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Introduction

Abstract

A general description of the Li-ion battery system is given along with certain materials
that are used as electrodes. In addition, the fabrication and stability of these electrode
materials are also described. Finally, the scope of this thesis and the experimental de-
tails are discussed as well.



2 Introduction

1.1 General overview

Energy storage has been and will continue to be one of the most important areas in
technology as energy consumption continually increases. One of the reasons for this in-
crease in energy consumption is the increased use of portable electronic devices. Al-
though portable electronics has existed since the early 20™ century, the use of portable
electronic devices to the everyday consumer has increases dramatically since the 1980’s
(1). The demand for such products stems from the fact that these devices are rather
compact that make it easy to carry. One of the biggest reasons for the compactness of
these devices is directly due to the battery development that lead to a reasonable amount

of dependable energy in such a compact volume.

There are two main categories in which battery systems are classified. The first category
is the primary battery. These batteries are discharged only once and thus, used only once
for an application. The second category is the secondary battery. These batteries are re-

chargeable and can be discharged and charged for multiple times or cycles (2).

For electronic portables, a common example of a primary battery is the alkaline cell.
This battery is currently in production and retains a rather large consumer market. This
system uses a Zn/MnO, electrode couple in an alkaline electrolyte. This battery has an
operational potential of 1.5V and are manufactured usually in various cylindrical cans
sizes. Some advantages of this system are the long shelf life (more than 4 years) and a
reasonable operational life. The drawbacks for this system are low energy and power
density (3).

One of the earliest secondary battery systems is the lead-acid system invented by Plante
in 1859 (1). This system was easy to maintain because of its simple lead/lead oxide
electrodes and water-based electrolyte. The operational potential was ~2V and is re-
chargeable. However, the theoretical energy density is only 165 Wh/kg and in practice
only 25% of this energy density is realized. Most of the energy loss is mainly attributed
to the weight of the electrodes themselves since Pb is used for both electrodes (2).

There are several advanced rechargeable battery systems that have been investigated.
Some of the major systems include Ni/Cd, Ni/Metal Hydride, Li metal, and Li-ion sys-
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tems. All of these systems are rechargeable and all of these systems possess a higher en-
ergy density than the lead-acid system (1,2). Further discussion in this chapter will be

focused on the Li-ion battery system.

1.2 Basic electrochemical cell

The basic concept of an electrochemical cell is that this system converts chemical en-
ergy into electrical energy. In general, there are five components that constitute an elec-
trochemical cell. These components are two electrodes, electrolyte, and two current col-
lectors. The main function of the electrodes is to be reduced or oxidized over a potential
range measured in volts (V). The electrolyte serves as an ionic conductor between the
electrodes and must be electronically insulating. The current collectors are an electri-
cally conducting material, usually a metal, that are directly in contact with each elec-

trode. The current collectors are attached to each other by an external circuit. (2,4).

-~ LOAD
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Figure 1-1 Schematic of an electrochemical cell

An electrochemical cell functions because of the potential difference between the two
electrodes. It is energetically favourable for the two electrodes to come towards an equi-
librium potential that is lower than the initial open-circuit cell potential where they are

stable. Equilibrium between the electrodes is achieved by the oxidation of one electrode
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and the reduction of the other electrode. The electrode that is reduced is called the cath-
ode, while the electrode that is oxidized is called the anode. These reactions are accom-
plished by two distinct paths for ions and electrons. The electrons travel through the ex-
ternal circuit from the anode to the cathode. At the same time, the ions travel in the
same direction as the electrons between the two electrodes through the electrolyte. This

completes the redox reaction of the two electrodes.

The work that is performed from this reaction occurs at the external circuit. The amount
of energy that the cell contains may also be controlled at the external electric circuit.
The rate that the electrons flow or the current in the circuit may be regulated and can
also be stopped by placing a physical break into the circuit. Once the potential differ-
ence between the electrodes reduces to zero Volts, no electrons will flow and the system

stops to perform work. The process described above is called cell discharge.

In a rechargeable system, the electronic current flow is reversed through an external
power source. At the same time, the ions will flow back to reduce the original electrode
via the electrolyte and the potential difference between the electrodes will increase. Ide-
ally, the amount of energy that was put into the system while under charge would equal
the amount of energy that could be taken out of the system under discharge. This can
never be the case due to entropy loss such as heat, and chemical side reactions in the
cell.

1.3 Thermodynamics of an electrochemical cell

When discussing thermodynamics of an electrochemical cell, it is a custom practice to
consider the partial change of Gibbs’ free energy 0G of an electrode with the progres-
sion of reduction or oxidation of the electrode, on (2). This ratio is expressed as the

chemical potential, p, and is presented in Equation 1.1

_G

= 1.1
on (1.1)

7]
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In an electrochemical cell, the change of Gibbs’ free energy, AG, is equal to the differ-
ence between the chemical potentials, i and p, of the component that was transferred
through the electrolyte in its ionized form (e.g. Li) in the cathode and anode, respec-

tively. This is presented in Equation (1.2) as

AG=pu, —pu, (1.2)

The electric potential, E, is directly related to the change of Gibbs’ free energy by the

following relation,
AG =—-nFE (1.3)

where n is the number of electrons involved in the electrochemical reaction and F is
Faraday’s constant. By combining Equations (1.2) and (1.3), the electric potential of the

cell is correlated with the difference of the chemical potentials defined above. Thus,

po_ W) (14)

nF

Chapter 5 of this thesis will discuss in more detail the thermodynamics of the Li-ion
battery system.

1.4 Li-ion battery system

One of the most interesting rechargeable battery systems, that is being researched today,
is the Li-ion battery system. This system is very attractive due to it’s high energy den-

sity when compared to other rechargeable battery systems as presented in Figure 1-2

(4).
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Figure 1-2 A graphic description of the volume of energy density to the weight of energy density

for various battery systems from ref. (4)
The Li-ion battery system shuttles lithium between the two electrodes where one elec-
trode is the Li source while the other electrode is a Li sink. Lithium is an ideal material
for battery applications because it is one of the lightest elements in the Periodic Table
and it possesses a high reducing potential (-3.04 V versus the standard hydrogen elec-
trode). This combination makes the theoretical specific capacity extremely high (3862
Abh/kg), which is desirable for an energy storage device (1,5).

Early attempts to harness this energy used lithium metal as an anode and an intercalat-
ing or Li-ion insertion material as a cathode. This system failed due to dendrite forma-
tion on the lithium electrode as the cell underwent repeated discharge to charge cycles.
The dendrites would build over a period of cycles until a physical short circuit between
the electrodes would end the cell’s life (2). In addition, safety was an issue, since lith-
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ium metal can oxidize violently to form lithium nitride, Li;N, and lithium oxide, Li,0,

in normal air (4).

One of the first approaches to circumvent the Li metal problem was to use a Li-ion in-
tercalating material for both electrodes. This concept was demonstrated as early as the
mid 1970’s to the early 1980’s that led to the Li-ion battery technology (6,7). This tech-
nology solved the Li metal problem by using only Liatoms to reduce one of the two in-
tercalating electrode materials. Dendrite formation was no longer a problem, because
the intercalating material was able to accept Li' ions into its structure. However, be-
cause Li metal was not used in the Li-ion intercalating strategy, the specific capacity
was significantly reduced to a fraction of the theoretical specific capacity for Li metal.
In 1991 the Sony Corporation was the first private company to market this technology

using a LiCoO,/carbon electrode couple (2,4).

1.4.1 Materials used in the Li-ion battery system

1.4.1.1 Positive electrode materials overview

Since the Li-ion battery concept was focused on intercalating electrodes, it was possible
to construct a cell where the initial lithium source resides at the positive electrode. This
battery design worked because there were many known Li-metal oxides that were stable
in air and possessed a relatively high potential (8,9). Two of the earliest Li-metal oxides
that were studied were LiNiO, and LiCoQ,. These materials adopted a layered structure
that allowed Li atoms to exit and enter the sites in between the alternating planes in the
metal oxides. Although LiNiO, would theoretically possess a greater specific capacity,
the LiCoO, was more stable, when Li atoms were removed from the structure (10-12).
For this reason, most of the commercial batteries use LiCoO,, or a hybrid of the two

aforementioned material as the positive electrode (13).

An alternative cathode material is LiMn,0O, that adopts a cubic spinel structure (14,15).
Although the LiMn,0, spinel material possesses a similar potential (approximately 4V),
this material has a few advantages over the layered structure. Firstly, it was cheaper to
produce since the materials were more abundant than Ni or Co. Secondly, it was more

environmentally friendly, or less toxic than Ni or Co (16). Thirdly, it possessed a three-
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dimensional structure so that Li atoms could enter and exit the structure in a three-
dimensional manner (17). This is in contrast to the layered structure of LiNiO, and Li-

CoO, where the Li atoms are mobile in only a two-dimensional conductive pathway.

However, LiMn,O, has a few disadvantages. The practical specific capacity for this ma-
terial is 120mAh/g. This capacity is approximately 10% less than that of the layered
structure. Another drawback is that the stoichiometric spinel could change from cubic to
an orthogonal structure at just below room temperature due to a Jahn-Teller distortion
caused by the Mn®" cations (18-21). Furthermore, the cycle life is limited and storage
under elevated temperature conditions decreased the performance of this material
(22,23). Recent reports have mentioned coating LiMn,0O4 with LiCoO, that may have
solved some of these problems (24-27). Further discussions of LiMn,O, will be pre-
sented in a later part of this chapter.

Recently, by doping Ni in place of Mn in the LiMn,O, spinel, a new class of 5 V cath-
odes has been reported (28). The obvious advantage for this class of cathodes is the in-
crease in power density. One of the main obstacles concerning this material is the struc-
tural stability of these materials and the potential stability of the electrolytes that are
currently used. It is known that the possibility of manganese dissolution occurs at either
elevated temperatures, or at higher potentials. This problem directly affects the life of
this battery system (29,30).

The latest successful material that is used for the Li-ion battery system is LiFePO,. The
LiFePO, adopts an olivine structure. This material possesses a very stable potential at
3.4 V for approximately 90% of its specific capacity. In addition, this material is ex-
tremely stable at elevated temperatures (up to 85°C) over a long cycle life (31,32). The
greatest disadvantage is the low electrical conductivity. This problem leads to a high-
cell resistance and thus a poor cell performance. Recent advances to improve the con-
ductivity such as carbon coating the particles of this material have made this material a

promising candidate as a next generation of positive electrode materials (33).
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1.4.1.2 Negative electrode materials overview

One of the first materials that have been examined after Li metal as a negative electrode
is carbon. This material can accept one Li atom per six carbons in its structure. Because
of its high Li uptake and relatively light density, the theoretical specific capacity is con-
sidered high at 372 mAh/g. Through advances in material preparation, the practical ca-
pacity is very close to the theoretical value. Although the open-circuit potential of this
material is 3.5 V versus Li metal, the potential drops dramatically (below 0.1 V) once Li
atoms are intercalated into its structure. Thus, practically the full potential of Li metal
can be realized (34,35).

Despite obvious advantages such as low cost, high specific capacity, and an intercala-
tion potential that is close to lithium metal, there are a few problems with carbon.
Firstly, this material is known to react with the electrolyte as Li is intercalated into the
carbon. This reaction forms a so called solid-electrolyte interface (SEI) layer (34). The
formation of this layer creates an irreversible capacity loss of approximately 10 to 15%
(36,37). Secondly, since the potential of the intercalated carbon is very close to the po-
tential of Li metal, Li metal plating on the carbon under higher charging current densi-
ties is a concern. Li plating is a safety risk that is similar to the risk of using Li metal
anodes (37).

An alternative material for carbon is metal oxides such as TiO,, or spinel metal oxide
such as LiyTisO,,. For the LiyTisO;, spinel material, many groups have found that it
possesses attractive qualities as an anode material. Some of these qualities include a
practical capacity of 170 mAh/g, an extremely stable potential of 1.55 V versus Li metal
for over 90% of its capacity, and an extremely low volume change of the material that is
less than 0.1% during the course of cycling (38,39). Because the potential is signifi-
cantly greater than that of carbon, the risk of Li metal plating is significantly reduced.

The latest class of negative electrodes that has been reported comprises the nano-metal
oxides. Tarascon et al. have recently reported a significant increase in specific capacity
for some nano-metal oxides. This significant increase of capacity is attributed to the re-
versibility of Li,O. It has been previously thought that Li,O was irreversible but this
group has argued that properties in the nano region do not reflect the same properties as
in the bulk (40).
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1.4.1.3 Electrolyte overview

Two major types of electrolyte that are commercially being used are the solid-state Li-
polymer and a nonaqueous Li-electrolyte. In general, the Li-polymer electrolyte con-
tains a Li salt that is dissolved by a polymer solvent. Once the Li salt is dissolved, Li"
ions can hop along the backbone of the polymer chain (4). The advantage is that the
electrolyte is solid state. Thus, manufacturing the battery is easier and because electro-
lyte spillage is not an issue, the battery is more safe when comparing to batteries that
uses liquid electrolytes. The disadvantage is that the ionic conductivity is rather low at
room temperature. However, recently Scrosati et al. have reported a significant im-
provement of the ionic conductivity of polymer electrolytes by the addition of nano-

sized metal oxides in the polymer, such as TiO, (41).

The second type of electrolyte generally uses an organic solvent that dissolves a Li salt.
There have been many salts and organic solvents that have been used in the past. Of
these, one of the most commonly reported liquid electrolyte is the lithium fluorophos-
phate (LiPF¢) that is dissolved in a mixture of ethylene carbonate (EC), dimethyl car-
bonate (DMC) or propylene carbonate (PC). This electrolyte is a particularly good ionic
conductor at room temperature (up to 10~ S/cm?), and is stable up to 5V versus Li metal
(4). Some of the disadvantages are the flammability of the electrolyte and the limited
temperature range that the electrolyte can be operated, i.e., in the range of 10-50°C (42).
Recently, a new class of liquid electrolytes that uses a rather large anion and called ionic
liquids are being researched. These electrolytes are stable at higher temperatures and

have a similar ionic conductivity than that of the early liquid electrolytes (43).

1.4.2 Electrode electrolyte interface and electrolyte degradation

According to the Bockris and Reddey, most of the action in electrochemistry takes place
at the interfaces of the electrodes and electrolyte. However studying this area of electro-
chemistry is rather tedious and complex. When considering interfaces in electrochemis-
try, the concept of the Helmholtz layer has been widely accepted for more than 100
years. In the 1960’s the concept of the overcharge potential explains some of the dy-

namics of the electrode electrolyte interfaces (44).
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In the Li-ion battery field, the interface between the electrolyte and anode has been
studied the most while little attention has been given towards the cathode-electrolyte in-
terface. It has been accepted generally that a solid electrolyte interface (SEI) layer is
formed on the anode at the early stages of lithium intercalation, or alloying of the anode
where the local potential is below 1V (42). During this process, the electrolyte reacts
with the electrode to form this layer. This layer is generally viewed as a passivation
layer that acts as a protective coating that prevents further degradation of the electrode
or electrolyte. To date, evidence of the SEI layer has been given indirectly through
various electrochemical techniques. In some instances, the SEI layer may increases the
cell resistance over time and, therefore, reduces the service life of the cell (34). There
have also been reports that this may be the case at the cathode electrode as well but the
validity of these reports is currently debateable (42). Figure 1-3 presents a schematic of
the interfacial layers. (45)

]—

positive electrode  electrolyte negative electrode

o oxygen - carbon — charge

@ metal ® jithium -a— discharge

Figure 1-3 Schematic of the electrochemical cell with the SEI layer
from ref. (45)

Other forms of degradation of the electrolyte have been reported also. Among these is
the reaction of residual water with the lithium salt in nonaqueous electrolytes. In the

case of electrolytes that use LiPF¢ salt, the possibility of producing hydrofluoric acid
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has been reported (4,30). If acids were introduced into the electrolyte that use a
LiMn,0, electrode, the Mn would tend to dissolve into the electrolyte and this reduces
the cycle life of the LiMn,0, electrode at especially higher temperatures (46,47).

1.4.3 Battery design

Although there are many cell configurations, the most common consumer battery de-
signs are the coin cell, wound cell, prismatic cell, and the flat cell (2,3,48). The coin cell
design is a straight forward design where the electrodes are parallel to each other. These
electrodes are separated usually by a polyethylene sheet that contains a liquid electro-
lyte. These materials are placed in a thin cylindrical metal can which is sealed by a
metal lid. To prevent an electrical short circuiting, a polymer gasket seals the lid to the
can. Thus, the can is usually one electrode pole while the lid is the other electrode pole
of the cell. The name of this design comes from the fact that its casing resembles a coin.
The second most common design is the wound cell design. This design uses long strips
of electrodes and separator that are wound inside and are placed in a long cylindrical
can. A similar system that is used to seal the coin cell design also seals this cell design.
The prismatic cell is similar to the cylindrical cell in that it is a wound cell that is flat.
The flat cell design contains alternating plates of electrodes and separators. Each elec-
trode plate possesses a tab that is welded to all of the other tabs of its respective elec-

trodes. Figure 1-4 (a-d) presents four common cell designs from reference (4).
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Figure 1-4 Four common cell designs: a. cylindrical, b. coin, c. prismatic, and d. flat from ref. (4)

1.5 Thesis overview

This thesis examines two specific materials that are used as an electrode in the Li-ion
battery system. These are LisTisO;, and LiMn,O, spinel materials. In the case of
Li4TisOyy, the formation and the stability of this material are studied when treated with
an acidic solution. In the case of LiMn,0,4, magnetic properties of the delithiated spinel
by an acid are compared with the substituted LiMn,O,. Finally, the corrosion potential
of LiMn,0y, is correlated to the potential of an electrochemical cell as a function of Li-
ion extraction.
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A brief description of the spinel structure and a more detailed description of both mate-
rials are discussed in the following sections of this chapter. Included in these discus-

sions is a brief introduction of the topics presented in this thesis.

1.5.1 Spinel structure

The spinel structure is a cubic structure which lies in the Fd3m space group that consists
of octahedral and tetrahedral sites. There are in total 56 atoms per unit cell that include
24 cations and 32 anions that forms the spinel framework. The empirical formula of the
spinel structure is AB,X4 where the A cations reside on the 8a tetrahedral sites, while the
B cations reside on the 16d octahedral sites. The X anions are placed on the 32e sites in
a cubic close-packed (ccp) array. The 16d octahedra share edges with the 8a tetrahedral
and the 8a tetrahedra also share faces with the 16¢ octahedra (49). Figure 1-5 presents

an illustration of the spinel structure from reference (50).

Figure 1-5 Schematic of the spinel structure: (a) presents octahedral and tetrahedral sites of the spinel, X anions
resides on the edges of these sites at the 32e sites, darken circles represent A cations in the tetrahedrons at the 8a
sites, lightly coloured circles represent B cations in the octahedrons at the 16d sites, (b) presents the location of the
sites in the spinel from ref.(50)
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1.5.2 Lithium titanium oxide spinel

1.5.2.1 Structural overview

The lithium titanium oxide spinel (LisTisO;, ) used as an anode in Li-ion batteries is a
single phase in the Li-Ti-O ternary system. It falls at one of the end points that is related
to the LiTi,O4 spinel phase. In the LisTisO,, spinel, 1/6 of the Ti ions are substituted by
Li" ions. Thus, in spinel notation, the empirical formula is Li[Li;;Tis;3]O4 where the
cations in the square brackets represent the cations on the octahedral sites (51).

