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Zusammenfassung

Lithium-Titanat-Spinell LiysTis;304, Ramsdellit Li;TisO7, und Spinell - Kochsalz
abgeleitetes Liss+xTis304 (0 < x < 1) wurden untersucht, um ein gemischt-leitendes
(d.h. Li-lonen und Elektronen) keramisches Material als Kathoden-Matrix fiir eine
Festkoper-Lithium-Schwefel-Batterie zu entwickeln. Die Lithium-lonen- und die
elektronische Leitfahigkeit sollte durch Optimierung der Verarbeitungs-Atmosphare,
Dotierung von aliovalenten lonen auf entweder Li- oder Ti- Platzen, und Li-Insertion
in Spinell LisysTis304 verbessert werden.

In beiden, Spinell Lisy;sTis304 und Ramsdellit Li; TizsO7, erhohte die Verarbeitung in
kontrollierter reduzierender Atmosphare die elektronische Leitfahigkeit deutlich. Dies
ist wesentlich bewirkt durch Ti** oder/und an Sauerstoff-Leerstellen gebundene freie
Elektronen, wie sie im Prozess in reduzierender Atmosphare entstehen. Li-Insertion
in Spinell LiysTis;304 fihrte auch zu einer Zunahme der elektronischen Leitfahigkeit
durch die vom eingefiigten Li bewirke Bildung von Ti**.

In Bezug auf die Li-lonen-Leitfahigkeit kann eine Dotierung von Spinell Lis/;Tis304
und Ramsdellit Li;Ti3O; die Gitterkonstante wie gewtiinscht erh6hen, ohne aber die
Li-lonen-Leitfahigkeit zu verbessern. Es wurde qualitativ bestatigt, dass Li-Insertion
in Spinell Lisy;sTis304 die Li-lonen-Leitfahigkeit erhoht.

Fe-dotierter Spinell Lis;3Tis3O4 soll mit seinem 2-stufigen Spannungs-Verhalten
bei der Li-Insertion die Lokalreaktion im Leerlaufzustand von Liss+xTis3Os mit
Schwefel begrenzen. Bei Li-Insertion in den Fe-dotierten Spinell Lis;3Tis304 erhohte
sich die Gesamt-Leitfahigkeit. Die Auftrennung der Leitfahigkeit in Li-lonen- und
elektronische Beitrage wiirde die Optimierung von Fe-Dotierung- und Li-Insertions-
Menge erlauben, um damit das gewiinschte keramische Material mit ausreichender
Li-lonen- und elektronischer Leitfahigkeit flir die Kathode in einer Li-S Batterie zu

realisieren.
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Chapter 1: Introduction
1.1 Motivation
1.1.1 Insufficient cycle stability of lithium-sulfur battery

A lithium-sulfur (Li-S) battery has been extensively investigated as an alternative
to the conventional lithium ion (Li-ion) batteries. The Li-S battery has a superior
theoretical capacity to the conventional Li-ion batteries and may provide up to 600
Wh/kg on a cell level. A current Li-S battery typically consists of Li metal as an
anode, a separator filled with a liquid electrolyte, and a mixture of sulfur, carbon, and
a binder as a cathode. This type of cell can provide a good capacity during initial
cycles, but the cycle stability of the cell is not sufficient to compete with the other
conventional Li-ion batteries. One of the reasons for the insufficient cycle stability is
the degradation of the cathode matrix during the cycles. Therefore a stable cathode

structure needs to be developed to improve the cycle stability of the battery.

1.1.2 Lithium titanate as a framework of the stable cathode structure

The stable cathode structure in Li-S batteries may be realized with a ceramic
material as a framework of the cathode matrix. Carbon and the binder in the
conventional cathode are replaced by a mixed conducting (i.e. electronic and Li-ion
conducting) ceramic with good structural stability filled with sulfur. A lithium titanate
system was investigated in this study for the purpose. The commercial use of spinel
Lis/3Tis;304 and ramsdellite Li; TisO7 as an anode in some conventional Li-ion batteries
implies that the lithium titanates may possess good electronic and Li-ion

conductivities and good structural stability.

1.2 Objectives

The objectives of this study on the lithium titanate system are as follows:
- To increase electronic and Li-ion conductivities towards a target value to be able to
implement the material in the cathode matrix of the Li-S battery.
- To acquire a better understanding of electronic and Li-ion conduction mechanisms
- To investigate whether it is possible to implement the material into the Li-S battery
environment without creating any problems. If there are problems, solutions need to
be addressed

Material development (i.e. bulk properties) of the ceramic for the cathode purpose

is the focus of this study.
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1.3 Organization of the thesis

Here, the organization of the following chapters is briefly explained.

Chapter 2 provides a background to this study. A literature review on Li-ion and
Li-S batteries and the lithium titanate system, target properties, and strategies to
achieve the target properties are included.

Chapter 3 reviews the details of the material processing. The experimental
technique and approaches used to characterize structural and electrical properties
are also described.

Chapters 4 and 5 present the experimental results and discussion on the results,
respectively. The structural and electrical properties of the lithium titanate ceramics
are emphasized. The chapters are divided into the structures; spinel Liy3Tis;304,
ramsdellite Li,TizO7, and spinel - rock salt derived Lig3z+xTis304. Discussion on the
relationship between these 3 compounds is also provided. The Fe doped Lig3Tis;304
is presented as a separate section for the sake of Fe doping, which is different from
the other dopants.

Chapter 6 summarizes the important findings of scientific and technological

perspectives.



Chapter 2: Background
2.1 Li-ion batteries
2.1.1 Conventional Li-ion batteries

Li-ion batteries have been intensively developed over the last several decades
and nowadays employed in many electric products such as laptops, cell phones, or
portable power tools [WhiO4][Arm08][Tar01]. Figure 2.1 is the schematic of a Li-ion
battery with a current technology in industry. The anode typically consists of graphite
and the cathode consists of a Li intercalation material such as LiCoO,. The 2
electrodes are connected through a liquid electrolyte, typically LiPFg in nonaqueous
solvents [Whi04] [Scr10].

Discharge

Discharge

r

Jischarge
-ﬁ‘ * *
Liquid B
electrolyte O

A—
Charge

Figure 2.1. A schematic showing a typical conventional Li-ion battery [Goo07]

When the battery is discharged, a current is produced by Li-ions travelling from
the anode to the cathode through the electrolyte and electrons travelling through an
external circuit, which serves as electricity for electric products. In contrast, when the
battery is charged, Li-ions travel from the cathode to the anode through the
electrolyte and electrons through the external circuit.

These Li-ion batteries with the current technology have many advantages in terms
of specific energy, energy density, and cycle stability over the other rechargeable
batteries such as Ni-Cd or Ni-MH batteries [Arm08][Yos09]. However, the use of Li-
ion batteries for electric vehicles has been limited [Goo11].

One of the limitations of the currently existing Li-ion batteries for the use in electric

vehicles is the driving range of the electric vehicles. There already exist electric
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vehicles from several auto manufactures in market (e.g. Mitsubishi i MiEV, Nissan
Leaf), but the driving range is limited to 100-150 km before the battery needs to be
charged [Mit11][Nis11]. The driving range of 100-150 km is not long enough for
many users; the driving range is much shorter than that of gasoline based vehicles,
which is > 500 km. One exception is the vehicle from Tesla, Roadster, with a driving
range up to 300 km [Tes11], but the battery is too heavy and the price of the vehicle

is not affordable for every consumer.

2.1.2 Li-S battery

One way to increase the driving range of electric vehicles with relatively light
battery weight is to increase the specific energy of the battery; specific energy is
defined by the energy which a battery of unit weight can supply. Li-S battery has
been investigated intensively as a possible solution for the longer driving range
[Akr04][Che03/1][Che03/2].

Figure 2.2 shows the specific energy and energy density of Li-S battery and other
types of rechargeable batteries. Although the maximum specific energy which can
be achieved with the currently commercial Li-ion batteries is about 200 Wh/Kg on a
cell level, Li-S battery is expected to have a specific energy of up to 600 Wh/kg on a
cell level. Sion Power, one of the leading companies for Li-S battery in the field, has
already achieved a specific energy of 350 Wh/kg and expects to achieve a specific

energy over 600 Wh/kg in the near future [Sio11].
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Figure 2.2. Specific energy and energy density of Li-S battery and other types of

rechargeable batteries. The values are based on a cell level [Sio11]

A current standard Li-S battery consists of Li metal anode, a liquid electrolyte, and
a cathode made of sulfur and carbon held together by a binder [Akr04]. Carbon is
added to enhance electronic conductivity, since sulfur is electronically insulating.

When the battery is discharged, Li and S react to form Li,S through the following

reaction.
2Li" +2e + % Sy, <= Li,S (2.1)

The reaction is known to occur through various polysulfides; Li,Sg, LiySs, LioSs, LiySs,
and Li,S, [Ark4].

Figure 2.3 shows a typical discharge profile of a Li-S cell. The profile can be
divided into two regions; the first region with the voltage of about 2.5 down to 2.1 V
and the second region with the constant voltage of about 2.1 V. It is understood in
literature that the first region is involved with reaction of the polysulfides which are
soluble in the electrolyte (e.g. Li,Ss and Li,S3), and the second region with the
polysulfides which are insoluble in the electrolyte (i.e. Li»S, and/or Li,S) [Mik04]
[Che03/1].
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Figure 2.3. Typical discharge profile of a Li-S cell. DOD stands for depth of
discharge and the values in % are against the theoretical capacity of the cathode
[Che03/1]

The Li-S battery is promising for the higher specific energy, but its battery cycle
stability is in doubt. The degradation in specific energy over cycles is observed
[Che03/2]. To the best of the knowledge, no Li-S battery with the cycle capability of
more than 500 cycles without the significant degradation in specific energy exists so
far [Sio10]. The current cycle capability is not sufficient for electric vehicles which are
used on a daily basis.

Here are the possible causes for the low cycle stability.

1. Li dendrites grow into the electrolyte, which may lead to a local short circuit in the
battery.

2. Li polysulfides are dissolved into the liquid electrolyte. This may lead to a loss of
active S from the cathode, when the shuttle mechanism is occurring [Akr04].

3. Reaction between Li metal anode and the electrolyte, which may lead to the
degradation of the electrolyte.

4. Structural degradation between S/Li,S and carbon in the cathode may occur
during cycles. Unlike Li intercalation materials in the conventional Li-ion batteries,
the reaction of Li with S to form Li,S, or the reaction in the other direction, is a
conversion reaction (i.e. the formation of a completely new compound). S/Li,S
expands and contracts significantly during the reactions, which may lead to a loss

of contact between S/Li,S and carbon.
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2.1.3 All solid state Li-S battery

The problems with the low cycle stability in the current Li-S batteries mentioned in
the previous section may be solved by realizing an all solid state Li-S battery [Eis09]
[Eis10]. Figure 2.4 shows the schematic of the all solid state Li-S battery. The liquid
electrolyte is replaced by a solid ceramic electrolyte, and the sulfur-carbon cathode
matrix is replaced by a ceramic filled with sulfur. The ceramic in the cathode is

utilized as a rigid framework for the cathode matrix.

Discharg]

Figure 2.4. A schematic of an all solid state Li-S battery with a ceramic based

cathode matrix

The solid electrolyte may solve the first 3 problems explained in the last section.
The ceramic cathode structure may solve the last problem with the structural
degradation in the cathode matrix during cycles. The cathode is based on a rigid
hierarchically branched structure made of a mixed electronic and Li-ion conducting
ceramic. The mixed conductor is required in the structure to be able to transport Li-
ions from the electrolyte to sulfur and at the same time electrons from the current
collector to sulfur during discharge, and to transport them in the other direction during
charge. With this cathode configuration, there would be no morphology change on
cycling and sulfur would stay in the same place in a controlled manner.

For the cathode matrix purpose, a ceramic material with the following properties
needs to be developed.

1. High electronic conductivity with a target value of 5 x 102 S/cm at room
temperature.
2. High Li-ion conductivity with a target value of 5 x 102 S/cm at room temperature.

3. High structural stability, so that there is no structural degradation during cycles.
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4. If the material is electrochemically active, the electrochemical potential against
Li/Li* of the material should be lower than that of sulfur. Otherwise, when Li-ion
comes into the material, Li-ion would stay in the material, not being transported to
sulfur.

The target value of 5 x 102 S/cm was determined based on the calculation for the
specific energy of 600 Wh/kg as a cell level with rate of 2C for a specified geometry

[Eis09] [Eis10]; 2C rate means that a battery is charged or discharged 2 times in 1

hour.

2.2 Electrically conducting ceramics
An electric current flows in a material when there are mobile charge carriers (e.g.
electrons or ions) in the material and an electric field is applied to the material. The
charge carriers are accelerated by the applied electric field, but not infinitely due to
the collisions or interactions of the carriers [Mou03]. The velocity is saturated at
some point with average drift velocity, Vg,
_G9Er

V
“m

(2.2)

where, g and m are a charge and a mass of the carrier, respectively, E is an applied
electric field, and t is the average relaxation time between collisions [Kin76]. A
current flows in proportion to the drift velocity. The current density, J, in the material
containing charge carriers with a density of n and a charge of q, is expressed by
[Mou03],

J =nqgV, (2.3)
Ohm’s law states,

J =0kt (2.4)
where o is conductivity. By comparing the equations 2.3 and 2.4, the conductivity is
given by,

O = % (2.5)

Mobility, p, can be defined as the following when the drift velocity is proportional to
the applied electric field [Mou03],

Vy =HE (2.6)

By combining the equations 2.5 and 2.6, the conductivity is derived:

8
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o = ngH (2.7)
Equation 2.7 suggests that a higher carrier density and a higher mobility of charge
carriers are essential for a higher conductivity. Electric conduction in ceramic
materials can be either electronic or ionic, or a mixture of them in mixed conductors,

which are described in detail in the following sections.

2.2.1 Electronic conduction

When electronic properties of materials are described, a simple band theory is
often employed. With the band theory, electroceramic materials can be divided into 3
broad categories with respect to their electrical conduction behavior; namely, metals,
semiconductors, and insulators [Mou03]. Figure 2.5 shows the difference for the

conduction mechanisms with a simple electron band model.

/, / / ///
'// Conductlon band

Gz 7
/ Partly filled band //

(@) (b) ()

Figure 2.5. Schematic electron band structures for (a) metals, (b) semiconductors,

and (c) insulators [Kin76]

In metals, an electron with the highest energy lies in a partially filled band and
excited states are continuously available. The energy of the highest filled level in the
ground state at 0 K is defined as the Fermi energy, E; [Kit05]. On the other hand,
semiconductors and insulators have a gap between the electron with the highest
energy and the next available state. At 0 K, the valence band is completely filled,
and the conduction band is empty. In this case, E; lies between the bands and it is at
E¢/2 for semiconductors and insulators. The energy difference between the valence

and conduction bands is called the band gap. Insulators and semiconductors are



Chapter 2: Background

distinguished by the magnitude of the band gap, E;. If E4 is relatively small, materials
are classified as semiconductors since thermal energy tends to be large enough to
excite a population of electrons from the valence band to the conduction band, as
shown in Figure 2.5 (b). If E; is relatively large, materials are called insulators since
thermal energy is insufficient to promote many electrons to the conduction band
[Kin76]. 2-3 eV is often used as the boundary between semiconductors and
insulators, but no strict definition has been made.

The electronic conductivity in metal decreases with increasing temperature. This
decrease is caused by interactions between thermally activated electrons and
phonons [Mou03], which results in the decrease in the mobility of electrons, while the
carrier density remains. In semiconductors or insulators, the electronic conductivity
increases with increasing temperature. More and more electrons are thermally
activated to the conduction band at higher temperatures. The increase in the carrier
density dominates the conductivity, since the temperature dependence of the density
is much more significant than that of the mobility [Mou03].

The temperature dependence on the conductivity in semiconductors or insulators
is often described by Arrhenius model [Mou03]. Arrhenius model assumes that a
thermally activated process governs the electronic conductivity. This yields a

temperature dependent conductivity expressed by:

E
o =0, exp(- ” aT) (2.8)
B

where o is the measured conductivity, oo is a temperature independent constant, E,
is the activation energy, kg is Boltzmann’s constant, and T is temperature in K. This

I“

“experimental® activation energy, E,, is equivalent to the half of E; [Mou03].

The band gap in semiconductors can be modified by doping aliovalent ions. n-
type and p-type semiconductors refer to the material doped with the ions with a
higher charge (eg. P°* on Si** site) and with a lower charge than the ions in the host

I** on Si*" site), respectively [Mou03].

lattice (eg. A
The n-type doping, for example P°* on Si** site, supplies extra electrons in the
material through the following defect expressed with Kroger-Vink notation (see

[Kr656][Kro64] for the complete description of Kréger-Vink notation),
lPSi.J: [e’] (2.9)
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2.2 Electrically conducting ceramics

A P*" ion on a Si** site creates an effectively positive charge. The effectively positive
charge is compensated by an electron. This extra electron creates another energy
level near the conduction band, which is called as donor states, as shown in Figure
2.6.

