gas atmo-
sphere by using various organic precursors. For this reason, carbon materials used as

anode materials have many structures, textures and morphological properties [26].

Dahn and his group have conducted studies on a variety of carbon materials that
could be used in lithium-ion batteries [27]. The first of these was the graphitic car-
bons obtained by processing carbon compounds at about 2400 °C. The second was
hydrogen-containing carbons prepared from organic compounds pyrolyzed at 700
°C. The third was the anode materials obtained by the synthesis of hard carbons.
The structure and chemistry of the resulting carbons highly depend on the operation
conditions of the organic compounds. By fragmenting organic components in the
inert gas atmosphere and below 600 °C, CO and CH4 gases are brought out. The re-
maining carbon atoms precipitate in the form of planar aromatic structures (graphene
structure). In the event of fragmentation of gas into a semi-liquid state, these planar
plates are arranged in a more parallel structure. This makes graphitization easier as
the temperature increases. Similar compounds enable the formation of graphite car-
bons. However, if the organic components have sufficient cross-links, the flow state
cannot be achieved and no planar aromatic structures are formed. The graphitization
of these kinds of carbon materials is impossible at high temperatures, and hard carbon
is obtained as a result. All carbon materials processed between 1300 and 1500 °C

have graphite-like hexagonal structures [28].

The theoretical capacity of Graphite LiCq formation is 372 mAh/g [29].
6C +Lite — LiCq (1.1)

The charge during the first reaction is usually above the theoretical capacity. At the
same time, it can be said that the reason for this is a secondary reaction in the elec-
trolyte. Electrolyte separation is caused by the exfoliation of graphite, and this leads

to a decrease in the reversible reactions in the anode. According to this, if the elec-
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trolyte that is going to be chosen is suitable for the anode materials, the damage to a

similar battery will be decreased.

Also, throughout the first cycle, a passivation film called solid-electrolyte interface
(SEI) will be formed on surface of the anode. The formed interface is not electrically
conductive but ionically conductive. This interface prevents any damage to the elec-
trolyte as well as the deterioration of the electrolyte. Even under the voltage levels
which cause many electrolytes to lose their stability, the formation of the passivation

layer preserves the stability and cycle life of the carbon electrodes [65].

The reaction behaviors of lithium with hard carbon electrodes such as coke, show
a number of differences compared to that of the graphite electrodes. Unlike that of
graphite, the cyclic profiles of hard carbon electrodes occur on a straight line ranging
from 1.2 V to 0.2 V, rather than in the curves traveling on top of each other. It is
believed that by the addition of lithium to hard carbon, the spaces in the hard carbon
are filled by lithium. As a consequence of this, weak lithium-carbon bonds appear,
and consequently, experimental results yield low capacities. The carbon layers have
monolayer structure in hard carbon materials, partly like houses made of cards. In
this single layer, lithium-ions enter from every side so that they can react with the
carbon atoms (LiCs) more. This causes the theoretical capacity to reach a value of
approximately 327 mA/h. In irregular coke electrodes, the reaction process does
not allow the stacked phases to form. Due to lack of crystalline structure, these elec-
trodes cannot exactly match the electrolytes just as they cannot match the graphite
electrodes. Carbon anode materials obtained from coke are commercially used in the

Sony video cameras today [30].

When the hydrogen-containing carbon electrodes are considered, their capacity in-
creases about 800 - 900 mA /h. Hydrogen plays an important role in the reaction with
lithium. With the increasing atomic H/C ratio in these materials, reversible capacity
has also increased. When they encounter a hydrogen atom, the lithium ions entering
the structure cause changes in the C-H bond by sharing electrons with the hydrogen.
However, when their long-term use is considered, the cycle lives of carbon-hydrogen

electrodes do not seem very long [31].
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Works on the development of the specific energies and cycle lives of carbon anode
materials still continue. In the studies that have been carried out, it has been dis-
covered that the capacity of some part of the carbon-based materials - obtained by
the pyrolysis of specific compounds - is 1000 mAh/g. The nanocrystalline carbons
obtained by using high energy ball mills was observed to have a capacity of 2500
mAh/g in the first charge. However, half of the reversible capacity was lost only in
the first charge. In practical applications, when the existing devices are considered,
obtaining such a high energy in the first charge is not favorable. However, the target is

carbon electrodes to have a value between 600 - 700 mAh/g and long cycle life [32].

Although a development in both electrode systems is necessary, the main limitation of
lithium-ion batteries that are commercialized today is caused by the anode, which is a
negative electrode. In lithium-ion batteries, lithium metal was first used as a negative
electrode and this resulted in very high voltages and specific energy values. However,
due to the dendritic growth of lithium over time and the high temperatures during the

reactions, first batteries had a high combustion risk [33]].

The graphite - which is micron-sized and has powder form - is the most popular neg-
ative electrode material used in rechargeable lithium-ion batteries. After lithium-ion
compounds with carbon and LiCg, theoretically a specific energy of 372 mAhg~!
is obtained. However, a maximum specific energy of 170 mAhg~! was obtained in
the commercial applications of the negative electrodes made out of graphite, which
was micron-sized and in powder form [34]]. However, the studies that have been con-
ducted in recent years have shown that especially with the use of nano-sized graphite,
the number of lithium-ions in the anode electrode has increased, and as a result, the
battery capacity has also highly increased [35]]. With the high increases in the battery
capacity, however, the service life of the battery decreased. Especially the passiva-
tion layer (SEI) which is formed on the surface of the electrolyte, causes cracks and
spillage on the electrolyte in time, thus making the battery unusable [36]]. Therefore,

electrode materials with much higher energy densities, longer cycle lives and higher

safety must still be developed for the rechargeable lithium-ion batteries.

Metal oxides and halogenoids such as MoO, [37], WO, [38] and TiS, [39] were

used as negative electrodes in the first developed lithium-ion cells. Also, when they
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were used with positive electrodes in a battery cell, a relatively low cell voltage had
occurred. Nowadays negative electrode studies have been focusing on lithium alloys
and compounds, TiO,, Si and SnO, - especially because of their high theoretical

capacity values.

It has been observed that the particularly prominent material types in the studies con-
ducted on lithium-based negative electrode materials, are LixMVO4 (M = Co, Cd, Ni,
Zn; 1 <x < 8) [40], MnV,0g [41] and the lithium nitrate [42] compounds. However,
since their production is highly complex and expensive, these types of electrodes do

not have any commercial value yet.

The use of lithium alloys as a negative electrode in lithium-ion battery cells, instead
of lithium, first started with the study of Dey [43]]. Based on Dey’s study, the charging

and discharging operations of lithium alloys can be explained with this equation;
LiyM — xIit +xe” + M (1.2)

Except for a few exceptional cases (i.e. M = Ti, Ni, Mo and Nb), alloys of lithium and
other metals are obtained at relatively low temperatures. When electrode reactions are
taken into consideration, however, it has been observed that Li, M compound has a

very wide compound range [44].

The most important metals capable of electrochemically alloying with lithium can
be listed as aluminum, silicon, tin, lead, indium, bismuth, antimony and silver [45].
As a result of the alloy of these metals with lithium, however, significant changes
occur in the matrix metal. Especially in the electrochemical studies of lithium, it has
been observed that many phases occurred. In the studies that have been carried out,
«-phased (LiAl compound containing lithium approximately at the rate of %7) and
[3-phased (non-stoichiometric LiAl compound containing lithium between 47-56%)
and various lithium-rich LiA1l phases were obtained as a result of the electrochemical
interaction between aluminum and lithium [4]]. During the discharge process, while
the LiAl alloy in the x-phase did not show any reversible reaction, the LiAl alloy in

the (3-phase showed a complete reversible reaction [46].

Generally, the charge densities of lithium alloys are considerably high. In the lithium-

rich phases at room temperature, however, Li" ion diffusion is relatively high, and
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can produce high current values during charge/discharge [46]]. Nevertheless, the prob-
lems caused by the high volumetric expansion after making a compound with lithium
cannot be solved. For this reason, the current studies have particularly focused on
the metallurgical properties and morphological structures (grain size, grain shape and
preferential orientation) of lithium-alloy electrode materials [47]]. The electrodes pro-
duced from alloys with micron grain structures cannot tolerate the volumetric expan-
sion that occurs throughout the charge and discharge cycles. However, it has been
observed that the cycle capacities are further enhanced in the electrodes produced in
thin film form [|6]. Besides, when compared with the gravimetric capacity achieved
with the total electrode mass, it has been observed that the total capacity is rather

low [48].