1.5.2.2 Fabrication of Li,TisO1>

Many groups have reported the production of this material. In essence, two routes have
been explored. The first route is the solid-state reaction between TiO, and a Li salt. The
solid-state reaction uses a thoroughly mixed precursor that was heated to approximately
800°C in air for as long as 24 hours. The resulting material is a white powder that pos-
sesses the spinel structure. This route is the most direct one for the production of this
material and the average particle size of the product is in the range of 5 to 10 microns
(52-54).

The second route is a sol-gel method reported by Bach et al.(55,56). This method uses
Ti-isopropoxide mixed with lithium acetate. The hydrolysis of the Ti-isopropoxide pro-
duces a white milky substance. This mixture is dried and heated to 500°C in air to form
the spinel powder. The particle size of this powder can be as small as 9 nm and it has
been shown that the electrochemical performance of this material is better than that of

the material with micron-sized particles (57).

Chapter 2 of this thesis examines the formation of Li;TisO,, using in-situ XRD as the
precursors are heated. In this chapter both solid-state and sol-gel synthesis routes are
studied. The phases that are formed and their relationships to the phase diagram are also

discussed.
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1.5.2.3 Electrochemical characteristics

LiyTi50,; is typically used as an anode electrode and possesses a theoretical capacity of
175mAh/g. By using the empirical formula LisTisOy,, this spinel can accept up to 3
mols of Li atoms to form Li;TisO;, upon discharge. This reduction is reversible upon
charging and the material is oxidized back to LiyTisO;,. Equation (1.5) illustrates the

reduction and oxidation reactions.
Li,Ti,O, +3Li" +3e” 2 Li,Ti,O,, (1.5)

The electrochemical performance of this material is rather unique, if compared to other
intercalating materials. One unique feature is the flat potential (approximately 1.55V
versus Li metal) for over 90% of its capacity during intercalation and deintercalation of
Li" ions. Also the polarization is less important when compared to other metal oxide
electrodes at similar current densities. It is believed that the substantial flat potential re-
gion is due to two phases, i.e., Li;TisO,, and Li;TisOy, , which are always present upon
discharge and charge (58,59).

Another unique feature is that the change in volume is particularly small when this ma-
terial intercalates and deintercalates Li" ions as the cell charges and discharges, respec-
tively. Initial reports by Ohzuku et al. have reported that this material experiences zero
strain as the spinel accepts or releases Li" ions into and out of its structure, respectively
(38). Later reports by Scharner and co-workers have reported through the use of high-
angle X-ray diffraction (XRD) a volume change less than 0.20% as the spinel interca-
lates Li" ions (60). It is thought that this stability results in a high practical capacity
(over 95% of the theoretical) and very small capacity fading over the cell’s life time.

Although the cycling stability of LiyTisO, has been well documented, the stability in
acidic solutions has not been reported. As mentioned previously, Li electrolytes may
contain acid due to its reaction with residual water. Thus, Li;TisO,, may be exposed to
an acidic solution when used as an electrode material. Chapter 3 of this thesis examines
the stability of Li;TisO,,, when in contact with an acidic solution. This chapter discusses
the reaction that takes place between Li;TisO;; in an acidic solution, the structure of the
resulting material through neutron diffraction, and its impact on its electrochemical per-

formance.
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1.5.3 Lithium manganese oxide spinel

For the stoichiometric lithium manganese oxide spinel, LiMn,O,, the Li" ions reside in
the 8a tetrahedral sites, while the Mn cations are in the 16d octahedral sites. This par-
ticular material is a unique material in that it may accept or release Li" ions into or from
its structure. Upon the removal of all Li" ions from its structure, the resulting material
changes to the A-MnO, spinel phase. The stoichoimetric spinel may also accept Li" ions
to form Li,Mn,0, that adopts a hexagonal structure. Equations (1.6) and (1.7) show the

reduction and oxidation of stoichiometric LiMn,0y, repectively

LiMn,0, iy +Li" +€ 2 Li,Mn, 0, xagonary (1.6)
LiMn, O, 0, @2 2A = MnO, ., + Li" +e (1.7)

Although both reactions are reversible, the transformation between the cubic and hex-
agonal structure, as shown in Equation (1.6) results in poor electrochemical reversibility
(61-63). Thus, for battery applications it is interesting to cycle this material at a poten-

tial above the stoichiometric LiMn,0,4 phase where Li-ion extraction takes place.

1.5.3.1 Jahn-Teller distortion of LiMn,O,

It is known that the Mn®>" cations distort the octahedral site, if the electrons in the 3d-
band of this cation are placed in a high-spin electronic configuration. The main reason
for this phenomenon is that the high-spin Mn®* cation possesses four 3d-band electrons.
This electronic band splits into two main degenerate energy levels as a result of crystal-
field splitting. There are three 3d electron orbitals that form the t,, energy level which
are dyy, dy,, and dy,. The e, energy level is greater in energy than the t,, energy level and
consists of two 3d electron orbitals dxz_y2 and d,>. The electron orbitals in the tr, energy
level do not bond with any oxygen ions. The e, energy level possesses two electron or-
bitals that directly face an orbital of the oxide ion. These orbitals are called antibonding
orbitals because the energy levels of these orbitals are degenerate. If Hund’s rule is
obeyed, each electron must be placed in its own unique orbital. Thus, the three t,, orbi-
tals and one of the e, orbitals in a high-spin configuration are half-filled. Because of the

degeneracy of the e, orbitals, energy can be gained, if the oxide ions along the z-axis
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move away from the d,2 orbital. Thus, leading to a more stable d,? orbital compared to
the dxz—dy2 orbital. This movement causes a distortion of the octahedral site to form an
elongated octahedron that is known as the Jahn-Teller distortion. On a macro-scale, the
structure is transformed from a cubic to a hexagonal structure (64). The energy levels
for the Mn cation in an octahedral site are pictured in Figure 1-6a from reference (65).

The energy splitting of the e, orbitals from cubic to tetragongal structures is presented in
Figure 1-6b from reference (18).

Mn MnOy O

Figure 1-6a Crystal-field energy splitting of Mn in an octahedral site from ref. (65)
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Figure 1-6b The energy splitting with elongated z-axis of the e4 orbitals from cubic to tetragonal

structures from ref. (18)
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In the case of the stoichiometric spinel, LiMn,O,4, exactly half of the Mn cations are in
the 3+ oxidation state, while the other half is in the 4+ oxidation state. Curiously
enough, the stoichiometric spinel is cubic above room temperature, but orthogonal when
slightly cooled below room temperature. It is thought that this phenomenon is due to
charge ordering of the spinel that gives rise to a cooperative Jahn-Teller distortion of the
cubic material (66-70). However, if some of the Mn cations are substituted for Li" ions,
less than half of the total Mn cations in this spinel is in the 3+ oxidation state, while the
rest of the cations is in the 4+ oxidation state. Since Mn*" cations cannot cause a Jahn-
Teller distortion, the substituted spinel, Li(;+5Mn(.5O4 for 0.33<6<0, where Li' ions re-
place Mn cations, is resistant to a structural change as the temperature decreases below

room temperature (71).

One experimental technique that determines the spin configuration of the Mn®" cations
is measuring the magnetic susceptibility of these materials. There have been conflicting
results reported by groups that have performed magnetic susceptibility measurements on
the stoichiometric LiMn,O, spinel. One of the earliest groups reported that 80% of the
Mn*" cations are in a high-spin configuration, while 20% is in a low-spin configuration
(72,73). Later, other groups have reported that 100% of the Mn®" cations are in a high-
spin configuration. Furthermore, a discrepancy in the Weiss temperature has been re-
ported as the average Mn oxidation state of the spinel increases from 3.5 in the
stoichiometric LiMn,O4 spinel to 4 as a result of either Li-ion extraction or by the sub-
stitution of Li for Mn in the case of substituted spinels (74,75).

Chapter 4 in this thesis examines the magnetic susceptibility of Li-extracted spinel by
acidic treatment and Li-substituted spinels as the average Mn oxidation state increases.
In addition, an explanation of the spin states of these spinels is presented. Lastly, an er-
ror and the correction of the error found in a previous report is presented that supports

the current findings.

1.5.3.2 The potential of LiMn,0,

As mentioned earlier, Li" ions can be extracted or inserted from or into the stoichiomet-
ric LiMn,Oy, spinel, respectively. The full potential window for this spinel is presented
in Figure 1-7 (76).



20 Introduction

&5

©F D4 68 am 1 1@ 14 18 18

X in Li,Mn,0,

Figure 1-7 The potential of LixMn204 as a function of x Li+ ions from ref. (76)

From previous reports, the open-circuit potential of LiMn,0, spinel versus Li metal is
3.5 V. If Li atoms are inserted into the structure, the potential drops to approximately 3
V where a plateau is observed. This plateau indicates the coexistence of two phases,
which are LiMn,0, and Li,Mn,0,. This voltage plateau continues until a single phase of
Li,Mn,0y is reached.

If Li atoms are extracted from LiMn,0,, the potential increases from 3.5 V to approxi-
mately 3.9 V where the first plateau is observed up to a composition of LiysMn,O4. A
second plateau is observed at approximately 4.1V, where A-MnO, forms and most Li"
ions are extracted from the material. For Li-ion battery applications, the Li extraction
region is most interesting. Thus, this material is typically used as a 4 V cathode material
for Li" ion delivery (76).
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1.5.3.3 Measuring the potential of LiMn,O, in aqueous solution

Hunter was one of the first researchers to report the extraction of Li" ions from LiMn,O,
using acidic solutions (77,78). This author named this spinel A-MnO, where no cations
in this spinel are in the tetrahedral positions. Kelder and co-workers have found a simi-
larity between the potential curve of the electrochemical extraction of Li" ions from
LiMn,0, and the potential of the glass electrode (pH) when chemically extracting Li"

ions from the same material (79).

Chapter 5 presents the potential curves of an aqueous solution containing LiMn,O, par-
ticles using a Pt/Ag-AgCl reference electrode as the pH of the solution decreases. A lin-
ear relationship was found between the potential of the Pt/Ag-AgCl electrode and the
pH. In addition, an explanation of the potential curve as a function of Li-ion extraction

from an electrochemical cell and the pH curve is also presented.

1.5.4 Experimental techniques for electrochemical testing

1.5.4.1 Electrode foil preparation

When testing electrode materials, thin sheets are fabricated for ease of handling and to
insure optimal electrochemical performance. Usually the starting electrode material is
in the form of a powder of up to 30 micron particle size. In order to fabricate the sheets
of electrodes, the electrode material is casted onto a thin sheet of a metal substrate that
will serve as a current collector. A poly-vinyl diflouride (PVDF) polymer is used as a

binder between the particles and the substrate.

Since the materials in this thesis are semiconductors, carbon is used as an electronic
conductive agent. In general, there are two types of carbon that is used. The first type is
the flaky type while the other is the spherical type. In an ideal situation, the flaky car-
bons are thin plates that form an electrical network within the electrode. The spherical
carbon acts as a dispersion agent in order to obtain a homogeneous electrode. Since car-
bon will not intercalate Li ions below 0.1 V, the carbon will not interfere with the inter-
calation/deintercalation of material above that potential. There is an optimal loading be-
tween the amount of active material and carbon in the electrode in order for it to become

active. This loading depends usually on the particle size or surface area of the active
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material. As a general rule, the smaller the particle size of the active material the larger
the surface area and hence, more carbon must be available for the percolation of Li-ion

for intercalation.

The mixture of active, non-active, and binder materials is well mixed either by mortar
and pestle, or by gently ball milling. A slurry is formed when liquid n-methyl pyrroli-
done (NMP) is added to this mixture. This liquid acts as a solvent towards the PVDF
binder and will evaporate out of the mixture once heated. The amount of NMP used for
the slurry depends on the amount of carbon and the particle size of the active material
used in the mixture. In general, the more viscous the slurry is results in a more thinner

electrode film.

To caste an electrode film, the doctor-blade technique is used. A predetermined thick-
ness of the blade to the metal substrate is used. The slurry is poured from a beaker onto
the substrate that forms a small pool of slurry that is in front of the blade. The blade is
then pushed towards and past the slurry pool forming a thin film of slurry on the sub-
strate. The casted film is placed in a convection oven at 120°C to remove the NMP. To
insure contact between the carbon, substrate, and active material, calendaring or com-
pressing the foil is required. In this thesis, the final film is approximately 35% porous
which seems to provide a good balance between the electrical contact of the active ma-
terial to the current collector and to allow sufficient contact of the electrolyte to the ac-

tive material.

Care for the selection of the metal substrate is important in order to insure that this sub-
strate is used only for current collection. For example, Li" ions are known to alloy with
Al metal below 0.5 V versus Li metal, but Cu metal does not. Thus, the Cu substrate is
used to test materials below that potential. Conversely, for potentials above 3 V versus
Li metal results in the oxidation of Cu metal but not Al metal. The substrates that are

used for the materials in this thesis are in general Al metal.

1.5.4.2 Coin Cells

For electrochemical performance analysis of a novel electrode material, coin cells were

fabricated. The test material in the form of an electrode film, Li metal, and a polyethyl-



Introduction 23

ene separator sheet were punched out as disks. These disks were placed in a coin cell
can in the following sequence; electrode film, separator, and Li metal. Each coin cell
contained only one set of this sequence. Liquid Li-conducting electrolyte was added be-
fore the can was sealed. A plastic gasket ring was inserted into the can along with a flat
metal disk that sits on top of the electrode stack. A spring was placed on top of the flat
disk in order to maintain pressure on the cell stack. Finally, the coin cell lid was crimped
into the can using the plastic gasket as a seal and an electric insulator between the lid
and the can. The sealed coin cell is complete with the lid as one pole and the can as the

other pole of the electrochemical cell.

1.5.4.3 Electrochemical testing

Because of the potential stability of Li metal, this material can be used as a reference
electrode. Additionally, Li metal provided a large Li source for the cell and can be used
as a counter electrode as well. For typical electrochemical testing in this thesis, Li metal
was used for both counter and reference electrodes. Thus, all measured potentials for a

novel material in this thesis was measured against the potential of Li metal.

Electrochemical testing was performed using a MACCOR battery tester . This device
was programmable and was able to collect and store performance data. This device con-
tains multi-channels where several cells may be tested at a time. In addition, the accu-
racy of the current that is applied to the cell is specific to a unique channel. Some addi-
tional tests were carried out by using an Electrochem, galvanic/potentiostat device. This

device can provide current-potential plots as well as performing impedance tests.

1.6 Outline of thesis

In this thesis, an investigation of two spinels, Li;TisO;, and LiMn,Oy,, are performed in

terms of formation and their reactivity towards acidic solutions.

In the case of LisTisO,, the formation of this material via solid-state or sol-gel routes
are examined by using in-situ XRD which is presented in Chapter 2. By using this tech-
nique, the formation of LisTisO4, can be investigated in real time. From this investiga-
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tion, it was found that the sol-gel synthesis process forms the spinel at a much lower
temperature than the solid-state process. Furthermore, the spinel must form by reacting

TiO, with an intermediate compoundand, Li, TiO;.

In Chapter 3, the reaction of Li;TisO;, when in contact with an acidic solution is inves-
tigated. By using potentiometric titration of a solution that contains Li,TisO,, particles
with an acid, a buffer region in the potentiometric curve was observed. This means that
acid was being neutralized by the Li,TisO, particles. Through the use of atomic absorp-
tion spectroscopy (AAS), Li" ions were found in the solution after titration. From this
result, it was reasoned that an ion exchange between the protons of the acid and Li" ions
from LisTisO,, occurred. Further evidence of ion exchange was given by using infra-red
(IR) spectroscopy on the exchanged material. In this spectrum, peaks appeared at wave

numbers where protons are known to reside in spinels.

The position of the exchanged protons was examined by using neutron diffraction. The
position of these protons can be roughly described as alternating sheets of octahedrally
positioned Li" and Ti*' ions with tetrahedral 8a protons and Li" ions, and protons posi-
tioned on the 48f sites. A graphical illustration of the ion-exchanged spinel is presented
in Chapter 3.

Through the use of thermogravimetric analysis (TGA), it was found that the weight loss
of the ion-exchanged material was substantial after heating to 440°C. From X-ray dif-
fraction (XRD), the spinel and anatase TiO, phases are present after heating the material
beyond 440°C. It seemed that the protons completely exit the spinel structure as water
when heated beyond 440°C. Two proposed reactions are presented in Chapter 3 that in-
clude the ion exchange and the change of the exchanged material that occurs when
heated above 440°C.

Finally, electrochemical measurements of pristine LisTisO;, and the proton-exchanged
spinel were performed using Li metal as a counter and reference electrode. The results
show that as more protons are in the spinel structure, the potential deviates from a flat
potential to a sloping potential as Li" ions intercalate and deintercalate from the spinel.
Consequently, the capacity decreases as more protons are exchanged into the spinel. The

potential curves are presented in Chapter 3.
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In Chapter 4, magnetic susceptibility measurements were performed on LiMn,O4 as a
function of Li-ion extraction and on Li-substituted manganese spinels using the Faraday
method. The results show that magnetic moments for all samples lie on the theoretical
line where 100% of the Mn®" cations in these spinels are in a high-spin electronic con-
figuration. This is in contrast to previous reports where it was concluded that 80% of
Mn*" cations are in a high-spin configuration and 20% of these cations are in a low-spin

configuration.

In addition, the Weiss temperature of these materials show a similar trend from strongly
negative to less negative as the average oxidation state of the Mn cations increases from
3.5 to 3.7. When the average Mn oxidation state increases beyond 3.7, there are two
distinct trends of the Weiss temperature. One trend shows very little change in the Weiss
temperature as the average Mn oxidation state increases from 3.7 to 3.9 when Li" ions
are continuously removed from LiMn,O4. The other trend is a continuation of the origi-
nal trend as the average Mn oxidation state increases by the substitution of Mn cations

by Li" ions. An explanation for these results is also presented in this chapter.