Conduction band

B A S

Donor states

Acceptor states

S 11

777575

Figure 2.6. A schematic showing the change in the band structure by n- and p-type
doping [Mou03]

The extra electrons in the donor states are promoted to the conduction band with
much less thermal energy than intrinsic jumps from the valence to conduction band.
This results in the increase in electronic conductivity at low temperatures, compared
with the undoped material. This low temperature range with the conductivity increase
is called “extrinsic range.” At higher temperatures, the intrinsic reaction dominates
the conduction and no obvious effect from the n-type doping is observed. The high
temperature range is called “intrinsic range.” There exists another intermediate
range called “exhaustion range.” At temperatures in this range, all extrinsic reactions
are over (i.e. no more electrons in the donor states) but the temperature is not high
enough for the intrinsic reactions. So the number of electric carrier stays same here.
The slight decrease with increasing temperature is normally observed in the
exhaustion range due to the decrease in mobility with increasing temperature [Sol03]

The p-type dopants (e.g. A" on Si** site) have one less electron than the host

ions, which creates holes in the material through the following defect,

[AISi’J - [h] (2.10)

A AP* jon on a Si* site creates an effectively negative charge. The effectively

negative charge is compensated by a hole. This extra hole creates another energy

11
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level near the valence band, which is called as acceptor states, as shown in Figure
2.6. When electrons in the valence band are thermally activated to the accepter
states, a partially empty valence band is introduced, resulting in the increase in
conductivity.

In ceramic materials, oxygen vacancies also modify the band gap [Mou03].
Processing materials in reducing atmosphere often introduces oxygen vacancies in
ceramic materials [Smy00]. For example for a metal oxide MO, where M is a metal

ion,

M,, +0O, — e _atmosphere \g 426" 4y * +% 0,(9) (2.11)

oxygen vacancies are created by oxygen leaving from the material as a gas phase.
Each oxygen vacancy results in 2 extra electrons in the material to maintain electrical
neutrality. Similar to the n-type doping, the extra electrons introduce another energy
level in the band diagram near the conduction band and the conductivity increase in
the extrinsic range is observed.

The band theory introduced in the last paragraphs is not appropriate to describe
some electronic conducting materials containing multivalent ions.  Electronic
conductions are sometimes described well by electron hopping mechanism [Mou03]
[Kin76]. Electron hopping, also called as polaron conduction, occurs between the
atoms with multiple valence states, which are located on crystallographically
equivalent lattice sites. Therefore, the electron hopping is often observed in the
materials with transition metals. Polaron consists of electronic carrier and its
polarization field [Kin76]. Mobility of electron or hole hopping from a site to another
site is thermally activated, resulting in the similar Arrhenius behavior as discussed for
the band conduction model.

The conductivity increases similarly with increasing temperature in the materials
with the 2 different conduction mechanisms, namely the band conduction and
electron hopping, except the exhaustion range for the band conduction. The
mechanisms for the increase, however, are different. The distinction between the
band conduction and the electron hopping is that the number of electronic carriers is
thermally activated in the band conduction, whereas the mobility of electrons (or

holes) is thermally activated in the electron hopping [AdI74][Kin76].

12



2.2 Electrically conducting ceramics

2.2.2 lonic conduction

Electronic conduction dominates in many materials, but there are also materials in
which ionic conduction dominates. Diffusion of ions in a material can be described
by a simple model as shown in Figure 2.7. lons are trapped in potential wells in
solids. Potential barriers with the energy, En, are built at intermediate positions,
since ions must squeeze through openings in the material to diffuse to other sites.
For an ion to be able to diffuse, the well next to the ion needs to be empty, which
costs the energy, Ep, to create the defect-site. Activation energy, E,, for ionic
conduction in a material with Schottky defect (i.e. a pair of unoccupied cation and

anion sites [Kin76]) is expressed by [Nak05],

E
E =7D+ E, (2.12)

a

_v
Potential barrier, £n

N

Defect-site Formation, £h

Figure 2.7. A schematic showing activation energy for ionic conduction [Nak05]

Diffusion of ions is thermally activated and expressed in the following equation;
more ions have sufficient energy to overcome the potential barrier at higher

temperatures [Kin76],

E
D =D, exp(——2
o exp( kBT) (2.13)

where D is the diffusion coefficient and Dy is temperature independent constant. This

diffusion coefficient is linked with the ionic conductivity, o, through Nernst-Einstein

equation [Mou03],

D kT (214)
Combining equations 2.13 and 14, the following equation is obtained,
B E
o =—exp(——2
= p( kBT) (2.15)
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where B is temperature independent constant. Equation 2.15 looks similar to
equation 2.8 for electronic conduction, but there is a distinction. The distinction is
that o in equation 2.15 for ionic conduction is proportional to 1/T x exp(-1/T), whereas
o in equation 2.8 for electronic conduction is proportional to only exp (-1/T).

In order to develop a material with high Li-ion conduction, the activation energy,
Ea, needs to be minimized (Equation 2.15). Equation 2.12 implies that, for the
purpose, it is important to lower the potential barrier, E,, or/and the defect formation
energy, Ep. Often in materials with high ionic conduction, the defects formation
energy is minimized by extrinsic defects, for example by doping [Nak05]. The
potential barrier would be minimized when there is large open space for ions to move

and the ions are not strongly bounded to their lattice.

2.2.3 Mixed conductors

There are materials classified as mixed conductors, which are good electronic
conductors as well as good ionic conductors. Transference number is often
employed to describe the contribution of each electric carrier to the total electric
conduction [Hug02]. For a simple case with electrons and one type of ions, the
transference numbers for ionic conduction, ti, and for electronic conduction, t., are

expressed as,

t =—1
Ay (2.16)
t = .
e T (2.17)

where, i; and ie are the partial currents for the ions and electrons, respectively. For
the purpose in this study, the desired transference number is 0.5 for both electronic

and Li-ion conductions.
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2.2 Electrically conducting ceramics

2.3 Lithium titanates
2.3.1 Phases in a lithium titanate system

Figure 2.8 is the phase diagram of Li,O-TiO, system. There are 4 binary
compounds in the system, namely LisTiOg4, Li;TiOs, LissTis;3O4, and Liy TizO7 [12q80].
Lis3Tis304 and LipTisO7 were focused in this study, since LisTiO4 and LiyTiO3 have

been reported to be poor Li-ion conductors [Vit02][Vij09][Dis95].
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Figure 2.8. Phase diagram of Li,O-TiO; [Izq80]

Spinel LigsTis304 has been used as an anode material for Li-ion batteries in
industry [Kos08], which suggests that the material may be suitable for the stable
cathode structure in the Li-S battery. Ramsdellite Li,TisO7 has been less studied in
literature than the spinel Lis;sTis304, but also investigated as an electrode material for
Li-ion batteries [Arr97][Gov97]. Ramsdellite Li;TizO7 possesses tunnels filled only
with Li ions (described in detail in section 2.3.3), which may be an optimal conduction
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path for higher Li-ion conductivity. The two phases are close in composition, but their
structures and electronic properties are significantly different. These two phases,
spinel LiysTis;304 and ramsdellite Li;TizO7, have been intensively investigated in this
study.

Figure 2.8 is a binary phase diagram of Li,O and TiO,, where all Ti ions have
valencies of 4*. It has been shown in literature that it is also possible to prepare
lithium titanate compounds with Ti** ions [Gov98][Ste93][Joh76]. Figure 2.9 is a
ternary diagram of Li,O, TiO,, and Ti,Os. Li can be inserted into spinel Lis3Tis304
and ramsdellite Li,TizO7 up to LizsTis3sO4 and Lis24TisO7, respectively [Sch99][Arr97].
Li1+xTi2O4 (0 < x £ 1) may be a good Li-ion conductor, but Lissz:xTis304 (0 < x < 1)
contains more Li atoms, which may improve Li-ion conductivity further. Therefore, Li
insertion into spinel LiysTis;3O4 was investigated in this study. Li insertion into

ramsdellite Li, Ti3O7 is also of interest, but no investigation was conducted.

o
Li,0 Li,TiO, LiysTig:0, TiO,

Figure 2.9. Compositional relationships of Li,O - TiO; - Ti;O3. The red dotted lines,
line 1 and 2, are for Li insertion into spinel Lis;3Tis304 and ramsdellite Li; TizOy,
respectively. The gray dotted line, line 3, is for the compositions with different ratios

of Li and Ti while keeping the spinel structure

Thus, the structures which were investigated in this study:
- Lig/3Tis/304
- Lig/z+x Tis304 (0 < x £ 1)
- Li TisO7
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2.3 Lithium titanates

2.3.2 Lithium titanate spinel Lis;3Tis304

Spinel refers to the mineral with the chemical formula, MgAl,O4. General
chemical formula of oxides with spinel structure is AB,O4 [Sic99]. LigsTis3O4 can be
written as Li(LiyeTise)204 in the general spinel formula. Figure 2.10 shows
schematics of spinel LiysTis3O4. 75% of Li ions are tetrahedrally coordinated to
oxygen and 25 % of Li ions and all of Ti ions are octahedrally coordinated to oxygen.
The tetrahedra and the octahedra are arranged alternatively, which results in a cubic
structure. The structure belongs to a space group of Fd-3m with the lattice
parameter a = 8.35950 A [Sch99].

B S
. (b)

® Tetrahedrally coordinated Li
® Octahedrally coordinated Ti and Li

®o

Figure 2.10. Schematics of spinel Lisy;sTis;3sO4 showing (a) only one tetrahedral block

and one octahedral block (b) one complete conventional cubic unit cell

Spinel LiysTis;304 is an electronical insulator with electronic conductivity, celectronic
< 10 S/cm at room temperature [Che01][Wol08]. Mg doping has been shown to be
effective to increase electronic conductivity up to 102 S/cm [Che01]. Also, other
doping elements such as Cr and V increased rate capability which may indicate that
electronic conductivity increases with the doping [Yil0]. At the same time,
processing the material in reducing atmosphere without doping also resulted in better
electronic conductivity up to 10°S/cm [Wol06]. It is not clear in literature if the doping

or processing in reducing atmosphere contributes to increase electronic conductivity.
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Spinel LiysTis304 possesses Li-ion conductivity of ~ 107 S/cm [Wol08][Hua04].
Li-ion conductivity is not as high as the target value of 5 x 102 S/cm. Improving Li-
ion conductivity is essential for this material to be useful for the purpose in the Li-S

battery.

2.3.3 Lithium titanate ramsdellite Li,Ti;O7

Ramsdellite refers to the mineral y-MnO, [Mor79]. Ramsdellite Li,Ti;O7; can be
written as Lij29Ti3430s8, which represents a unit cell. The structure belongs to a
space group of Pbnm with lattice parameters; a = 5.016, b = 9.543, and ¢ = 2.945 A
[Mor79]. Figure 2.11 shows schematics of ramsdellite Li;TisO7;. There is a
framework consisting of octahedra and spaces between them. The configuration of
cations in the structure has been proposed in two different ways. One possibility is
(Li1.72)c(Tis.43Li0.57)fOs, where all titanium ions and 25% of lithium ions are octahedrally
coordinated to oxygen, and the remaining lithium ions are distributed between these
octahedra; f and c refer to framework and channel, respectively [Arr97]. The other is
(Liz.20)c(Tis.43Vacancyo57)fOs, where all titanium ions are octahedrally coordinated to
oxygen and all Li ions are distributed between the octahedra including cation
vacancies. The former has been accepted by majority in literature, but the latter has
been recently suggested as a correct configuration from diffraction and spectroscopic
study [Ore09]. In either case, the octahedra are connected through edge and corner
sharing in the way that a channel filled with Li-ions is formed along c-axis. The Li

channels along c axis may be ideal paths for high Li-ion conduction.

® Octahedrally coordinated Ti (possibly also Li)
® Available Li positions in the channel

®o

Figure 2.11. Schematics of ramsdellite unit cells. (a) 3-D view (b) top view along c-

axis. Each unit cell is divided by dash lines
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Li can be inserted into ramsdellite Li,TizO7 up to x =2.24 for Liy«x TisO7 [Arr97]. It
has been reported that during the Li insertion and extraction (i.e. Liy+xTizO7 with 0 < x
< 2.24), the volume change of the material is less than 2% [Arr00], and that
electrochemical potential against Li/Li* during the Li insertion is about 1.5-2V [Arr97].
These properties in ramsdellite Li,Ti3O; satisfies 2 of the requirements for the
cathode matrix purpose in the Li-S battery.

Ramsdellite Li,Ti3O7 is an electronical insulator [Boy79], but doping or processing
in reducing atmosphere may result in a better electronic conductivity, as observed in
spinel LiysTis304. Ramsdellite Li;TisO7 exhibits Li-ion conductivity of 1 x 10 S/cm
as polycrystalline at room temperature [Boy79]. The conductivity is not so close to
the target value of 5 x 102 S/cm, but higher than that in spinel Liy3Tis;304. Moreover,
the Li channel along c-axis may lead to a good Li-ion conduction. Therefore,

ramsdellite Li, Ti3O7 was also intensively investigated.

2.3.4 Lithium titanate spinel - rock salt derived Liss:xTis;304 (0 < x < 1)

As shown in the ternary diagram (Figure 2.9), Li insertion into spinel Lis3Tis;304
leads to the structural change to rock salt derived LizsTis3O4. Figure 2.12 is a
schematic of rock salt derived structure with spinel structure for a comparison. The
structural change is associated with the change in Li-ion coordination. Li-ions with
tetrahedral coordination in spinel LiysTis3O4 change to have octahedral coordination
during the insertion to accommodate the extra Li. The rock salt derived structure
belongs to a space group of Fd-3m with lattice parameter a = 8.3538 A [Sch99]. The
structure resembles rock salt structure in the sense that all cations are octahedrally
coordinated and anions are almost closely packed, but the structure belongs to the
same space group as spinel Liy;sTis304. Therefore the structure has been named as
“rock salt derived” [K6h09].
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(a) (b)

® Tetrahedrally coordinated Li in spinel Liy;Tiz,Q,
Octahedrally coordinated Li in rocksalt derived Li, ;Ti; 0,
@ Octahedrally coordinated Ti and Li in both structures

[ Je
Figure 2.12. schematics of (a) rock salt derived Li;/3Tis;3O4 with (b) one tetrahedral

block and one octahedral block in spinel Lis/sTiszO4 for comparison

The change in volume during the Li insertion from spinel LissTis;304 to rock salt
derived Liz;3Tis;304 is extremely small, < 0.5 % [Ohz95][Sch99]. This small change in
the structure makes this Liys.xTis3Os attractive as an electrode material in Li-ion
batteries for higher cycle stability. The feature would be ideal for the stable cathode
structure in the Li-S battery. The Li insertion into spinel LissTis;3O4 is associated with
a flat voltage profile at ~ 1.5 V vs. Li/Li* [Sch99]. The flat voltage profile suggests
that the Li insertion proceeds through the 2 phases, spinel LisysTis;304 and rock salt
derived Liz;3Tis;304 [Sch99]. When Li is inserted into spinel Lis;sTis;3O4, there are less
and less spinel LiysTis;3O4 phase and more and more rock salt derived LizzTis;304
phase, until all phase becomes rock salt derived Liz;sTis;304 phase with complete Li
insertion of 1 Li atom into spinel LisysTis304. However, it is also suggested by a
diffraction study that the single phase, Liys+xTis;3O4 is stable at room temperature
[Wag06]. The clear segregation into the 2 phases can be observed only below 100
K. It is concluded that the 2 phases are metastable at room temperature and
induced kinetically by a fast Li insertion [Wag06].

This Li insertion into spinel LisysTis3O4 may increase Li-ion conductivity. Lithium
nuclear magnetic resonance (Li-NMR) study by Wilkening shows that a jump rate
increases in 5 orders of magnitude with Li insertion of ~0.6 Li into spinel Liy3Tis;304
[Wil07/1][Wil07/2]. Li-NMR detects local movement of Li-ions, which may or may not
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2.4 Strategies to improve electronic and Li-ion conductivities

be related to Li-ion conduction. When Li-ion moves back and forth between 2 local
sites, the jump rate can be high, but these local jumps do not contribute to Li-ion
conductivity. For Li-ion conduction, Li-ions must be transported macroscopically in
the material. Li-ion conductivity is proportional to the jump rate only when the Li-ion
movement is macroscopic. It should also be noted that the measurement techniques
employed for the measurement on the 2 samples were different; ‘Li spin-alignment
echo NMR for spinel LiysTiss04 and ‘Li spin-lattice relaxation NMR for Li inserted
Lig/z+0.6 Tis3O4 [Wil07/1][Wil07/2]. The 2 numbers, therefore, may not correspond to
each other exactly. With the assumption that the 2 numbers are comparable and the
jump rate was proportional to Li-ion conductivity, Li-ion conductivity for the Li inserted
sample can be estimated as ~ 102 S/cm, which is close to the target value. This Li
insertion into spinel Lisy;sTis304 was investigated to confirm if the increase in the jump
rate with Li insertion reported by the Li-NMR study also leads the increase in Li-ion
conductivity or not. Also, the change in electronic conductivity with the Li insertion

was studied.

2.4 Strategies to improve electronic and Li-ion conductivities

The material to be developed in this study needs to satisfy the 4 requirements
(see section 2.1.3). With spinel LiysTis;3O4, ramsdellite Li;TisO7, and rock salt
derived Li73Tis304, the structural stability and the electrochemical potential of the
materials would meet the requirements. Now the challenge is to improve electronic
and Li-ion conductivities towards the target value of 5 x 102 S/cm.