It is known that there are intensive studies going on particularly on the production
of oxide-based nanotubes and nanowires [49]. Particularly in photovoltaic, photo-
catalytic, semiconductor, catalytic and gas sensor applications, it is known that great
efforts have been made for the production of TiO,-based nanotubes [50]. It is also
known that TiO,-based materials are used as negative electrode materials in lithium-
ion batteries [S1]. Regarding the electrode materials of the lithium-ion batteries, it is a
well-known fact that especially nanotube morphology has great advantages [52]. The
synthesis of Ti0O, in the form of nanotube, has proven that the nanotubes obtained
from the first studies are actually NayH, — yTi,,02n41.xH,0. Later on, based on
the TiO,-B polymorph, obtained nanotubes have much lower density than that of the
other polymorphs of TiO,, which are rutile, anatase and brookite. Thanks to this,
lithium-ions and electrons can pass through the nanotube in a controlled manner, es-
pecially in lithium-ion battery applications. As a result of the reaction of the Ti0O,
(B) produced in the form of nanotube with the lithium, Liy9; TiO, (B) compound
has been produced and a specific energy of 305 mAh/g has been obtained. An-
other advantage of the Lipg; [1O, (B) compound is that there is no deformation in
nanotubes. In the electrode applications made with the anatase, another polymorph
of TiO, - Lip5TiO, compound and a specific energy of 165 mAh/g have been ob-
tained as a result of the reaction with lithium. A specific energy of 175 mAh/g
has been obtained from the negative electrodes which were produced from LizTi5O;

and Li;TisO12 compounds in the form of spinels. However, the cycle lives of both
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anatase and TiO, compounds in the form of spinel, were not as long as that of Ti0O,

(B) in the form of nanotube [53]].

Ti0, (B) was first obtained by Marchand through the conversion of the hydrated
compound belonging to K, Ti;Og and by calcining it at 500 °C. After calcination, a
morphology in the form of a 3-dimensional nano-tube was obtained [54]]. The struc-
ture obtained in the form of a nanotube, has more spaces than that of the rutile, anatase
or brookite - it also has a continuous channel structure. Therefore, lithium-ions can
easily enter into the nanotube structure during charge, and they can return without

damaging the nanotube structure during discharge [55]].

The silicon - whose theoretical specific capacity is approximately 4200 mAh/g - is
one of the most important anode materials, and its theoretical capacity is approxi-
mately ten times greater than that of graphite-based anode materials [56]]. The reac-
tion of silicon - a negative electrode - with lithium results in Li,,Sis compound. The
formation of this compound in the negative electrode, however, causes the electrode
volume to increase by 400% [57]. The increase in the electrode volume causes high
voltages in electrode. As a result of high voltages caused at the end of the cyclic
loops, cracks and ultimately exfoliation occur on the negative electrode. This causes

the capacity to be completely exhausted in a very short time [58]].

In order to minimize the negative effects of the volumetric expansions, the studies
have first focused on the accumulation of silicon on a nickel substrate. Because the
silicon has a much higher affinity to oxygen than it does to nickel, a passivation layer
has been formed on the nickel in the process of coating. The resulting passivation
layer has served as a bond layer, ensuring the silicon to be better absorbed to the nickel
surface. In the electrochemical studies carried out with 2C charge and discharge rate,
a specific energy of 1700-2200 mAh/g was obtained after 750 cycles [59]. In or-
der to remove the effects of volumetric expansion, studies were carried out on the
production of negative electrodes from micron- and nano-sized powders. In the stud-
ies, micron- and nano-sized powders were dispersed in active/inactive matrices by
using various binders, and thin silicon-based films were obtained. In particular, it has
been observed that the negative electrodes produced from micron-sized silicon pow-

ders can quickly disintegrate and have very short cycle lives owing to the volumetric
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expansions [60]. Besides, the development of silicone-based nano composites has
shown that batteries resistant to volumetric expansion and with high specific battery
capacity can be produced. The surface of the nano-sized silicon powders had been
covered with a very thin carbon layer, and they were electrochemically charged and
discharged between 0.02 and 1.2 V, at the rate of C/4. In the study, a specific en-
ergy of 700 mAh/g was obtained after 100 cycles [61]. In a similar study, after 100
cycles, a specific energy of 1000 mAh/g with the ratio of 0.3 mA /g was obtained
from the electrochemical tests [[62]]. In the negative electrodes produced based on
the nanocomposite idea, it has been observed that coating the silicon with carbon in-
creases the structural stability and prevents the cracking and fragmentation resulting
from volumetric expansion. Similarly, electrochemical treatments at 100 mAh/g to
the negative electrodes obtained by coating the silicon in the nanosphere morphology
with carbon have resulted in a specific capacity of 1450 mAh/g [58]. The electro-
chemical processes applied to the nanocomposites - which were obtained by coating
them with silicon - at the rate of 250 mA/cm?2 resulted in a specific capacity of 1000
mAh/g [58].

In recent years, particularly with the studies on silicon nanowires, it has been observed
that after being exposed to a high level of expansion, negative electrodes were not ex-
posed to any spillage and provided long service lives with high capacity values [56]. It
has been stated that the theoretical battery capacity of the silicon thin films produced
in the nanotube morphology was 75% after the initial discharge of 0.05 C and the de-
crease in the capacity was in the relative values. Silicon nanowires had been deposited
on stainless steel substrates by using vapor-liquid-solid (VLS). Silicon nanowires ap-
proximately 89 nm in diameter had shown high resistance towards the volumetric
expansion throughout the electrochemical tests. With the introduction of lithium-ions
into the negative electrode, the diameter of the nanowire had risen approximately to
141 nm. Besides the volumetric expansion, the silicon nanowires which were crys-
talline in the beginning had been converted into amorphous Li, Si compound. Similar
amorphous conversions have been encountered in other studies [63]. The main rea-
son why the high voltages resulting from volumetric expansion caused no damage to
the electrode was that the distance between neighboring nanowires made it possible

to tolerate the volumetric changes. As a result, it has been observed that the silicon-
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based anode materials produced in the form of nanowire were capable of maintaining
90% of their theoretical capacity after 100 cycles, as well as having 3 times more

gravimetric capacity than that of carbons [[64]].

Tin oxide is one of the transparent semiconductors that provided one of the most im-
portant commercial developments. It has high optical transparency and high electrical
conductivity - and these are some of its most important qualities for having a wide
use area. Zinc oxide, indium oxide and titanium oxide, which have oxygen conduc-
tivity like tin oxide, can be used to achieve such desired properties. It is possible to
encounter many studies on tin oxide among the literature examples [65]. In addition
to this, there has been no study on the usage of tin oxide as the sole anode material in

lithium-ion batteries.

Especially in the recent years, the use area of tin oxide thin films has considerably
expanded. For example, tin oxide films, which are doped and undoped, are also
intensively used while handling transparent conductive films [66], in architectural
glass coatings due to their high reflectivity [67]], and at the same time, as protective
coating materials due to their high hardness as well as the chemical and mechanical
stability [68]]. Also, they are used in the identification of non-combustible gases and

in solid-state gas sensors [[69].

The tin oxide films can be produced by using a variety of techniques such as thermal
evaporation [70], reactive sputtering [/1], sol-gel techniques [72], chemical vapor
deposition and spray pyrolysis [73]. The optical and electrical conductivity of these

films depends mainly on the deposition technique.

When coated as a thin film layer, tin oxide has a high transparency up to 95%. Tin
oxide is an n-type semi-conductor and is in the form of polycrystalline with an ap-
proximate optical band gap of 3.6 eV [[/4]. The properties of the tin oxide thin films
vary depending on the method of preparation. For example, the microstructure of
sputtered films may vary depending on the substrate and the deposition temperature.
The film properties can also vary according to the temperature range, time and gas
atmosphere. Tin oxide films are formed at low temperatures (<550 K) and in rela-
tively amorphous and polycrystalline forms [[70]. However, it has been observed in

the literature that many crystal phases formed after the substrate were heated. Other
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factors affecting the film properties are the deposition rate of the condensed atoms

and the surface properties of the substrate.