Chapter 5 investigates the potential of a solution that contains LiMn,O4 particles as a
function of pH and Li-ion extraction. It is well known that a disproportionation reaction
of the Mn®" cations from LiMn,O, occurs when this material is in contact with an acidic
solution. As the disproportionation reaction proceeds, Li" ions and Mn®" cations are ex-
tracted from the LiMn,0, spinel material. If one traces the pH of the solution as a func-
tion of Li-ion extraction, a similarity in the shape of the curve is observed between the
pH curve and the potential curve of an electrochemical cell as Li" ions are extracted
from the LiMn,Oy spinel. This chapter finds that the open circuit potential of the solu-
tion as a function of Li-ion extraction has the same shape and, more importantly, similar
in potential when both potentials from the electrochemical curve and from the solution
are normalized to the hydrogen electrode. An explanation for these results is presented

in this chapter.
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The formation of LisTisO,, using
in-situ XRD during precursor

decomposition

Abstract

The formation of the LisTisO, spinel material as the precursors decompose has been
studied via a solid-state and sol-gel methods using in-situ XRD. This technique was
used in order to determine the reaction mechanism involved with this material. It was
found that an intermediate phase Li,TiO; is the preferred phase to form first at lower
temperatures, which reacts with TiO, to form the spinel at higher temperatures. Also, the
manner to which the precursors decompose dictates the formation of the intermediate
phase and affects the reactions at higher temperatures.
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2.1 Introduction

As discussed in Chapter 1, LiyTisO;, has been a known anode material for Li-ion bat-
teries (1-5). This material is ideal for the use in Li-ion batteries due to its high capacity
retention and low volume change under repeated charge and discharge cycles (2-3).
Many groups have used solid-state techniques to form these compounds (4,5). Recently,
Peramunage et al. (10) used 32 nm sized TiO, with either LiOH or Li,CO; as the pre-
cursors for forming the spinel phase when heated up to 800°C. They have based their

precursor material on the following reactions:

ALiOH +5Ti0, — Li,Ti;0,, + 2H,0,,

&) @.1)

2Li,CO, +5Ti0, — Li,Ti;0,, +2C0, 22)

This group has noticed that the reaction to form the spinel with these precursors have
yielded two different particle sizes, due to the differences in the way that these precur-
sors decompose. It was observed that the particle size significantly increased when the
LiOH precursor was used as opposed to the Li,CO; precursor. It was thought that since
the spinel usually forms at 800°C and the decomposition temperature of the Li,CO;
(723°C) was significantly closer to the spinel formation than the decomposition tem-
perature of LiOH (450°C), the precursors using Li,CO; would directly react to form the
spinel. Thus, particle agglomeration of the TiO, precursor would be less when using the
Li,COj; precursor rather than LiOH. As a result, the overall particle size of the spinel is
reduced when using the Li,CO; precursor. It was also observed that the purity of the

spinel was better when using this precursor.

Another method to synthesize this spinel is to use a sol-gel technique. Bach et al. have
reported a sol-gel technique that produces the Li;TisO;, spinel at a temperature as low
as 500°C (5,11). By using the known sol-gel process of producing TiO, through the hy-
drolysis of Ti-isopropoxide, the spinel structure can be produced using this synthesis

technique in conjunction with a hydrated lithium salt. In this report lithium acetate is
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dissolved in an alcoholic solvent that forms an intimate mixture of the titanium and lith-

ium oxide gel.

Although some studies have been performed on the determination of the final phases of
this material, little information has been found on the formation of this spinel phase us-
ing the solid-state technique, while the decomposition of the precursors takes place. Pre-
vious studies have used differential thermal analysis (DTA) to determine when the
spinel phase occurred. Unfortunately, these attempts have led to unclear interpretations
of the analysis, because of the low heat that the material gives off. The low heat signal is

comparable to the background signal of the equipment itself (8).

Li 1o I 30 40 S0 6l Ta
Ti in at%

Figure 2-1 Ternary phase diagram of Li-Ti-O from ref. (12)

Kleykamp (12) and others (14,15) have been successful in the construction of a phase
diagram along the LiO, and TiO, phases up to temperatures of 1600°C. These diagrams
are presented in Figures 2-1 and 2-2. It was found that the Li;TisO, spinel lies in be-
tween the TiO, and the Li, TiO; phases and is stable up to 1018°C. It is known that these
two phases are typical impurities that are found after the initial annealing of the precur-
sors to form the spinel. Subsequent mixing and annealing steps reduce the amount of
these impurities (10). This chapter explores the formation of LisTisO,, using solid-state

and sol-gel techniques that are analyzed in-situ through the use of high-temperature
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XRD. For the case of the solid-state synthesis, Li,CO; and LiOH precursors are mixed
with anatase and rutile TiO, particles and the sol-gel synthesis uses precursors as de-
scribed by Bach (5, 11). In addition, DTA and Thermal Gravimetric Analysis (TGA)

analyses are presented.
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Figure 2-2 Partial binary phase diagram of Li,O and TiO, from ref.(12)

2.2 Experimental

2.2.1 Precursors

Table 1 presents a summary of the precursors for the preparation of the experiments. In
the solid-state case, stoichiometric amounts of lithium hydroxide (Aldrich), or lithium

carbonate (Aldrich) were either dissolved in distilled water or dry mixed via mortar and
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pestle with nano-sized anatase TiO, (Degussa P25), or micron-sized rutile TiO, (Al-
drich). In the case where a solution was used, the mixture was stirred for approximately
8 hours and dried at 110°C in air. The precipitates were then collected. The sol-gel tech-
nique used stoichiometric mixtures of titanium isopropoxide (Aldrich) with lithium ace-
tate (Aldrich) dissolved in high purity ethanol. This mixture was stirred for 2 hours and

then dried in air at 110°C. Afterwards, the precipitates were collected.

Table 2-1 The lithium and titanium precursors and the preparation methods.

Sample Titanium Lithium Preparation
A-1 Anatase TiO, LiOH Water solvent
A-2 Anatase TiO, Li,CO; Dry mixed
R-1 Rutile TiO, LiOH Water solvent
R-2 Rutile TiO, Li,CO; Dry mixed
S-G Ti-isopropoxide Li-acetate Ethanol solvent

2.2.2 Thermal Gravimetric Analysis and Differential Thermal Analysis

Thermal Gravimetric Analysis (TGA) and Differential Thermal Analysis (DTA) were
performed using a Setaram type Setesys 16 apparatus with platinum crucibles. The
amount of material that was used was between 5 and 6 mg for each experiment. The

temperature scan was from 25°C up to 1000°C at a 3°C/min rate in air.

2.2.3 In-situ X-ray diffraction

The in-situ X-ray diffraction measurements were performed on a Bruker-AXS D5005
Theta/Theta type diffractometer with a diffracted beam graphite monochromator using
CuKa radiation. This type of diffractometer was used, because it allowed a full spec-
trum to be observed without rotating the sample. The other advantage in using this tech-
nique is that the XRD pattern is not distorted when the data are collected.

A schematic view of the X-ray diffraction unit is presented in Figure 2-3. A wide range
high-temperature chamber housed the system in which flowing air was used. A Pt-Rh
strip was used for direct heating of the sample. The sample was mounted onto the strip
by taking the precipitates of the precursors and mixing it with ethanol. The mixture was
gently ground into a slurry, that was then applied onto the strip. The average amount on

the strip was approximately 10mg and the dimensions of the samples were 10mm wide
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by 15mm long. The strip was placed directly onto the heating element and a spring kept
the tension on the strip to avoid the displacement of the sample during heating. A ther-

mocouple was placed below the strip to record the temperature.

Thermocouple

Figure 2-3 Scheme for the theta-theta in-situ XRD

Each measurement was performed at 25°C intervals and was controlled to within 1°C
from room temperature to 700°C under a flowing air environment. The time it took for
each measurement was approximately 9 minutes. The range of the spectrum was be-
tween the 2-0 angles of 15-45°.

To understand the mechanism of these reactions, part of the XRD pattern was separated
using Gaussian profiles via a computer program Peak Fit (Jandal). Although this fitting
is not quantitative, it is qualitative in terms of the separation of the peaks for phase iden-
tification. The 2-® angles that the separation was performed, was in the range of 34-

39.5°. This range was chosen because the peaks in this region corresponds to the ex-
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pected phases that can be observed without severe overlap. The fitting was used on
scans at 50°C intervals beginning at 450°C. If the pattern changed, scans between the

25°C intervals were analysed as well.

2.3 Results

2.3.1 Thermal Gravimetric Analysis and Differential Thermal Analysis

The TGA traces for all the precursors are given in Figure 2-4. Traces A and B are the
solid-state precursors using the LiOH with anatase and rutile TiO,, respectively. These
traces release the least weight which is approximately 6%. This loss is expected due to
the release of water from the precursors. Traces C and D are the solid-state precursors
using Li,CO; with anatase and rutile TiO, , respectively. The weight loss for these sam-
ples is between 17 and 20%. This significant weight loss is due to the decomposition of
the carbonates in the system. For all of the solid-state reactions, the system stops losing
weight around 700°C. After this temperature, a stable trace is observed. It is reasoned
that at this point both precursor salts decomposed and that only solid products are pre-
sent. It is also observed that the greatest decrease in weight takes place in the tempera-
ture range of 400-700°C. The TGA trace for curve E involves the sol-gel precursor. This
system has the greatest weight loss at approximately 40% due to the high content of or-
ganics in this system. Unlike the solid-state reactions, most of its weight loss occurs be-
fore 375°C. This is followed by a relatively stable signal up to 1000°C. The majority of

its weight loss occurs between the temperatures of 225-375°C.
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Figure 2-4 TGA traces for LiOH salt with: A-rutile TiO, , B-anatase TiO, , and Li,CO; salt with:
C-anatase TiO,, D-rutile TiO, , E-sol-gel
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Figure 2-5 DTA traces for LiOH salt with: A-rutile TiO, , B-anatase TiO, , and Li,CO; salt with:
C-anatase TiO, , D-rutile TiO,
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Figure 2-5 presents the DTA traces for the solid-state precursors. The traces for all of
the solid-state precursors are stable until 700°C, where one or perhaps two exothermic
peaks occur beyond that temperature. This may indicate that only the decomposition of
salt precursors is active until 700°C. For the sol-gel precursors presented in Figure 2-6
at approximately 350°C, a strong exothermic peak is observed. This coincides with the
weight loss of the TGA trace and is interpreted as the loss of organics from both lithium

and titanium precursors.

Heat flow (A.U.)

0 100 200 300 400 500 600 700 800 900 1000

Temperature, °C

Figure 2-6 DTA trace of the sol-gel precursors

2.3.2 In-situ X-Ray diffractograms

Figures 2-7 and 2-8 present a series of patterns between 2-0 angles of 15-45° relating to
the mixture of anatase and rutile TiO, with the LiOH from room temperature to 700°C,
respectively. From both figures, only TiO, can be observed at room temperature. It is
also observed that minor amounts of impure TiO, are found from the initial precursor
that was designated for the study, i.e., both forms of TiO, were found at room tempera-

ture in all solid- state precursors.
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In Figure 2-7, where anatase TiO, is mixed with LiOH, the emergence of a peak is ob-
served approximately at a 2-@ angle of 18.5° at 425°C. The identity of this peak could
be either the spinel or the cubic Li,TiO; phase or both since the peaks of both peaks
overlap each other. This is followed by an increase of the rutile phase and a decrease of
the anatase phase. At a temperature of 575°C, a clear spinel peak appears around a 2-O
angle of 34.2°. Finally, the last spectrum at a temperature of 700°C reveals both forms of
TiO,, Li,TiOs, and the spinel phase Li;TisO1,.

Figure 2-8 presents the same series, but with the rutile TiO, and LiOH precursors. Al-
though the initial precursors possess both forms of TiO,, the majority phase from this
precursor is the rutile form. By comparing the diffractograms of Figures 2-7 and 2-8,
similar observations are found as in the anatase TiO, case, but the changes occur at ele-
vated temperatures. For example, the peak that was found at the 18.5° angle begins at a
temperature of 550°C in the rutile case rather than at 425°C shown in the anatase case.
Furthermore, there is not a distinct spinel peak even at a temperature of 700°C at the
34.2° angle. The particle size difference between the two forms probably accounts for
this discrepancy. The rutile TiO, is ~10 microns, while the particle size for the anatase is
25 nano-meters, but from the DTA analysis shown earlier, both materials seem to react
in the same manner.
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Figure 2-8 XRD patterns of rutile TiO, with LiOH salt as a function of temperature: A-Li,TiOg,

B-anatase TiO,, C-rutile TiO,, D -LisTisO4;



44 The formation of LisTisO42 using in-situ XRD during precursor decomposition

Figures 2-9 and 2-10 present a similar series that contain anatase and rutile TiO, with
Li,CO; precursors, respectively. Although similar observations can be seen in regard to
the phase formations that are observed in the LiOH system, the temperature at which the
phases occur is notably higher. For example, Figure 2-6 presents the case where the ana-
tase TiO, is mixed with Li,COs precursors, the formation of the first material to appear
is a peak at a 2-® angle of 18.5° that begins to appear at a temperature of 500°C. How-
ever, the same peak appears at a temperature of 425°C in the case where the LiOH pre-
cursor is used. The difference is due to the decomposition of the Li,CO; precursor at
higher temperatures. This can be seen in Figure 2-8, where Li,COj; is present up to a
temperature of 600°C and in Figure 2-9, where the presence of the this precursor is ob-
served up to a temperature of 650°C.
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Figure 2-9 XRD pattern of anatase TiO, with Li,COj3; as a function of temperature: A-Li;TiOs,
B-anatase TiO,, C-rutile TiO,, D-Li;TisO1,, P-Li»COj3
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Figure 2-11 presents the XRD spectrum of the materials formed using the sol-gel tech-
nique. This method may represent an ideal mixing of Li, Ti, and O. As expected at room
temperature, this mixture is amorphous. The peak at a 2-0 angle of 40° is the Pt-Rh sup-
port strip. At a temperature of 475°C the formation of anatase TiO, is observed. The
formation of the Li,TiO; phase is observed at a higher temperature of 500°C. Finally,
the rutile TiO, forms at a temperature of 600°C. The spinel peak is first observed at the
2-0 angle of 35° at 625°C and becomes more distinct at 675°C.

2.3.3 Separation of peaks from diffractograms

In order to distinguish phases that were observed in the previous section, it is possible to
separate the peaks of these spectra in a particular region of interest where the observed
phases can be more distinguishable. The separation of peaks of the XRD spectrum is be-
tween the 2-0 angles of 34°-39.4°. The spectrum using both forms of TiO, mixed with
LiOH as precursors is presented in Figures 2-12 and 2-13. The separation of peaks for
the anatase TiO, shown in Figure 2-12 reflects the formation of Li,TiO; at a temperature
of 475°C. At a temperature of 575°C, a spinel peak is formed and between the tempera-
ture range of 600-700°C the spinel and rutile TiO, peaks increase, while the anatase
peaks decrease. Figure 2-13 shows the peak separation for the rutile TiO, and LiOH
precursors. As observed with the anatase TiO,, the Li,TiOs is first formed at a tempera-
ture of 550°C and is followed by the spinel at a temperature of 700°C.
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The peak separation for the XRD spectra of the precursors containing the Li,CO; with
anatase and rutile TiO, is presented in Figures 2-14 and 2-15, respectively. Figure 2-14
reveals initially the presence of anatase and minor amounts of rutile TiO, throughout the
entire temperature range. The presence of the Li,CO; precursor is observed up to a tem-
perature of 675°C. At 525°C, the Li,TiO; phase appears and continues to grow, while the
anatase decreases. At a temperature of 675°C, the spinel peak is formed along with the
presence of Li,TiO; and both forms of TiO, and Li,CO;. Finally, at a temperature of
700°C, the anatase TiO, peaks practically disappear. Figure 2-15 presents the separation
of peaks of the Li,CO; and rutile precursors. This figure reveals only the rutile phase to
be present throughout the entire temperature range in the presence of the Li,CO; precur-
sor up to a temperature of 600°C. The formation of the Li,TiO; phase begins at a tem-
perature of 600°C and finally the spinel begins to form at 675°C.
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Figure 2-16 The separation of the XRD pattern in the 2-O range 34-39.4° as a function of tempera-
ture for the materials obtained using the sol-gel method: A-Li,TiOs, B-anatase TiO, C-rutile TiO,,
D-Li4TisOq2

Figure 2-16 presents the separation of the partial scan obtained from material using the
sol-gel technique. Initial room temperature scan presents an amorphous pattern that is
not shown in this figure. At 450°C though, anatase TiO, is first observed. The Li,TiO;
phase begins to appear at 500°C that continues to increase and at 650°C the rutile and
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the spinel peak appear. Finally, at 700°C the anatase peaks completely disappear, while
the rutile, Li,TiOs, and spinel peaks remain. The spinel and rutile peaks grow in inten-
sity while the Li,TiO; peak decreases during that period. It is then clear from this analy-
sis that the preferred structure to form first is the anatase TiO, followed by the Li,TiO3
phase. The next phase is the rutile TiO, and finally the LiyTisO1, spinel phase is formed.

2.4 Discussion

From the DTA results in the solid-state method, the bulk energy is released beyond
700°C but the TGA results show that the decomposition of the two lithium salts occurs
below this temperature. In addition, the manner that the precursors of LiOH and Li,CO;
decompose is also different. In the case of LiOH, a gradual slope of the TGA trace is
observed, while for the case of Li,COj; a sharp loss of weight is seen. Since in-situ XRD
measurements for these precursors show the formation of Li,TiO; during the decompo-
sition of these salts, the manner that these precursor salts decompose has a direct effect
on the formation of the impurity Li,TiO; phase. By comparing Figures 2-12 and 2-14 or
Figures 2-13 and 2-15, it is clear that Li,TiO; develops further in the case of the LiOH
precursor than in the case where the Li,CO; precursor is used. Finally, the formation of
these structures form during the precursor decomposition (T<700°C) presents no obvi-
ous thermal results from DTA. This implies that either these reactions are too subtle for
thermal analysis or that the decomposition of the precursors overshadows any other re-

action occurring in the system.

The sol-gel precursors present a slightly different picture in the formation of the spinel
as is observed. First, the DTA results show a sharp exothermic peak at a much lower
temperature (~400°C) and the TGA results presents a sharp decline of weight loss at the
same temperature followed by a gradual decline. The in-situ XRD measurements show
the formation of the anatase TiO, that co-insides approximately with the same tempera-
ture as the exothermic peak but, continues to form the other phases at higher tempera-
tures. Interestingly enough, the Li,TiO; phase begins to form before the transformation
of anatase to rutile TiO,. Once again as in the case of the solid-state method, the forma-

tion of these other structures is not obvious in the thermal measurements.
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In general, from the analyses of the in-situ XRD measurements, the preferred phases at
lower temperatures as the precursors decompose would be anatase TiO, and Li,TiO;. At
elevated temperatures, the rutile TiO, and the Li;TisO;, spinel phases form, while the
amount of the lower temperature phases decrease. This would imply that the Li,TiO;
phase is being consumed, while the spinel is forming and thus is considered an interme-

diate phase.

Since there is always multiple phases present at any given temperature while trying to
form a single spinel phase, the reactions are not in equilibrium and the kinetics for these
reactions are rather slow. However, it has been shown, given enough heating time, the
spinel can form as low as 500°C using the sol-gel method as shown by other groups
(5,13). Nevertheless, the basic finding of this study is that Li;TisO;, spinel formation
from either solid-state or sol-gel precursors involves an intermediate phase in the region

where the precursors decompose from room to the elevated temperatures.