The followings are the strategies how to improve conductivities in spinel
Lig/3Tis;304 and ramsdellite Li; TizOy.
- To increase electronic conductivity, introduce Ti** for Ti®*/Ti** mixed valance states.
- To increase Li-ion conductivity, expand lattice spacing to create larger spaces for
Li-ions to be transported in the structure.

Both may be achieved by,
1. Processing materials in reducing atmosphere:

In reducing atmosphere, Ti** ions may be introduced through oxygen vacancies.
Introduction of Ti** ions may also lead to the lattice expansion since the ionic radius
of Ti** ions is bigger than that of Ti** ions; the ionic radii for Ti** and Ti** ions in

octahedral coordination are 0.67 and 0.605 A, respectively [Sha76]. To confirm this
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assumption, processing materials in air or combinations of H, and Ar atmosphere
was tested.
2. Doping aliovalent ions on either Li or Ti site

The extra electron introduced by the dopant (e.g. Mg®* for Li'* or Nb°* for Ti*")
may be compensated by the change in valency of Ti ions from 4 to 3*. Larger ionic
radii of dopants and the introduction of Ti** may lead to the lattice expansion. To
confirm this assumption, Mg2*, Cu?*, Ca?*, Nb°*, Ta®*, and Zr** were doped.

Another way which may improve the conductivities is to insert Li into spinel
Lig/3Tis304 towards rock salt derived LizsTis;sO4. To confirm this, Li insertion into

undoped spinel Liy;sTis ;304 was tested.

2.5 Fe doped spinel LiysTis304: A solution to the self discharge problem

When the Liss+xTis304 (X > 0) ceramic is assumed to possess the properties
required for the cathode matrix purpose in the Li-S battery by the Li insertion and the
material is employed for the purpose, there is a problem during an open circuit with
this Lisz+xTis3O4 ceramic cathode matrix: The S cathode with the Lig/z+x Tis;3O4 (X > 0)

would suffer from self discharge,
Li4,3+XTi5,3O4 +05x S —> Li4,3Ti5,3O4 + 0.5x LiZS (2.18)

This reaction occurs since the electrochemical potential against Li/Li* of sulfur (~ 2.1
V for the solid reaction range) [Che03/1] is higher than that of Liss:xTis304 (~ 1.5 V)
[Sch99]. The self discharge within the cathode leads to a loss of capacity and
significantly inferior battery performance due to the spinel LigysTis3Os phase
possessing lower electrical conductivities.

Fe doped spinel LigsTis3sO4 may solve the problem [Ogil2]. The Fe doped spinel
Liy3Tis;304 has been studied intensively by Scharner [Sch97/1][Sch97/2].  Figure
2.13 shows the phase diagram of Liys.ysFeyTiss-2,304 (0 < y < 2.5). Depending on
the Fe amount, the structures belong to either a space group of Fd-3m or P4332. Fd-
3m is the spinel structure as explained in section 2.3.2. The structure with P4332 is
distinct from Fd-3m in terms of the ordering of the ions in the octahedral sites; the
octahedrally coordinated ions are disordered in spinel Fd-3m and ordered in P4332.
The ordered octahedrally coordinated ions lower the symmetry of the structure
further from Fd-3m.
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Figure 2.13. Phase diagram of Liss.ysFeyTisz-2y304 (0 < y < 2.5) [Sch97]. x axis is

rescaled for the chemical formula described in this study.

A two step voltage behavior, ~2.3 V (for x < x) and 1.5 V (for x > x.) against Li/Li",
is observed during Li insertion into the Fe doped LissTis;sO4 [Sch97/1].  Figure 2.14
is one example for the material, y = 0.16 for Liys-y3FeyTiss-2,304. In this case, X is
observed at x ~ 0.15-0.20, but x. changes with the amount of Fe, y. It is understood
that the higher voltage range corresponds to the change from Fe®' to Fe?* and the
range with ~1.5 V corresponds to the change from Ti** to Ti** [Sch97/1]. If this
assignment is correct, x. = y should also be true. For compositions in the 2,3 V
range, no self-discharge according to equation 2.18 would occur since the potential
for the formation of Li,S is only 2,0 V. All further inserted Li from the anode would
react with S to form Li;S. In this way the cathode matrix composition is stabilized at

X=Xc.
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Figure 2.14. Voltage profile for the Li insertion into the Fe doped sample with y =
0.16 for Li4/3.y/3FeyTi5/3.2y/3O4 [SCh97/1]

Interestingly, the Li-ion diffusivity is at its maximum around x = x. as shown in
Figure 2.15 [Sch97/1]. Thereby, the Fe doped LiysTissOs4 may guarantee
electrochemical stability and best rate performance due to the stable Liss.xTis3O04
with x = X , which provides the high Li-ion conductivity during Li-S battery operation.
Electronic conductivity at the composition x = x. is not known in literature. It is

interesting to confirm how electronic conductivity changes with Li insertion into the Fe
doped spinel Lis;3Tisz04.
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Figure 2.15. Li-ion Diffusivity as a function of the amount of Li insertion, x, into the

Fe doped sample with y = 0.16 for Lisz.y3FeyTis/z-2304 [Sch97/1]
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Chapter 3: Experimental procedure
3.1 Sample preparation

Ceramic samples were prepared by conventional solid state ceramic processing.
Powders were batched to the required stoichiometries and were then milled and heat
treated to form the desired phases. The powders were formed into solid, dense,
polycrystalline materials; pellet pressing was employed to prepare green ceramic
bodies, followed by sintering. Li insertion into the powder or pellets was performed
either electrochemically in Swagelok® cells or chemically in butyllithium or by direct

contact with Li metal foil.

3.1.1 Ceramic process
3.1.1.1 Powder preparation

Lithium titanate powder was prepared from reagent grade powders of lithium
carbonate (Li»CO3, 99.0%, Alfa Aesar) and titanium oxide (TiO,, 99.0%, Tronox). For
compositions with dopants Mg, Cu, Nb, Ta, Zr, and Fe, magnesium oxide (MgO,
99.0%, E.H.Tilge), cupper oxide (CuO, 99.7%, Alfa Aesar), niobium pentoxide
(Nb,Os, 99.9%, HC Stark), tantalum pentoxide (Ta;Os, 99.9%, HC Stark), zirconium
oxide (ZrO,, 97%, 2% HfO,, Saint-Gobain), iron oxide (Fe,03, 99.0%, Merck) were
employed.

Figure 3.1 is the flow chart for the powder preparation. Raw materials were
batched for the desired composition stoichiometrically, and mixed in isopropanol with
the amount of 50 vol% of the powder batch. 3 wt% excess Li,COs; was added to
compensate Li loss during heat treatment. The solution was then planetary ball
milled with stabilized zirconia media (spherical with 3 mm diameter, Tosoh) for 2
hours with 150 rpm (Retsch PM400). After drying the suspension by rotary
evaporator at 70 °C, the powder mixture was calcined either in air or in the mixture of
10 vol% H; and 90 vol% Ar for 10 hours at 800 °C. The estimated Po, for the
calcination process in reducing atmosphere was 10'*° atm. The change in color of
the sample was observed during calcination. Figure 3.2 shows the powder before
and after calcination. The powder before calcination was white, but grey for the Cu
doped sample and reddish for the Fe doped sample. The white powder did not
change the color, but the Cu doped and Fe doped sample changed to brownish color
during calcination in air. All the powder processed in reducing atmosphere turned

into blue.
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Chapter 3: Experimental procedure

After checking for the formation of the desired phase by using X-ray diffraction

(see Section 3.2 for measurement conditions), the powder calcined in air was again

planetary ball milled with the media and dried as described. This time, the milling

was for 5 hours with 250 rpm to crush agglomerates from the calcination process into

finer powders. After drying, the powder was sieved through a mesh screen with 180

pm openings. The powder calcined in reducing atmosphere was not planetary ball

milled, since isopropanol reacted with the powder and the powder became whiter.

Instead, the powder calcined in reducing atmosphere was milled by hand.

Figure 3.1.
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3.1 Sample preparation
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Figure 3.2. Pictures of powder before and after calcination: After calcination in

(a) air and (b) reducing atmosphere. Cu doped sample, x = 0.1 for Lis/3-xCuxTis304
(c) before and (d) after calcination in air. Fe doped sample x = 0.115 for Liys-

y3FeyTisa2y304 (€) before and (f) after calcination in air

3.1.1.2 Pellet preparation

Figure 3.3 is the flow chart for pellet preparation. The calcined powder was
uniaxially pressed at 300 bar to form disks with 13.6 mm in diameter and about 1 mm
in thickness. Samples were then cold isostatically pressed at 2200 bar to increase
the green density. The green densities of the pellets after uniaxial pressing and cold
isostatic pressing were about 50 % and 60 % theoretical density, respectively. The
pellets were subsequently sintered, typically at 950 °C for spinel and 1100 °C for
ramsdellite for 10 hours. The pellets from the powder calcined in air were sintered in
air and the pellets from the powder calcined in reducing atmosphere were sintered in
100% Ar, unless otherwise noted. The estimated Po, for the sintering process in
100% Ar was 107 atm (Purity of Ar employed: 99.999%). The blue color from the
calcination in reducing atmosphere and the brownish color from Cu and Fe doped
samples calcined in air remained after sintering in Ar and in air, respectively, as
shown in Figure 3.4. For ramsdellite Li;Ti3O; compositions, the samples were
quickly cooled down to room temperature to retain the high temperature phase. The
cooling rate higher than 500 °C/hour was confirmed to be sufficient to maintain the
pure ramsdellite phase during cooling. Most of the pellets prepared in this way
resulted in 85-98 % theoretical density. The samples processed in air were kept in
air and the samples processed in reducing atmosphere were kept in a glove box filled

with Ar, unless otherwise noted.
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Figure 3.3. Flow chart for pellet preparation with the profile for sintering
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Figure 3.4. Pictures of pellets after sintering: (a) in air (b) in reducing atmosphere.

Only Cu and Fe doped samples processed in air resulted in a different color; (c) Cu
doped sample, x = 0.03 for Liys.«Cu,Tis304 (d) Fe doped sample x = 0.115 for Liys.

v/3 FeyTi5/3-2y/SO4

3.1.2 Liinsertion
Li insertion into spinel LiysTis3Os4 was performed either electrochemically in
Swagelok® cells or chemically in butyllithium or by direct contact with Li metal foil. To

avoid the decomposition of the material in air, all preparation steps were conducted
in a glove box filled with Ar.

3.1.2.1 Electrochemical insertion
For the electrochemical Li insertion, Swagelok® test cells were assembled with Li

metal as an anode and spinel Liy;3Tis;304 as a cathode with 200 ul of 1.0 M LiPFg in
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3.2 Structural characterization

EC-DEC-DMC (2:2:1 by volume), EC-DEC (1:1 by volume),or 1.0 M LiTFSI in DOL-
DME (1:1 by volume) as liquid electrolyte and Celgard® as a separator.* The
isostatically pressed pellets and the sintered pellets processed in air and reducing
atmosphere were tested with gold sputtered electrode on one surface of the pellets to

serve as a current collector.

3.1.2.2 Chemical insertion

For the chemical Li insertion, the sintered pellets were dipped in butyllithium,
C4HoLi. The method has been shown to be able to effectively insert Li into spinel
LissTis;304 since the chemical potential of butyllithium against Li/Li* is smaller than
that of spinel LiysTis;304 [Wag06]. The sintered pellets were dipped in a solution of
an appropriate amount of butyllithium (15 wt% solution in n-hexane, Merck) and 10
ml of n-hexane (Merck). The solution with the pellets was stirred for 1-30 days at 50
°C.

Li insertion was also performed by contacting Li metal directly to the sintered
spinel LigsTis304 samples. To maintain the good contact between the Li metal and

the pellets, the pressure was applied by a spring in Swagelok® cells.

3.1.2.3 Direct synthesis of Liy3z:xTis304 (x > 0)

Direct synthesis of Lisys+xTis304 (x > 0) was attempted from a stoichiometric
powder mixture of Li,COs, Ti,O3, TiO,, but it failed to achieve the desired phases.
The precise control of Po, was not possible with the oven employed in the study.
Only Ar and H, were available for the oven. The wall of the oven was made of
carbon, which may have reduced the atmosphere further without control. Better
control of Poy may realize the desired Liys.xTis;304 phase by direct synthesis, but

such an attempt was not made in this study.

3.2 Structural characterization

X-ray diffraction (XRD) measurements were performed at room temperature for
structural analysis of the calcined powder and the powder which was crushed and
ground from sintered pellets, using a Bruker AXS D8 with Cu K, radiation (40 kV, 50
mA, 0.02 °/step, 3 sec/step). XRD patterns were analyzed using Eva (Version 15,

* EC: Ethylene Carbonate, DEC: Diethyl Carbonate, DMC: Dimethyl Carbonate, DOL: Dioxolane,
DME: Dimethoxy Ethane, LiTFSI: LIN(CF3SO,),

29
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Bruker AXS). Phase distributions and lattice parameters were calculated using
Topas (Version 3, Bruker AXS). Blue samples processed in reducing atmosphere
are air sensitive, but measurements were performed in air for higher resolution for
lattice parameter determination. No noticeable changes in XRD patterns were found
during the measurement in air.

The Li inserted samples were found to be more sensitive in air than the blue
samples processed in reducing atmosphere, so closed domes with a rubber O ring
were employed. The use of the sample holders, however, resulted in a worse
resolution. It was also found that the domes were not completely tight, which made

analysis difficult.

3.3 Electrical characterization
3.3.1. Electronic conductivity

In order to measure electronic conductivity, the sintered pellets were polished to
achieve parallel and smooth faces, and air-dry silver paste (Acheson, Electrodag SP-
413) was painted on both faces of the pellets as electronically conducting and Li-ion
blocking electrodes. Resistance was measured either by multimeter (Agilent
U1241A) or impedance analyzer (Solartron SI 1260 and 1296) on the sintered
pellets. Electronic conductivity was then calculated from the resistance value and the
sample geometry. The impedance analyzer is equipped with an order-made furnace
which enables the measurement from room temperature up to 700 °C in almost
closed atmosphere environment. The measurement of the samples processed in
reducing atmosphere was performed either in a glove box filled with Ar or in the

order-made furnace with Ar flow of 50 liter/hour.

3.3.2 Li-ion conductivity
3.3.2.1 Impedance spectroscopy measurement

Li-ion conductivity was measured by impedance spectroscopy for the samples
processed in air. Both surfaces of the sintered pellets were polished and gold was
sputtered on the surfaces to serve as electrodes. Impedance measurement was
performed typically with the AC amplitude of 0.1V from 10 MHz to 1Hz. Figure 3.5
shows a typical Cole-Cole plot obtained for the spinel LisysTiszO4 and ramsdellite

Li, TizO7 samples processed in air. According to Huggins, the diameter of the 1
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3.3 Electrical characterization

semicircle was taken as the resistance of the bulk material and the diameter of the

2" circle was taken as a grain boundary resistance [Hug02].
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Figure 3.5. A Cole-Cole plot typically obtained for spinel LiysTis;3sO4 and ramsdellite

Li, TizO7 samples processed in air

For the samples processed in reducing atmosphere and the Li inserted samples,
Li-ion conductivity could not be measured by impedance spectroscopy since the
electronic contribution on total conductivity was far stronger than the ionic

contribution.

3.3.2.2 LiPON sputtering

In order to block the electron movement within the samples, Li-ion conductivity
measurement with lithium phosphorous oxynitride (LIiPON) thin film as electronically
blocking electrode was tested on the Li inserted samples. LiPON is an electronic
insulator and Li-ion conductor, and has been investigated as a thin film solid
electrolyte material in Li-ion battery [Ham06]. When LiPON layers are placed
between Li metal and the Ligs+xTi5304, as shown in Figure 3.6, only Li-ion
conductivity should be measured by applying direct current to this cell, since
electrons can not travel through the cell because of the electronically insulating
LiPON layers.

31



Chapter 3: Experimental procedure
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Figure 3.6. A Schematic of the cell set up for the Li-ion conductivity measurement

with LiPON as electronically blocking electrodes. LTO stands for Lis/z+xTi5304
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Chapter 4: Results
4.1 Spinel LiysTis30,4 ceramics
4.1.1 Compositions

For the spinel LiysTis304 system, the samples with the following nominal
compositions were prepared. LiysTis304 was employed as the base ceramic. Mg,
Cu, and Ca were doped to the base composition; the dopants were assumed to sit on
the Li site. Nb, Ta, and Zr were also doped, but these dopants were assumed to sit
on the Ti site.

Thus the compositions studied were:
Lig/3-xMgxTis304, with x = 0 — 0.2
Lig/3-xCuyTis304, with x = 0 - 0.1
Lig/3-xCayTis304, with x = 0 - 0.1
Lig/sTis/3-«NbyO4, with x = 0 — 0.1
Lig/3Tis/3-x TaxOg, with x = 0 - 0.1
Lig/3Tis/3-xZrxO4, with x =0 - 0.1

The dopants were chosen based on the ionic size and the valence of the ions,
assuming that ions with the same valency or aliovalent ions with relatively similar
ionic sizes would be preferred to incorporate into spinel Liy3Tis;3O4 [Kin76]. The
aliovalent ions were chosen to possibly introduce Ti®* in the structure, as discussed
in section 2.4. Ca, Nb, Ta, and Zr, having bigger ionic radii than the host ions, are
doped for possible increase in the lattice size. Zr, which has the same valency as Ti
ions in LiysTis304 (i.e. 4%), was tested to investigate the influence of the ionic size

only.