The first testing of the tin metal as an electrode material in lithium-ion batteries was
conducted by Foster et al. [/5]]. Later on, this study was developed further by Wen and
Huggins [76]. When the studies of the three scientists are taken into consideration,
it was observed that the binary lithium-tin system was made up of seven different
phases, these were Li,Sns, LiSn, Li;Sn;, LisSn,, Li13Sns, Li;Sn, and LipSns.
Later on, as a result of Courtney’s study, the diagram of lithium-tin phase and voltage
curve of lithium-tin compound were developed [77]. It has been proven by subsequent

studies that the theoretical results were consistent with the experimental studies [[78]].

The tin-based material with the highest capacity among the anode materials used in
lithium-ion batteries is tin oxide (1497 mAhg™!) [79]. Especially after obtaining
high yields from tin-based amorphous oxide materials, there is a growing interest in
the use of tin oxide as a negative electrode [80]. The first tin oxide-based lithium-
ion battery was commercially released by Fuji in 1995 [[80]. The amount of specific
energy obtained from the electrode material that was made up of tin-based glass com-
pounds had been higher than 600 mAhgr~!. Following the successful commercial
applications of tin-based electrode materials, the interest in tin and tin alloys has
increased more. In-situ X-ray characterizations, especially during electrochemical
processes, have also been studied in detail for their reactions with different lithium-
tin compounds [81]]. In the studies carried out until now, what the compounds that
have been obtained as a result of the reaction of tin-based compounds - particularly
such as SnO, SnO,, SNP,07, SHHPO,4, SNMPO,CL, SNSi03, SNBPOg, SN(C,04)

and SnSO, - with lithium, are not precisely known [82]].

The first tin-based electrode material that was tested after Fuji’s tin oxide-based
lithium-ion battery patent was SnO [81]. It has been observed that the reaction of
the S1O compound - which has a layered structure - with lithium is complicated and
comprised of many steps. Besides L1O, formation, one of the main reasons is the re-
duction of Sn(I) to Sn(0). In the studies, a specific energy density of approximately

600 mAhg~!was obtained after the complete reduction of the tin metal [82].
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1.2.3 Electrolyte Materials

Another important factor while evaluating the performance of lithium-ion cells is
electrolytes. Due to active nature of lithium, organic electrolyte systems should be
used in lithium-ion batteries. The electrolyte component is made up of salts or anions
mostly dissolved in an organic solvent. Non-liquid electrolytes also continue to be in-
tensively studied today. Today, liquid polymer electrolytes are also used as electrolyte
materials in secondary lithium-ion batteries. Lithium-ion polymer and lithium poly-
mer batteries are being commercially produced. A number of glasses and ceramics
capable of conducting lithium-ions can also be used as solid-state electrolyte materi-
als in lithium-ion batteries. Besides being too complicated, liquid electrolyte systems
for lithium-ion batteries are used in a certain combination of lithium salts and or-
ganic solvents. In addition to being non-toxic, lithium salts should also be thermally,
chemically or electrochemically stable. In addition to these qualities, electrolyte ma-
terials should have high solubility, ion conductivity and be able work with all cell
elements. The most intensively used lithium salts can be listed as LiClOy4, LiAsFy,
LiPFs, LiSO;CF; and LiN(SO,CF);. These salts have brought about a number of
problems. The fact that LiClO, is thermally unstable and has explosion risk can be
given as an example. Besides being unstable in solid-state, LiPF¢ salt has a tendency

of producing LiF and PFs (Lewis) acid when added to solution [[83]].

The most popular solvents used in obtaining electrolytes are Polypropylene Carbon-
ate (PC), 1,2-dimethyloxyethane (DMC), ethylene carbonate (EC), diethyl carbon-
ate (DEC), tetrahydrofuran (THF) and 2-methyltetrahydrofuran (2MeTHF). As men-
tioned before, the formation of a passivation film on the surface of the carbon is very
important for a lithium-ion battery which contains carbon anode to operate success-
fully. The solvents used in lithium-ion battery systems should be stable (organic or
inorganic) and able to form lithium salts that can passivate the surface of the an-

ode [84]].

Most of the conductive polymers were developed in the last two decades. The poly-
mer electrolytes were developed thanks to the co-operation of various disciplines
such as electrochemistry, polymer science, organic chemistry and inorganic chem-

istry. One of the most important applications areas of polymer electrodes is their use
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as solid-state electrolytes in lithium and lithium-ion batteries. It is an important is-
sue that solid polymers capable of conducting lithium-ions must meet a number of

criteria:

1. Ionic Conductivity: The ionic conductivity of a solid polymer electrolyte should
be at least 70% of the ionic conductivity of liquid electrolytes. Accordingly,
the charge and use of the batteries can be provided at different current densi-

ties [85]].

2. Chemical, Thermal, Electrochemical Stability: The polymer electrolyte should
be chemically inert with anode and cathode. In order for the batteries to work,
they must have chemical stability between 0 and 4.5 V. Plus, the polymer elec-
trolyte has to be highly resistant towards high temperatures. This is because,
depending on the operating conditions, the temperature can occasionally rise in

the devices they are used [80].

3. Mechanical Strength: At the same time, polymer electrolyte should serve as
a separator inside the battery. The nonoccurrence of a short-circuit between

anode and cathode depends on the mechanical strength of the polymer.

There are two polymer electrolyte systems available today. These can be listed as
pure solid polymer electrolyte and gel polymer electrolyte systems. While generally
showing low ionic conductivity, solid polymer electrolytes also have a high mechani-
cal strength. On the contrary, gelatinous polymer electrolytes possess a high ionic
conductivity and a low mechanical strength. Polymeric electrolytes are prepared
by using polymers such as polyvinylidene fluoride (PVdF), polymethyl methacrylate
(PMMA) and polyacrylonitrile (PAN), along with various lithium salts (X = (PFs) ™!,
(ClO4)~ !, (BF4)~!, N(CF3S0,),). The gel structure can be obtained either by using
chemical methods or by mechanically obtaining the cross-link formation. The poly-
meric electrolytes, in lithium-ion batteries that are used today, are preferred because

of both their Li-ion conductivity and flexibility [87]].
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1.3 Problems of Anode Materials in Li-ion Batteries

Ideal anode material for lithium ion batteries is lithium. However, dentritic forma-
tion of lithium on the surface of the contact during charging causes shortcut between
anode and cathode by-passing the separator. Because of this instability of the an-
ode material, researchers try to find efficient replacement of lithium. Better yet, they
found suitable replacement to electrolyte (reported as found by Qian et.al. [88]) which

would not let lithium to form dendrites.

Anode material of the commercial batteries is graphite. Li intercalates to the layered
structure of carbon in this system. However, theoretical charge capacity of carbon is
lower compared to metals. In those metallic systems, storing lithium can be achieved
by alloying. The process is called lithiation. Counter-reaction is called delithiation
which lithium ions leave negative electrode and migrates to positive electrode. Li is
very active material and it can alloy various metal elements such as Mg, Ca, Al, Si,
Ge, Sn, Pb, As, Sb, Bi, Pt, Ag, Au, Zn, Cd, Hg, etc. [89]. Although the high variety,
high efficiency and high abundance of those metal elements, the reasons behind not
to use any metal as anode material in Li-ion batteries are due to both chemical and
mechanical instability of those materials [90]. Major drawback is, during lithiation-
delithiation processes of electrode material, mechanical integrity is damaged caused
by volume change. In Li-C system, host(carbon) does not change its structure, consid-
erably. Volume change is minimum. For metals which form intermetallic compounds
with lithium, volume change is so large that structure of the battery is damaged. This
structural defective mechanism is called pulverization and it shows itself in cyclability

as a rapid decrease of charge capacity over cycles.

For that, nanostructured materials are proposed. However, materials in nanoscale
have very large surface area and as a consequence of that, during cycling, probabil-
ity of joining and merging those porous structure into bulk material increases. This
causes a minor problem. To preserve the structure, application of nanostructured
active material in an inert matrix is proposed. When Tin (IV) Oxide is used as nanos-

tructured anode material, inert LiO, coating is formed itself during lithiation. This
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inert matrix conserve the initial structure. The equation follows,

This reaction is not reversible and causes capacity loss due to inactive lithium com-
ponent, [i0,. For metal oxide anode materials, oxygen form lithium oxide during
lithiation and it does not decompose in the delithiation process. This phenomena
is called irreversible reactions problem and to solve this problem, researchers try to

alloy the active materials.