A proposed reaction mechanism for the spinel formation during the precursor decompo-
sition region is presented in Equations 2.3 and 2.4. The reactions of the solid-state pre-

cursors give the following reaction schemes:

TiO, +2LiOH — Li,TiO,, + H,O,,, (23)

TiO, + Li,CO, — Li,TiO,, . + CO, 2.4)

(s) (¢)

The intermediate phase from the above equations then continues to react with the TiO,

precursor to form the spinel as shown in the next reaction:

2Li,TiO, +3Ti0, — Li,Ti.O,, (2.5)
In the case where the sol-gel precursor is used, the following reactions occur:

Li—Ti— Oy — TiO, + Li,TiO, 2.6)
2Li,TiO, +3Ti0O, — Li,Ti,O,, @7
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With regard to the particle size difference to the salt precursor used that Peramunage
and Abraham reported, agglomeration of the products by using the LiOH precursor may
indeed cause the increase of particle size as the agglomerates are heated to elevated tem-
peratures (10). Additionally, the manner that the precursors decompose also affects the

purity of the spinel as discussed earlier.

A balance between purity and processing temperature is observed here. The formation
of the low-temperature phase, Li,TiO3, could be suppressed by using the higher decom-
posing Li,COj; precursor, but then the formation of the spinel must be processed either
at a higher temperature or a two-step annealing scheme (16). On the other hand, a low-
melting precursor will produce more of the intermediate phase and the spinel can be
processed at a lower temperature. However, the kinetics are slower and either annealing
at higher temperatures or, longer annealing times are needed in order to yield a phase
pure spinel. In addition, the sintering effect of the particles increases. In this regard, the
sol-gel precursors seem to possess this balance of a fast decomposing precursor that
forms the intermediate phase early and then to form the spinel at much lower tempera-

tures.

2.5 Conclusions

The formation of the LisTisO;, spinel has been successfully studied using in-situ XRD
for both solid-state and sol-gel techniques. It was found that the formation of the spinel
is a sluggish reaction, as the precursors decompose and that an intermediate phase was
involved. As the precursor decomposes, the Li,TiO; intermediate phase forms first at
lower temperatures. This phase then further reacts with TiO, to form the LiyTisOy,

spinel at higher temperatures.

In the case of the solid-state synthesis method, the LiOH precursor forms the intermedi-
ate phases at a lower temperature when compared to the Li,CO; precursor due to its
lower melting temperature and the manner that the decomposition takes place. Due to

the sharp decomposition at higher temperature, the Li,CO; precursor suppresses the in-
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termediate phase which also suppresses the spinel to form at lower temperatures. In the
case where the sol-gel precursors are used, the phases that are formed sequentially ap-
pear to be: anatase TiO, followed by Li,TiOs;, and next rutile TiO, followed by the
Li4TisOy, spinel.
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Proton exchange in LisTisO;, and

its electrochemical properties

Abstract

The stability of LiyTisO;, spinel material in acidic solutions has been examined. This
study determined that a proton exchange with Li" ions from Li;TisO,, spinel material
occurs in solution. The spinel structure is retained up to 69 % exchanged ions that is as-
sociated with a 0.25% reduction of volume from the initial spinel. The protons reside on
the 8a and 48f sites, that form alternating planes with 16d Li and Ti sites in the spinel
structure. Electrochemical results of the ion-exchange material show a general decrease
of capacity as more protons are present in the structure. These curves also show that the
1.55V plateau becomes less distinguishable as more protons are present in the structure.
Additional electrochemical studies have shown that the pure material may react with
water from the atmosphere under storage. The performance of the reacted material
shows a slight loss of capacity and enhances polarization between cell charge and dis-
charge.
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3.1 Introduction

It is well known that the formation of acids occurs in non-aqueous electrolytes that are
used for Li-ion battery systems (1-3). Previous studies have reported that most Li-
containing electrode materials are not stable, when they are in contact with acidic solu-
tions (4-6). In the case of the LiMn,Oy spinel material, Li" ions are topotatically ex-
tracted out of these spinels. A disproportion of the Mn®" cations is the driving force for
this reaction. The Mn®" cations in this material reduce to Mn>" and oxidize to Mn ** to
form a A-MnO, spinel as described by Hunter (7). Feng et al. (6) described these reac-
tions further and proposed an ion exchange mechanism at a critical value of Li/Mn ratio.
Although Li" ions may also be chemically inserted back into A-MnO,, when it is sub-
mersed in an aqueous LiOH solution, the electrochemical performance of these materi-

als were reported to be poor (8).

Other studies were focused on materials that exhibit only ion exchange between protons
and Li" ions. One example is the Li;MnsO;, spinel material (9,10). These reports show
that this material can exchange protons for Li" ions when in contact in acidic solutions.
The conversion of the ion exchange was reported to be 90%. Furthermore, the exchange
between Li" ions and protons is reversible when the proton-exchanged material is in

contact with LiOH aqueous solution.

One group has reported ion exchange between Li" ions and protons for materials based
on the partial substitution of Mn in the LiyMns;O, spinel with Cr, Co or Ti cations (11).
Some results, such as exchange properties for these materials, have been reported. How-

ever, other details such as structure and electrochemical performance were not reported.

Another material that is of interest as an anode material for Li ion battery applications is
the Li4TisOy, spinel material. In this spinel, Li that generally resides in the 8a tetrahedral
sites replaces 1/6 of the Ti 16d sites. Therefore, the spinel notation for this structure is
Li;[Lig33Ti; ¢7]04 where the elements in the brackets represent the octahedral sites of the
spinel. This material exhibits practically zero volume change as Li is inserted into the
material and a flat potential curve is observed for over 90% of its capacity (12,13). Al-
though the stability of this material in regards to electrochemical cycling is well docu-

mented, to date no reports have shown the stability of this material if in contact with
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acidic solutions and the subsequent electrochemical performance. The current work is
focused on the stability of LiyTisO;, spinel material in aqueous acidic solutions and its

electrochemical performance.

3.2 Experimental

3.2.1 Material preparation

Commercially available LisTisO;, (Hohsen) with an average particle size of approxi-
mately 30 microns was used as the basis for these experiments. Subsequent processing
included ball milling this material for 2 and 6 hours using a planetary ball mill. An agate
crucible and lid along with grinding balls were used. Hexane (Baker) was used as a lu-

bricant, that was filled approximately to 1/3 of the crucible by volume.

3.2.2 Chemical titration of Li;TisO4,

Titration of the Li;TisO,, samples was performed using a Metrohm titrator. A combina-
tion glass electrode coupled with a Ag-AgCl reference electrode was employed to moni-
tor the pH of the solution. The combination electrode was calibrated to known buffer so-
lutions. Samples of approximately one gram of Li;TisO,, were placed in 50 ml of deion-
ized water (Milli-Q). Small amounts of 1M HCI acid (Baker) were periodically injected
into the solution at 10-minute intervals. Each injection contained 30 microliters of acid
and the titration finished when the total volume of acid that was added to the solution
reached to 10 ml. The pH of the solution was measured after each injection. After-
wards, the solution was separated from the solids. The solids were washed with deion-

ized water and dried at 120°C overnight in air.

3.2.3 Structural characterization

Structural characterization was performed using a Bruker X-ray diffractometer (XRD)
that used a copper electrode. Typical scans ranged at 2-© angles from 0-90° and were
identified using the provided software. These scans were performed at room tempera-

ture in air.

Sample preparation for the neutron diffraction experiments used 1 gram of 6-hours

ball-milled particles, that was submersed in 50 ml of deionized water. Approximately 6
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ml of 1M HCI acid (Baker) was added to the solution, that was heated to 50°C for 10
days. Constant stirring of the solution during that time period insured a homogeneous
mixing of the solution with the LisTisO;, particles. The same procedure was followed in

the collection, washing, and drying of the solids as previously described.

Neutron diffraction was performed using a general materials diffractometer (GEM), the
high-general purpose time-of-flight diffractometer at the ISIS pulsed neutron source at
the Rutherford Appleton Laboratory in England (14). For the present sample, significant
intensity was found in the d-spacing range of 0.2-0.8A. Cylindrical vanadium sample
cans were used for all measurements. The data were corrected for the scattering of va-
nadium with the Ariel software and Rietveld refinement was performed using the soft-

ware program GSAS.

3.2.4 Chemical, spectroscopy, and thermal analysis

Chemical analysis of the solution after titration was performed using a Perkin Elmer
Optima 4300DV atomic adsorption analysis (AAS) unit. This unit was calibrated
against known quantities of Li" and Ti*" ions. Approximately 20 ml of solution for each

sample was saved for this measurement.

Fourier-Transform Infrared (FTIR) measurements were performed using a Perkin-Elmer
Spectrum One instrument. Less than 10 mg of powder was mixed with KBr salt. This
mixture was pressed into a pellet and then dried in air at 120°C overnight before the

measurements were taken. The measured spectra range was from 400-4000/cm.

Thermogravimetric analysis (TGA) was performed using a Perkin-Elmer TGA 7 unit.
Typical samples were approximately 35 mg. These measurements were performed in air

from room temperature up to 620°C.

3.2.5 Electrochemical characterization

Electrochemical tests were preformed using a MACCOR electrochemical test system.
Preparation of the electrodes was described in the first chapter. In brief, a paste of elec-

trode material was casted onto an aluminium substrate via a doctor blade process. The
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paste consisted of 80% active material, 10% graphite, 3% flakey carbon, and 7% poly-

vinyl diflouride by weight. The counter and reference electrode were lithium metal and
a 1M LiPFg salt in a 1:1 ethylene carbonate to dimethyl carbonate solvent (Merck) was

used as an electrolyte. A porous polyethylene sheet, Solupor (DSM), separated the elec-
trodes in a coin cell CR 2320 type of package (Hohsen). The assembly of the cells took
place in an Ar filled glovebox. The cells were charged and discharged at a C/10 rate be-
tween the potentials of 2.6-0.6V.

3.3 Results and discussion

3.3.1 Chemical titration

3.3.1.1 Titration curves and XRD of the solids

Figure 3-1 presents the titration curves, i.e., pH of the solution as a function of volume
of acid injected into the solution for material that was ball milled for 0, 2, and 6 hours.
The titration curves for all three preparations of this material exhibit a similar shape.
Initially, all three materials produced a basic solution when first introduced into water.
An initial pH of 10.2 is observed, if the non-milled material was first introduced into the
deionized water. In the case of the ball-milled material, the initial pH of the solution is
slightly greater at a value of 10.8. As acid is injected into the solution, the pH of the so-
lution decreases until a buffer region is reached between a pH of 5-4. Below a pH of 4,

the curve continues to decrease to a pH of 2, where the solution is saturated with acid.

A comparison of the titration curves between the spinel materials to the curve of a blank
solution that contained only deionized water is also presented in Figure 3-1. The titra-
tion curve of the blank solution exhibited no buffer region as the pH quickly decreases
to a pH of 2 with a very small volume of injected acid. From this comparison, it is rea-
sonable to assert that protons are being consumed when LiyTisO,, particles are present
in the solution.

Figure 3-1 also presents the influence of ball-milling time of this material to the amount
of acid consumed in the buffer region. As milling time increased from 0 to 6 hours, the

buffer region increased from 0.9 to 1.7 ml of acid. This increase of the buffer region
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may indicate that the consumption of protons is greater for the 6-hours ball-milled sam-
ple than for that of the non-milled sample. This effect is apparently due to the reduction
of particle size when milling time increases. This particle size reduction then increases
the surface area of this material that would, in turn, increase the sites that proton con-
sumption can take place between the solution and the solid material.

The structure of the 6-hours ball-milled sample was examined using X-ray diffraction
before and after acidic titration. This sample was chosen, because it showed the greatest
neutralization of acid as presented in Figure 3-1. The XRD patterns show that the struc-
ture practically does not change before or after titration as presented in Figure 3-2.
Thus, the spinel structure is retained after titration with no obvious changes to the lattice

parameter.
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3.3.1.2 Atomic adsorption spectroscopy (AAS)

To determine whether Li,TisOy, is being dissolved in solution, AAS was employed. The
results are presented in Table 3-1. From this Table, it is clear that Li" ions are the pri-
mary ions found in solution. This is in contrast to Ti where no significant quantities
were found. By taking into account that the error for this analysis is approximately 5%,
the percentage of reported Ti is considered negligible. Thus, it is assumed that no Ti is
in solution. Since all Ti ions in this particular material are in a 4+ oxidation state, it is
highly unlikely that the solution can reduce to H, or O, gas, when Li" ions are released
from the spinel. Furthermore, since the structure of the material does not change before
or after it was in contact with the acidic solution, it is reasoned that protons exchanges
with Li" ions in this material. It is known that protons exchange with other lithium con-
taining spinels (10,15-18) as well as other lithium titanates (19) and partial lithium
manganese titanates (11). However, to the best of the author’s knowledge, a detailed

study of proton exchange with this material has not yet been reported.

By assuming that the concentration of Li" ions in solution is equal to the concentration
of protons that is exchanged into the structure and that the oxide ion content of the
spinel framework is constant, the amount of exchanged protons can be calculated. This
is presented as an empirical chemical composition presented in Table 3-1. This Table
also shows the dependence of the amount of proton exchange to the particle size and
time in acidic solution. By comparing the percentages of Li" ions found in solution be-
tween non-milled to the 6-hours ball milled samples (i.e., samples A and C), the amount
of ion exchange can be compared to the ball milling time. The amount of ion exchange
increases from 18% for the non-milled sample to 36 % for the 6-hours milled sample.
This is presumably due to the reduction of particle size and hence an increase in surface
area as ball milling time increases. For non-milled samples (i.e., samples A, D, and E),
the treatment time or the time that the material was in an acidic solution may also be
compared. The amount of ion exchange increases from 18% with a 1day treatment to
49% with a 26-days treatment. This suggests that the exchange rate is rather slow at
room temperature. The largest amount of proton exchange is 68% for sample F. The
treatment conditions for this sample included the submergence of a 6-hours ball-milled

sample in an acidic solution that was heated for 10 days.
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Table 3-1 Sample preparation and AAS results. The percentages of Li and Ti are calculated from
the initial amount of LisTisO4, spinel in the solution.

Sample | Material | Acid | Treatment | %Li (wt) %Ti Empirical
(% ion (wt) Chemical
exchanged) Composition
A Non- ™ 1 day 18 0.048 | Ho2slis.10Tis 6704
milled HCl | RT
B 2hrball | 1M 1 day 32 0.083 | Ho.4slio.eoTis 6704
mill HCI | RT
C 6hr ball | 1M 1 day 36 0.042 | Ho4sliossTit.6704
mill HCI | RT
D Non- 1™ 10 days, 39 0.023 | HossLiosoTit.6704
milled HCI | RT
E Non- 1™ 26 days, 49 0.063 | HogsLiossTit.6704
milled HCI | RT
F 6hrball | 1M 10 days, 68 0.193 | Hogolio.43Ti1.6704
mill HCI | 50°C

3.3.1.3 FTIR transmission

As a confirmation of ion exchange, FTIR transmission was performed for some of these
samples. Figure 3-3 presents the FTIR transmission spectra in the range of 400 to
4000/cm for the pure and titrated materials. The empirical chemical composition of
these materials is listed in Figure 3-3. From previous studies of proton exchange in lith-
ium manganate spinels, it is known that protons in spinel structures appear in the spectra
at approximately 1600/cm, 3400/cm, and 910/cm (11,20). This is indeed the case, be-
cause a strong peak appears at 3400/cm indicating O-H stretching for the titrated sam-
ples. A weaker peak arises at 1600/cm that also indicates proton insertion being as-
signed to water bending. The weak peak at circa 910/cm is associated with protons in
the spinel (4) Compared to the titrated material, some peaks from the original LiyTisO1,
disappear in the range of 1000/cm and 1500/cm. This has been interpreted as surface
hydroxyl groups on the original spinel (10). The known spinel vibrations are at the low
wavenumbers in the range of 400-700/cm (21). These peaks become less intense as

more Li" ions is exchanged with protons. It is interesting to note that the spectra of the
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original LisTisO;, material exhibit some bands where proton exchange is known to oc-
cur. Since these materials were exposed to air for approximately 6 months before the
material was analyzed, it suggests that this material may have reacted with water from

the air itself. Further evidence of this is given in the electrochemical testing.
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Figure 3-3 FTIR transmission spectra of Li,TisO¢, and its proton-exchanged counterparts

3.3.1.4 Neutron diffraction

The diffraction pattern of the exchanged material Hyo9Lig43Ti; 6704 (sample F) is pre-
sented in Figure 3-4. The diffraction pattern can be indexed with the Fd3m space group,
which is the same as that of the pure spinel. The fit results of the pure spinel material
were compared with the proton-exchanged material in order to give a 3-D positional
map of the protons residing in the structure. A cross section of this map is shown in Fig-
ure 3-5. This map suggests that the protons reside on the 48f and on the 8a sites as indi-
cated by the dark spots on the map. The proton positions found were included in the
Rietveld refinement. In addition, the results given from the AAS measurements were
used to constrain the occupancies in the fitting. By including the protons on the speci-
fied positions, the fit quality significantly improved. This led to the residual of the fit

shown in Figure 3-4.

The fit results of the atomic positions and occupancies are presented in Table 3-2. From

these results, the bulk of the exchange occurs at the tetrahedral Li 8a sites. These sites
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are directly exchanged with protons in the same position. This is in contrast to the
Li;Mn;sO, counterpart where a relatively small amount of protons (approximately 18%)
is found on the 8a sites, while the bulk protons reside on the 96g sites (15).
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Figure 3-4 Neutron diffraction pattern of HogoLi 0.43Ti16704 with fitting residual below
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Figure 3-5 Cross section positional map showing protons and Li* jons that reside in
Ho.gooLio.43Ti1 6704 The dark spots mark the positions of these ions and the white circles
indicate empty sites
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Table 3-2 Position of ions from Rietveld fitting results with the occupancy is listed

Atom | Site x/a, y/b, zlc Occupancy
H 48f 0.9111, 1/8, 1/8 0.026
H 8a 1/8, 1/8,1/8 0.728
Li 8a 1/8, 1/8,1/8 0.097
Li 16d 112, 1/2,1/2 0.14
Ti 16d 112, 1/2,1/2 0.83
) 32e 0.2615, 0.2615, 0.2615 1.0

Figure 3-6 A schematic drawing of the Hygolio43Ti1 6704 material. Large dark spheres represent oxide ions.
To illustrate the planes that these ions lay, the large light spheres are 16d Li and Ti ions and small spheres
are randomly distributed Li ions and protons
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The structure can be described best as alternating sheets of octahedrally positioned Li"
and Ti*" ions with tetrahedral 8a protons and Li" ions, and protons positioned on the 48f
sites. Figure 3-6 graphically presents the positions of these atoms. The 8a and 48f sites
that are indicated by the small spheres in this figure are located between the planes of
oxide ions and octahedrally positioned Ti*" and Li" atoms and the oxide ion framework

as indicated by the large spheres in this figure.

The 48f sites have in addition to the oxide-ion tetrahedron, 2 —Ti*" neighbors at a dis-
tance comparable to the nearest oxide ion. As somewhat expected, the proton does not
lie directly in the center of the oxide-ion tetrahedron of the 48f site, but is shifted to-
wards the nearest oxide ion and away from the two nearest Ti*" ions. This may be due to
the local positive partial charges that the two Ti*" ions exert on this site. This is the rea-
son that the proton density is not visible for the two 48f sites shown in Figure 3-5. Al-
though the 8b sites lay on the same plane as the 48f and 8a sites, the 8b sites contain tet-
rahedrally coordinated oxide ions and 4 —Ti*" neighbors. The 8b sites are not occupied
probably because of the positive partial charges that that this site contains from the 4 —

Ti*" ion neighbors.