4.1.2 Structural characterization

To determine Li loss during heat treatment, undoped spinel Liy;Tis304 samples
with 0, 1, 3, 5, and 10 wt% excess Li,COs; were prepared in air. Figure 4.1 shows the
XRD patterns of the undoped spinel Liy3Tis304 samples with the excess Li,CO; after
sintering. Although all of the compositions could be prepared in almost pure spinel
phases, small second phase peaks were observed in some of the compositions.
Figure 4.2 shows the phase distributions. Small peaks of rutile TiO, (ICSD
#51941[FIZ11]) were observed for the 0 and 1 wt% excess Li,CO3 samples, and
small Li,TiO; peaks (ICSD #162215[FIZ11]) were observed for the 5 and 10 wt%

excess Li,CO3; samples. The 3 wt% excess Li,CO3 sample resulted in a pure spinel
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Chapter 4: Results

phase, fitting to the data in ISCD for spinel LiysTis304 (ICSD #160655[FI1Z11])
perfectly. With this result, 3 wt% excess Li,CO3 was added to all other compositions

to compensate the Li loss during sample preparation.

111 TiO, phase
2P 10 wt% excess Li
O Li,TiO, phase — 5 wt% excess Li
3 wt% excess Li
—— 1 wt% excess Li
400 | No excess Li
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Figure 4.1. X-ray diffraction patterns of spinel Liy;3Tis 30, ceramics with different

amount of excess Li,CO3. The indexing is based on cubic spinel unit cells

100 -
I Spinel Li,Ti_ O,
B Li,TiO,
90 EE TiO,

11
1

Excess Li, CO X (wt%

Figure 4.2. Phase distributions in wt% for spinel Liy;3Tis;3O4 with different amount of
excess Li,CO3. The amount of phases was calculated by Rietvelt analysis on X-ray

diffraction data
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4.1 Spinel Liy3Tis304 ceramics

To investigate the difference in structures and properties by different processing
atmospheres, samples were also processed in reducing atmospheres. Figure 4.3
shows the XRD pattern for the sample with 3 wt% excess Li,CO3; processed in
reducing atmosphere, 10 % H, 90 % Ar for calcination and 100 % Ar for sintering,
with the sample processed in air for comparison. Second phase peaks of Li;TiO3
were clearly observed in the sample processed in reducing atmosphere.
Overlapping of peaks for Li,TiO3 and spinel Liy;sTis;304 phases makes the precise
quantitative phase analysis difficult, but Rietvelt analysis on the XRD data suggested
that up to 7 wt% Li,TiO; second phase was possible in the sample processed in
reducing atmosphere. The lattice parameter was larger for the sample prepared in
reducing atmosphere; 8.3639 (+/- 0.00003) A in reducing atmosphere and 8.3611
(+/- 0.00002) A in air.

111
O Li,TiO, phase in air

- in reducing atmosphere
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‘; 400
= 311
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Figure 4.3. X-ray diffraction patterns of spinel Liy3Tis304 ceramics with 3 wt%
excess Li,CO; processed in air and reducing atmosphere (10 % H, 90 % Ar for
calcination and 100 % Ar for sintering). The indexing is based on cubic spinel unit

cells

Other combinations of air, Ar, and H, for different reducing atmospheres were also
tested. For example, both calcination and sintering in 10 % H, 90 % Ar, or
calcination in air and sintering in 10 % H, 90 % Ar resulted in significant peaks of
non-spinel second phases. Since the pure spinel phase is of interest in this study,

the process with 10 % H, 90 % Ar for calcination and 100 % Ar for sintering was
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employed as a standard process in reducing atmosphere.

Table 4.1 shows the solubility of the dopants into spinel Liy;sTis304. Shannon
ionic radii of the dopants are also listed in the table [Sha76]. Solubility was confirmed
by checking XRD patterns if there was no second phases except TiO, or Li,TiOs.
Most of the samples, except undoped spinel Liy;3Tis;304 processed in air, contained
up to 7 wt% TiO, or Li, TiOs.

Table 4.1. Solubility of the dopants into spinel Liy;3Tis;304 ceramic. Shannon ionic

radii of dopants, Li, and Ti ions are listed [Sha76]

Structure Dopant Chemical formula Solub_ility confirmed | Shannon lonic radius (A)
x = (at least) tetrahedral | octahedral
Mg** Lig/sx Mg, Tis304 0.15 0.57 0.72
Cu® Lig/zCuyTis;304 0.1 (only in air) 0.57 0.73
Spinel Ca* Lig/zxCayTis;304 No solubility - 1
Nb°>* LigsTisaNb Oy 0.03 0.48 0.64
Ta5+ Li4/3Ti5/3.xTaXO4 0.01 - 0.64
zr* Lia/3Tis/3xZrxOa 0.01 0.59 0.72
Size of Li-: - 0.59 0.76
Ui and Ti Ti 0.42 0.605
Ti** - 0.67

Figure 4.4 and 4.5 show XRD patterns and phase distributions for the Mg doped
samples, respectively. Most of the samples processed in air contained TiO, and all
of the samples processed in reducing atmosphere contained Li,TiO;. Mg could be
doped on the Li sites with relatively high doping amount, up to x = 0.15 for Liys-
«MgyTis30,4, without the introduction of the second phase, Mg,TiOs (ICSD
#51022[F1Z11]).
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Figure 4.4. X-ray diffraction patterns of Mg doped spinel Li/;3.xMgxTis;304 ceramics

processed in (a) air and (b) reducing atmosphere (10 % H, 90 % Ar for calcination

and 100 % Ar for sintering). The indexing is based on cubic spinel unit cells
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Figure 4.5. Phase distributions in wt% for Mg doped spinel Lis/3.xMgyTis;304 ceramics

processed in (a) air and (b) reducing atmosphere (10 % H, 90 % Ar for calcination

and 100 % Ar for sintering). The amount of phases was calculated by Rietvelt

analysis on X-ray diffraction data

To confirm if Mg ions sit on the tetrahedral or octahedral Li sites, (220) peak in the

XRD pattern was carefully analyzed. The (220) peak is sensitive only to the ions in

the tetrahedral sites in the spinel Liy3Tis;sO4 [Che01]. Since the tetrahedral sites are

occupied only by Li ions in the undoped spinel LiysTis304 and Li* ion has a much

smaller scattering factor than the other ions [Cul01], comparing the size of the (220)
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4.1 Spinel Liy3Tis304 ceramics

peak implies if the dopants are on the tetrahedral sites or not. Figure 4.6 shows the
magnified XRD patterns of the (220) peak. The peak became larger with the
increasing concentration of Mg from x = 0 up to 0.20, suggesting that there are more
Mg ions sitting on the tetrahedral sites with the increasing dopant concentration of
Mg. The increase was similar for the sample processed in air and reducing
atmosphere. The small peak intensity of the (220) peaks was not sufficient for

guantitative analysis.
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Figure 4.6. X-ray diffraction patterns around (220) peak on Mg doped spinel Liys.
«Mg,Tis;30,4 ceramics processed in (a) air and (b) reducing atmosphere (10 % H, 90

% Ar for calcination and 100 % Ar for sintering)
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Cu showed the solubility of x = 0.1 for LiysxCuxTis304 when processed in air, but
processing in reducing atmosphere resulted in elemental Cu as a second phase.
Similar to the Mg doped samples, Cu ions on Li tetrahedral sites were observed from
the (220) peak of the samples processed in air. However, no significant difference in
the size of (220) peak was observed for the samples with and without Fe doping
processed in reducing atmosphere. Nb, Ta, and Zr doping on Ti sites did not show
large solubilities (up to x = 0.03) and Ca did not go into the structure at all.

Figure 4.7 (a) and (b) show lattice parameters as a function of the dopant
concentration for the doped spinel Liy;sTis;30,4 samples processed in air and in
reducing atmosphere, respectively. The lattice parameters were calculated by
Rietvelt analysis on the XRD patterns. The result shows that Mg, Cu, Nb, Ta, and Zr
doping increased the lattice parameter of samples processed in both air and reducing
atmosphere. The samples processed in reducing atmosphere resulted in larger
lattice parameters than the samples processed in air as in the undoped spinel
Lig/3Tis304.
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Figure 4.7. Lattice parameter as a function of dopant concentration for doped spinel
Liy/3Tis;3sO4 samples processed in (a) air and (b) reducing atmosphere (10 % H, 90 %
Ar for calcination and 100 % Ar for sintering). Lattice parameters were calculated by

Rietvelt analysis on XRD data
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4.1.3 Electric properties
4.1.3.1 Electronic conductivity
4.1.3.1.1 Undoped spinel Liy;3Tis;304
The sample processed in air resulted in white color and an electrically insulator
with electronic conductivity < 10° S/cm. The resolution of the multimeter employed
in this study was not sufficient to determine the electronic conductivity in the range
accurately. The sample processed in reducing atmosphere revealed a blue color, as
shown in Figure 3.4, and the higher electronic conductivity in the order of 102 S/cm.
Figure 4.8 shows the change in the electronic conductivity of the spinel Liy3Tis;304
pellet processed in reducing atmosphere with time in air. Within the first few days,
the electrical conductivity decreased significantly, down to 10* S/cm, and was
saturated at about 10° S/cm after one month. After polishing the surface and re-
electroding, the electronic conductivity was partially recovered to about 102 S/cm,

shown as the red data point in Figure 4.8.
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Figure 4.8. Electronic conductivity at room temperature as a function of time in air for

the spinel Liy3Tis ;304 pellet processed in reducing atmosphere

In order to investigate the electronic conduction mechanism, activation energy for
the electronic conduction of the spinel Liy;3Tis;sO4 sample processed in reducing
atmosphere was measured. Figure 4.9 shows the electronic conductivity as a
function of temperature for the spinel Liy;3Tis;sO4 samples processed in reducing
atmosphere which had been in air for 0, 1, 2, 8, and 28 days before measurement.
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The calculated activation energy for each sample is also shown in Figure 4.9.
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Figure 4.9. Electronic conductivity as a function of temperature for spinel Liy/3Tis;3O04
processed in reducing atmosphere which had been in air for 0, 1, 2, 8, and 28 days.
The solid lines are fitted to an Arrhenius model. Measurement was performed in Ar

atmosphere

The conduction was confirmed to be thermally activated. Although the electronic
conductivity was degraded with time in air, the activation energies for all samples

with different durations in air were in the same range, about 0.2 eV.

4.1.3.1.2. Doped spinel Liy;3Tis304

Figure 4.10 shows electronic conductivity of the spinel Liy;Tis304 samples doped
with Mg, Cu, Nb, Ta, and Zr processed in air or reducing atmosphere.
When processed in air, only Cu doped samples increased the electric conductivity.
Cu doping on spinel Liy3Tis;30,4 resulted in the brownish color, shown in Figure 3.4
and increased the conductivity slightly, about 107 S/cm with x = 0.1 for Liy/s-
«Cu,Tis;304. The conductivity was measured by impedance spectroscopy, so the
value may account for either electronic or Li-ion conductivity. The reason why this is
considered to be electronic conductivity is discussed in section 5.1.2.1.

When processed in reducing atmosphere, the samples doped with Mg, Nb, Ta,

and Zr showed no obvious increase in electronic conductivity compared with the
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undoped spinel LiysTis;304. However, Cu doped samples processed in reducing
atmosphere increased electronic conductivity further above the target value, and

exhibited always higher values than the undoped samples or the samples doped with

the other elements.
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Figure 4.10. Electronic conductivity at room temperature for spinel Liy/3Tis;3O4 doped
with Mg, Cu, Nb, Ta, and Zr processed in air or reducing atmosphere (10 % H, 90 %

Ar for calcination and 100 % Ar for sintering)

To understand the effect of Cu doping on electronic conductivity, the activation
energy for the Cu doped sample processed in reducing atmosphere was calculated
by measuring electronic conductivity at different temperatures with impedance
spectroscopy. Figure 4.11 (a) and (b) show electronic conductivity as a function of
temperature for the Cu doped spinel Liy3Tis3O4 and the Mg / Ta doped spinel
LigysTis;304 with the calculated activation energies, respectively. The activation
energy for the Cu doped spinel, Liss-0.03CU0.03Tis304, Was significantly different from

the other samples; the Cu doped sample ~ 0.089 eV and the others ~ 0.21 eV,
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Figure 4.11. Electronic conductivity as a function of temperature for (a) Cu and (b)

Ta/Mg doped spinel Liy3Tis30, samples processed in reducing atmosphere. The

solid lines are fitted to an Arrhenius model. Measurements were performed in Ar

atmosphere

45



Chapter 4: Results

To see the effect of dopant concentration on electronic conductivity, Mg doped
samples with different dopant concentrations were investigated. Figure 4.12 and
4.13 show the electronic conductivity and activation energy as a function of Mg
dopant concentration for Mg doped spinel Liy3Tis3O4 samples, respectively. For the
samples processed in air, no change in electronic conductivity was observed within
the resolution of the test setup. For the samples processed in reducing atmosphere,
there was a scatter of electronic conductivities, but no obvious trend in the
conductivity with Mg concentration was found. The activation energies for the
samples processed in reducing atmosphere were ~ 0.22 eV for all the Mg doped

samples, as shown in Figure 4.13.
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Figure 4.12. Electronic conductivity at room temperature as a function of Mg dopant

concentration for Mg doped spinel Liy3Tis 30, samples
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Figure 4.13. Activation energy as a function of Mg dopant concentration for Mg

doped spinel Liy3Tis;304 samples processed in reducing atmosphere
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4.1.3.2 Li-ion conductivity
4.1.3.2.1 Undoped spinel Liy;3Tis;304

The pellet processed in air resulted in a Li-ion conductivity of ~107 S/cm.
Activation energy for Li-ion conduction was also calculated by measuring Li-ion
conductivity at different temperatures with impedance spectroscopy and fitting the
data to an Arrhenius model in the same manner described in the previous section for
electronic conductivity. Figure 4.14 shows the Li-ion conductivity multiplied by
temperature as a function of temperature for the undoped spinel Liy;3Tis;304 with the

calculated activation energy.

Temperature (°C)
160140120 100 80 60 40 20

o 10" -

= ]

®

8 -2 ] " Splnel L|4/3TI5/3O4, Ea ~0.54 eV
e~ 101

8 < ]

> E 10‘3—-

20 E

> ]

E ]

S 107+

[ 1

(@)

O T

2,5 | 3,0 | 3,5
1000/Temperature (1/K)

Figure 4.14. Li-ion conductivity multiplied by temperature as a function of
temperature for undoped spinel Liy3Tis;304. The solid lines are fitted to an Arrhenius

model

Li-ion conductivity in the samples processed in reducing atmosphere is difficult to
be measured. The high electronic conductivity in the sample makes the Li-ion
conductivity measurement impossible with impedance spectroscopy. Measurement
with electronically blocking electrodes would make it possible to measure Li-ion
conductivity in mixed conducting materials. Such measurements were not performed
on the samples processed in reducing atmosphere, but performed on the samples

with Li insertion (see section 4.3.4).
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4.1.3.2.2 Doped spinel Liy;3Tis304

Figure 4.15 shows Li-ion conductivity as a function of dopant concentration for the

doped spinel Liy3Tis304 samples processed in air.

The result shows that Li-ion

conductivity did not increase with the dopants. The conductivity even decreased with

Mg and Cu doping.
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Figure 4.15. Li-ion conductivity at room temperature as a function of dopant

concentration for doped spinel Liy3Tis;304 samples processed in air
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4.2 Ramsdellite Li,TizO; ceramics
4.2.1 Compositions

For the ramsdellite Li,Ti;O; system, the samples with the following nominal
compositions were prepared. Li,TizO; was employed as the base ceramic. Mg and
Cu were doped to the base composition; the dopants were assumed to sit on the Li
site. Nb and Zr were also doped, but these dopants were assumed to sit on the Ti
site.

Thus the compositions studied were:
Li,.xMg, TisO7, with x =0 - 0.2
Lis.,Cu,TizO7, with x =0 -0.2
Li; Tiz-xNb,O7, with x = 0 - 0.2
Li; TizxZryO7, with x = 0 — 0.2

The dopants were chosen based on the ionic size and the valence of the ions,

similarly as for the doped spinel Liy3Tis;sO4 samples.

4.2.2 Structural characterization

Ramsdellite Li,Ti;O; was prepared with 3 wt% excess Li,CO3; as in the spinel
Lig3Tis;304 samples to compensate the Li loss during preparation. Figure 4.16 shows
a XRD pattern for undoped Li,Ti;O; samples with 3 wt% excess Li,CO3 processed in
air after sintering. The pattern fits perfectly to the data for ramsdellite Li, TisO; (ICSD
#51229[F1Z11]).
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Figure 4.16. X-ray diffraction pattern of ramsdellite Li, TisO; ceramics with 3 wt%

excess Li,CO; processed in air. The indexing is based on orthorhombic ramsdellite

unit cells

Unlike spinel Liy;3Tis304, ramsdellite Li; TisO; has a narrow solid solution range in

the Li,O-TiO, phase diagram [lzg80].