Highest charge capacity among alternative materials to graphite is silicon. Tin and
aluminum are the second. Silicon was attractive to the companies due to huge charge

capacity. Therefore researches are funded, exceedingly.

Aluminum is attractive to the military projects due to its thermal properties. High

temperature thermal batteries researches are funded by military in the USA.

Tin was the third option, so far. Lately, researches about tin alloys are in demand
due to indiscoverable variety of electrochemical properties of those. Tin oxide is the

terminus a quo of tin alloys since it is processable in nanoscale.

1.3.1 Solutions

1.3.1.1 Nanostructured Materials

Nanostructured materials are used as anode material to eliminate the pulverization
problem. Electrodes, compose of hollow spheres or 2D nanostructures, have porous
structure such that very small nano or micro scale pores distributed homogenously
over the all body of the electrodes. This property allows electrodes to expand inside
those pores instead outsider expansion of the bulk electrode. This helps to eliminate

pulverization problem as in figure [I.2]
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Figure 1.2: Effect of the morphology [3]. Bulk tin is presented with hollow points

and mesoporous tin material is presented with solid points.

Decreasing the particle size to nano-scale, increaseas cyclability dramatically accord-

ing to figure
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Figure 1.3: Effect of particle size [3].

There are two methods for nanoscale powder production, sol-gel and hydrothermal
methods. It is well-known that hydrothermal method is a more efficient way for
controlling particle size of the product. The basic two parameters in the hydrothermal

method are temperature and time.

Fujihara and his colleagues [91]], compared the powder sizes produced by hydrother-
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mal method with varying temperature and keeping the processing time constant. They
used SNCly.5H,0 as the precursor. Time was constant, 24 hours. Temperature is var-
ied between 100 and 200 °C. The relationship between temperature and particle size
is given in the table[I.2] Particle size is increased with the temperature as expected.
However, it is seen that for surface area, there must be an optimum temperature.

Table 1.2: Influence to the particle size of the temperature in the aqueous solution
treated for 24 hours.

Temperature | Particle Size(nm) | Surface Area(m?/g) | Pore Size (nm)
100 4.5 218 <2.7

150 54 225 3.9

200 6 209 3.8

Another study by Chen et al., they kept temperature constant and vary the time be-
tween 6 and 24 hours. They used tin folio as the precursor and NaOH to control the

pH value of the solution. SEM images of the products are in figure [I.4]

Figure 1.4: SEM images of the products treated for 6(a), 12(b), 18(c) and 24(d) hours
at 180 °C.

This study shows how tin oxide spheres are formed. In first six hours nanoparticles
were formed. Those aggreageted particles have became nucleation sites for tin oxide

spheres. Those spheres have became bigger and smoother after 24 hours.
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Other studies show that morphology of the product is not only sphere, also flowers
and plates. In the study of Yin et al. [92]], they managed to produce hierarchical form
of tin oxide plates as flowers. They used tin sulfate as the precursor. The solution is
treated at 120 °C for 48 hours. They claim that SO, compund in the precursor lower
the pH value and spheres could not form. Instead plates are formed. pH value must

have affected the surface energy of the facets.

Different structures were, also, formed by using different surfactants. Rajendran et
al. studied with anionic(SDS), cationic(CTAB) and unionic(PEG) surfactants and
compare the products as in figure [1.3]

Table 1.3: Shape and dimensions of tin oxide structures prepared with different sur-
factants.

Surfactant | Particle Size(nm) | Surface Area(m?/g) | Structure
SDS 8 112.10 Flower
CTAB 11 81.53 Cauliflower
PEG 13 68.98 Plates

1.3.1.2 Alloying with Active Materials

For instance, Sn-Sb alloy is used by Wang et.al. [93]]. They used hydrogen plasma-
metal reaction to produce spherical shaped Sn-Sb alloy nanoscale powders. They
measured cycling performances of different compositions and they found that Sn —
46.5at%Sb alloy started with capacity of 70lmAhg~" which is lower than the the-
oretical capacity of pure tin, higher than pure antimony, as composite theory dic-
tates. However, after 20 cycles, charge capacity of Sn — 46.5at%Sb alloy decreases
to 566mAhg~! and remained there which is much higher than pure tin after 20
cycles(220mAhg~! [90].). They used the stability of antimony and high charge ca-

pacity of tin to produce advance composite material.

Not all composite materials obey composite theory. In the study of Rahman et.
al. [94], they propose a system consists of Fe;Osz, Tin (IV) Oxide and C which
has much higher charge capacity than its components(Fe,O3-Tin (IV) Oxide-C sys-
tem has charge capacity of 1110mAhg ™!, the components have 1007mAhg~" [94],
780mAhg~! and 373.8mAhg !, respectively.). To explain this phenomena, they
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suggested that the system alters the irreversible reactions as reversible ones. Tin (IV)

Oxide itself reacts with lithium as,
SnO, +4L1 — Sn + 2L1,0 (1.4)

Fe,O5 reacts as,

Fe, O3 4 6L1 <— 2Fe + 3L1,0 (1.5)

Since Fe’' ion can reduce Li,O, lost charges by Tin (IV) Oxide are retrieved by
Fe, O3, other active component in the system. However, according to Guo et. al. [95],

with effect of C, the equation may become,
SN0 + 214 +— Sn + 11,0 (1.6)

In that case, they suggested that the carbon element coordinated with Tin (II) Oxide

alters the irreversible reactions.

Alloying with another metals are promising, also. For example, effect of alloying
with cobalt is studied and became commercially available by Sony. 18650 Nexelion
Sony battery utilizes a tin compound as an anode material and offer higher charge

capacity than graphite and offer stability, figure|[I.5]
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Figure 1.5: Effect of alloying with cobalt [3], 18650 Nexelion Sony battery. Sputtered
powder and sputtered film curves are irrelevant. Alloyed tin curves show stability and

cyclability unlike pure tin and tin oxides.

1.4 Hydrothermal Treatment and Formation of Tin Oxides

According to Chen et. al. [96], it is difficult to produce pure Tin (IV) Oxide due to
challenges in variations of oxidation states of tin (II) ions to tin (IV) ions. They used
SnCl1,.2H,0 to produce flower-like structures made out by nanosheets. They, also,

suggested reaction mechanism for that is,

6Sn*" + 8H,O — SngO4(OH)4 + 12HT (1.7)

The mechanism involves SngO4(OH), intermediate compound and they claim that
SngO4(OH)4 compound have important role in the mechanism. Using tin (IV) salts,
Tin (IV) Oxide nanosheets cannot be produced without any surfactant or chemical
agent because of the formation of Sn(OH),; compound. When tin (IV) salts are used

agglomerated nano or micro scaled particles are produced.
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Parallel to that theory, in the study of Zhu et. al. [97], they produce Tin (IV) Oxide
nanoparticles so called quantum dots, with precursor of SnCly.5H,0. As additive
materials, they try NaOH and N,H4.H,O. For both materials, they suggested a reac-

tion mechanisms for producing Tin (IV) Oxide quantum dots. That are, For NaOH:

SnCly +4NaOH — Sn(OH)4 + 4NaCl (1.9)

Equation [I.9] occurs before hydrothermal process, and equation [I.10] during the pro-

CESS.

For N2H4.2H201

mSnCl; + nNoHy — (SnCly)m (NoHg ) (1.11)
(SnCly)m (NoHy)y — mSn** +nNyHy +4mCl (1.12)
3N,Hy + 4H,0 — 4NH,OH + N, (1.13)

Sn** + 4NH,OH — SnO, +4NH; + 2H,0 (1.14)

Equation [I.T1] and [I.12] before hydrothermal process, equation [I.13] and [I.14] during

process.
Similar results are reported by Wu et. al. [98]], using amino acids as additive materials.

There are three approaches to kinetics of Tin (IV) Oxide formation in the process of
hydrothermal treatment. One of them, (the study of Shao et. al. [99]], as introduced
in section 2??), Tin (IV) Oxide hollow spheres are formed in alkaline media. Since
high pH value leads rapidly forming and growing Tin (IV) Oxide crystals, they create
depleted region for Sn** ions. While they grow, they surround the depleted region

and seal it.