The fit also provided a significant but small decrease of the lattice parameter of 0.25%.
The lattice parameter for the pure material and proton-exchanged material was 8.3595 A
and 8.3381 A, respectively. Although it is known that the same material does not exhibit
any obvious volume change when Li" ions are inserted (22,23), it is nevertheless un-
usual that the proton exchange has such small a affect on the volume change. Generally,
the volume shrinkage for other proton-exchanged materials are rather significant when
compared to LigMnsO,, (1.35%) (24) as well as other lithium titanates (3.61%) (19).

3.3.1.5 Thermogravimetric analysis and XRD

Figure 3-7 presents comparative curves of weight loss as a function of temperature be-
tween untreated and treated samples. For the material that was not treated with acid, a
slight weight loss was observed. It was also observed that a slight difference of weight
loss occurred when comparing the non-ball milled material to the ball-milled material.

This may be due to the increased surface area when the material was ball milled and ex-
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posed to normal air. The greatest weight loss for all samples occurred in a temperature
range of 240-440°C. Beyond 440°C, all samples were relatively stable up to 600°C.

By comparing the traces between the treated and untreated samples, the amount of
weight loss between these samples is significant. For the untreated samples, the largest
amount of weight loss at 600°C is 0.75%. When comparing the 6-hour ball milled sam-
ple that has been treated, the weight loss is 4.24% at 600°C. Since all of the curves for
all of the samples show similar behaviour, it is anticipated that the same reaction occurs
for all measured samples.
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Figure 3-7 TGA curves for ball milled and non-milled samples that were treated and untreated
in acidic solutions

Figure 3-8 presents a series of XRD patterns for the 6-hours ball-milled samples that
were taken before titration, after titration and, heated to 600°C. As shown previously
from Figure 3-2, this material does not change before or after titration. However, when
this material was heated to 600°C, the XRD pattern shows the presence of two distinct
phases. The first phase is the spinel phase while the second phase is the anatase TiO,
phase. This suggests that protons leave the structure as water when heated. It is pre-
sumed that practically all of the protons exit the structure as water beyond 440°C since
the TGA trace is relatively stable beyond that temperature.
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Figure 3-8 XRD patterns for the 6-hours ball-milled sample before and after titration and heated
to 600°C. The astrix designates anatase TiO, phase

To ensure the correct composition of protons in the structure, the weight loss measured
by TGA is compared to the amount of protons in the structure measured by AAS. This
comparison is presented in Table 3-3. From this table, a good match between the results
of both analytical techniques is found within the experimental error. Thus, the degree of
proton exchange between the materials seems reasonable.

Table 3-3 Comparison of weight loss at 600°C between TGA measurements and the amount of
protons calculated in the structure using AAS results

Sample | TGA results AAS calculated % Difference
D 3.2147 3.26 1.39
E 3.8484 4.03 4.51
F 5.5873 5.60 0.23

3.3.1.6 Reaction mechanism

Two reactions are being proposed when this material is exposed to acidic environments.
The first reaction is the ion exchange reaction given in Equation 3-1. The second pro-
posed reaction is presented in Equation 3-2. This equation expresses the changes that
the exchanged material experiences when heated above 440°C.
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Li,TisO, +xH = H Li, TisOp +xLi, (3.1)

(s) (s) (aq)

AH Li, \Ti;Oy —gape—> 2XH,0,, +5xTiO, , +(4~x) Li,Ti,0, ) (3.2)

l(4—x) 440°

(s)

3.3.2 Electrochemical characterization

3.3.2.1 Proton-exchanged material

The next three figures present the cell potential versus lithium metal with intercalation
and deintercalation of Li" ions as more protons are present in this spinel. It may be help-
ful at this point to review the relation between potential curves and the phases that are
associated with these curves. It is generally accepted that sharp potential slopes indicate
single-phase regions, while a gradual sloping potential indicates a solid-solution region.

A flat potential curve typically represents a two-phase region (25).

For the pure LisTisO,, spinel material, a simple potential curve is found as lithium is in-
tercalated and deintercalated. From literature, as lithium is intercalated into this mate-
rial, a sharp potential drop from its open circuit voltage of 2.9 to 1.55V indicates a sin-
gle-phase region LisTisOy; . A flat potential or a two-phase region with phases LisTisO1,
plus Li;TisOy; at 1.55V for 95% of its capacity follows this single-phase region. Finally,
a single-phase region, Li;TisO,,, with a sharp potential drop from 1.55 to 0.8V was
found. These phases are extremely reversible as lithium is extracted from the structure
with less than 2% capacity loss (26).

The cell potential curves for sample A are presented in Figure 3-9a. This material con-
tains the least amount of protons. An immediate potential drop from 2.6V to 1.8V is first
observed as Li" ions are intercalated into the structure. This indicates that a single phase
is present. A sloping potential curve that corresponds to a solid solution region is ob-
served between a potential range of 1.8 to 1.55V. As intercalation proceeds, a relatively
flat potential that indicates a two-phase region at 1.55V is present. Finally, a gradual

slope from 1.55 V to 0.6V is observed, which indicates a solid-solution phase.
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These phases are reversible as Li" ions are deintercalated from the material. A sloping
potential is first observed between 0.6 to 1.55V. This is followed by a relatively flat po-
tential for most of its capacity at 1.55V. Finally, a sloping potential is seen in a potential
range of 1.55 to 2V.
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Figure 3-9a Potential vs. capacity of sample A (Ho.23Liog0Ti16704). Li metal was used as a
counter and reference electrode
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Figure 3-9b Potential vs. capacity of sample D (HyssLiosoTi16704). Li metal was used as a
counter and reference electrode
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As more protons are present in the structure, the cell capacity decreases while the first
solid solution phase dominates the potential curve. Figure 3-9b presents the potential
curves for sample D where the proton mol ratio was calculated to be 0.53. This figure
clearly presents the existence of all present phase regions. As lithium is intercalated into
this structure, a single phase between a potential range of 2.6 to 2V. This is followed by
a solid solution in a potential range of 2 to 1.55V. A two-phase region at 1.55V for ap-
proximately 25% of its capacity is present. Finally, a solid-solution region in a potential
region of 1.5 to 0.8 V is present. These phases are reversible as lithium is deintercalated
from the structure.
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Figure 3-9c Potential vs. capacity of sample F (Hogolio3Ti16704). Li metal was used as a
counter and reference electrode

The potential curves for sample F, which contains the largest amount of protons in the
spinel (Hg o), is presented in Figure 3-9c. One of the features for this material is the lack
of the flat 1.55V plateau region. However, two sloping potentials are present between
the potentials of 2 and 1.55V and from the 1.55 to 0.8V potential range. These potential
curves are reversible. This implies that protons remain in the structure during the inter-

calation process.

3.3.2.2 Commercial LiyTisOq,

The electrochemical results of the commercial Li;TisO;, spinel material gave some un-

expected results. A series of electrochemical curves are presented in Figures 3-10a to 3-
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10c. The first figure presents the intercalation and deintercalation potential curves for

the commercial LisTisO;, spinel material, when just received.

This material exhibits the

well-known potential characteristics as Li" ions are inserted and extracted. A flat poten-

tial of 1.55V during most of its capacity is observed as well as a low polarization during

charge and discharge.
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Figure 3-10b Potential vs. capacity of the same material as in Figure 3-11a that was exposed to
air for 6 months. Li metal was used as a counter and reference electrode
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However, when this material is exposed to air for more than 6 months, a change in the
potential curves is observed which is presented in Figure 3-10b. This material exhibits a
more pronounced polarization of the potential curve between intercalation and deinter-
calation of Li" ions. In the beginning of intercalation, an initial flat potential of 1.55V is
observed. Unlike Figure 3-10a, the flat potential does not remain at 1.55V but rather
gradually decreases below this potential as the insertion of Li" ions proceeds. Upon the
removal of Li" ions, the initial flat potential of 1.55V is first observed but the potential

gradually increases as deintercalation proceeds.

Figure 3-10c presents the potential curves as a function of capacity when the same air
exposed material is annealed to 900°C. This material exhibits a similar shape of the po-
tential curve as observed for the as received material for both intercalation and deinter-
calation. In addition, the polarization of the potential curve for intercalation and deinter-

calation is similar to that of the as received material.
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Figure 3-10c Potential vs. capacity of the same material as in Figure 3-11b that was annealed
in air. Li metal was used as a reference

Because the XRD pattern of the 6-months air-exposed Li;TisO;, material shows the
same spinel pattern as for the as received LiyTisOy, spinel, gross contamination (> 5%
by volume) of the commercial material between the 6-month time period is unlikely.
Furthermore, by annealing the 6-months air-exposed material, the electrochemical per-

formance returns to its as received form. Taking this into consideration, it is suspected
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that water from the atmosphere reacted with Li;TisO1,. Support for this explanation is
given by Li et al. (27) where these authors predicted the stability of Li-containing mate-
rials in aqueous solutions. By using their calculations, this material should be stable at a
solution pH in the range of 11.7-8.3. Experimental support of this prediction is given
from the current work where the initial pH of 10.8 is observed in deionized water. Since
the atmosphere pH is not strongly basic, the stability of LisTisO;, in a normal atmos-
phere is suspect. This may give rise to an ion exchange between Li" ions and protons at
the surface of the particles. Because the exchange is slow, a small percentage of ion ex-
change occurs during the 6-months period probably occurred. Thus, the amount of ca-
pacity loss due to ion exchange before annealing or, due to the formation of anatase
TiO,, after annealing is small. However, the polarization of the cell is significant. In es-

sence, care must be taken when storing these materials.

3.4 Conclusions

Based on the present results, the LiyTisO;, spinel material is not stable towards acidic
solutions. From potentiometric titration measurements, protons are being consumed as
acid is continuously added into the solution with LisTisO,. Evidence of proton ex-
change has been given through AAS and FTIR measurements. From AAS analysis, only
Li" ions leave the structure in the acidic solution. The FTIR transmission spectra have

shown peaks where protons are generally present in a spinel material.

From neutron and XRD diffraction, the structure of the ion-exchanged material is
spinel. It was found that most protons reside on the tetrahedrally coordinated 8a sites
where part of the Li" ions resided in the pure material. In addition, some of the 16d Li
sites have been replaced by protons but reside on the 48f sites. The structure is visual-
ized as alternating planes of octahedrally coordinated 16d Li" and Ti*" ions with planes
of 8a and 48f sites of Li" ions and protons. Finally, a slight reduction of the initial vol-
ume of 0.25% is observed when comparing the initial material to the exchanged mate-
rial.

Upon heating the exchanged material, protons begin to leave the structure at 240°C as
water and at 440°C the protons are completely removed. The resulting material is a

composite consisting of anatase TiO, and LisTisOy, spinel that presumably have not
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been exchanged. Two reactions are proposed: first a direct ion exchange between Li"
ions and protons and second the removal of protons as water when the material is heated
at 400°C.

Electrochemical results show that the capacity of the material decreases with increasing
ion exchange. As more protons are present in the structure, the original flat potential at
1.55V becomes less distinguishable, while the formation of sloping potentials above and

below the original 1.55V plateau are observed.

The stability of the commercial LisTisO;, material when exposed to open air for a 6-
month time period is suspect. Additional electrochemical results show the performance
of this material degrades as the polarization of the potential has increased. This may be
linked to the proton exchange that was observed in this study. However, the perform-

ance of this material is returned to its original properties by an annealing process.
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Magnetic Characterization of
Lii+5Mn2504 and Li extracted
Spinels

Abstract

Magnetic characterization of chemically delithiated LiyMn«)O4 for 0<x<I are pre-
sented and compared with substituted Li.5Mn.504 for 0<6<0.33 spinels. From mag-
netic susceptibility measurements in the temperature range of 300-500K, two distinct
trends were found as a function of the Weiss temperature and lattice parameter. The first
trend involves both chemically delithiated and Li-substituted spinels. The second trend
involves primarily from the chemically delithiated spinels. Furthermore, it was deter-
mined that all Mn®" cations are in a high-spin configuration. An explanation of ion in-
teractions with magnetic interactions is presented.
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4.1 Introduction

As discussed in Chapter 1, the MnO, spinel framework provides room for lithium ion
transport while maintaining its cubic structure over the compositional range Li,Mn,O,,
with 0<x<1. A gradual increase of the average Mn valence occurs over the valence
range from 3.5 to 4.0. For battery applications, such as the Li-ion system, only extrac-
tion and insertion of Li" ions in the compositional range of 0<x<I is interesting. Upon
Li-ion extraction, Mn®" is oxidised to Mn*". It was found later that Li" ions cannot be
extracted practically beyond a lithium content of 0.27(1). This leads to a capacity reduc-
tion of the material compared from the theoretical capacity of 148 mAh/g to a practical
capacity of about 120 mAh/g.

Another way to extract Li" ions from the parent spinel is to chemically extract Li" ions
by submersing the LiMn,04 material into an acidic solution. In brief, this reaction in-
volves a redox mechanism of the Mn®" cations to Mn*" and Mn?" cations. The Mn*"
cations would go into solution, while the Mn*" cations remain in the solid to eventually
form the A-MnO, spinel. Thus, the average Mn valence state would increase in the

same manner as electrochemically removing the Li" ions (2-4).

Another way to increase the Mn valence state is by cation substitution. These doped ma-
terials use Li" ions as a substitute for a maximum of 1/6 of the Mn®" cations in the
LiMn,0,4 material. This substitution also raises the average valence state of the Mn from
3.5 to 4.0. The empirical formula for these materials is Lijj+5Mng.504 with 0<6<0.33.
The substituted spinels have also been used for battery applications (5,6). Typically for
very low o values (0.04) the spinel is used as a cathode in the Li-ion battery system. For
high 6 values (0.33) all Mn cations are in 4+ oxidation state. While, it was reported re-
cently that this material may be used as a cathode (7), this spinel is generally used as an

anode material.

The electrical conduction of this material has been examined by various groups (8,9).
One way to obtain information about the electrical conduction of a material is to exam-
ine the magnetic interactions of ions in a material. These magnetic interactions may pro-

vide information on the electronic interactions between the ions within a material (10).
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Many groups have reported the magnetic properties of the lithium manganate spinels
(10-17). Typically, these properties were studied as a function of the increasing Mn oxi-
dation state. There are two general cases where this was accomplished. Some groups
have reported the magnetic properties of the substituted and defect spinels as more Mn
is substituted for Li (13,18). Other groups have reported these properties for the Li-ion
extracted spinels as a function of Li-ion extraction (14,15,17). Between the two cases,
there seems to be a discrepancy in the Weiss temperature between the A-MnO, and the
fully substituted spinel Li(+5Mn.504 (6=0.33) or LisMnsO;, . The negative or positive
value of the Weiss temperature empirically indicates the antiferromagnetic and ferro-
magnetic interactions between the Mn cations, respectively. This work examines and
compares the magnetic properties of the substituted and the chemically Li-extracted

LiMn,0y spinels as a function of lattice parameter and Mn valence state.

4.2 Experimental

4.2.1 Substituted spinels

Stoichiometric and substituted Li-Mn spinels (Li(;+5Mn(.504 with 0<8<0.33) were pro-
duced from proper amounts of manganese acetate (Fluke) and lithium hydroxide
(Fluke). Multiple heating schemes with a heating rate of 10°C/min and a cooling rate of
5°C/min and various soak temperatures and times were employed. In general, these
schemes followed that of Masquelleir et al.(13) and are presented in Table 4-1 in Sec-
tion 4.3.1.

4.2.2 Chemical extraction of Lij1.5Mn.50,4

Chemical extraction of commercial Li(;:5Mnp.5O4 (Honeywell) with §=0.04 was per-
formed using a Metrohm automatic tritrator. A series of 4-grams powdered samples was
submersed in 75 ml of de-ionized water. Li" ions were progressively extracted from the
samples using 1M H,SO,(Baker). The volume of acid that was used was in the range of
2-20ml. This mixture was under constant stirring that continued, until a stable potential
reading of a combined glass electrode with an Ag/AgCl reference electrode was
achieved. Subsequently, the particles were collected, washed with deionised water, and
dried at 120°C.
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4.2.3 Determination of the Mn oxidation state

The Mn oxidation state was determined using the Jeager-Vetter titration technique as
described in more detail elsewhere(19). In principle, the samples were first dissolved in
a FeSO, solution and back titrated with KMnO, (Merck). A Metrohm automatic titrator
was used for this measurement. These measurements were then used to calculate § in

Lig+5Mng.504 and the Mn oxidation state for chemically extracted LiMn,Os.
4.2.4 X-ray diffraction

All materials were structurally characterized by the X-ray diffraction technique (XRD).
The X-ray diffraction measurements were performed on a Bruker-AXS with a diffracted
beam graphite monochrometor using Cu K, radiation at room temperature. The room

temperature measurements were performed in the 2-0 range of 10-90°.
4.2.5 Magnetic measurements

The magnetic susceptibility measurements were performed using the Faraday method
with an ordinary magnet. The measurements were carried out in air and in a temperature
range of 294-500K. Much care was taken towards the heating of the samples. Each
point was measured after 1 hour of heating. The magnetic field that was used was 9000
Gaussians. Tris (ethylenediamine) nickel (II) thiosulfate or Ni(en);S,0; was used as a
calibration standard. Typical samples weighed approximately 35 mg after drying over-
night in a furnace heated to 120°C.

4.3 Results and Discussion

4.3.1 Structural and chemical characterizations

Figure 4-1 presents the XRD patterns for the stoichiometric composition as a function
of processing temperature. The best processing temperature for this spinel is 800°C.
This is expected, since this temperature is close to the known optimal processing tem-
perature for these spinels. If the processing temperature is below 800°C, as for instance

700°C for the stoichiometric composition, impurities of Mn,O; can be found. If this
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composition is heated beyond 800°C, as for instance 900°C, impurities of Mn;O, are
observed. These results are in agreement with results from previous reports of proc-

essing this material (20).
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Figure 4-1 XRD spectra of the stoichiometric LiMn,O, spinel for varying processing and
annealing temperatures
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Figure 4-2 XRD spectra of the substituted spinels with increasing Mn substitution and varying processing
temperatures
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Figure 4-2 presents the XRD patterns of the substituted spinels, where the Mn cations
are replaced by Li" ions. All as mixed precursors were amorphous and are not shown in
this figure. These precursors were first annealed to 400°C in air that is followed by a
second annealing step. For comparison, this figure includes patterns after the first and
second annealing steps. After the second annealing step, all patterns show sharp peaks
with the exception of the most substituted spinel, i.e., Lij ;sMn, 750,4. For this material,
the spinel structure is also detected after the second annealing temperature of 400°C,
but the peaks in the spectra were broad and less intense. When this material was an-
nealed in air to 700°C impurities of the stoichiometric spinel were detected.