To confirm the solid solution range and to

check the structural and electrical properties with the different Li contents, the

ramsdellite compositions with -0.1 < x < 0.1 for Liy.xTi3O7.x2 Were prepared in air.

Figure 4.17 shows the phase distributions in wt%. The lattice parameters were also

calculated by Rietvelt analysis on the XRD data.

Figure 4.18 shows the unit cell

volume as a function of x for Liy.Ti3O7.x2, suggesting that the volume increases with

increasing X for Liz.xTizO7.x/2-
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Figure 4.17. Phase distributions in wt% for ramsdellite Li.xTi3O7.x» prepared in air.

The amount of phases was calculated by Rietvelt analysis on XRD data
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Figure 4.18. Unit cell volume at room temperature as a function of the amount of x
for ramsdellite Liy.xTi3O7.x2 Samples processed in air. The lattice parameters were

calculated by Rietvelt analysis on XRD data

Table 4.2 shows the solubility of dopants into ramsdellite Li,Ti3O; structure.
Shannon ionic radii of the dopants are also listed in the Table [Sha76]. Solubility was
confirmed by checking XRD patterns if there was no second phases except TiO, or
LiTiO3. Similar to the spinel Liy;sTis;304, most of the samples except undoped
ramsdellite Li,TisO7; processed in air, contained up to 7 wt% TiO, or Li,TiOs;. For
ramsdellite Li, Ti;O7, Mg, Cu, and Zr doped samples showed relatively good solubility,

x ~ 0.1, except the Cu doped samples processed in reducing atmosphere with
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4.2 Ramsdellite Li,TizO7 ceramics

elemental Cu as a second phase. Nb doped sample showed even better solubility, x

=0.2.

Table 4.2. Solubility of the dopants into ramsdellite Li, Ti3O; ceramic. Shannon ionic

radii of dopants, Li, and Ti ions are listed [Sha76]

il ; Shannon lonic radius (A
Structure Dopant Chemical formula Solubility confirmed A)
(at least) tetrahedral | octahedral
Mg2* Li»Mg,TizO7 0.105 0.57 0.72
. Cu?' Lis.x Cu,TisO7 0.1 (only in air) 0.57 0.73
Ramsdellite = s Li, Ti5Nb,O; 0.2 0.48 0.64
Zr* Li, Tiz<Zr<O7 0.1 0.59 0.72
Sie of Lit* 0.59 0.76
1Zze O A+
Li and Ti Ti 0.42 0.605
Ti** 0.67

Figure 4.19 shows a unit cell volume as a function of dopant concentration for the

doped ramsdellite Li,TisO7; samples processed in air. The result shows that Mg, Nb,

and Zr doping increased the unit cell volume linearly, whereas Cu doping slightly

decreased the volume.

Figure 4.19. Unit cell volume as a function of dopant concentration for doped
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ramsdellite Li, TizO; samples processed in air. Lattice parameters were calculated by

Rietvelt analysis on XRD data.
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4.2.3 Electric properties
4.2.3.1 Electronic conductivity

Electronic conductivity of the undoped ramsdellite Li, Ti3O; was very similar to the
undoped spinel Liy3Tis304. The pellet processed in air resulted in white color and an
electrically insulator with an electronic conductivity of < 10° S/cm. The pellet
processed in reducing atmosphere resulted in the blue color similar to the spinel
Liy/3Tis;3O4, and a higher electronic conductivity in the order of 102 S/em.

Figure 4.20 shows electronic conductivity on ramsdellite Li,TizO; doped with Mg,
Cu, Nb, and Zr in terms of processing atmospheres. When processed in reducing
atmosphere, the samples doped with Mg, Nb, Ta, and Zr showed no obvious
increase in electronic conductivity compared with the undoped ramsdellite Li,TizO5.
However, similar to the spinel Liy3Tis;304 system, the Cu doped samples processed
in reducing atmosphere increased electronic conductivity further, which was above

the target value.
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Figure 4.20. Electronic conductivity at room temperature for ramsdellite Li, TizO7

doped with Mg, Cu, Nb, and Zr processed in air or reducing atmosphere

To understand the effect of Cu doping on electronic conductivity, activation
energies for the Cu doped samples were calculated by measuring electronic
conductivity at different temperatures with impedance spectroscopy. The activation

energy for the undoped sample was also measured for the comparison. Figure 4.21
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shows the electronic conductivity as a function of temperature for the undoped and
Cu doped ramsdellite Li, TizO; with the calculated activation energies. The activation
energies for the Cu doped ramsdellite Li,Ti;O; were significantly different from the
undoped sample; the Cu doped samples ~ 0.10 eV and the undoped sample ~ 0.19
eV.
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Figure 4.21. Electronic conductivity as a function of temperature for the undoped and
Cu doped ramsdellite Li, TizO; processed in reducing atmosphere. The solid lines

are fitted to an Arrhenius model. Measurements were performed in Ar atmosphere

4.2.3.2 Li-ion conductivity

The pellet processed in air resulted in a Li-ion conductivity of ~10° S/cm.
Activation energy for Li-ion conduction was also calculated by measuring Li-ion
conductivity at different temperatures. Figure 4.22 shows Li-ion conductivity
multiplied by temperature as a function of temperature for undoped ramsdellite

Li, TizO; with the calculated activation energy.
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Figure 4.22 Li-ion conductivity multiplied by temperature as a function of
temperature for undoped ramsdellite Li, TizO;. The solid lines are fitted to an

Arrhenius model

Figure 4.23 shows the Li-ion conductivity and activation energy for Li-ion
conductivity of ramsdellite Liy.xTi3O7.50. Both the Li-ion conductivity and the

activation energy did not change significantly with different x for Liz.xTizO7.x/2-
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Figure 4.23. Li-ion conductivity at room temperature and activation energy for Li-ion

conductivity as a function of x for ramsdellite Liy.xTi3O7.x/2
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Figure 4.24 shows the Li-ion conductivity as a function of dopant concentration for
ramsdellite Li,TisO; samples processed in air. The result shows that Li-ion
conductivity did not increase with Mg, Cu, and Zr doping; the conductivity even
decreased with Mg and Cu doping. The conductivity increased with Nb doping; the
increase would be, however, not due to the bulk property, but likely due to the
increase in the sample density. The reason why this is considered to be the case is

discussed in section 5.2.2.2.
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Figure 4.24. Li-ion conductivity at room temperature as a function of dopant

concentration for doped ramsdellite Li, TizO; samples processed in air
Li-ion conductivity in the samples processed in reducing atmosphere was not

measured due to the same problems as discussed in section 4.1.3.2.1 for the spinel

Lig/3Tis3O4 samples.
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4.3 Liinsertion into spinel Liy;Tis;304 ceramics
4.3.1 Compositions

As explained in section 2.3.4, Li can be inserted into spinel Liy3Tis;304 to
transform to rock salt derived Liz/3Tis304; Lis/sexTis;3O4 with x = O for spinel and x = 1
for rock salt derived structure. The Li insertion, Ligs.xTis3O4 with 0 < x < 1, was
performed either chemically or electrochemically to confirm if the Li insertion

increases electronic and Li-ion conductivity in the material or not.

4.3.2 Structural characterization

Spinel Lig3Tis;304 and rock salt derived Liz3Tis 304 have the same Fd-3m structure
and almost the same lattice parameter: a = 8.3595 A for Liy3Tis304 and 8.3538 A for
Liz;sTis304 [Sch99]. The same structure with similar lattice parameters makes it
difficult to distinguish the two compounds with standard XRD. It has been shown that
neutron diffraction [Wag06] or high resolution XRD at high angles [Sch99] can
distinguish the two compounds. With the machine employed in this study, however,

it was impossible to distinguish spinel LigsTis304 and rock salt derived Liz/3Tis304.

4.3.3 Electrochemical Li insertion

Electrochemical Li insertion into Spinel Liy3Tis3O4 was performed in Swagelok®
cells. lIsostatically pressed pellets processed in air without sintering, sintered pellets
processed in air, and sintered pellets processed in reducing atmosphere were tested.
Figure 4.25 (a) shows a typical voltage profile for the pressed pellets during 1%
discharge with C rate of ~C/100, and Figure 4.25 (b) and (c) shows voltage profiles
with a C rate of ~C/500 for the pellet sintered in air and reducing atmosphere,
respectively. The theoretical capacity was calculated for the reaction from spinel
Lig3Tis;304 to rock salt derived Liz3Tis;304. Although the pressed pellets achieved
close to 100 % theoretical capacity, the sintered pellets processed in air and reducing
atmosphere achieved only about 0.3 % and 20 % theoretical capacity, respectively.
Both pressed and sintered pellets processed in air changed the color from white to

blue after Li insertion, as shown in Figure 4.26 for the pellet sintered in air.
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Figure 4.25. Voltage profile for the cell with (a) pressed spinel Liy3Tis;3O4 processed

in air during 1° discharge with a C rate of ~C/100, sintered spinel Lis;sTis304

processed in air (b) and reducing atmosphere (c) during 1% discharge with a C rate of

~C/500

— -
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Figure 4.26. A sintered pellet processed in air (a) before and (b) after Li insertion.

Gold was sputtered on one site of the pellet to serve as a current collector. The pellet

was fractured for the cross section view
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The cell with the pressed spinel Liy;sTis304 pellet was further cycled after the 1
discharge. Figure 4.27 shows the voltage profile for the 1% 3 cycles, and Table 4.3
shows % theoretical capacity for each discharge and charge step. The capacity
degradation was observed during charge steps, especially during the 1% charge step
(96 to 51 % theoretical capacity). The similar capacity degradation during the charge
steps was observed for the pressed pellet of spinel Liy;Tis;304 processed in reducing

atmosphere.
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Figure 4.27. Voltage profile for the cell with pressed spinel Liy;3Tis;304 processed in
air during 1% 3 cycles with C rate of ~C/100

Table 4.3. % theoretical capacity for the cell with pressed spinel Liy3Tis304

processed in air during 1% 3 cycles with C rate of ~C/100

Cycle | Charge or Discharge % theorecical capacity
1 Discharge 96
Charge 51
9 Discharge 52
Charge 46
3 Discharge 46
Charge 45

Electronic conductivity was measured to confirm if the Li insertion improves the

conductivity or not. Figure 4.28 shows electronic conductivity as a function of
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amount of Li inserted. For the measurement, the samples were taken out from the
Swagelok® cell and Ag paste was applied on the both faces as electrodes. The
amount of Li inserted was calculated from the experimental capacity and the
theoretical capacity for the reaction from spinel Liy3Tis3O4 to rock salt derived
LizsTis;3O4.  The electronic conductivity of the sintered pellet processed in air
increased from 10° to 10® S/cm with the insertion amount of x ~ 0.003 for
Ligs4xTis304.  The sample processed in reducing atmosphere showed better
electronic conductivity already before the Li insertion, but the conductivity increased

further with Li insertion.
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Figure 4.28. Electronic conductivity at room temperature as a function of amount of
Li inserted. Liwas inserted electrochemically into sintered pellet processed in air or

reducing atmosphere

The change in Li-ion conductivity during the Li insertion is also of interest. Since
electronic conductivity increased significantly with Li insertion, Li-ion conductivity
could not be measured by impedance spectroscopy.

GITT (Galvanostatic Intermittent Titration Technique) [Wep77] was applied to
check if Li-ion conductivity in the Liss.xTis;3O4 could be obtained or not. GITT is an
electrochemical method to estimate Li-ion conductivity of materials. Current pulses
are applied on a cell and voltage responses are monitored. From the voltage

responses, Li-ion diffusivity can be calculated. GITT is applicable only for a material
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with a single phase reaction, where there is a change in equilibrium voltage with Li
insertion [Wep77]. This condition limits the range of x for Ligs.xTis304 where GITT
can be applied, since the material shows the flat voltage profile (i.e. no change in
equilibrium voltage) over the wide range of x.

GITT measurement was performed at the initial stage of Li insertion (x < 0.1 for
Lig/z4x Ti5304) into spinel LiysTis;3O4, where the change in equilibrium voltage was
observed. GITT measurement did not supply reliable Li-ion diffusivity values. The
values changed significantly with different experimental conditions such as pulse
current, pulse time, and relaxation time between pulses. GITT assumes that the
change in equilibrium voltage after each titration step is small. The voltage change at
the initial stage of Li insertion into spinel Liy;sTis;sO4, however, may be beyond the
limit, where this assumption can be held.

The Li-ion conductivity measurement with electronically blocking electrode was

performed on chemically Li inserted pellet and presented in section 4.3.4.

4.3.4 Chemical Liinsertion

Li insertion into spinel Liy;sTis;3O4 was also achieved chemically either by using Li
metal or butyllithium.

Li-metal was applied directly on the both surfaces of the sintered spinel Lis3Tis304
pellets processed in air or in reducing atmosphere. The pellets processed in air
changed the color from white to blue by the contact with Li-metal, as in Figure 4.29;

the pellet turned into blue from the edge and completely blue within 7 days.
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(a) (b)

Figure 4.29. Pellets processed in air after contact with Li-metal for (a) 1 day and (b)

7 days

Figure 4.30 shows the change in electrical conductivity by the contact with Li-
metal. The electronic conductivity of the pellet processed in air increased
significantly in the 1 100 hr and saturated to about 5 x 10 S/cm after 500 hr. The
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4.3 Liinsertion into spinel Liy;sTis304 ceramics

sample processed in reducing atmosphere showed better electronic conductivity
already before the contact with Li-metal, but the conductivity increased further with

the Li insertion.

/E\ 10_1 W****‘k Xk XKk X *x *

O

@ 10-2 wwWVVVVVW vvvyvvyvy v

£10°

= R

é 10 "3 Pellets processed in

S 1051 = e v Air

o 10

% 10° * ¢+ Reducing atmosphere
kS

—
S
X

0 500 1000 1500 2000
Time (hr)
Figure 4.30. Electrical conductivity change in time by the contact with Li-metal. The

different symbols and colors are for different samples

With Li-metal as electrodes, total conductivity (i.e. electronic + Li-ion conductivity)
is measured. The separation of the electronic and Li-ion contribution on the
conductivity is of interest. For that purpose, it was attempted to remove the Li-metal
from the pellet and apply Ag paste to be able to measure only the electronic
contribution. However, it was unsuccessful since it was difficult to remove Li-metal
cleanly from the pellets.

In order to obtain the activation energy of the conduction, conductivities at
different temperatures were measured. Figure 4.31 shows conductivity as a function
of temperature for the 2 spinel Liy;3Tis30,4 pellets processed in air after the contact
with Li-metal for 500 hr. The calculated activation energies are also listed in Figure

4.31. The conduction was confirmed to be thermally activated.
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Figure 4.31. Electrical conductivity as a function of temperature for sintered spinel
Liy/sTis;3O4 samples processed in air after being in contact with Li-metal for 500 hr.
The solid lines are fitted to an Arrhenius model. Measurements were performed in Ar

atmosphere

Li was also inserted by dipping the spinel Liy3Tis304 samples in butyllithium. The
amount of butyllithium was calculated to the desired Li insertion amount. Here, the
results for the sintered pellets targeted for x = 0.5 for Lisz.Tis304 are explained.

The pellet processed in air changed the color from white to blue, as shown in
Figure 4.32. After a few minutes in butyllithium, the surface of the pellet started to

change the color and the pellet completely turned into blue after 7 days.

(b) (c)

Figure 4.32. Sintered pellets processed in air in butyllithium after (a) a few minutes,

(b) 12 hr, and (c) 7 days. Pellets in (b) and (c) were fractured for the cross section

view

Figure 4.33 shows the change in electronic conductivity after 7 days in
butyllithium. The sample processed in air and reducing atmosphere increased the

conductivity up to 10° S/cm and 10 S/cm, respectively.
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Figure 4.33. Electronic conductivity before the Li insertion and after 7 days in

butyllithium.

Figure 4.34 shows the change in electronic conductivity with time in air of the
spinel LiysTis304 pellet which was in butyllihium for 7 days targeted for x = 0.5 for
Ligz4x Ti5304.  Within the first couple of hours, the electrical conductivity decreased
significantly, down to 10® S/cm, and continuously further decreased down to 108

S/cm after 18 days. After 18 days, the pellet turned back to white completely.
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Figure 4.34. Electronic conductivity at room temperature as a function of time in air
for the spinel LiysTis;3O4 pellet which was in butyllihium for 7 days targeted for x = 0.5
for Li4/3+XTi5/3O4
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Similar to the spinel LiysTis;304 and the ramsdellite Li,TizO; samples prepared in
reducing atmosphere, the high electronic conductivity in the Li inserted samples
makes the Li-ion conductivity measurement difficult.