Another approach by Yin et. al. [100], similar to the first one, they found that forma-

tion of Tin (IV) Oxide structures follows four steps according to the results of their
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study which they conducted time dependent experiments for 20 min, 1 hour, 24 hours
and 48 hours of hydrothermal treatments at 393K using SnSQO, as precursor in water
solution. According to results, formation of Tin (IV) Oxide structures is kinetically

controlled Ostwald ripening process as indicated in the study, and the steps are:

Step 1: Oxidation and hydrolysis of tin ions results in an aggregated (with low diffrac-
tion intensity) amorphous or poor crystallized phase. Those aggregated masses

are initial core material for the resulted powder.

Step 2: Then Tin (IV) Oxide nanosheets form on the spheres while composition of tin

ions decreases.
Step 3: These nanosheets becomes nucleation sites for more nanosheets.

Step 4: Finally the nanosheets form hollow Tin (IV) Oxide spheres-like hierarchical
structures(with high diffraction intensity) by consuming initial core material

(Ostwald Ripening process).

The process can be summarized as formation of hollow spheres by consuming ag-
glomerated Tin (IV) Oxide nanocrystals. In most literature, this process is attributed
to Ostwald ripening process [[100-108]], however, there is another study which spe-
cially addresses to formation of Tin (IV) Oxide nanocrystals by Lee et. al. [109].
They claim that the formation process of Tin (IV) Oxide nanocrystals is oriented at-
tachment process. The nanoparticles in Brownian motion collides and they either
collide in same crystallographic alignment then coalescence occurs or they do not

collide in same alignment then they repel each other.

Overall, the formation of Tin (IV) Oxide might be attributed to a process which started

with oriented attachment then Ostwald ripening to form final structure.

Soufyane et. al. [110], in their experiments, showed that changing only composi-
tion results in the product as Tin (II) Oxide or Tin (IV) Oxide. 2g SnCl,.2H,0 or
1g SnCl,.2H,0 dissolved in 0.35M NaOH solution and, after hydrothermal treat-
ment, Tin (II) Oxide or Tin (IV) Oxide is produced, respectively. The article gave no

information about yield.

Several chemicals can be used to control pH values. We used NH,OH, however,
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KOH, N,H4.H,O, NaOH and others are also used in literature. One study by Zhu
et. al [111]., compare KOH and N,H4.H,0. According to them, N,H,.H,O while
adjusting pH value, it also prevent further oxidation of Tin (II) Oxide microsheets
to Tin (IV) Oxide. When they use KOH under same conditions they collected the
product as a phase mixture of Tin (II) Oxide and Tin (IV) Oxide. Another study uses
NaOH by Khuc et. al. [112]], their experiments are resulted in formation of Tin (IV)
Oxide nanorods. It must be noted that their experiments are done at high pH values.
They suggest a mechanism that involves CTAB as a surfactant, but Qin et. al. [113]],
proposed that using only NaOH with ethanol present, Tin (IV) Oxide nanorods can
be produced. Common in both studies that NaOH is not only an additive to adjust
pH value, but also a morphological factor. Both studies suggest that Sn(OH)? ™ or
Na,Sn(OH)g is important intermediate compound which can be exist when NaOH

is used. The reaction mechanism follows [113]],

SnCly + 6NaOH — NaSn(OH)g + 4NaCl (1.15)

Na,Sn(OH)s — S0, + 2NaOH + 2H,0 (1.16)

Another explanation to the effect of the additive material to adjust pH value, comes
from crystallographic approach. Birkel et. al. [114]], in their studies based on interac-
tion of alkaline metal cations to oxidic surfaces using molecular dynamics program,
found that NH3 compound has smaller adsorption energy on the (110) surface, than
Na* compound(Na™ >K* >Rb* > Cs™ > TMAH > NHj;). That plane is relatively
more important due to being the most stable plane in Tin (IV) Oxide structure. The
order of energies of the planes is (110) < (100) < (101) < (001). As a consequence of
that, it is also suggested by Sato et. al. [[108], preferable growth direction of the Tin
(IV) Oxide structure is [001] direction.

Growth direction changes from [001] to [101] when HCl is used to lower the pH value
in ethanol based solution. In the study of Wang et. al. [115]], they used SnC1,.2H,0
in 30ml non-aqueous ethanol solution added 0.9ml 37% HCl processed for 12 hours
at 200 °C and they collected 150nm flower-like hierarchical micro spheres made out

of nanorods, which they preferentially growth in the direction of [101].
Experimental results of the study done by Liu et. al. [116], shows that hydrothermally

31



treated products at 180 ° C shows better thermal stability against crystal growth during
heat treatment that of hydrothermally treated at 170 °C. The cause which induces

variation on the stability, might also change other properties of the product.
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CHAPTER 2

EXPERIMENTAL PROCEDURE

In this study, phase pure or alloyed tin monoxide and tin dioxide were produced as
anode materials for Li-ion batteries using hydrothermal treatment. Concentration of
the raw material, time and pH value and composition of the solution were the main

parameters as alloying elements La, W, Y and Zr.

2.1 Hydrothermal Processing of Materials

71.4mM of tin-based solution was prepared by mixing 1050 ml deionized water, 350
ml ethanol (If water and ethanol proportion was three to one, Wtr:EtOH=3:1. Total
volume of the solution was 1400 ml.) and 0.1 moles SnC1,.2H,0O (22.5 g) in that
order at room temperature. If concentration of tin ions was 0.01 moles(C=0.01 moles
or 7.14 mM, 2.26 g of the precursor was used.). After solution was mixed rapidly,
pH value is close to 1.8. If concentration of tin ions was 7.14 or 3.57 mM, pH value
was close to 2.4 and 2.9, respectively. Then, pH value was fixed to desired values by
adding NH4;OH or HCl solution. The solution was hydrothermally treated at 200 °C
or 180 °C for 3, 12 or 24 hours. After hydrothermal stage, the solution was cooled
down to nearly room temperature in the system. Subsequently, it was washed with

deionized water, and dried in air.

Parameters of chosen experimental procedure for Tin (IV) Oxide and Tin (II) Ox-
ide were given in the table Same experimental procedures handled for alloying
process. Before hydrothermal stage during preparing solution, solvent was added to

the container contains 1 — x moles SnCl,.2H,0 and x moles alloying salts(x=0.05).
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It was observed that the powders are not reacting on contact. Alloying salts were
added to solution in x over 1 —x proportions were Lanthanum(III) nitrate hexahydrate
(La(NO3)3.6H,0), Yttrium(IIT) nitrate hexahydrate (Y(NO3);.6H,0), Ammonium
meta-tungstate hydrate ((NH4)gHyWi2049.xH;,0), zirconium(IV) oxynitrate hydrate
(ZrO(NO3),.xH,0).

As an oxidation agent K,S,0Og was also used. Similarly, solution was prepared with
0.1 moles SnC1,.2H, 0O and 1400 ml deionized water. Ethanol was not used in the so-
lution. After solution was prepared, to adjust pH value, ammonia solution was used.
Finally, K,S,0g was added with a molar ratio of 1:1 or 4:1 as K,S,04:5nC1,.2H,0.
The temperature was reached 120 °C in one hour during hydrothermal process, sub-
sequently the temperature was held at 120 °C for 280 minutes.

Naming of specimens and experimental parameters were given in the following ta-
bles.

Table 2.1: Experiments: Concentration is less than 0.1 moles. *T°,t’,’C’, refers to
temperature, time, concentration in moles of Sn, respectively.

Code T(°C) | tth) | pH | Wtr:EtOH | C
Sn005ph29 200 3 29 | 1.0 0.005
Sn005ph90 200 3 9 1:0 0.005
Sn005ph103 | 200 3 10.3 | 1:0 0.005
SnO1pH24 200 3 24 | 3:1 0.01
SnO1pH24t12 | 200 12 |24 |3:1 0.01
SnO1pHS88 200 3 8.8 | 3:1 0.01
Sn01pH105 200 3 10.5 | 3:1 0.01
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Table 2.2: Experiments: Concentration is 0.1 moles, water-ethanol mixture higher
than or equal to three to one.