Figure 4-2 also shows that the lattice contracts as more Mn cations are substituted by
Li" ions. The lattice contraction may be observed by a shift of the spectrum peaks to-
wards higher angles. This is in agreement with other groups that have reported similar
phenomena (13,22). From these patterns, the lattice parameter is calculated and tabu-
lated in Table 4-1 in Section 4.3.1.
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Figure 4-3 XRD spectra of chemically Li extracted spinels

Figure 4-3 presents XRD spectra for the chemically extracted Li" ions from the near

stoichiometric spinel. As shown first by Hunter, the spinel framework remains through-
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out the extraction despite the removal of both Li and Mn cations. Once again, as more
Li" ions are extracted, the lattice contracts as seen by the shift of the spectra peaks to-
wards higher angles. This is expected since the removal of Li and Mn from the spinel
framework reduces the number of ions present in the structure. The lattice parameters

are calculated from these patterns and are also presented in Table 4-1.

Results from the Jeager—Vetter titration establish the Mn oxidation state and thus the
stoichiometry of the spinel could then be calculated. The calculated stoichiometry for
these materials closely resembles the stoichiometry of the intended material as shown in
Table 4-1. This point is further illustrated when the average Mn-oxidation state is plot-
ted against the 2(Li/Mn) ratio as shown in Figure 4-4. From this figure, the experimen-
tal points of the chemically Li-ion extracted samples, i.e., a Li/Mn ratio less than one,
fall closely on the line that represents the calculated Li-ion extraction line. In the case of

Mn substitution, these points lie very close to the calculated Li substitution line.
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Figure 4-4 Average Mn oxidation state with 2(Li/Mn) ratio
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Figure 4-5 presents the lattice parameter or constant, a, versus the 2(Li/Mn) ratio. By
using the lattice parameters of the stoichiometric spinels, such as LiMn,04, Li;MnsO,,
and, A-MnO,, and assuming that the structure decreases linearly from LiMn,O4 to A-
MnO,, a straight line is obtained between the lattice parameter and the 2(Li/Mn) ratio.
The reported lattice parameters for these spinels are 8.24 A for LiMn,O4 (2(Li/Mn)
=1.0), 8.14 A for LiyMnsO,, (2(Li/Mn) =1.6) and, 8.06 A for the A-MnO, (2(Li/Mn) =
0) spinel (23,24). This figure shows a reasonable linier relationship between the lattice
parameter and the expected Li/Mn ration for both extracted and substituted spinels as
shown in the solid lines. This figure also shows that the lattice parameter differs be-
tween A-MnO, and the LiyMnsO, spinel even though both structures have 100% Mn**
cations. In addition, the final lattice parameter for all of the Li-substituted spinels after
treated in acidic solution is 8.06 angstroms. It is interesting to note that all these materi-
als posses approximately the same lattice parameter after the acidic treatment. This in-
cludes the highly substituted spinels that are known to exchange Li' ions for protons in

acidic environments (25).
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Figure 4-5 Lattice parameter vs. 2(Li/Mn) ratio
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Table 4-1 Some physical results found in the lithium manganates
Preparation Znin
3 spinel samples 1" heat- | 2" heat- a(A) et C]
) ) Exp. Calc.
ing ing
700°C- 700°C-
LiMn,0, Impurities were found
24hrs 24hrs
) 900°C- 900°C- o
LiMn,Oy4 Impurities were found
24hrs 24hrs
) 800°C- 800°C-
LiMn,Oy4 8.24 3.52(4) | 3.500 | 4.45(1) =317
24hrs 24hrs
) 400°C- 800°C-
Li; ;Mn; 404 8.23 3.64(7) | 3.632 | 4.36(9) -301
24hrs 24hrs
400°C- 700°C-
Li; 1sMn; 3404 8.19 3.71(8) | 3.717 | 4.16(2) -196
24hrs 24hrs
400°C- 400°C-
Lij»sMn; 7504 8.16 3.79(7) | 3.857 | 3.77(2) -72
24hrs 24hrs
Chemical Znin
. . Preparation a(A) Uefr 0]
Li-extraction Exp. Calc.
Lij 047Mn; 95304 775°C 30hrs 8.22 3.56(0) | 3.560 | 4.30(0) -252
LigogoMn; 95004 0.5ml/g 1M H,SO, 8.21 3.56(1) | 3.597 | 4.50(8) -301
Ligg3sMn 95004 1.5ml/g 1M H,SO, 8.18 3.71(8) | 3.675 | 4.16(5) -108
Ligg76Mn 94704 2.5ml/g 1M H,S0, 8.13 3.79(9) | 3.761 | 4.02(8) -101
Li04405Mn1,943O4 40ml/g 1M HQSO4 8.11 387(4) 3.909 379(1) -66
Lig.10sMn; 93004 5.0ml/g 1M H,SO,4 8.06 3.96(8) | 4.000 | 3.87(2) -133
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4.3.2 Magnetic characterization

The inverse magnetic susceptibility as a function of temperature in the range of 294-
500K for the substituted and chemically delithiated LiMn,0y is presented in Figures 4-6
and 4-7, respectively. These plots follow the Curie-Weiss law,

1_(1-0) o
xm Cm

where, ¥, is the molar magnetic susceptibility, T the temperature in K, ® the Weiss tem-
perature, and C,, the molar Curie constant. From these plots, the calculation of the Curie
constant, C,,, which is the inverse of the slope, and ®, which is the intercept of the
curve, was performed.

In Figures 4-6 and 4-7 the slope of these curves progressively become steeper as more
Mn is substituted or more Li is chemically extracted from the spinels. It is also observed
that the curves overlap as more Li is extracted. This overlap affects the Weiss tempera-
ture that is presented in Table 4-1.
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Figure 4-6 Magnetic susceptibility as a function of temperature for x is A:0.01, B:0.11, C:0.16
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Figure 4-7 Magnetic susceptibility with temperature for the chemically delithiated spinels for x is
A:0.04(7), B: 0.98(0), C: 0.83(5), D: 0.67(6), E: 0.40(5), F: 0.19(8)

Figure 4-8 presents the effective magnetic moment, L/|ip , as a function of the Mn oxi-
dation state, Zyy,. The effective magnetic moment is calculated from the molar Curie
constant C, from Equation 4.1 and is shown below in Equation 4.2.

1

’Llf?ﬂ _ 3ka E
Hp NA/J;

(4.2)

In this equation, k is Boltzman’s constant, Ny Avogadro’s number, and pg the Bohr
magneton.

Figure 4-8 shows that as the average Mn oxidation state of the spinels increase from
3.5-4.0 either by Li-ion extraction or by Li-substitution, all Mn®" cations are in a high-
spin electronic configuration. If spin-only considerations were used, these points clearly
lay close to the theoretical line where the theoretical effective moment pg =4.38 pg for
high-spin Mn®" cations and pg =3.87 pg for Mn**. These results are consistent for both

Li-substituted and Li-ion extracted spinels up to an average Mn oxidation state of 3.9.
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Figure 4-8 The effective magnetic moment as a function of the average Mn oxidation state
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Figure 4-9 Weiss temperature as a function of the average Mn oxidation state where; o is Mn
substitution, e is Li extracted, A is Ariza ref. (24) Li;Mns0O;, and protonated Lis.«HMnsO;, and,
x is Masquelier ref. (12) Mn substitution
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Figures 4-9 presents the Weiss temperature for the spinels as a function of the average
Mn valence. All plotted data are listed in Table 4-1. Included in this figure is part of the
work from Masquelier et al.(13), and Ariza et al.(24). If the Weiss temperature is plotted
against the average Mn oxidation state, a rough trend is observed. This implies that all

samples behave in a similar manner.

However, if the same data is plotted against the lattice parameter, as presented in Figure
4-10, two distinct trends are present. One distinct trend shows a steady increase in the
Weiss temperature as the lattice parameter decreases from 8.24 A to 8.14 A that coin-
cides with the increasing values of the Mn valence state from 3.52 to 4.00. The near
stoichiometric spinel material with a lattice parameter of 8.24 A and an average Mn
oxidation state of 3.52 possesses a rather strong negative Weiss value (8 =-250K) that
indicates empirically strong antiferromagnetic interactions of the octahedrally posi-
tioned Mn cations. This value is in good agreement with reports from similar materials
(26-29). This trend can be extended to the lattice parameter of 8.14 A and a Mn oxida-
tion state close to 4.00 by including the data from other previous studies (13,24).
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Figure 4-10 Weiss temperature as a function of lattice parameter where; o is Mn substitution,
e s Li extracted, ¢ is Ariza Li;MnsO;, and protonated Li,H.MnsO1, and, x is Masquelier Mn
substitution
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The other distinct trend presented in Figure 4-10 originates primarily from the chemi-
cally Li-ion extraction samples. In this trend, the Weiss temperature is relatively con-
stant around the value of —100K. This trend is present for the average Mn valence in the
range of 3.7 to 3.9. This value is also in good agreement with other previously reported
values (®=~-70K) for the A-MnO, material (14,17). The broken lines in this figure are
used only to guide the reader.

Attempts to produce the Li;Mn;sO,, spinel have failed in this study but recently other
groups have reported positive Weiss temperature values, that empirically indicate weak
ferromagnetic interactions between the Mn cations in this material (13,24,29). More-
over, when one of these groups treated this spinel material with acid, the Weiss tempera-
ture changed from slightly positive to slightly negative. The decrease in the lattice pa-
rameter for this material was due to an ion exchange between protons with Li" ions. The
change of the Weiss temperature from a slightly positive to a slightly negative values
was due to the decrease in the lattice parameter. (24). In general, the Weiss temperature
values that were reported fit well with the trends of the work presented here.

4.3.3 Characterization of the near stoichiometric LiMn,0,spinel

To determine the quality of the near stoichiometric material, further characterization of
this spinel has been performed. It has been known that the stoichiometric spinel changes
from a cubic to an orthogonal configuration at slightly below room temperature (9,30).
This structural change can be detected using differential scanning calorimetry (DSC).
This analysis has been performed on the present stoichiometric spinel in the temperature
range between —75 to 100°C at 5°C/min. and is presented in Figure 4-11.

From this figure, an endothermic peak at 6.9°C is observed when the sample is cooled
from room temperature to -75°C. This transition is reversible when this sample was
heated from -75°C to 100°C. An exothermic peak is observed at a temperature of
30.5°C. These transition temperatures agree with the structural transition from cubic to
the orthogonal phase found in literature (8).
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Figure 4-11 DSC traces for LiMn,O, upon cooling and heating
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Figure 4-12 Magnetic susceptibility for LiMn,O,4 as a function of temperature when heated from
180 to 375K

With the use of a SQUID magnet at 10* Gausians, the magnetic transition between the
cubic and orthogonal structures can also be observed. The structural transition is ap-
proximately 308 K (35°C) when heated from 185 K to 375 K as presented in Figure 4-
12. The temperature corresponding to the structural change is in good agreement with
the present DSC findings as well as with data reported by Shimahawa et al. (28). The
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magnetic anomaly corresponds to the order/disorder of charge of the Mn®'cations (16).
The charge ordering when the material is cooled gives rise to the cooperative Jahn-
Teller distortion of the spinel to form an orthogonal structure. This effect is reversible
when the material is heated and a charge disorder occurs. Thus, a cubic spinel is the re-
sulting structure.

The wide variation in the peak transition temperatures between heating and cooling this
sample is probably due to the relatively fast scan rate that was applied in the DSC
measurement. Because this effect occurs in a very narrow compositional range, the at-

tempt to produce a near stoichiometric spinel in our study seems successful.

4.3.4 The Mn** electronic spin configuration

The Mn®" cation contains four electrons in the 3d-band. When this cation occupies an
octahedral site, the d-band splits into two energy levels due to the octahedral crystal
field. The lower energy level is referred to as the t,, level. This level contains the three
orbitals that may contain up to 6 electrons. Since these orbitals lie in between the oxy-
gen 2p orbitals, these orbitals are also referred to as bonding orbitals. The higher energy
level in the d-band is referred to as e, level. This level contains 2 orbitals where up to
four electrons may be placed. These orbitals are at a higher energy level because they
face directly to the oxygen 2p orbitals on the axes. These orbitals are referred to as anti-
bonding orbitals (31).

When placing electrons into energy levels, Hund’s rule is usually applied. In essence,
this rule places each electron in each energy level beginning with the lowest energy.
Once all energy levels are half-filled, a second electron is placed in the half-filled en-
ergy level beginning with the lowest energy level. The reasoning behind this rule is that
the spin-paring energy is greater than the crystal field energy (31).

In the case of the Mn®" cation, four electrons are present in which there are two possi-
ble electron configurations. These configurations are referred to as either high or low-
spin configurations. If Hund’s rule is applied, then all of the t,, energy levels and one

of the e, energy levels is half-filled with an electron. This electron configuration is
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called a high-spin configuration. In a low-spin configuration, all four electrons occupy
the t,, energy levels. This results in one of the t,, energy levels to be full while the other

two energy levels to be half-full. This configuration does not follow Hund’s rule.

In the case of the stoichiometric spinel LiMn,O,, it has been suggested that approxi-
mately 20% of the Mn®" cations are in a low-spin configuration (32). This was found
experimentally by Endres et al. (29) and used by Chung et al. as a parameter for calcu-
lating structures of substituted spinels (33). The present work contradicts all of these
findings as the magnetic moment for all present materials lies near the theoretical line
for a high-spin configuration. In support of the present findings, one can argue that the
crystal field energy for the high-spin configuration is lower than the spin-paring energy,
which follows Hund’s rule. By referring to the Tanabe-Sugano diagrams, the energy of
the crystal field required to change the spin configuration of Mn®" cations from high to
low-spin is approximately 3.4 eV (34). In other words, when the band gap between the
t,; and e, levels is greater than 3.4 eV, the spin paring energy of an electron is less than

placing electron at the e, energy level. Thus, and a low-spin configuration occurs.

Recently, the crystal field energy has been measured experimentally by using optical ab-
sorption of thin films of LiMn,04 and A-MnO, (35). The results indicate an energy gap
between the t, and e, levels of 1.91eV for the Mn*" cations in the A-MnO, spinel. This
energy is significantly smaller than the required energy for the electron to be in a low-
spin state. Therefore, the probability that any of the Mn’* cations is in a low-spin con-

figuration is small.

In regards to the reporte of Endres et al. (29), it was found that a normalization was not
used. Without normalizing, the value of the magnetic moment is 6.05 Bohr magnetons.
This value is larger than the theoretical value given for either high or low-spin electron
configuration of the Mn** cations in LiMn,O,. Nevertheless, this value leads to the in-
terpretation that 20% of Mn®" cations in LiMn,O, are in a low-spin state. By normaliz-
ing the Currie constant per Mn mol ratio of the empirical formula, the effective moment
is calculated to be 4.27 Bohr magnetons/Mn. This value is much closer to the theoretical
value of 4.38 Bohr magnetons/Mn that corresponds to a high-spin electron configura-
tion. Thus, by normalizing the data from this report, similar results were calculated as

were found in the present work.
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4.3.5 The relation between ion interactions and magnetic interactions

It is known that two types of interactions exist for the octahedrally coordinated cations.
The first type is direct interaction while the second type is 90° super exchange between
an oxide anion (31,36). For the high-spin Mn*" (263 €,1) and Mn** (t243 €,0) cations,
the t,, orbitals are half filled. Since these cations share an octahedral-site edge, the elec-
trons from these cations could interact directly. This effect causes antiferromagnetic in-
teractions. In addition, since the spinel is cubic, the lattice parameter has an effect on
these interactions due to the proximity of the Mn cations. Therefore, as the lattice con-
stant decreases, the Mn-Mn distance also decreases and the strength of antiferromag-
netic interactions increases resulting in a stronger negative value of the Weiss tempera-
ture. The second type involves the anion, in this case the oxide anion, where the 90°
Mn-O-Mn Goodenough-Kanamori superexchange occurs. This exchange takes place via
the O 2p orbital that couples with the e, orbital of one Mn cation and the t,, orbital of
the adjacent Mn cation. High-spin Mn®" cations that possess a half-filled e, orbital cause
antiferromagnetic interactions between other Mn®*, or Mn*" cations that posses half-
filled ty, orbitals. This is opposed to the Mn*" cations that contain no electrons in the e,
orbital. The half-filled t,, orbital of one Mn*" cation couples with the empty e, orbital
from the next Mn*" cation. This coupling causes ferromagnetic interactions between the

cations that leads to a is positive Weiss temperature.

From previous studies, it is observed that the Weiss temperature increases as a function
of the average Mn oxidation state. This implies a weakening of the antiferromagnetic in-
teractions. The model for this behaviour is that the ferromagnetic 90° Mn*"-O-Mn*" su-
per-exchange interactions gradually dominate the antiferromagnetic high-spin Mn®'-
Mn*", Mn’*-Mn**, Mn*-Mn*" and Mn’"-O-Mn*" interactions (13). This model seems to
fit with our results when the average Mn valence for both types of lithium manganate
spinels is in the range of 3.5 to 3.7. In Figure 4-9, a single trend is observed where the
Weiss temperature steadily increases from strongly negative to less negative for both Li-
extracted and Li-substituted spinels. This trend coincides with the increase of the aver-
age Mn valence for Li-extracted and Li-substituted spinels from 3.5 to 3.7. A summary

of Mn interactions with the magnetic interactions is presented in Table 4 -2.
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Table 4-2 Summary of ion interactions with magnetic interactions

lon interactions Magnetic interactions
Mn”*-Mn°* antiferromagnetic
Mn”*-Mn** antiferromagnetic
Mn**-Mn** antiferromagnetic (very weak)

90° Mn**-O-Mn** antiferromagnetic

90 Mn**-O-Mn** ferromagnetic

Although the type of magnetic interactions is important, another factor must account for
the second trend presented in Figure 4-9 where the Weiss temperature is relatively con-
stant. The constant Weiss temperature applies only to the Li-ion extracted spinels where
the average Mn oxidation state is between 3.7 to 3.9. The second factor may come from
the work of Blasse in which it was shown that direct Mn*"-Mn*" antiferromagnetic in-
teractions are by nature very weak (27). Thus, the proximity of the Mn cations to each

other is significant.

When the average Mn oxidation state is beyond 3.7 for both lithium manganate spinels,
the population of the Mn*" cations increases. However, two distinct trends are ob-
served. In the case of Li-ion extraction, the direct Mn*"-Mn*" interactions dominate the
Mn**-Mn*" and Mn**-Mn*" interactions. Their influence becomes stronger as the lattice
constant decreases. This provides weak antiferromagnetic interactions between the
cations and the Weiss temperature remains negative. In the case of Li-substituted
spinels, the population of Mn*" cations also increases as substitution proceeds. In addi-
tion, the lattice does not contract as much as the Li-ion extracted spinels. These two ef-
fects cause the direct Mn-Mn interactions to be either more weak or nonexistent. The
magnetic interactions may then apply to the 90° Mn*"-O-Mn*" exchange mechanism.
These interactions are ferromagnetic as empirically indicated by the increasing Weiss
temperature. However as shown by Ariza et al., if the lattice of the most Li-substituted
spinel, Li;MnsOy,, shrinks as a result of ion exchange with protons, the Mn*"-Mn*" in-
teractions may once again be established. This causes the material to possess antiferro-

magnetic interactions and a slightly negative Weiss temperature (24).
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The electrical measurements of these spinels are concordant with the present findings.
Recently, electrical measurements were performed on Li-ion extracted spinels by
Molenda et al. (8). Their results have shown that the activation energy for electrical
conduction decreases rather linearly as a function of Li-extraction up to Li; sMn,O, or a
Mn oxidation state of 3.75. Beyond this point, i.e., from Li; sMn,0, to A-MnO, , the ac-
tivation energy is relatively constant. The electrical measurements show, at least in the
case of the Li-ion extracted spinels, that the present trend for magnetic measurements

coincides with the trend of electrical measurements.