LiPON was sputtered on the both surfaces of the spinel LiysTis;3O4 pellet which
was in butyllihium for 7 days targeted for x = 0.5 for Ligsz:xTis;304. Insulating ring
tapes were placed on the surfaces to mask the samples for the desired geometry, as
in Figure 4.35 (a) and (b). On the LiPON layers, Li-metal pieces smaller than the
LiPON layers were placed for the desired sample geometry, as shown in Figure 4.35
(c). Figure 4.36 shows SEM micrographs of the samples. The SEM micrographs

proofed that the LiPON layers are continuous with a thickness of 1.5 to 3.5 pm.

(@) (b) ()

Figure 4.35. Pictures of the sample for Li-ion conductivity measurement with LiPON

layer; (a) with insulating tape before LiPON sputtering, (b) after LIPON sputtering,

and (c) with Li-metal.
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Figure 4.36. SEM pictures of LIPON layers on Liss.xTis;3O04 pellets, (a) cross section

and (b) top view.

In order to obtain resistance of the sample, current from 0.01 to 2 mA was applied
to the cell and the voltage response was monitored. Figure 4.37 and 4.38 show the
result of the DC measurement: Figure 4.37 for the applied current and the voltage
response as a function of time, Figure 4.38 for conductivity as a function of the
applied current. Conductivity was calculated with the sample geometry by taking the
voltage at the end of each current step, with the assumption that all of the resistance
is due to the LiysTis304 samples. The Li-ion conductivity values from 10 to 10
S/cm were observed, which are higher than that of the material without Li insertion,

spinel Li4/3Ti5/304.
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Figure 4.37. Applied current and the voltage response as a function of time
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Figure 4.38. Conductivity as a function of applied current. The results from 2

different cells for positive and negative current direction are shown

The Li-ion conductivity values from 10° to 102 S/cm were estimated from the
measurement with the LiPON layers with the assumption that all the resistance
measured was due to the Liys:+xTis304 samples. The electronic and Li-ion conduction

in the LiPON layers should also be considered for the estimation to be correct.
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The conductivity measurement with LIPON may provide not Li-ion conductivity but
electronic conductivity if the LIPON layer is not a good electronic insulator. To
confirm if the LiIPON layer was a good electronic insulator or not, the measurement
with Ag electrodes instead of Li-metal electrodes was also performed. Ag is an
electronically conducting and Li-ion blocking electrode, so high resistance should be
observed if the LiIiPON layer is a good electronic insulator. About 3 orders of
magnitude higher resistance was observed with Ag electrodes than with Li-metal
electrodes. This is the proof that the LiIPON layer was a good electronic insulator
and Li-ion conductivity was measured with Li-metal electrodes.

In order to calculate the Li-ion conductivity in Figure 4.38, the resistance only from
the Lisys:xTis;3O4 was considered. However, the resistance of the LIPON layers may
be a limiting factor for the Li-ion conductivity; therefore it needs to be considered.
From the geometry and the Li-ion conductivity value of LiPON as 10° S/cm from
literature [HamO06], the resistance of 2000-6000 ohm is expected from the LiPON
layers. This is in the same order of magnitude which was observed during the
measurement. This result suggests that the measured resistance may be dominated
not by the Liys+xTis304 but by the LiPON layers. If this is the case, Li-ion conductivity
of the Liya:xTis;sO4 can be estimated to be higher than 10* S/cm since the thickness
of the Lia/s+xTis;304 is 100-300 times thicker than the LiPON layers.
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4.4 Fe doped spinel LiysTis304 ceramics
4.4.1 Compositions

For the Fe doped spinel LiysTis;3O4 system, the samples with the following
nominal compositions were prepared. The compositions were chosen to be close to
y = 0.16, the composition shown in section 2.5 with the promising Li-ion conductivity.
The two compositions with the different crystal structures around y = 0.16 were
chosen from the phase diagram (Figure 2.13); one with Fd-3m and the other with
P4332.

Thus the compositions studied were:
Liasz-ysFey Tissz-2y304, with y = 0.115 and 0.25

4.4.2 Structural characterization

Figure 4.39 (a) shows the XRD patterns after sintering of the Fe doped spinel
Liy3Tis;3O4 samples processed in air. Note that the sample with y=0.25 for Liys.
yaFeyTis;s0304 was sintered at 850 °C, instead of the standard process at 950 °C.
The sample with x = 0.25 showed a large amount of the ramsdellite phase when
sintered at 950 °C. The samples with y = 0.115 and 0.25 resulted in different
structures; Fd-3m structure and P4332 structure, respectively. (ICSD #84971[FIZ11]
for P4332)

Figure 4.39 (b) shows the magnified XRD patterns of the (220) peak. Similar to
the Mg doped spinel samples in section 4.2.2, the increase in the intensity of the
peak was observed with Fe doping, indicating that more Fe ions sit on the tetrahedral

Li site with increasing Fe concentration.
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Figure 4.39. X-ray diffraction patterns (a) 15-65° (b) 30-30.5° of Fe doped spinel
ceramics, Lias.ysFe,Tiss.0y304, with y = 0, 0.115, and 0.25, processed in air. The

indexing is based on cubic spinel unit cells

Figure 4.40 shows the XRD patterns of the Fe doped spinel Liy;3Tis30, samples
after calcination and sintering in reducing atmosphere. Calcination in 10 % H,, 90 %
Ar resulted in the appearance of elemental Fe and Li, TiOs. After sintering in Ar, both
samples with y = 0.115 and 0.25 indicated an almost pure spinel phase with little

Li, TiO3, but a finite amount of elemental Fe was still observed.
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Figure 4.40. X-ray diffraction patterns after calcination and sintering of Fe doped
spinel ceramics, Liy.ysFe, Tiss.0,304, with y = 0.115, and 0.25, processed in reducing

atmosphere. The indexing is based on cubic spinel unit cells

4.4.3 Electrical characterization

Figure 4.41 shows the electronic conductivity for Fe doped samples processed in
air or reducing atmosphere. When processed in air, similar to the Cu doped sample,
Fe doping on spinel LiysTis30,4 resulted in the brownish color after sintering, as
shown in Figure 3.4 and increased the conductivity slightly (~ 4 x 10® S/cm with y =
0.25 for Ligs.ysFe,Tiss2y304). The conductivity was measured by impedance
spectroscopy, so the value may account for either electronic or Li-ion conductivity.
The reason why this is considered to be electronic conductivity is discussed in
section 5.5.2.

When processed in reducing atmosphere, the Fe doped samples showed no
obvious increase in electronic conductivity compared with the undoped spinel
LiysTis3O4.  Figure 4.42 shows an electronic conductivity as a function of
temperature for the undoped and Fe doped spinel Liy3Tis304 with the calculated
activation energies. The activation energies for Fe doped spinel Liy3Tis3O4 were

similar to the undoped spinel Liy/3Tis;304, ~ 0.2 €V.
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Figure 4.42. Electronic conductivity as a function of temperature for the undoped and

Fe doped spinel Liy3Tis;304 processed in reducing atmosphere. The solid lines are
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4.4.4 Electrochemical and chemical Li insertion

Figure 4.43 (a) and (b) show typical voltage profiles for the pressed pellets from
the Fe doped spinel Liys.y3FeyTisz2y304 processed in air and reducing atmosphere
for the initial discharge steps, respectively. The test was performed with the cycles
with 1hr discharge with C rate of ~C/100, followed by a 71 hr pause for the samples
processed in air and 23 hr pause for the samples processed in reducing atmosphere.
Even after 71 hr pauses, the voltages of the cells with the Fe doped samples
processed in air were not saturated. On the other hand, the voltage of the cells with
the Fe doped samples processed in reducing atmosphere was saturated in 23 hr for
the most of the steps.

Figure 4.44 (a) and (b) show voltage profiles as a function of amount of Li inserted
for the pressed pellets from the Fe doped spinel Liys.y3FeyTiss-2,304 processed in air
and reducing atmosphere, respectively. The voltages after 71 or 23 hr pause steps
are plotted. The amount of Li inserted was calculated from the experimental capacity
and the theoretical capacity for the reaction from x = 0 to 1 for Liss.y/3:xFeyTis/z-2y/30a.
The Fe doped samples processed in air resulted in a higher voltage than the
undoped sample, and the voltages of the Fe doped samples decreased continuously.
The samples processed in reducing atmosphere showed no obvious differences
between the Fe doped samples and the undoped sample. The samples showed the
short shoulders at 1.6-2.2 V at the beginning, followed by the stable plateaus at
about 1.5 V.
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Figure 4.43. Voltage profiles for the cell with pressed Fe doped spinel Liys.ysFe, Tiss.

2y304 processed in (a) air and (b) reducing atmosphere
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Figure 4.44. Voltage profiles as a function of amount of Li inserted for the pressed

pellets from the Fe doped spinel Liys.3Fe, Tisjs-0y304 processed in (a) air and (b)
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Li-metal was applied on the both surfaces of the sintered Fe doped spinel Liys.
vaFeyTisz0y304 pellets processed in air or in reducing atmosphere. Figure 4.45
shows the change in color of the pellets processed in air; the color changed from

brown to black with time and the pellet turned into black within 50 days completely.

(a) (b)

(d)
Figure 4.45. Fe doped pellets, Liys.ysFe, Tiss.0304, with y = 0.115, processed in air
after contact with Li-metal for (a) 0 day, (b) 1 day, (c) 7 days, and (d) 50 days

Figure 4.46 shows the change in electrical conductivity by the contact with Li-
metal. The electronic conductivity of the pellets processed in air increased from 108
S/cm to 1077 ~ 10 S/cm slowly in the first 500 hr and then increased rapidly up to
10"t S/cm after 750-1500 hr, depending on the samples. The sample processed in
reducing atmosphere showed better electronic conductivity already before the

contact with Li-metal, but the conductivity increased further with Li insertion.
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Figure 4.46. Electrical conductivity change with time by the contact with Li-metal for
the Fe doped samples, Liys.y3FeyTiss.0,304. The triangle and circle symbols

represent different samples from the same composition and process condition.
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Chapter 5: Discussion
5.1 Spinel LiysTis304 ceramics
5.1.1 Structural characterization

As shown in Figure 4.2, the sample with 3 wt% excess Li,COj3 resulted in the
phase pure spinel LiysTis;304. The appearance of the second phase with 1 and 5
wt% excess Li,CO3; suggests no (or a very limited) solid solution range of spinel
LigsTis304. This agrees with the phase diagram in literature, which suggests that a
slight off-stoichiometry from spinel Lis;3Tis3sOs composition would result in TiO, or
Li,TiO3 as a second phase [1zq80].

The undoped spinel LiysTis;3s04 sample processed in reducing atmosphere had a
significant amount of Li;TiO3 phase (up to 7 wt %). Many of the doped Liy3Tis304
samples also showed up to 7 wt % TiO, or Li,TiO3 phase. The existence of the TiO,
or Li;TiO3 phase would be a result of off-stoichiometry introduced by reducing
atmosphere or the doping. The appearance of Li;TiO3 in the samples processed in
reducing atmosphere suggests that the Li loss during sample preparation in reducing
atmosphere may be less than in air. TiO, may be the result of Ti vacancies created
by the dopants (see chapter 5.1.2.1 for detail discussion on Mg doping). By
changing the amount of excess Li,COg3, phase pure spinel Lis;3Tis304 samples could
be prepared also in reducing atmosphere or with the dopants, but such tuning was
not performed.

As Table 4.1 shows, different dopants had different solubilities. The relatively
large solubilities of Mg and Cu ions (x = 0.15 and 0.1 confirmed in air, respectively)
are due to that fact that the ion sizes are similar to that of Li (Mg2+ and Cu?": 0.57 A,
Lit*: 0.59 A for tetrahedral coordination [Sha76]). On the other hand, no or only small
solubilities (up to 0.03 in air) of Ca, Nb, Ta, and Zr ions can be attributed to the large
ionic sizes of the dopants, which would be too big for the octahedral sites in spinel
Lig/3Tis/304.

The linear increase in the lattice parameter with the increasing dopant
concentration was observed, except in the case of Ca doping, which did not show
any solubility. The linear behavior is consistent with Vegard’s law, confirming a solid
solution [Veg21]. The solubility limit of Mg doping was estimated based on the
deviation from Vegrad’s law for the sample with x = 0.2, as shown in Figure 5.1. The
result indicates that the solubility limit of Mg in spinel LisysxMgxTis;304 is about x =

0.17, which agrees well with the data in literature [Che01]. This estimated solubility
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limit coincides with both the XRD result (Figure 4.4), which showed no 2nd phase for x
0.20, and the (220) peak result (Figure 4.6),

which showed more Mg ions sitting on the tetrahedral sites for x = 0.20 than 0.15.

= 0.15 but a clear 2" phase for x

The amount of Mg ions on the tetrahedral sites would have increased until the

solubility limit of x = 0.17 was reached.
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Figure 5.1. Lattice parameter as a function of dopant concentration for Mg doped

spinel Liy3Tis304 samples processed in air and reducing atmosphere (10 % H; 90 %

Ar for calcination and 100 % Ar for sintering). Lattice parameters were calculated by

Rietvelt analysis of XRD data

5.1.2 Electric properties
5.1.2.1 Electronic conductivity

The increase in electronic conductivity by processing the material in reducing

atmosphere may be explained well by defect chemistry. In spinel LissTis;304, OXygen

vacancies can be compensated by the change in the oxidation state of titanium ions

from 4 to 3" through the following equation 5.1 or compensated by extra electrons

through equation 5.2,

: Y reducing atmosphere | 3 =1V <1l X
L 5T15,50, > LiyTls s, T1, 04_5 + 1 0,(9)
2

(5.1)

] ] ; . ] _ X
L|4/3T|5:>/304 el A L'4/3T|E:\//3O4_5 +Xe + 1 0,(9) .2
2
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Either Ti** ions or the extra electrons, or both of them would be responsible for the
increase in the electronic conductivity in spinel LiysTis;304 processed in reducing
atmosphere. The mixed valence state of Ti ions (Ti** and Ti*) may lead to good
electron hopping conduction. The extra electrons created by oxygen vacancies are
also known to often contribute to electronic conductivity in oxide materials by creating
an energy level near a conduction band, similar to n-type semiconductors (section
2.2.1).

The existences of Ti** ions or extra electrons associated with oxygen vacancies
could also explain the degradation in electronic conductivity in air. Oxygen in air is
diffused into the material to fill the oxygen vacancy, which simultaneously changes
the valency of Ti ions back to +4, or fill the oxygen vacancies by utilizing the extra

electrons, according to the following equations:

Liyy5Tigys, Tiy' 04 X "‘% 0, (9) ——"—> Liy5Tig;;0, (5.3)
2
H H - X in  air ; :
L'4/3T|5|\//3O4_5 tXe + 1 0, (9) ——"—> Li,5Tig;;0, (5.4)
2

After polishing the surface and re-electroding, the degraded electronic
conductivity was partially recovered, ~ 10 S/cm as shown in Figure 4.8. The value
was not as high as the initial conductivity but close to it, suggesting that the
degradation occurs severely in the surface layer of the pellet. This result could be
explained by a slow diffusion of oxygen into the structure to fill the oxygen vacancies.

Conductivity measurements in air and Ar atmosphere were performed to confirm if
there are oxygen vacancies in the material processed in reducing atmosphere. If
there are oxygen vacancies in the material and either the Ti** or free electrons
introduced by the vacancies contribute to electronic conductivity, a lower electronic
conductivity should be observed in higher Po, environment through the following

reactions,

Vc;. + % 02 —> Oo +2h° (5.5)

h +Ti" > Ti"V (5.6) , or h*+e —nil (5.7)

Electron holes which were created by filling oxygen vacancies would either react with
Ti®* ions to re-introduce Ti*" ions or neutralize with free electrons. The Ti valence

change or the neutralization reduces the number of electronic carriers, which leads to

80



5.1 Spinel Liy3Tis304 ceramics

the decrease in electronic conductivity. The conductivity in Ar atmosphere (~ 7.0 x
10” S/cm) was slightly higher than in air (~ 6.2 x 10* S/cm) in an aged spinel
LigsTis304 pellet prepared in reducing atmosphere, suggesting that oxygen
vacancies exist and either Ti** or electrons introduced by the vacancies contribute to
the conductivity. If equation (5.2) describes the electronic conduction well, the
change in electronic conductivity as a function of Po, can be calculated. Equation
(5.2) then leads to

K =Nzl n e, (5.8)

where K is equilibrium constant and n is the density of charge carriers. The

electroneutrality condition states,

n=2\s'] (5.9

By combining equation (5.8) and (5.9), the following equation is obtained:

2 1
n=(V2K Py, s (5.10)
By assuming an electronic conductivity, o, is proportional to n, the relationship
between ¢ and Po; is derived:
21
6

o« Py, (5.11)

To check whether this relationship agrees with the experimental result, the slope of
conductivity vs. Poy in a log scale was calculated. The calculated value was -0.008,
which is significantly smaller than -1/6. This result may exclude the conduction
mechanism by the free electrons suggested by equation (5.2). This result only from
two measurement points, however, is not enough to conclude that the free electrons
do not contribute to the conductivity. The smaller value can also be observed if the
entire 1 mm thick sample was not in equilibrium with the measurement atmosphere.

The conduction of the samples processed in reducing atmosphere is thermally
activated (Figure 4.9), which is typical for insulator or semiconductor materials. This
thermally activated conduction suggests that the hopping conduction by the Ti** and
Ti** ions or the band model with the free electrons in the extrinsic range may
dominate the electronic conductivity.