Code T(°C) | t(h) | starting pH | Wtr:EtOH | C

SnWaterpH21 200 3 2.1 1:0 0.1
SnWaterpH30 200 3 3 1:0 0.1
SnWaterpH86 200 3 8.6 1:0 0.1
SnWaterpH95 200 3 9.5 1:0 0.1
SnWaterpH101 200 3 10.1 1:0 0.1
Sn19ph009 200 3 0.9 3:1 0.1
Sn19ph14 200 3 1.4 3:1 0.1
Sn20ph14 200 3 1.4 3:1 0.1
Sn19ph19 200 3 1.9 3:1 0.1
Sn20ph18 200 12 | 1.8 3:1 0.1
Sn19ph30 200 3 3.1 3:1 0.1
Sn21ph80 200 3 8 3:1 0.1
Sn22ph76 200 12 |76 3:1 0.1
Sn23ph93 200 3 9.3 3:1 0.1
Sn23NaOHph125 | 200 3 12.5 3:1 0.1

Table 2.3: Experiments: Concentration is 0.1 moles, water-ethanol mixture lower
than three to one.

Code T(°C) | t(h) | starting pH | Wtr:EtOH | C

Sn13phl19 200 3 1.9 1:3 0.1
Sn15ph78 200 3 7.8 1:3 0.1
SnEtOHph17 | 200 3 1.7 0:1 0.1

Table 2.4: Experiments: Chosen experimental procedure for Tin (IV) Oxide and Tin
(IT) Oxide.

Code T(°C) | t(h) | starting pH | Wtr:EtOH | C
Sn66ph57 | 180 4 5.7 5:1 0.1
Sn112ph19 | 200 24 |19 1:1 0.1
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Table 2.5: Experiments of alloying tin oxide with La, Y, W and Zr.

Code T(°C) | t(h) | starting pH | Wtr:EtOH | C

SnO2Lal9ph21 200 24 | 2.1 1:1 0.1
SnOLal9pH65 180 4 6.5 5:1 0.1
SnOLal9pH75 180 4 7.5 5:1 0.1
SnOLal9pH87 180 4 8.7 5:1 0.1
SnOLal9pH91 180 4 9.1 5:1 0.1
SnO2Y 19pH22 200 24 | 2.2 1:1 0.1
SnOY19pH75X(a) | 180 4 7.5 5:1 0.1
SnO2W19pH21(a) | 200 24 | 2.1 1:1 0.1
SnOW19pHS80(a) | 180 4 8.0 5:1 0.1
SnO2Zr19pH19 200 24 |19 1:1 0.1
SnOZr19pH80 180 4 8.0 5:1 0.1

Table 2.6: Parameters and XRD test results of experiments on tin oxide production
using K,S,05 as oxidation agent. (Abbreviation is used, T is for the temperature)

Code T(°C) | ratio | starting pH
SnK2S208pH12 RT 1:4 1.25
SnK2S208EpH09 | RT 1:1 0.9
SnK2S208pH9%4 RT 1:4 |945
SnK2S208EpH101 | RT 1:1 10.1

2.2 Crystallographic and Morphological Characterization

SEM images were taken by "FEI 430 Nano Scanning Electron Microscope" (SEM)
equipped with an energy dispersive Xray spectroscopy (EDS) analyze and HRTEM
images were taken by Jeol JEM2100F Field Emission Transmission Electron Mi-
croscope. XRD characterizations of the product were made by X-ray diffractometer
"Rigaku D/Max 2200" (Cu-K« radiation operating at 40kV) by continuous scanning
between 10° and 90° 20 angles with a scan speed of 2°/min and Rietveld analysis

were made by a software program, MAUD.

Crystallographic data of Tin (IV) Oxide(Cassiterite, JCPDS file No. 41-1445) and
Tin (II) Oxide(Romarchite, JCPDS file No. 06-395) are space groups of P42/mnm
and P4/nmm:2 tetragonal latices, respectively. Their lattice parameters a and c are
4.7397 and 3.1877 angstroms for Tin (IV) Oxide, 3.7986 and 4.8408 angstroms for
Tin (IT) Oxide.
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2.3 Electrode Fabrication and Measurements

In a typical measurement experiment to fabricate electrodes, active material (Tin (II)
Oxide, Tin (IV) Oxide or doped materials), carbon black and and PVDF as binder
are mixed in mass ratio of 7:2:10. Obtained slurry was coated on Cu foil. After
drying at 120 °C for one day under vacuum, 18mm electrodes were cut and put into
glovebox. Cells were assembled using lithium metal as counter electrode and 1M
LiPF¢ solution of mixture of EC and DEC in equal weight as electrolyte. Galvanic

cycling measurements were done at 0.5mA, ImA and 1.5mA current.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Qualitative Analysis of the Products

Powders produced by hydrothermal treatment was achieved successfully. Produc-
tion methods for producing phase pure SnO and SnO, were optimized. Both of the

materials are considered as different anode material.

3.2 Quantative Phase and Yield Analysis of the Products

Quantitative analysis and results of the experiments were given as yield, phase per-

centages and texture in the tables below.

Table 3.1: Results: Concentration is less than 0.1 moles.
Product SnO SnoO,
Code Yield(g) | % Texture | % Texture
Sn005ph29 0.4 0 - 100 | -
Sn005ph90 0.41 479 | (001) 52.1 | -
Sn005ph103 | 0.55 36.7 | (001) 63.3 | -

Sn01pH24 0.66 03 |- 99.7 | -
SnO1pH24¢t12 | 0.76 02 |- 99.8 | (110)
Sn01pH88 1.10 6.2 | (101) 938 | -
SnO1pHI105 1.25 10.9 | (101) 89.1 | -
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Table 3.2: Results: Concentration is 0.1 moles, water-ethanol mixture lower than
three to one.

Product SnoO SnoO,
Code Yield(g) | % Texture | % Texture
Sn13ph19 2.97 84 | - 91.6 | -
Sn15ph78 11.28 61.8 | (001) 38.2 | -
SnEtOHph17 | 3.7 73 |- 92.7 | -

Table 3.3: Results: Chosen experimental procedure for Tin (IV) Oxide and Tin (II)
Oxide.

Product SnO SnoO,
Code Yield(g) | % Texture | % Texture
Sn66ph57 | 12.85 97.3 | (001) 2.7 |-
Sn112phl9 | 2.45 06 |- 994 | -

Table 3.4: Results: Concentration is 0.1 moles, water-ethanol mixture higher than or
equal to three to one.

Product SnoO SnoO,
Code Yield(g) | % Texture | % Texture
SnWaterpH21 0.5 10 (001) 90 -
SnWaterpH30 10.5 95.6 | (001) 44 |-
SnWaterpH86 13.2 96.1 | (001) 39 |-
SnWaterpH95 13.1 94.1 | (001) 59 |-
SnWaterpH101 12.8 94.2 | (001) 58 |-
Sn19ph009 0.33 54 |- 95.6 | -
Sn19ph14 1.24 08 |- 99.2 | -
Sn20ph14 0.62 0.7 |- 99.3 | -
Sn19ph19 1.29 1.3 |- 98.7 | -
Sn20ph18 1.18 100 | -
Sn19ph30 8.24 45.2 | (001) 54.8 | -
Sn21ph80 11.92 95.7 | (001) 43 |-
Sn22ph76 13.04 73.9 | - 26.1 | -
Sn23ph93 12.45 95.3 | - 47 | -
Sn23NaOHph125 | 1.16 29.7 | (001) 70.3 | -
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Table 3.5: Results of alloying tin oxide with La, Y, W and Zr.

Product SnO SnoO,
Code Yield(g) | % Texture | % Texture
SnO2Lal19ph21 3.71 0 - 100 | (110)

SnOLal9pH65 1324 | 558|001 |442 |-
SnOLal9pH75 1358 | 30.6| (001) |69.4 |-
SnOLal9pH87 1334 | 454 | (001) | 546 |-
SnOLal9pH91 1460 | 51.7]- 483 | -
SnO2Y19pH22 | 6.7 04 |- 99.6 | (110)
SnOY19pH75X(a) | 12.95 | - - - -
SnO2W 19pH21(a) | 2.7 - - - -
SnOW19pH80(a) | 13.57 | - _ ] _
SnO2Zr19pH19 | 3.8 0 |- (100) | -
SnOZr19pHS0 13.0 76.1 | (001) | 239 |-

Table 3.6: XRD test results of experiments on tin oxide production using K,S,Og as
oxidation agent.