4.4 Conclusions

Magnetic characterizations of LiMn,0, as a function of Li-ion extraction by chemical
means have been performed. Through XRD and Jeager-Vetter titration analysis, the lat-
tice parameter linearly decreases as the oxidation state increases. In addition, the opti-
mal processing temperature for the near stoichiometric spinel was found to be 800°C. In
the case of Mn-substituted spinels, the processing temperature decreases as substitution

increases.

DSC and magnetic measurements using a SQUID magnet have further characterized the
quality of the near stoichiometric LiMn,O, spinel. From the DSC analysis, endothermic
and exothermic reactions occur when the material is cooled and heated. From the
SQUID measurements, a magnetic anomaly is observed when heated from 220 K that
corresponds to the peak temperature of the exothermic peak of the DSC. This is inter-
preted as a reversible structural transformation from cubic to an orthogonal structure

due to charge ordering of LiMn,0, as the temperature decreases.

From magnetic measurements, it was found that all Mn*" cations are in a high-spin con-
figuration. The effective magnetic moment lies near the theoretical value for all meas-
ured spinels. This finding is supported by other reports of the same material as well as

from theoretical aspects.

Ion interactions indicate that the original spinel begins with a strong negative Weiss
temperature, that indicates antiferromagnetic behaviour. This gradually changes and be-

comes more ferromagnetic as the average Mn oxidation state increases. Two distinct
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trends are observed between the Weiss temperature and the lattice parameter for the two
types of spinels. In the case of Li substitution, the Weiss temperature steadily increases
with increasing Li substitution and decreasing lattice parameter. In the case of Li-ion ex-
traction, the Weiss temperature also steadily increases as Li" ions are extracted from the
spinel up to a Mn oxidation state of 3.7 and a lattice parameter of 8.16 A. Beyond this
point, the Weiss temperature is relatively constant at an average Mn oxidation state of
3.97 with a lattice parameter of 8.05 A. A combination of ionic interactions and prox-

imity of the Mn cations influences the antiferromagnetic/ferromagnetic behaviour.
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Open-circuit potential
measurement of LiMn,0O, in

aqueous solutions

Abstract

The open-circuit potential of a Pt electrode in an acidic solution that contains LiMn,0,
particles has yielded a similar potential curve to that of an electrochemical cell as a
function of Li-ion extraction. This is due to the fact that the corrosion potential of
LiMn,0, is the same when comparing the potential for an electrochemical cell. Addi-
tionally, a linear relationship with a slope of —0.1178 V was found between the open-
circuit potential of the Pt electrode and the pH in solution. This relationship proves the
relationship between pH of a solution that contains LiMn,0, particles and the Li-ion
capacity of LiMn,O,.
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5.1 Introduction

Through the work of Hunter (1), it has been shown that Li" ions may be chemically ex-
tracted from LiMn,0O, when in contact with acidic aqueous solutions (2). The resulting
material is a spinel material of manganese oxide that was named A-MnO,. Hunter (1,2)
proposed that a disproportionation reaction of the Mn®" cations is the redox mechanism
behind this extraction. This reaction involves the oxidation and reduction of Mn**
cations to form Mn*" and Mn*" cations, respectively. This is known as Hunter’s Equa-

tion that is given below (1),

2LiMn,O, , +4H;

4(s) (aq)

—3(A—MnO,),,, +2Li’, +Mn?

(aq) (aq)

+2H,0,, 6.1

The products of Equation (5.1) include Mn*" cations that remain in the solid, while Li*
and Mn*" cations go into solution. The acid is neutralized by the removal of oxygen

from the LiMn,0, spinel.

In later reports by Ooi et al., A-MnO, could be reduced back to LiMn,0O4 when in con-
tact with a basic lithium salt solution such as LiOH. This reaction involves the reduction
of the Mn*" cations and the oxidation of oxide ions that in turn forms a gas as presented
in Equation (5.2) for n equal to one (3,4).

Mn3'O,,, +nLiOH,,, — Li,[Mn} Mn}' 10, += H,0,, (52)

n
o 5 )+ZO

(aq) 2(g)

The same group has also performed extensive studies on the response of LiMn,0, and
A-MnO, with different solutions. These studies revealed that A-MnQO, exhibits a Nernst
type response to the concentration of Li" ions in solution and derived an expression for
this response (3,5).

E=Const.+ . +(RT/F)lna, . (5.3)
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where the terms E, R, T, F, and ,uzi+ are the electrode potential, the gas constant, tem-

perature, Faraday’s constant, and the standard chemical potential of Li" ion, respec-
tively. In the natural log term, a. is the activity of Li ion.

Furthermore, by using a A-MnO, electrode, Ooi et al. showed that this electrode exhib-
ited a linear response to the change in pH of the solution. In the acidic region of a solu-
tion within pH values of 3 to 5, a large negative slope of —112.4 mV was observed. This

slope changed to a near Nernstian response of —-61.1 mV between pH values of 5 to 9.5

(5).

Some groups have reported the open-circuit potential of a Pt electrode in a solution with
the solids present. Caudel et al. have shown that a Nernstian response can also be found
by using this scheme. These authors have shown that a Pt electrode measures a linear
open-circuit potential response as a function of the pH of a solution that contained man-

ganese oxide particles (6).

Other potentiometric measurements were directed towards the pH of the solution that
contained solid particles. Kelder et al. have measured the pH of a solution that contained
LiMn,0, particles through the potential response of a glass electrode (7). It was ob-
served that the shape of the titration curve (i.e., pH of the solution versus volume of acid
introduced into the solution) is similar to that of the potential curve of an electrochemi-
cal cell if Li" ions are extracted from LiMn,O,. From this comparison, Kelder et al.
claimed that the capacity and rate capability of the electrode could be predicted in a

relatively short period of time.

Despite the similarity in the shape of the two potential curves, a relation between these
curves has not been fully established by Kelder et al. This chapter measures the pH and
the open-circuit potential of a solution that contains LiMn,O, particles. From these
measurements, the relation between the pH and the potential curves of the solution that
contain LiMn,Q, particles to the potential of Li-ion extraction from LiMn,0, in an elec-

trochemical cell is explained.
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5.2 Theoretical aspects

The aim in this section is to derive the electric potential of an electrochemical cell and
the Nernst potential of Hunter’s equation as a function of Li-ion extraction from

LiMn,0, by electrochemical and chemical means, respectively.

5.2.1 The electric potential as a function of Li-ion extraction
from LiMn;0O4 using an electrochemical cell

The half-cell reactions for the electrochemical Li"-ion extraction from LiMn,0, using

Li metal as a counter and reference electrode are,

LiMn,O; — Li,_ Mn,O, +xLi" + xe~ (5.4)

.t — .
xLi" +xe” —xLi,,,, (5.5)

Equation (5.4) refers to the anodic reaction or oxidation of LiMn,0, as a function of x
Li' ions extracted from LixMn,04 for 0<x<1. Equation (5.5) refers to the cathodic re-
action or reduction of lithium ions in an electrochemical cell. The potentials of these

half-cell reactions are,
Cell(x) _ 0 0
-E, F= Hiivmo, — M 0, ~ x(ﬂu+ +RTIn a . ) (5.6)

~E5"F = u, = x(u}, +RTIna,, ) (5.7)

where E is the potential of the anode and cathode half-cell reaction, respectively, as a

function of x Li" ions, F is Faraday’s constant, £, and ,uzﬁ is the standard chemical
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potential of Li metal and Li" ion, respectively, :uZiano4 is the standard chemical poten-

tial of LiMn,0,, and 4 Liy M0, is the chemical potential of Li(;.,\Mn,O4 as a function

of x Li" ions for 0<x<1. The total cell potential as a function of x Li" ions is the differ-

ence between each half-cell electric potentials of the cathode and the anode. Thus,

ECell(x) = Ecc;tll(X) - Ece”(X) (5.8)

an

In this cell, the electric potential of the cathodic half-cell reaction, i.e. the reduction of

Li metal, is constant or,

E"™ = const. (5.9)

cat

By substituting this constant into Equation (5.8),

E

cat) —const.=—E " (5.10)

Thus, the change in the electric potential of the total cell is solely due to the anodic half-

cell reaction.

5.2.2 The electric potential based on Hunter’s equation

The reaction of Hunter’s equation, Equation (5.1), may also be written as a function of x
Li" ions extracted from LiMn,O, to produce Li; xMn,0, by chemical means for 0<x<1.

The half-cell reactions are as follows,

LiMn,O, — Li,_ Mn,O, + xLi" + xe (5.11)
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1+x

LiMn,O, + xe” +4xH" — lLi(l_v)anO4 +xMn* +xLi" +2xH,0
5 Ha-

(5.12)

where Equations (5.11) and (5.12) are the anodic and cathodic reactions, respectively.
Equation (5.11) expresses the oxidation of the Mn®" cations in LiMn,O4 to Mn*" that
remain as a solid. Equation (5.12) presents the reduction of Mn®" in LiMn,Oy4 to Mn?"
that is in solution. Additionally, the neutralization of the acid in solution also occurs in
the cathodic reaction and the release of Li" ions from LiMn,O, occurs in both equations.

The total reaction is

3+x

+ 2xLi(+
aq

. 3.
LiMn,O, , + 4xH+aq) - EL’(l—x)M”204(

2+
(s) ( ) + an( +2xH 0, aq)

aq) (
(5.13)

s)

The electric potentials of the above half-cell equations are,

—E0"F = fapo, = Huiy o, —X(4). +RTIna, ) (5.14)

and

1 1 + X a o+ a 2+
chem _ 4 o Li"  Mn
—E, F= EﬂLi“,x)MnZOA 1T Hiivimo, TX AG,, +RTIn pr

H*

(5.15)

where the terms in the square brackets refer to ions in the aqueous phase. AGZq is the

sum of all the standard potential terms of the aqueous phase. The other terms in Equa-

tion (5.15) a a

4 e ot 2+ + .
L Qe s and a,. are the activities of Li", Mn“", and H" ions, respec-

tively. The total electric potential of Hunter’s equation is,
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2
3 3 + .X' o a i+ a n2+
—Egpent’ = EﬂLi(l,X)MnZQ, - (Tj Hiivmo, TX AGZq +RTIn %

a..
(5.16)

where electric potential £, is the total cell potential based on Hunter’s equation.

em

5.2.3 The relation between the open-circuit potential of
LiMn;0y4 in solution to the electric potential of the
electrochemical cell

If the reaction based on Hunter’s equation is more carefully examined, the dispropor-
tionation reaction of the Mn’* cations may be viewed as a corrosion process. According
to Bockris and Reddy, in cases where corrosion occurs, the electron transfer is within

the same material. Thus, the two electrodes are short circuited (8).

This is indeed the case for LiMn,Q,4, where the Mn*" cations in the solid material reduce
and oxidize at the same time. The redox reaction of the Mn®" cations can be split into
two half-cell reactions as expressed in Section 5.2.2. At equilibrium, the potential based
on Hunter’s equation, Equation (5.16), is zero. As a consequence, the potential of the
cathodic reaction, Equation (5.15), is equal to the potential of the anodic reaction, Equa-

tion (5.14). Using the above argument, the following relation is,

EChem = Ec?:tem - E:jem = 0 (517)
Thus,
Edm = ESer (5.18)

The corrosion potential is the equilibrium potential where the potentials of the cathodic
and anodic reactions are equal and the current from both electrodes are at equilibrium.
Thus,
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corr cat

__ rrchem __ y~chem
B = Eea” = Ean (5.19)

where E,; is the corrosion potential.

The anodic half-cell potentials for Li-ion extraction of LiMn,0O,4 by electrochemical
means and by chemical means are exactly the same as presented in Equations (5.4) and
(5.11). Thus, the corrosion potential of Li(;.4Mn,0O4 in an acidic solution as a function
of x Li" ions is the same potential as the anodic half-cell potential of the electrochemical

cell or,

_ Echem(x) — E"‘-’”(x) =—F () + const. (520)

corr(x) — “an an Cell(x

Equation (5.20) presents the relationship between the open-circuit potential or corrosion
potential of Li;.,Mn,0O, in an acidic solution to the electric potential of Lij;xMn,04 in

an electrochemical cell as a function of x Li-ion extraction.

5.3 Experimental

5.3.1 Electrochemical characterization

Electrochemical tests were preformed using a MACCOR battery tester. Preparation of
the electrodes was described in the first chapter. In brief, a slurry of electrode material
was casted onto an aluminum substrate via the doctor blading technique. The amount of
carbon for each electrode was kept constant at 5% by weight. Another 5% by weight
was reserved for the binding material polyvinyl diflouride. Thus, 90% of the electrode
was electrochemically active by weight. The counter and reference electrode was lith-
ium metal. A 1M LiPFg salt in a 1:1 ethylene carbonate to dimethyl carbonate solvent
(Merck) was used as the electrolyte. A porous polyethylene sheet (Solupor) separated
the electrodes in a coin cell CR 2320 package (Hohsen). All cells were assembled in a
Ar-filled glovebox.
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The cell was charged at a C/10 rate and the current was interrupted at every 5% of the
rated capacitive charge. The cell was standing at open circuit for approximately 20 min-
utes between each interruption. The measured open-circuit potential of the cell was di-

rectly taken at the end of the 20-minute period.

5.3.2 Open-circuit potential of LiMn;O4 in an acidic solution

Open-circuit potential measurements of LiMn,O, in an acidic solution were performed
by constructing a three-electrode cell. The LiMn,0, electrode was in a pellet form that
was 15 mm in diameter and 1mm thick. The pellet was pressed onto a Pt metal back
contact. The other electrode was a Pt metal strip and the third electrode was a Ag/AgCl
reference electrode. All three electrodes were submersed in an acidic solution with a pH
value of 1. The open-circuit potential of the LiMn,0, and Pt electrodes was measured
against the Ag/AgCl reference electrode. The Pt back contact of the LiMn,O4 pellet was
isolated from the solution. A MACCOR battery test system was used to record the

open-circuit potential

5.3.3 Monitoring the open-circuit potential and pH of a
solution containing LiMn,0O4 particles as a function of
Li-ion extraction

Chemical Li-ion extraction studies of LiMn,0, were performed using a Metrohm titra-
tion system. One gram of 10 micron size particles of LiMn,0, (Honeywell) was placed
in a beaker and filled with 25ml of a 1M LiCl solution. Small amounts of 1M HCI acid
(Baker) were automatically injected into the system under constant stirring. The equili-

bration time between each injection was 10 minutes.

The open-circuit potential of the Pt electrode in this solution was measured against a
Ag/AgCl reference electrode. The open-circuit potential of this electrode couple was
constantly measured as acid was continuously added to the system. The potential was
recorded using the MACCOR battery test system. Care was taken to clean the Pt elec-
trode with 1M HCI to remove any OH groups on the surface and stored in a slightly

acidic solution before each experiment.
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The open-circuit potential between a glass electrode versus a Ag/AgCl reference elec-
trode was used to monitor the pH of the solution as additional acid was injected into the
system. This electrode couple was calibrated between pH and potential using standard-
ized buffer solutions (Fisher Scientific) of 2, 5, 8, and 11 pH before each experiment.
The potential monitoring of this electrode couple was performed using a MACCOR bat-
tery test system.

5.4 Results and discussion

5.4.1 Open-circuit potential curve of the electrochemical cell

Figure 5-1 presents the open-circuit electric potential between the LiMn,0O, and lithium
metal electrodes at every 5% of charge. The points are connected to show the well-
known two-plateaux potential curve at 3.95V and 4.10V. As expected from previous
studies (9), the first plateau slightly slopes while the second plateau is rather flat. It has
been reported that the first plateau refers to a solid-solution phase between the composi-
tions of LiMn,0, and LiysMn,0,, while the second plateau refers to a two-phase region
between the phases of Liy sMn,O, and A-MnO,.
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Figure 5-1 Open-circuit potential of Li;.yMn»O4 vs. Li metal as a function of x Li mole fraction
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5.4.2 Chemical titration of LiMn,O,4

5.4.2.1 Open-circuit potential measurements of LiMn;Oy in
aqueous solution

The aim of this experiment is to measure the corrosion potential of Li.xMn,;O,4 in an
acidic solution. Since this cell is constructed using LiMn,0y4, and Pt electrodes, and a
Ag/AgCl reference electrode as described in Section 5.3.2, it is possible to measure the
potential of each electrode to the reference electrode. The construction of each half-cell

is the following,

Half-cell 1 Pt/ Li,  Mn,O,/sol./IBM)KCI/ AgCl/ Ag
and
Half-cell 2 Pt/sol.[[BM)KCl/ AgCl/ Ag

where the single stripe and the double stripe refers to a phase boundary and the liquid
junction, respectively. The term sol. refers to the aqueous solution that includes the
products in solution based on Hunter’s equation (Equation (5.1)). The total open-circuit
potential for each half-cell may be expressed as the potential difference across each

phase boundary. Thus,

EHalf—celll = (lPPt - lPL!'(I,X)MnZO‘t ) + (\IjLi(l,x)Mn204 - \Psol.) +

(\Psol. - lPKCI) + (\PKCI - \PAgCl) + (\PAgCl - \PAg)
(5.21)

and
EHalf—cellZ = (\IIPI - LPso/) + (lPsol - lPKCI) +(¥ Kcl ~ lPAgC/) +

(5.22)
(\PAgCl - \PAg)
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where W is the electric potential of each phase in the cell. In both half-cell cases the po-
tential across the liquid junction, i.e., the potential difference between the solution and
the KCI solution may be regarded as negligible or at least constant (10). Furthermore,
the potential differences across the KCI — AgCl and AgCl-Ag boundaries are constant.
Thus, Equations (5.21) and (5.22) become,

EHalf—celll =Y, - \PLi(I,X)MnZQ )+ (lPLi(H)MnZO4 -VY,)+k (5.23)

and

EHazf—celzz = (\PPt - \Ilsul) +k (5.24)

where k is the constant potential of the Ag/AgCl reference electrode. In this scheme,
Half-cell 1 measures the potential of LiMn,0, in solution and Half-cell 2 measures the
potential of the solution relative to the Ag/AgCl reference electrode.

Figure 5-2 presents the open-circuit potential curves for both half-cells as a function of
time. Half-cell 1 is the potential between the phase boundaries of Pt/Li(;xMn,O, and
LigxMn,O4/s0l. Half-cell 2 is the potential between the phase boundary of Pt/sol. It is
observed that these curves are similar in shape and in potential. Furthermore, the differ-
ence of measured open-circuit potentials of each cell becomes less over time as pre-
sented in Figure 5-3. This is probably due to the system coming into equilibrium over
time. Since a pellet of LiMn,O4 was used, a significant amount of time is required for
the system to achieve equilibrium. Based on these observations, it seems that the open-
circuit potential of the Pt electrode in Half-cell 2 follows closely the corrosion potential

of LijxMn,Oy in the acidic solution according to Hunter’s equation.