With the hopping conduction model, mobility of electronic carrier is temperature
dependent and carrier density is fixed at different temperatures. It can be understood

in the case of spinel LiysTis3O4 processed in reducing atmosphere that the carrier
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density, i.e. number of Ti**, decreases with time in air, leading to the degradation of
electronic conductivity.

The band conduction in the extrinsic range could also support the result. In the
extrinsic range, carrier concentration is temperature dependent and mobility is fixed
at different temperatures. The carrier concentration (i.e. free electrons introduced by
the oxygen vacancies) decreases with time in air, leading to the degradation of
electronic conductivity. The extrinsic range is usually at much lower than room
temperature in semiconductor so that the exhaustion range with the relatively flat
electronic conductivity behavior against temperature can be utilized for electric
application around room temperature. It would be, however, possible that spinel
Lis3Tis304 processed in reducing atmosphere is in the extrinsic range even at room
temperature if the gap between the oxygen vacancy state and the conduction band is
relatively large. In fact, the experimental activation energy was ~ 0.2 eV, which is
larger than the gap in typical semiconductors (e.g. 0,01 eV for P°* on Si*' site,
[Mou03]).

The band conduction in the intrinsic range would not support the thermally
activated result. If this was the case, the decrease in conductivity in air would have
to be due to the decrease in electron mobility in the conduction band, which is
unrealistic to occur.

To confirm if there are Ti** ions introduced by the oxygen vacancies in the
material processed in reducing atmosphere, EPR (electron paramagnetic resonance)
measurement were performed. Ti** ions can be detected by EPR measurements
since Ti** ions have unpaired electron spins. EPR measurements proofed that there
are Ti** ions in the spinel LiysTiss04 samples processed in reducing atmosphere,
although quantitative analysis was not performed.

Only with the results achieved in this study, the exact electronic conduction
mechanism in spinel LiysTis;304 processed in reducing atmosphere is still unclear.
To determine if the conduction is dominated by Ti** ions or free electrons require
further investigations. For example, conductivity measurements over a wider range
of temperature may be useful; there would be a transition to an exhaustion range if
the material follows the band conduction in the extrinsic range.

The Cu doped sample processed in reducing atmosphere resulted in higher
electronic conductivity than the other samples (Figure 4.10). The low activation

energy of Cu doped sample (Figure 4.11(a)) indicates that the conduction
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mechanism may be different. The Cu ions may have been on the Li-sites and
contributes to the increase in electronic conductivity as desired, but no clear
signature of the Cu ions on the Li-sites was found in the (220) peak (Section 4.1.2).
Moreover, in the Cu doped sample, elemental Cu was detected as a second phase
by XRD measurement, and the amount of elemental Cu in the sample was estimated
~ 1 wt% by Rietvelt analysis for the sample with x = 0.03 for Liyz-«CuxTis;304,
whereas the total amount of Cu in this composition is 1.2 wt%; all Cu in the sample
may exist as elemental Cu. This implies that the increase in electronic conductivity
may not be due to the Cu ions on the Li-sites. Better quantitative structural analysis
for the position and valence state of Cu is required to conclude the reason for the
increase in electronic conductivity.

The Cu doped sample processed in air also increased the electronic conductivity.
The value was measured by impedance spectroscopy, which may reflect Li-ion
conductivity, but the activation energy measurement supports that the conductivity
measured for the sample with x = 0.1 would be for electronic conductivity. Figure 5.2
and 5.3 show the conductivity as function of Cu dopant concentration and
conductivity as a function of temperature for the Cu doped spinel Liy3Tis;3O04 samples,
respectively. The conductivity for the sample with x = 0.1 for Liys.xCuxTis;304 is
higher than the sample with x = 0 or 0.03, and the activation energy for the sample
with x = 0.1 (0.25 eV) is much different from the typical activation energies for Li-ion
conductivity in the spinel LigsTis304 system (~ 0.5-0.6 eV as shown in Figure 4.14).
Therefore, the conductivity for the sample with x = 0.1 can be considered as

electronic conductivity.
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Figure 5.2. Electronic conductivity at room temperature as a function of Cu dopant
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Temperature (°C)

4, 160140 120 100 80 60 40 20
10 LU L B BN B B R | T T T T T
o x for Li,, Cu Ti_ O,
3 N X X
© 5 . m x=0,~054¢eV
o 105 e x=0.03,~0.59eV
g— S A x=0.1,~0.28eV
Y2 L (~ 0.25 eV by fit for e” conduction)
-3 .
l_ 10 E ™~ \\\
X S LN
o —A \\ I
= 10 A
g \\k:“\‘:i}\‘i
S s
(@) 5 .
O 10 T T 1
2,5 3,0 3,5

1000/Temperature (1/K)

Figure 5.3. Conductivity multiplied by temperature as a function of temperature for

Cu doped spinel LiysTis 304 samples. The solid lines are fitted to an Arrhenius
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model.

= 0.03, electronic conductivity could not be

separated from Li-ion conductivity, probably since the Li-ion conductivity would be
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still larger than the electronic conductivity or they are in the same range. The Cu
doped samples processed in air did not show any elemental Cu as a second phase,
so Cu incorporated into spinel LisysTis;3O4 should contribute to the increase in
electronic conductivity.

Electronic conductivity in the Mg doped samples processed in reducing
atmosphere was investigated to confirm if there is a relationship between the Mg
dopant concentration and the electronic conductivity. Assuming either of the

following reactions,

3 . . 5 _. . . . X
(1_ZX)L|4/3T|€1\//3O4 + XMgO +ZXT|02 B L|4/3—ngxT|5l\//3—xT|>l<”O4 +Z 02 (g) (5-12)
or,
(l—%x)LimTi;\,’p4 +XxMgO +%xTiO2 —>Li,, Mg Til,0, +x € +§ 0,(g) (5.13)

doping with Mg ions on Li sites in spinel LissTis304 introduces either Ti** ions or extra
free electrons in the structure. The amount of the Ti** ions or the free electrons
should be proportional to the amount of Mg if either of the reactions above is correct.
If the Ti** ions or the free electrons are responsible for the higher electronic
conductivity, the correlation between the amount of Ti** ions or free electrons and
electronic conductivity as a function of Mg concentration should be observed.
However, the conductivity measurement did not show any clear trends with the
dopant concentration (Figure 4.12). The stable activation energy (Figure 4.13)
suggests that Mg doping would not affect the electronic conduction mechanism.
Therefore the scatter in electronic conductivity as a function of the dopant
concentration may be due to large error bars of the test. The measurement itself has
relatively good precision (i.e. resolution of multimeter), but the sample preparation
step can be problematic. One error source can be that samples are in air during
sample preparation for a certain period of time, possibly up to total 1 hr. For
example, contact with air cannot be avoided during pressing samples after
calcination and transporting samples from an oven to a glove box, or vice versa. The
duration in air was shown to be critical on electronic conductivity (Figure 4.8), but the
duration cannot be controlled to be exactly same for all samples. Another error may
arise from the difficulty to polish and electrode samples properly in a glove box. With
these considerations, it may be concluded that there would be no clear change in

electronic conductivity with increasing dopant concentration of Mg.
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In the Mg doped spinel LisysTis;sO4 samples processed in air, no Ti** ions were
detected by EPR measurement and up to 5 wt% TiO, phase was observed as a
second phase in the samples with high Mg doping concentrations (Figure 4.5). The
anticipated but unproven solution with ionic compensated defects could be that Mg
doping processed in air would be compensated not by Ti** ions as desired, but by

titanium vacancies,

B/Ti""]z 4[Mgu'] (5.14)

through the following formula for the Mg doped sample with the nominal composition

of Li4/3.ngxTi5/3O4a
4 . . 5 X X, ™ X .
((g —X)Li; +xMg;; + (E_Z)THIY +ZVTi + 400) +ZT|OZ (5.15)

The excess Ti as a result of the Ti vacancies would react with oxygen to produce
TiO,, assuming that extra oxygen is always available in air. This reaction explains
why Mg doping did not increase electronic conductivity as desired and why the TiO,

phase was observed.

5.1.2.2 Li-ion conductivity

The Li-ion conductivity value of 10”7 S/cm and the activation energy of 0.51 eV for
the undoped spinel LiysTis;3O4 agree with literature data [Wol08][Hua04][Hay94], but
they are much lower than the target value of 5 x 102 S/cm. The increase in lattice
parameter with doping was observed as expected (Figure 4.7). The next assumption
was that increasing lattice parameter would increase Li-ion conductivity, but it was
not the case (Figure 4.15).

The conductivity even decreased with Mg and Cu doping, probably due to Mg/Cu
on the tetrahedral site, which is a Li conduction path in the spinel Liy3Tis;304. XRD
results showed that some of Mg/Cu ions were on the tetrahedral site (Figure 4.6).

Another possibility which may improve Li-ion conductivity is to prepare materials
with off-stoichiometric compositions. For example, Li vacancies in the structure may
improve Li-ion conduction. As in the Li,O-TiO, phase diagram (Figure 2.8), however,
spinel Lis;sTis304 would not allow any off-stoichiometric compositions since spinel
Lis3Tis;304 has no or little solid solution range. In fact, a slight change in the amount
of Li from the stoichiometry resulted in the appearance of TiO, or Li,TiO3 phase
(Figure 4.2).
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5.2 Ramsdellite Li,Ti;O7 ceramics
5.2.1 Structural characterization

The phase distributions (Figure 4.17) for Ramsdellite Liz.xTizO7.4x2 with -0.1 < x <
0.1 agree well with the phase diagram [Izq80]; with more Li, Li,TiO3 appeared as a
second phase, and with more Ti, TiO, appeared as a second phase.

The solubilities of Nb and Zr into ramsdellite Li,TizO; was higher than that into
spinel LiysTis304, suggesting that ramsdellite Li;TisO7 can accommodate more
change in the octahedra volume than spinel LiysTis;304. The open space along the
Li-ion channel around the octahedra framework in ramsdellite Li;TizO; may be

contributing to the flexibility.

5.2.2 Electric conductivity
5.2.2.1 Electronic conductivity

The electronic conduction mechanism in ramsdellite Li,TizO; is not explained
here, but the similar argument to the spinel LiysTis;304 mentioned in section 5.1.2.1

would also be applicable for ramsdellite Li;TizO5.

5.2.2.2 Li-ion conductivity

The pellet processed in air resulted in Li-ion conductivity ~10® S/cm with the
activation energy of 0.46 eV. The values agree with literatures [Boy79].

For ramsdellite Li,Ti3O7, which possesses an anisotropic Li-ion conduction
property, the increase in Li-ion conductivity is expected if the crystals are aligned
along c-axis with the higher Li-ion conduction than the other axes. The increase,
however, would be only one order of magnitude at the most [Boy79], so the
alignment of the structure would not lead to the proposed target value of 5 x 107
S/cm.

Another possibility which may improve Li-ion conductivity is to prepare materials
with off-stoichiometric compositions. As shown in Figure 2.8 and Figure 4.17,
ramsdellite Li;TisO7 has a narrow but finite solid solution range of LiyxTizO74xs.
Creating Li vacancies or Li interstices in the structure may allow Li-ions to diffuse in
the structure easier, which may increase Li-ion conductivity. As Figure 4.23 shows,
however, both Li-ion conductivity and the activation energy did not change

significantly with different x for Liy+xTi3sO7.x». The result concludes that preparing off-
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stoichiometry ramsdellite Li; TisO; compositions does not contribute to the increase in
Li-ion conductivity.

The conductivity decreased with Mg and Cu doping (Figure 4.24), probably due to
Mg/Cu in the Li channel along the c-axis, which is the Li conduction path in
ramsdellite Li,TizO;. The increase in the conductivity with Nb doping (Figure 4.24)
could be associated with the increase in sample density with the dopant
concentration of Nb. Figure 5.4 shows that the density of the samples increased as a
function of Nb dopant concentration. Figure 5.5 shows the activation energy as a
function of Nb concentration in comparison to Zr doped samples. The activation
energy does not change significantly with the Nb dopant concentration, which
confirms that the increase in conductivity would be due to the increase in sample

density.
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Figure 5.4. Relative density as a function of dopant concentration for Nb doped
ramsdellite Li, Ti;O; samples processed in air. Theoretical densities were calculated

with lattice parameters obtained from Rietvelt analysis on XRD data
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Figure 5.5. Activation energy as a function of dopant concentration for Nb and Zr

doped ramsdellite Li, TisO7 samples processed in air

The result indicates that unit cell volume increase does not lead to an increase in

Li-ion conductivity in the ramsdellite Li; Ti3O; system.
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5.3 Liinsertion into spinel Liy;3Tis304 ceramics
5.3.1 Electrochemical characterization

The flat voltage behavior in Figure 4.25(a) for the Liys.xTis3O4 agrees with
literature [Sch99]. The test cells with the isostatically pressed pellets achieved almost
100% theoretical capacity, which suggests that 1 extra Li was inserted into spinel
LiysTis;304 to achieve the complete change into rock salt derived Liz;3Tis3O4. The
sintered pellets processed in air and reducing atmosphere achieved only about 0.3 %
and 20 % theoretical capacity, respectively. This would be due to the fact that there
are not many open pores available for the liquid electrolyte to go through the about 1
mm thick dense samples. Without the pores, electrons have to travel through the
bulk ceramic from the current collector and Li-ions from the interface with the
electrolyte to the other surface of the pellet. On the other hand, the pressed pellets
have about 60 % theoretical density, which allows the electrolyte to travel through the
pores toward the current collector of the cathode. Therefore, it would be easier for
Li-ions and electrons to meet to incorporate into the Lig/z.x Ti5304.

The capacity during the 1% charge was much smaller than the capacity achieved
during the 1% discharge cycle, as shown in Table 4.3. This implies that the Li
extraction from the Liys.xTis304 phase with x > 0 is slower than the Li insertion into
spinel LiysTis;304. The slow Li extraction may be the sign that the Li-ion conduction
in the Liys4x Tis;304 with x > 0 may be better than the spinel Liy3Tis;304. The electronic
conduction should not be the limiting factor for the slow Li extraction, since the
capacity degradation was also observed for the samples processed in reducing
atmosphere with the electronic conductivity of ~ 102 S/cm. Figure 5.6 shows
schematics for Li insertion and extraction on a single Liys.xTis3O4 particle with the
assumption that the white particle, spinel Liy3Tis;304, is @ bad Li-ion conductor and
the blue particle, the Liys.xTis304, is a better Li-ion conductor. The worse capacity
during the charge cycle can be explained well with this schematic. During the Li
insertion, the blue phase grows from outside to inside, and during the Li extraction,
the white phase grows from outside to inside. The white spinel Liy3Tis304 layer
would block Li-ion conduction. The core-shell model is also suggested in the
literature [LuO7].
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5.3.2 Electric characterization

Electronic conductivity increased with both electrochemical and chemical Li
insertion into spinel Liy3Tis304. (Figure 4.28 for electrochemical and Figure 4.33 for
chemical insertion). This result implies that only Ti®* ions or free electrons without
formation of oxygen vacancies can increase electronic conductivity, since no oxygen

vacancies are created during the Li insertion as expressed in the following equations;

x Li* +x e+ Li,  Ti: YO, — Li, ., Ticy Ti:"O, (5.16)
X Li* +x e + Liy,Tigy O, —> Li, 5, Tigh O, +x € (5.17)

Each extra Li incorporated into the spinel Liy;3Tis;304 is compensated either by Ti* or
a free electron. The thermally activated conduction (Figure 4.31) suggests that
equation 5.16 would likely to be the case. If equation 5.17 was correct, the free
electrons would be in the conduction band and the metallic conduction behavior
should be observed; there are no oxygen vacancies unlike the samples processed in
reducing atmosphere, and there would be no energy levels available between
valence and conduction bands, which should result in the free electrons in equation
5.17 in the conduction band.

The electronic conductivity of the Li-inserted sample decreased with time in air
(Figure 4.34). Reaction of the Liys.xTis;304 with oxygen (or carbon dioxide) in air may

be preferred due to the electronically unstable Ti®* or the free electrons;
Li,, TiZV TiMo, +%x 0, (or CO,)——> L, Tiz O, +%x Li,O(or Li,CO,)
(5.18)
- -4V _ 1 - -4V 1 - -
Liy s, Jis2,0,+Xx € +ZX O,(or CO,)——> Li,,Ti;,;3 O, +EX Li,O(or Li,CO,)

(5.19)

The equations would explain the decrease, but this solution has not been proven.
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XRD analysis was performed on the Li-inserted sample which was in air for 2 weeks,
but neither Li,O nor Li,CO3 was confirmed to exist in the sample. The compounds
formed by the excess inserted Li may be in amorphous phases.