Product SnO SnO,
Code Yield | % Texture | % Texture
SnK2S208pH12 6.9 10.2 | - 89.8 | -
SnK2S208EpH09 | 18.33 | 1.3 | - 98.7 | -
SnK2S208pH9%4 132 | 228 | - 772 | -
SnK2S208EpH101 | 11.5 | 9.3 | - 90.7 | -

3.3 Crystallographic and Morphological Characterization

3.3.1 Effects of Processing Time and Concentration

3.3.1.1 Morphology

The results of experiments Sn01pH24 and Sn01pH24t12 are parallel to that theory
of Yin et. al. [[100]. According to the results, the phase does not exhibit high in-
tense peaks up to 48 hours 120 °C. Our experiments show that increasing in time,
resulted with higher degree of crystallization (See figure [3.1). They, also, inform
us that, for Tin (IV) Oxide, (110) plane is the preferred orientation which was con-
firmed by XRD analysis of Sn01pH24t12. Their solution contained near 5SmM tin

ions and our solution for Sn001 series were 7.14mM of tin ions close to that value.
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However, in our experiments hydrothermal treatment conducted at 200 ° C, therefore
crystallization of aggregated spheres expected in less time. When the concentration
increases to 71.4mM in our experiments, even hydrothermal treatment of 12 hours
is not enough for crystallization of Tin (IV) Oxide as in SnWaterpH21, or perhaps

higher temperature is required.
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Figure 3.1: XRD diagrams of Sn01pH24(A) and Sn01pH24t12(B). Same solution is
prepared for A(Sn01pH24) and B(SnO1pH24t12), concentration of tin ions in the so-
lution of C(SnWaterpH21) is ten times higher concentrated. Hydrothermal treatments

are prolonged 3 hours for Sn01pH24 and SnWaterpH21, 12 hours for SnO1pH24t12.

These show that, production of Tin (IV) Oxide is a kinetically controlled process,
as it is mentioned in the introduction, by both time and concentration. Increasing
in concentration might retard the process. However, according to Lou et. al. [102],
changing concentration, also, effects the morphology of the product. To test this the-
ory, we need to experiment with high concentration in a sufficiently long time of
hydrothermal treatment, because it might be argued that our experiments with con-
centration of 71.4mM corresponds to only early steps of the process explained earlier

in this section.
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3.3.1.2 Dominant Phase

Beside morphology, time is also important for the composition of different oxide
phases, if we look at the XRD test results. Since it is related to formation of Tin (II)

Oxide phase, this will be discussed at section [3.3.2]

Changing concentration affects the dominant phase of the product [110]. This phe-
nomena is also observed in our study. Our study indicates that increasing in the
concentration increases the Tin (I) Oxide, lower the Tin (IV) Oxide composition in

the product for limited time of hydrothermal treatment (See figure 3.2).
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Figure 3.2: Dependence of the composition of the phases on concentration of
SnCl,.2H,0 in the solution. When concentration decreases, formation of Tin (IV)
Oxide is favored. Circles refer to 0.01 moles while squares refer to 0.1 moles of tin

precursor is used.

3.3.2 Effects of pH Value

It was remarked by Chen et. al. [96], it is difficult to produce pure Tin (IV) Oxide
due to challenges in oxidation of Sn’* ions to Sn** ions, so that producing phase
pure Tin (IV) Oxide was challenging and formation of Tin (II) Oxide side product
might be inevitable. When XRD test results are inspected for products, it was seen
that for high concentrations of tin ions, at lower pH values phase pure product may

be achieved but in a very low yield. For higher pH values, it might be expected that
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yield of oxidation product would increase and it is observed for lower concentrations,
however, if we increase the concentration of tin ions to produce larger amount of Tin
(IV) Oxide, amount and yield of Tin (II) Oxide are increased. As in figure[3.2] percent
of Tin (IV) Oxide in the product give its place to Tin (II) Oxide phase may be due to

faster formation and growth kinetics with increasing in pH value.

If we look at the XRD test results of Sn21ph80 and Sn22ph76, we would see that,
even at higher pH values, with time, Tin (IV) Oxide phase increases its content. This
phenomena suggest that increasing in pH slow down Tin (IV) Oxide formation and
gives time to Tin (II) Oxide phase to form microsheets. It must be also noted that,
all Tin (I) Oxide products showed specific texture on (101) plane, whatever the pH

value is.

It must be noted that yield dramatically increases when Tin (II) Oxide phase is dom-
inating. The yields are close to %100. This implies that high yield and purity can be
succeeded for Tin (IT) Oxide phase at high pH values and high concentrations.

Best results for Tin (II) Oxide phase, which they formed as microsheets, are collected
when pH is neutral or basic and only deionized water is used. Increase of pH value,
results in thicker and wider sheets. The length of the edges and the thicknesses for
SnWaterpH86, SnWaterpH95, SnWaterpH101 are Sum — 0.6pm, 10um — 2.6pum
and 8.7um — 2.2um, respectively, seen in figure 3.3

Figure 3.3: Changing thickness of Tin (II) Oxide microsheets with changing pH
value. From left to right, specimens are SnWaterpH86, SnWaterpH95 and SnWa-
terpH101.

As in the figure [3.4] we see that texture and geometry affects XRD diagrams, also.
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Figure 3.4: Comparison between those three specimens, SnWaterpH86(A), SnWa-
terpH95(B) and SnWaterpH101(C). Shifting peaks is caused by morphology and tex-

ture.

For lower pH values, we see disruption of the microsheets, see figure @ It is seen
that Tin (II) Oxide microsheets are disrupted when pH value is high enough to pro-
duce Tin (II) Oxide microsheets but lower than the neutral value. Disrupted particles

are useful for applications which requires high BET surface.
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Figure 3.5: Comparison of SEM images between two specimens which they are
produced with different pH values. Left: SEM image of SnWaterpH30(pH=3.0),
wtr:EtOH=1:0, magnification 5000x. Right: SEM image of SnWaterpH86(pH=8.6),
wtr:EtOH=1:0, magnification 5000x.
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The effect of starting pH value to the texture is seen dramatically for SnWaterpH30

in the figure
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Figure 3.7: Comparison between those three specimens, SnWaterpH30(A) and SnWa-
terpH101(B). Shifting peaks is caused by morphology and texture.

3.3.3 Effects of Water:Ethanol proportion

Due to corrosive properties of ethanol, adding ethanol to solution may be thought
as an important additive. Experiments showed that Water:Ethanol proportion is very
effective according to yield, purity of the product, crystallization, aggregation of the

particles and the morphology.

When ethanol is present in the system, figure [3.8] ethanol suppress Tin (II) Oxide
formation and the product is collected with higher composition and yield of Tin (IV)

Oxide phase.
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Figure 3.8: Dependence of composition of the phases on water-ethanol proportion of
the solution. For all solutions, 0.1 moles SnC1l,.2H,O(the molarity is 71.4mM) is
used. Circles for Water:EtOH=1:0, squares for Water:EtOH=3:1 and diamonds for
Water:EtOH=1:3.

Secondly it is seen that percentage of Tin (IV) Oxide is increased for high concen-
trations of tin ions as in the figure [3.8] (Remember that percentage of Tin (IV) Oxide

decreases while concentration increases as in the figure |3.2).

However, still phase pure product was not produced at high pH values. The yield was
still low, but higher. This higher amount of yield collected as Tin (IV) Oxide, may be
due to higher solubility that of in ethanol.

Beside its composition and amount, thirdly, using ethanol cause retardation of crystal-
lization, if we compare SnWaterpH21(pure water as solvent) and SnEtOHph17(pure
ethanol as solvent) according to the XRD test results(figure [3.9).
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Figure 3.9: In same concentration and pH values are chosen, pure ethanol in SnE-
tOHph17(A) and pure water SnWaterpH21(B) are used as solvents. As we can see
crystallization is at higher degree at SnWaterpH21.

Four of all, according to SEM images in the figure [3.10] aggregation of nanoparticles

are smoother when pure ethanol is used.

ferent solutions according to their water-ethanol proportion in acidic environment.
Left: SEM image of Sn19ph19, wtr:EtOH=3:1, magnification 5000x. Right: SEM
image of SnEtOHph17, wtr:EtOH=0:1, magnification 5000x.

Finally, effects of ethanol is similar to lower pH affects on Tin (II) Oxide microsheets,
disruption of the rectangular shape as in the figure[3.11] As we can see, Tin (IT) Oxide

microsheets in Sn21ph80 are disrupted due to ethanol content in the solvent.
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Figure 3.11: Comparison between two specimens which they are produced with dif-
ferent solutions according to their water-ethanol proportion in basic environment.
Left: SEM image of Sn21ph80, wtr:EtOH=3:1, magnification 5000x. Right: SEM
image of SnWaterpH86, wtr:EtOH=1:0, magnification 5000x.