The measurement with the LiPON layers confirms that the Li insertion into spinel
Lis;sTis;304 increases Li-ion conductivity, but only qualitative analysis is possible with
the current measurement set-up. As explained in Chapter 4.3.4, the separation of
the contribution of the Liss:xTis;3O4 to the Li-ion conductivity from that of the LiPON
was difficult. The wide range of conductivity values (10° — 10° S/cm) was also
observed at different applied currents (Figure 4.38). The reason for the wide range
of conductivity values at different currents may be due to the mechanical strength of
LiPON layers. The LiPON layers may be damaged at higher current. The damaged
LiPON part may lead to a local shortcut of the cell, which results in a lower resistance
of the cell. For quantitative measurement, the LiPON layers need to be more
uniformly sputtered on the Ligs.xTis304 samples and the Li-ion conductivity of the
LiPON layers needs to be known accurately. Moreover, the contact of the samples
with air could not be completely avoided during sample transportation for the LiPON
sputtering preparation, which may degrade the conduction property as well. Once
the quantitative Li-ion conductivity measurement becomes available, it would be
interesting to see the conductivity change as a function of x for Lis/z+xTis30a.

The mechanism for the good Li-ion conduction in the Liss+xTis;3O4 Samples is not
understood well. If the Li insertion undergoes the two phase reaction, there may be
good conductions along the phase boundary between the spinel LissTis304 and the
rock salt derived LizsTis3O4. If the Li insertion occurs through the single solid
solution phase, Liy/s+xTis;304, the random distribution of Li ions in the tetrahedral sites
and the Li ions in the octahedral sites which are introduced by the Li insertion may

enhance the Li-ion conduction in the material.
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5.4 Relationship between spinel, ramsdellite, and rock salt derived lithium
titanates

Table 5.1 summarizes the electronic and Li-ion conductivity of the undoped spinel
Lig3Tis304 in terms of processing atmospheres and Li-insertion towards rock salt

derived Li7/3Tis304.

Table 5.1. Summary for the electronic and Li-ion conductivity of the undoped spinel

Lia/3Tis;304 and the Liyz+xTis;3O4 at room temperature

Synthesis (processing atmosphere) Li insertion towards rock salt derived Li7/3Tis304

In air oe ~ 1027 S/cm
cel < 107 S/em \ ) Gion increased (measured qualitatively) a‘
Gion ~ 107 S/cm
In reducing atmosphere ce > 102 S/em
cel ~1072 S/cm . Gion NOt measured
Gion NOt measured

For higher electronic conductivities, the introduction of Ti** or/and free electrons in
the lithium titanates is essential. The Ti** or/and free electrons were introduced by
the oxygen vacancies created through the process in reducing atmosphere or by the
Li insertion. The best conductivity without doping was achieved for the sample
processed in reducing atmosphere, followed by the Li insertion. This result suggests
that both the process in reducing atmosphere and the Li insertion contribute to
electronic conductivity. However, the oxygen vacancies created by the process in
reducing atmosphere were proven to be essential for the high electronic conduction;
the Li insertion into the spinel LiysTis3O4 samples processed in air never achieved
the electronic conductivity higher than that of the samples processed in reducing
atmosphere.

The distinct difference in electronic conductivity between the samples prepared in
reducing atmosphere and the samples in which Li was inserted is the degradation in
air. Figure 5.7 compares the degradation of electronic conductivity with time in air.
The electronic conductivity in both samples decreased with time in air, but the
decrease was much faster in the Li inserted samples than in the samples processed
in reducing atmosphere. This was also clear from the change in color of the
samples. Figure 5.8 shows the color change with time in air for the samples

processed in reducing atmosphere and the Li inserted samples. The powder
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calcined in reducing atmosphere became grayish after 1 year in air, but the color
change in the pellet sintered in reducing atmosphere was not noticeable with human
eyes. The color of the Li inserted sample completely changed to white within 18
days. The decrease in electronic conductivity in air was assumed to be due to the
oxygen diffusion for the samples processed in reducing atmosphere (equations 5.3
and 5.4) and the lithium diffusion for the Li inserted samples (equations 5.14 and
5.15). The faster decrease in electronic conductivity in the Li inserted sample
suggests that the Li diffusion in the Liss.xTis;sO4 would be much faster than the O

diffusion in the spinel Liy3Tis304 sample processed in reducing atmosphere.
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Figure 5.7. Electronic conductivity at room temperature as a function of time in air
for the spinel Liy3Tis;304 pellet processed in reducing atmosphere and the spinel

spinel LiysTis304 pellet processed in air which was in butyllihium for 7 days targeted

for x = 0.5 for Lig/z+x Tis;304

(c) (d) ()

(@) (b)

Figure 5.8. Pictures of pellets showing the color change over time in air. After 1 year

in air for (a) the spinel Lis3Tis;304 powder calcined in reducing atmosphere and (b)

the spinel LiysTis304 pellet sintered in reducing atmosphere in air.  After (c) O day

(d) 3 days (e) 18days for the spinel spinel Lisy;sTis;3O4 pellet processed in air which
was in butyllihium for 7 days targeted for x = 0.5 for Lis/z+x Tis/304
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Doping of aliovalent ions was performed to possibly introduce Ti** in the spinel
LissTis304 and the ramsdellite Lip TisO7 structure, but the conductivity did not change
with the dopants, Mg, Nb, and Ta. This is contrary to the literature, which showed
the increase in electronic conductivity with the dopants [Che03][Yi10]. This result
again proves that the oxygen vacancies are essential for the high electronic
conduction. Both in the spinel LisysTis3O4 and the ramsdellite Li;TisO7, only Cu
doping increased electronic conductivity further for samples processed in reducing
atmosphere. The Cu ions may have been on the Li-sites and contributes to the
increase in electronic conductivity as desired, but the existence of elemental Cu as a
2" phase makes it difficult to conclude the reason for the increase in electronic
conductivity (Section 5.1.2.1).

In order to possibly increase Li-ion conductivity in the spinel LissTis304 and the
ramsdellite Li;TizO7, the lattice size was expanded by doping. The expansion of the
lattice size, however, did not help to increase Li-ion conductivity both in the spinel
Lig3Tis;304 and the ramsdellite Li; TizO7. This may be due to the fact that larger lattice
parameters do not necessarily lead to expand the spaces for the Li-ion conduction in
the structures.

The Li insertion into spinel LiysTis304 increased Li-ion conductivity. Only the
qualitative measurement was conducted in this study, so it would be interesting to
measure Li-ion conductivity quantitatively and understand the structure as a function
of x for Ligs«xTis304 for further study. The Li insertion also increased electronic
conductivity, which makes the Liys.xTis3O4 attractive for the cathode purpose in Li-S
battery. As explained in section 2.5, however, the Liy3:xTis304 reacts with S within
the cathode during open circuit until the poor conducting spinel LissTis304 is
obtained. In order to maintain the good conducting phase during Li-S battery
operations, Fe doping was performed (section 4.4 and 5.5)

The Li insertion into ramsdellite Li;TizO; was not performed in this study. A
deeper study on Li insertion into ramsdellite Li,TizO; may be interesting to see how
the Li insertion changes the structure and the conduction property, although the Li
insertion into ramsdellite Li;TisO; does not seem to increase Li-ion conductivity in
literature [Gar96].
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5.5 Fe doped spinel Liy;sTis304 ceramics
5.5.1 Structural Characterization

The samples with y = 0.115 and 0.25 for Liys.ysFe,Tisz.2,304 resulted in Fd-3m
structure and P4532 structure, respectively, when they were processed in air. The 2
different phases for the 2 different compositions are as expected [Sch97/2]. When
the samples were processed in reducing atmosphere, both samples with y = 0.115
and 0.25 resulted in the spinel (i.e. Fd-3m) structure. The sampled processed in
reducing atmosphere contained elemental Fe as a 2" phase, which will reduce the
amount of Fe in the lithium titanate. The less amount of Fe in the sample with y =
0.25 may have brought the sample to the region of the Fd-3m structure in the phase

diagram (Figure 2.13)

5.5.2 Electrical characterization

The Fe doped sample processed in air increased the electronic conductivity,
similar to the Cu doped sample. The value was measured by impedance
spectroscopy, which may reflect Li-ion conductivity, but the activation energy
measurement supports that the conductivity measured for the sample with y = 0.25
would be for electronic conductivity. Figure 5.9 and 5.10 show the conductivity as
function of Fe dopant concentration and conductivity as a function of temperature for
the Fe doped spinel Liys.sFe,Tissa304 Samples, respectively. The conductivity for
the sample with y = 0.25 for Lia/s.yzFeyTisz-2y30a4 is higher than the sample withy = 0
or 0.115, and the activation energy for the sample with y = 0.25 (0.24 eV) is
significantly different from the typical activation energies for Li-ion conductivity in the
spinel LigsTis3O04 system (~ 0.5-0.6 eV). Therefore, the conductivity for the sample
with y = 0.25, which increases with increasing temperature with the activation energy

of 0.24 eV, can be considered as electronic conductivity.
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For the Fe doped sample with y = 0.115, electronic conductivity could not be
separated from Li-ion conductivity, probably since the Li-ion conductivity would be
still bigger than the electronic conductivity or they are in the same range. The Fe

doped samples processed in air did not show any elemental Fe as a second phase,
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so Fe incorporated into spinel LiysTis3O4 should contribute to the increase in
electronic conductivity.

The electronic conductivity did not increase with the Fe doping when the samples
were processed in reducing atmosphere. This is different from the Cu doped
samples processed in reducing atmosphere, which showed an increase in electronic
conductivity. Elemental Fe was found in the samples, but elemental Fe seems not to

contribute to increase electronic conductivity.

5.5.3 Electrochemical and chemical Li insertion

During electrochemical Li insertion, the Fe doped samples processed in air were
not in equilibrium even after pauses for 71 hr (Figure 4.43 (a)). This would be the
main cause for the difference between the voltage profiles of this study (Figure
4.44(a)) and of Scharner (Figure 2.14) [Sch97/1]; the voltages of the Fe doped
samples were higher than the undoped sample, but the clear 2 step voltage behavior
observed by Scharner was not observed. The long relaxation time would be due to
the low conductivities observed with Li insertion into the Fe doped samples (Figure
4.46). Scharner had the similar test set-up configuration, but the samples were
completely dipped in an electrolyte [Sch97/1], which may have led to the faster
relaxation. Thinner samples would also help to shorten the relaxation time.

The samples processed in reducing atmosphere show a different electrochemical
behavior from samples processed in air (Figure 4.43(b)). The electrochemical
behavior looks similar to the behavior observed by Scharner (Figure 2.14) for the Fe
doped sample, but Figure 4.43 (b) showed the 2 step voltage behavior even for the
sample without Fe doping. The 2 step voltage behavior for the undoped sample
processed in reducing atmosphere is different from the ~ 1.5 V flat voltage behavior
observed for the sample processed in air in this study (Figure 4.25 (a)) and also in
literature [Sch99]. There were no obvious differences between the Fe doped
samples and the undoped sample processed in reducing atmosphere, suggesting
that Fe®* would have been reduced to Fe?* or elemental Fe during the process in
reducing atmosphere and that there would be no Fe** available to be reduced during
the discharge process. This implies that the small shoulders observed at 1.6-2.2 V
are not due to the Fe doping. All the samples processed in reducing atmosphere

contained up to 7 wt% Li,TiOs. Li,TiO3 is known to have electrochemical activity at
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1.7-1.8 V [Mor08], so the small shoulders at 1.6-2.2V may be due to the undesired
Li, TiO3 phase.

The change in conductivity with the Li insertion into the Fe doped samples was
monitored by the direct contact of Li-metal on the sintered pellets. The change in
conductivity was different for the undoped and the Fe doped samples processed in
air. Figure 5.11 compares the conductivity change for the undoped and the Fe
doped samples. The slow increase in the Fe doped sample agrees with the slower
color change of the Fe doped samples compared to the undoped sample (Figure
4.29 for the undoped sample and 4.45 for the Fe doped sample). The inconsistency
for the lengths of lower voltage plateaus may be due to the difference in contact
between Li metal and the pellets and thicknesses of the samples, which were not
exactly identical among the samples. The slow increase in electronic conductivity
from 10® S/cm to 107 ~ 10® S/cm observed for the chemical Li insertion in the Fe
doped samples may correspond to the high voltage (~ 2.3 V) range associated with
the change from Fe®" to Fe?* observed for the electrochemical Li insertion [Sch97/1].
The rapid increase in electronic conductivity after 750-1500 hr for the chemical Li
insertion may correspond to the shift to the 1.5 V range for the electrochemical Li
insertion (Figure 2.14). If this assignment is correct, the introduction of Fe?* into the
Fe doped spinel Liys.y3FeyTiss0,304 by Li insertion does not contribute to increase
electrical conductivity as much as the undoped spinel Liy/3Tis;304 with the introduction
of Ti**. The slower species (i.e. either electronic or Li-ion conduction) limits the
increase in the measured conductivity in this test set-up, implying that the
introduction of Fe?* does not help to increase electronic or/and Li-ion conductivity as
much as the introduction of Ti**. The total conductivity values in the Fe doped
samples after the rapid increases at 750 — 1500 hr are higher than the undoped
sample, which makes the Fe doped samples with the Li insertion promising for the
application in Li-S battery. To separate the electronic and ionic contributions to the
conductivity, the measurement with the LiPON layer can be performed for example,

but such measurements were not performed in this study.
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Chapter 6: Summary

A mixed (i.e. Li-ion and electron) conducting ceramic material was investigated to
replace the use of C in the cathode part of Li-S battery, in order to improve the
structural stability during battery cycling. The mixed conductor is required to possess
the following properties to achieve the desired battery performance.

1. High electronic conductivity (Target conductivity at room temperature ~ 5 x 102
S/cm)

2. High Li-ion conductivity (Target conductivity at room temperature ~ 5 x 102 S/cm)
3. Good structural stability during operation of battery

4. Smaller electrochemical potential vs. Li/Li* than that of sulfur (~2.1 V)

To develop the mixed conductor satisfying the 4 requirements, lithium titanate
ceramic system was investigated. Materials in the lithium titanate system are
attractive for the cathode structure purpose for the following reasons;

- Wide variety of phases in the system to be investigated
- High cycle stability of Li-ion batteries with lithium titanate materials as anode
- Electrochemical potential vs. Li/Li* at about 1.5V for some phases

With the high structural stability and electrochemical properties of the phases in
the lithium titanate system, the focus of the study was narrowed down to investigate
and develop phases with high Li-ion and electronic conductivities in the lithium
titanate system to achieve the target values of 5 x 102 S/cm. Spinel Lig/3Tis/304,
ramsdellite Li;TizO7, and spinel - rock salt derived Liss:+xTis;304 were investigated.
Improvement of Li-ion and electronic conductivities was attempted through controlling
processing atmosphere, doping of aliovalent ions on either Li or Ti site, and Li
insertion into spinel Liy3Tis;304.

In both spinel LiysTis3O4 and ramsdellite LiyTisO7, processing in controlled
reducing atmosphere increased electronic conductivity up to about the target value
and Cu doping improved the conductivity further. Li insertion into spinel Lig3Tis304
also resulted in an increase in electronic conductivity. The conduction mechanism
responsible for the improved electronic conductivity was analyzed through electric
characterization. The dominant effect on the increase would come from Ti** or/and
free electrons introduced by oxygen vacancies through the process in reducing
atmosphere. The thermally activated conduction supports the contribution of the Ti**
to the conductivity through electron hopping mechanism or the contribution of the

free electrons through the band conduction mechanism in the extrinsic range for the
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sample processed in reducing atmosphere. The thermally activated conduction was
also observed for the Li-inserted sample, suggesting that the Ti®* introduced by the
inserted Li contributes to the increase in electronic conductivity.

In terms of Li-ion conductivity, doping spinel Lis;3Tis304 and ramsdellite LizTizO7
was attempted to increase lattice size with the assumption that larger spaces in the
structure make Li-ion movement easier, which would result in an increase in Li-ion
conductivity. However, Li-ion conductivity did not increase with doping, even though
the lattice size increased with the doping as desired.

Li insertion into spinel Lis;3Tis30s, i.€. LigysxTis304, was studied to investigate if
the Li insertion contributes to increase Li-ion conductivity. The Li insertion was
confirmed to increase Li-ion conductivity qualitatively by the measurement with the
LiPON layers as electronically blocking electrodes. Further study on the quantitative
measurement of Li-ion conductivity as a function of x for Liss+xTis;3sO4 would be of
interest.

The Lisys+xTis5304 ceramic may possess the desired electronic and Li-ion
conductivities. There is, however, a potential problem during open circuit with the
Lis/s+x Tis;304 ceramic in the cathode matrix in Li-S battery: The cathode of S with the
Li inserted spinel LiysTis;3O4 would suffer from self discharge, since electrochemical
potential vs. Li/Li* of sulfur is higher than that of the Lis34xTis304. The self discharge
leads to a loss of capacity and inferior battery performance due to the spinel
Lis3Tis;304 phase with inferior Li-ion and electronic conductivities. Fe doping could
be a solution to overcome the problem; the 2 step voltage behavior, ~2.3V and
~1.5V, during Li insertion into the Fe doped spinel Liys.ysFeyTisz-2,304 may stabilize
the phase with good Li-ion and electronic conductivities. The Li insertion into the Fe
doped samples, y = 0.115 and 0.25 for Liys.y3FeyTiss-2,304 by the contact with Li-
metal showed that the total conductivity increased with time. The separation of the
conductivity into electronic and Li-ion contributions and optimization of x and y values
for Liss-yz+xFeyTissz.0,304 would lead to realize the desired ceramic material with

sufficient electronic and Li-ion conductivities for the cathode purpose in Li-S battery.
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