3.3.4 Effects of Heat Treatment

Heat treatments are conducted at 600 °C for 2 hours. It was expected Tin (II) Ox-
ide phase transform into Tin (IV) Oxide with a side effect of grain growth. Heat
treatments are subjected to the specimens Sn19ph19 produced at low pH value, dom-
inated phase was already Tin (IV) Oxide and specimens produced at neutral and high

pH values Sn21ph80 and Sn23ph93 which their dominated phase was Tin (II) Oxide.

The effect of heat treatment on Sn19ph19 was seen as increase in crystallinity of its

Tin (IV) Oxide phase, see[3.12] XRD peaks became sharper and intensity was higher.
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Figure 3.12: XRD diagrams of the specimens Sn19ph19 and heat treated Sn19ph19.
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Tin (IT) Oxide phase was dominating and the relative amount of Tin (II) Oxide phase
was severely decreased after heat treatments, as expected. However, different SnO,
peaks from other rare SnO; structures were observed. Since impurity elements did
not exist according to EDS results, it was assumed that, those peaks were belong to
high pressured crystal forms of tin and oxygen system, see[3.12] During the transfor-
mation process of Tin (II) Oxide to Tin (IV) Oxide from surface to inside, the volume
of the particle should have expanded, however, primary shape of the Tin (II) Oxide
sheets would not allow the expansion and 2 hours was not enough for the relaxation

time of the newly formed structure.

3.3.5 Effects of K,5,054

For the production of the specimens whom codes starts with Sn005 and SnO1, 0.005
moles and 0.01 moles of SNCl,.2H,0 is used, respectively; for the others, 0.1 moles
of SnC1,.2H,0 is used as in the tables and If 100% purity and 100% trans-
formation of tin ions to stable Tin (IV) Oxide would be achieved, resulted yields were
expected to be 0.75g, 1.5g and 15g. Even though difference in amount of precursor,
is ten or twenty times, yields were very close to each other (except only ethanol is
used as solvent SnEtOHph17) considering amount of Tin (IV) Oxide produced ex-
cluding Tin (II) Oxide. When only ethanol is used, purity and yield of Tin (IV) Oxide

1s increased.

Since oxidation of tin ions is problematic, oxidation agent is considered to use. Ex-
pected results were high purity and yield with undesired increase in crystalline size.
Fortunately, high purity and yield were achieved without increase in crystalline size.
Crystalline size was Snm same as the specimen SnEtOHphl7 as calculated from

HRTEM images in the figure [3.13]
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Figure 3.13: HRTEM images of SnEtOHphl17(left) and SnK2S20O8EpH09(right).

Crystalline sizes are Snm in diameter.

Generally, HRTEM images of the product must be questioned if it represent the
whole. In this case, if we look at the XRD diagrams of the specimens in figure [3.14]

broaden peaks show that all products consist of nanocrystalline Tin (IV) Oxide.
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Figure 3.14: XRD diagrams of SnEtOHph17(A) and SnO2K2S208E(B).

3.3.6 Effects of Alloying

In the table [3.5] it is seen that lanthanum favors Tin (IV) Oxide formation and in-
creases yield. Close to neutral pH values and even basic values are not enough to pro-
duce high purity Tin (II) Oxide phase as it is happened to be for Sn66ph57. XRD test
results show that lanthanum does not form any impurity phases. At high pH values
Tin (IV) Oxide formed flower-like hierarchical structures. At low pH values agglom-

erated nanoparticles are formed. Tin (II) Oxide phase was formed as microsheets.
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For yttrium, at low pH value, XRD analysis do not show any impure phase, EDS
results did not trace yttrium either. However, at high pH values other phases are found.
It must be mentioned that the solution contains yttrium(III) nitrate hexahydrate, favor

crystallinity of Tin (IV) Oxide at low pH values.
At both low and high pH values, impure phases are found for when we used tungsten.

At both low and high pH values, XRD analysis do not show any impure phase for
zirconium. At high pH values, zirconium(IV) oxynitrate hydrate favored Tin (IV)

Oxide formation significantly.

3.4 Electrochemical Characterization

3.4.1 Cyclic Voltammetry

SEI formation occurs 0.9V, lithiation occurs during anodic reactions at 0.5V and

delithiation occurs at 0.2V during cathodic reactions [117].

'==1:8n0
: : : : —Sn02
0002 _v..;, ....................... j ........................ j........,...v........v..g ................. isnoﬂ_a'
: : : : ‘SnO2Y
——Sn02Zr
——iSno2K

0.001

Alcm"2
o

-0.001

-0.002 — ----------------------- ........................ ....................... ...........

Figure 3.15: CV measurement
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In our experiments we introduced different ions to the system, therefore those values

are changed.

At cathodic reactions,

1. According to figure for SnO SEI formation occured at 0.9V. For SnO2La
and SnO2Zr, it is dropped to 0.75V. For SnO2Y, it is dropped further and lost

its intensity.

2. From 0.1 to 0.7, for SnO and SnO2Y, plateaus are observed instead lithiation

peak. Highest intensities are observed for pure tin(IV) oxides.

At the anodic reactions

1. Delithiation peaks are observed right after 0.5V. For tin(Il) oxide, it reaches

further to 0.8 V.

2. Plateaus are observed from 0.8V to 1.5V.

3.4.2 Charge Capacity and Voltage Profile

Since unit mass tin ratio of SnO is higher than SnO,, lithium capacity of SnO based

materials is higher, initially. Unfortunately, during cycling, their charge capacity de-

creases rapidly (as in figures [3.16|and [3.17) and gradually dropped to very low values.
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Figure 3.16: Charge densities versus charge-recharge cycles for tin monoxide group.
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Figure 3.17: Charge densities versus charge-recharge cycles for tin dioxide group.
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Figure 3.18: Discharge-time profile for alloyed and pure SnO
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Figure 3.19: Discharge-time profile for alloyed and pure SnO,

It is clearly seen that alloying tin oxide material with those metals solves neither the
pulverization problem nor irreversible reactions problem. However, yttrium addition
increased charge capacity for tin dioxide. On the other hand, addition of tungsten

decreased the capacity for both phases.
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CHAPTER 4

CONCLUSION

Parameters of hydrothermal treatment process temperature, concentration, ethanol

content and additional chemicals led these conclusions:

1. For Tin(II) Oxide,

(a) Ethanol content favor Tin (IV) Oxide formation, also, disrupts Tin (II)
Oxide microsheets. Thus, best results for formation of Tin (II) Oxide

plates are collected when only water is used.

(b) High pH or increasing in concentration favors Tin (IT) Oxide formation by

retarding to transform from Tin (II) Oxide to Tin (IV) Oxide.
2. For Tin(IV) Oxide

(a) Acidic environment leads to agglomerated Tin (IV) Oxide nanocrystals.

With increasing in ethanol content, agglomerated particles are smoother.

(b) When pure ethanol was used, pure Tin (IV) Oxide powder was produced
and yield dramatically increased to 50 percent. Crystalline size of Snm is

obtained by two methods.

(c) Large scale production of nanostructured Tin (IV) Oxide is achieved with
K,S,0g oxidation agent.For overall process Tin (IV) Oxide quantum dots

with crystalline size of 4-5 nm and 100% yield is produced.

(d) Time is necessary for formation and fully crystallization of Tin (IV) Oxide
product. Time, also, controls morphology of the Tin (IV) Oxide product

due to step by step formation of Tin (IV) Oxide hollow microspheres.
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(e) After hydrothermal process, heat treatment of the powder may be con-
ducted. During transformation, high pressure structures of Tin (IV) Oxide
and Tin (IT) Oxide are observed. These may inform us about how trans-

formation is occurred.

Electrochemical testing resulted as,

1. Pure Tin(I) Oxide, SnO-Zr, SnO-Y and SnO-W systems had initial charge
density of 1150, 1100, 1100, 990 mAh/g and after 21 cycles, 15, 10, 18 and

20 percent of their capacity was retained, respectively.

2. Pure tin Tin(IV) Oxide, SN0O,-K, SN0O,-Zr, Sn0O,-Y, SNn0O,-W and SnO,-La
systems had initial charge density of 1090, 1090, 990, 1250, 920, 1110 mAh/g
and after 21 cycles, 38, 38, 25, 12, 45, 23 and 20 percent of their capacity was

retained, respectively.
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