One of the inconveniences with this experiment is the long time that is required for the
cell to reach equilibrium. In the current study, a LiMn,O, pellet proved that the equili-
bration time is long even after 20 hours of monitoring. The time for equilibrium to be
reached may be shortened by increasing the surface area of the LiMn,0,, which will in-

crease the contact between the solid and solution.
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Figure 5-2 Potential curves as a function of time for each half-cell for a Pt/ LiMn,O, cell in an acidic
solution using a Ag-AgCl reference electrode
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Figure 5-3 The potential difference as a function of time between the Pt and LiMn,O, electrodes in an acidic
solution
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5.4.2.2 Open-circuit potential of Pt / Ag-AgCl electrode couple in
solution with LiMn,QO4 particles

Since the open-circuit potential of the Pt electrode is similar to the open-circuit potential
of the Li9Mn,0, electrode as presented in Figure 5-2, it may be possible to measure
the open-circuit potential or corrosion potential of Lij; xMn,O,4 through the open-circuit
potential of the Pt electrode. Using this argument, it is possible to increase the surface
area of the LiMn,O, by using this material in a particulate form in an acidic solution. A
similar corrosion potential of Li;.nMn,0, can then be measured through the Pt elec-
trode in the solution that contains LiMn,QOy, particles. This scheme has been described in

more detail in Section 5.3.3.

The potential measured from the Pt/Ag-AgCl couple in aqueous solution that contains
LiMn,0y particles is presented in Figure 5-4. Using Hunter’s equation, when 4 moles of
H' ions react with 2 moles of LiMn,0O,, 2 Li" ions are extracted from the LiMn,O, ma-
terial. By using this ratio, the amount of Li" ions extracted from LigxMn,O4 may be

calculated for a specific volume of acid that is injected into the solution.
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Figure 5-4 The potential curve as a function of Li-ion extraction of LiMn,0, using a Pt electrode in
an acidic solution that contains LiMn,O, particles. The amount of Li-ion extraction was calculated by
using Hunter’s equation

Figure 5-5 presents the open-circuit potential curves as a function of Li-ion extraction

from LiMn,0O, using the Pt electrode in a solution that contained LiMn,O, particles and
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from an electrochemical cell that used Li metal and LiMn,O, electrodes. In addition,
both potential curves were normalized to the hydrogen electrode (NHE). From this fig-
ure, the shape of both potential curves is similar. Furthermore, when both potential

curves are normalized to the NHE, the two potential curves are very close to each other.
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Figure 5-5 Comparison of potential curves between the electrochemical cell and Pt/Ag-AgCl
electrodes as a function of x moles of Li* from Lii.yMn;0,. The amount of Li-ion extraction
was calculated using Hunter’s equation

This confirms that the open-circuit potential of the Pt/Ag-AgCl electrode couple is simi-
lar to the corrosion potential of LiMn,0, in acid acidic solution according to Hunter’s
equation. Since the corrosion potential is equal to the half-cell potential based on
Hunter’s equation, and because the anodic half-cell reactions from Hunter’s equation
and from an electrochemical cell are the same, it is expected that the open-circuit poten-

tials from both potentials are similar.

Although the potential curves presented in Figure 5-5 are close to each other, there is a
small discrepancy. Figure 5-6 presents the normalized potential from Figure 5-5. One
obvious explanation for this discrepancy is the equilibrium of the system. These ex-
periments try to measure the open-circuit potential of both systems in equilibrium.
However, it is rather difficult to determine the time it takes for equilibrium to be

reached. Furthermore, the Pt electrode does not directly measure the corrosion potential
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of Li.xMn,0,. Thus, interfacial potentials must also be considered. Nevertheless, a ba-
sic relationship was found between the open-circuit potential of the electrochemical cell

and the chemical extraction of Li" ions from LiMn,Os,.
1.3 1
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Figure 5-6 The potential curves as a function of Li-ion extraction from LiMn,O, from Figures 5-5
normalized to the hydrogen electrode

5.4.2.3 Open-circuit potential as a function of pH

Figure 5-7 combines the measured open-circuit potential of the Pt/Ag-AgCl electrode
couple as a function of the measured pH of a solution that contains LiMn,O, particles.
From this figure, a clear linear relationship between these two parameters is observed.
A strong negative slope of -0.1178 V was observed within a pH range of 6 to 1.6.

In support of the current findings Kanoh et al. (5) have reported a similar slope of
—0.1124 V by using a A-MnO, spinel electrode vs. a calomel electrode between the pH
of 5 to 3. In addition, Caudle et al. (6) have reported a similar large slope of —-0.118 V.
These authors have argued that the large negative slope was due to the disproportiona-

tion reaction of Mn®" cations that oxidizes to Mn*" and reduces to Mn*" cations.

The slope value of —0.118 V seems to indicate that 2 moles of H' are involved in the
chemical extraction of Li" ions from LiMn,O,. However, Hunter’s equation uses 4

moles of H'. This discrepancy may be resolved by the work of Caudle and co-workers
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(6). These authors have argued that the neutralization of the acid from the dispropor-
tionation of manganese oxides particles in acidic solutions is an ion exchange between
the proton and the manganese cation. This argument may also apply to the half-cell re-
action presented in Equation (5.12) where the product of this reaction may be MnO. The
following reaction would be an ion exchange between the Mn*" cation of the oxide and
two moles of H'. This reaction would result in water plus the Mn>" cation. Thus only 2
moles of H" are involved in the reduction of Mn®" to Mn®" cations that results in a nega-
tive slope of —0.118 V.

0 T T T T T T T T T |
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X Li*, Lif1.9Mn,0,

Figure 5-7 The potential of the Pt/Ag-AgCl electrode as a function of pH of the solution
containing LiMn,0, particles

5.4.2.4 pH as a function of Li-ion extraction from LiMn;0O4

Figure 5-8 presents the measured pH as a function Li'-ion extraction from LiMn,0.
Each point was measured at every 0.5 pH interval. From this figure, an outline of the

two plateaux is observed. This corresponds to the observation reported by Kelder et al.

().

Since a clear relationship between the open-circuit potentials from both methods using
electrochemical and chemical Li-ion extraction has been found and that the pH of the
solution is linearly related to these curves, it appears that the capacity of LiMn,O, may

be predicted by the pH of the solution. However, this requires both systems to be close
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to equilibrium. To that respect, the findings here support the claims made by Kelder and
co-workers (7).
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Figure 5-8 pH of solution with LiMn,O, particles as a function of x moles of Li from Li,Mn,04

5.5 Conclusions

The present findings support the claims stated by Kelder et al. that the capacity of
LiMn,0O4 may be predicted by measuring the pH of the solution when in contact with
this material. This is due to the fact that the open-circuit potential of the solution as a
function of x Li" ions in LiMn,0, is similar to the open-circuit potential of a LiMn,O, /
Li metal electrode couple in an electrochemical cell. Furthermore, since the open-circuit
potential of the solution is linearly related to the pH of the solution, the pH of the solu-
tion should also reflect the shape of the potential curve of an electrochemical cell as a

function of x Li" ions in LiMn,Oy.
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Abstract / Samenvatting

A summary of the work in this thesis is presented which includes the results and major
conclusions from each chapter. Furthermore a description for possible further research
is discussed as a result of this work.

In dit hoofdstuk wordt een samenvatting van dit proefschrift gegeven met de belangrijk-
ste conclusies uit ieder hoofdstuk. Daarnaast is een beschrijving van mogelijk toekom-
stig werk opgenomen, gebaseerd op de resultaten van dit proefschrift.
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Introduction

Energy storage has been and will continue to be one of the most important areas in
technology as energy consumption continually increases and the use of renewable en-
ergy sources like solar and wind energy also requires energy storage. One of the reasons
for this increase in energy consumption is the increased use of portable electronic de-
vices. Although portable electronics has existed since the early 20" century, the use of
portable electronic devices to the everyday consumer has increases dramatically since
the 1980’s. The demand for such products stems from the fact that these devices are
rather compact that makes them easy to carry. One of the most important reasons for the
compactness of these devices is directly due to battery development that leads to the de-

sired amount of dependable energy in such a compact volume.

This thesis examines two specific materials that are used in electrodes for a recharge-
able Li-ion battery system. These are LiyTisO;, and LiMn,O,4 spinel materials. In the
case of LiyTisO,, the formation and the stability when treated with an acidic solution
are studied. In the case of LiMn,0,4, magnetic properties of the delithiated spinel by an
acid are compared with Li;¢Mn,_4O,. Finally, the corrosion potential of LiMn,0y is cor-

related to the potential of an electrochemical cell as a function of Li-ion extraction.

Summary

In Chapter 2, the formation of LiyTisO,, via solid-state or sol-gel routes are examined
by using in-situ X-ray diffraction (XRD). By using this technique, the formation of
Li4TisO;, can be investigated in real time. In the case of the solid-state synthesis
method, LiOH, Li,CO;, rutile and anatase TiO, were used as precursors. The sol-gel
synthesis technique used Ti-isopropoxide and Li-acetate as precursors. From this inves-
tigation, it was found that the sol-gel synthesis process forms the spinel at a much lower
temperature than the solid-state process. Furthermore, it was found that the Li;TisO1,

forms by the intermediate reaction of TiO, with Li,TiOs.
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Chapter 3 investigated the reaction of LiyTisO, when in contact with an acidic solution.
By using potentiometric titration of a solution that contains Li;TisO,, particles with an
acid, a buffer region in the potentiometric curve was observed. This means that acid was
neutralized by the LisTisO,, particles. Through the use of atomic absorption spectros-
copy (AAS), Li" ions were found in the solution after titration. From this result, it was
reasoned that an ion exchange between the protons of the acid and Li" ions from
LiyTis0,, occurred. Further evidence of ion exchange was supported with results from
infra-red (IR) spectroscopy on the exchanged material. In this IR spectrum, peaks were

observed at wave numbers where protons are known to reside in spinels.

The lattice position of the exchanged protons was examined by using neutron diffrac-
tion. The position of these protons can be described as alternating sheets of octahedrally
coordinated Li" and Ti*" ions with tetrahedrally coordinated protons and Li* ions on 8a
sites, as well as protons on the 48f sites. A graphical illustration of the ion-exchanged

spinel is presented in Chapter 3.

Through the use of thermogravimetric analysis (TGA), it was found that the weight loss
of the ion-exchanged material was substantial after heating to 440°C. From X-ray dif-
fraction (XRD), the spinel and anatase TiO, phases are present after heating the material
beyond 440°C. It seemed that the protons completely exit the spinel structure as water
when heated beyond 440°C. Two proposed reactions are presented in Chapter 3 which
include the ion exchange and the change of the exchanged material that occurs when
heated above 440°C.

Electrochemical measurements of pristine Li;TisOj, and the proton-exchanged spinel
were performed using Li metal as a counter and reference electrode. The results show
that as more protons are in the spinel structure, the potential deviates from a flat poten-
tial to a sloping potential as Li" ions intercalate and deintercalate from the spinel. Con-

sequently, the capacity decreases as more protons are exchanged into the spinel.

Finally, a batch of LiyTisO,, that was exposed to the atmosphere for a long period of
time, showed a similar potential curve as for the proton exchanged material. By anneal-

ing the same material beyond 440°C, the potential curve was similar to that of the pris-
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tine material. This indicated that Li;TisO;, can react with the humidity of the normal

atmosphere. The potential curves are presented in Chapter 3.

In Chapter 4, magnetic susceptibility measurements were performed on LiMn,O,4 as a
function of Li-ion extraction and on Li-substituted manganese spinels using the Faraday
method. The results show that magnetic moments for all samples lie on the theoretical
line where 100% of the Mn®" cations in these spinels are in a high-spin electronic con-
figuration. This is in contrast to previous reports where it was concluded that 80% of
Mn*" cations are in a high-spin configuration and 20% of these cations are in a low-spin

configuration.

In addition, the Weiss temperature of these materials shows a similar trend from
strongly negative to less negative as the average oxidation state of the Mn cations in-
creases from 3.5 to 3.7. When the average Mn-oxidation state increases beyond 3.7,
there are two distinct trends of the Weiss temperature. One trend shows very little
change in the Weiss temperature as the average Mn-oxidation state increases from 3.7 to
3.9 when Li" ions are continuously removed from LiMn,0,. The other trend is a con-
tinuation of the original trend as the average Mn-oxidation state increases by the substi-
tution of Mn cations by Li" ions. An explanation for the magnetic interactions is pre-
sented in Chapter 4.

Chapter 5 investigated the potential of a solution that contains LiMn,0O, particles as a
function of pH and Li-ion extraction. It was known that a disproportionation reaction of
the Mn®* cations in LiMn,O, occurs if this material is in contact with an acidic solution.
As the disproportionation reaction proceeds, Li" ions and Mn®* cations are extracted
from the LiMn,0, spinel material. If one traces the pH of the solution as a function of
Li-ion extraction, a similarity in the shape of the curve is observed between the pH
curve and the potential curve of an electrochemical cell as Li" ions are extracted from
the LiMn,Oy, spinel. This chapter finds that the open-circuit potential of the solution that
contained LiMn,O, particles as a function of Li-ion extraction had the same shape and
potential if both potentials from the electrochemical curve and from the solution are
normalized to the hydrogen electrode. By using a thermodynamic analysis of the two
systems, it was determined that the corrosion potential of the LiMn,Oy, is similar to the

potential of an electrochemical cell as a function of Li-ion extraction. Additionally, a
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linear relationship between the pH of the solution and the corrosion potential of
LiMn,0, was found.

Outlook

The future work that may be interesting and based on the work presented in this thesis

could focus on,

e Applications of the proton exchanged Li4TisO1,
e Determining the diffusion coefficient of Li" ions in a material using potenti-

ometric measurements of a solution containing LiMn,O, particles

Several applications for proton-exchanged LisTisO;, can be anticipated. One obvious
application is a proton conductor for an intermediate-temperature solid oxide fuel cell.
Although ionic conductivity of the exchanged material has not been presented in this
thesis, a report from Corcoran et al. has published another proton exchanged lithium ti-
tanium oxide for which conductivity measurements were performed (1). In their report,
the ionic conductivity of that proton-exchanged material was difficult to measure be-
cause of the relatively large volume change between the non-exchanged and the ex-
changed material. This also would make it rather difficult to produce. An advantage of
the proton-exchanged LisTisO,, spinel material is the small volume change that is less
than 1%. Another application for this material is an electrolyte in a Nernst-type hydro-
gen sensor. A preliminary investigation observed a Nernst-type potential when this ma-
terial was exposed to varying pressures of hydrogen gas (2). Although the preliminary

investigation is promising, further work is needed in this area.

An interesting alternative route to determine the Li-ion diffusion coefficient of LiMn,0O4
is to use potentiometric measurements of an acidic solution that contains LiMn,0O, par-
ticles. Since the corrosion potential, based on Hunter’s equation, is equal to the potential
of an electrochemical cell, these measurements may be monitored as a function of time
and Li-ion extraction. In principle, a diffusion length and the time for Li" ions to exit the

structure can then be established.
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Introductie

Energie-opslag is en zal één van de belangrijkste technologische gebieden blijven, om-
dat de energieconsumptie continu toeneemt en omdat het gebruik van hernieuwbare
energiebronnen zoals wind- en en zonne-energie ook energicopslag vragen. Eén van de
redenen voor de toename in de energieconsumptie is het toenemende gebruik van draag-
bare elektronische apparaten. Hoewel draagbare elektronische apparatuur al bestaat
sinds het begin van de 20° eeuw, is het gebruik van deze apparatuur door de alledaagse
consument drastisch toegenomen sinds de jaren 80 van de vorige eeuw. De vraag naar
dergelijke produkten komt voort uit de compactheid van deze apparatuur waardoor deze
gemakkelijk mee te nemen is. Een van de meest belangrijke redenen voor de compact-
heid van deze apparaten is direct gekoppeld aan de ontwikkeling van batterijen, waar-
door de benodigde energie in een dergelijk compact volume eindelijk mogelijk is ge-

worden.

In dit proefschrift worden twee specifieke materialen onderzocht, die gebruikt worden
als elektrode in een herlaadbaar Li-ion batterijsysteem. Dit zijn de spinellen Li;TisO1,
en LiMn,O4. Van LiyTisOy; zijn de vorming en de stabiliteit tijdens behandeling met
zuur bestudeerd. Van LiMn,0, zijn de magnetische eigenschappen van met zuur gedeli-
thieerde spinel bestudeerd en vergeleken met Li.5Mn.50O4 spinellen. Tenslotte is de
corrosiepotentiaal van LiMn,0, gerelateerd aan de potentiaal van een elektrochemische

cel als functie van geextraheerde Li-ionen.

Samenvatting

In Hoofdstuk 2 is de vorming van Li,TisO, middels vastestof of sol-gel routes bestu-
deerd met behulp van in-situ Rontgendiffractie (XRD). Door het gebruik van deze tech-
niek kan de vorming van LiyTisO; real-time gevolgd worden. Voor de vaste-stof syn-
these werden LiOH, Li,COs en rutile en anatase TiO, gebruikt als grondstoffen. Voor
de sol-gel route is gebruik gemaakt van Ti-isopropoxide en Li-acetaat grondstoffen. Uit
dit onderzoek is gebleken dat LisTisO;, via het sol-gel synthese proces bij veel lagere
temperaturen gevormd wordt dan via het vaste-stof synthese proces. Daarnaast is ge-

vonden dat LisTisO,, gevormd wordt uit de tussenreactie van TiO, en Li,TiO;.
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In Hoofdstuk 3 is de reactie van LiyTisOy, in contact met een zure oplossing bestudeerd.
Met behulp van een potentiometrische titratie van een LigTisOy, -bevattende oplossing
met een zuur, is in de potentiometrische curve een bufferzone gevonden. Dit betekent
dat het zuur werd geneutraliseerd door de LiyTisO;; deeltjes. Met behulp van atomaire
absorptie spectrometrie (AAS) zijn na de titratie Li" ionen aangetoond in de oplossing.
Uit dit resultaat is geconcludeerd dat een uitwisseling tussen de protonen van het zuur
en de Li" ionen van LiyTisO;, heeft plaatsgevonden. Ondersteunend bewijs voor deze
ionenwisseling kwam uit de resultaten van infrarood (IR) spectroscopie van het uitge-
wisselde materiaal. In het IR spectrum werden pieken gevonden bij golfgetallen die

overeenkomen met die van protonen in spinellen.

De roosterplaatsen van de uitgewisselde protonen is onderzocht met behulp van neutro-
nendiffractie. De roosterposities van deze protonen kunnen worden beschreven als al-
ternerende lagen van octaedrisch gecoordineerde Li" en Ti*" ionen en tetraedrisch geco-
ordineerde protonen en Li" ionen op 8a posities en Ti*" ionen op 48f posities. Een grafi-

sche illustratie van het uitgewisselde spinel is afgebeeld in Hoofdstuk 3.

Uit thermogravische analyses (TGA) is gebleken dat het gewichtsverlies van het uitge-
wisselde materiaal substantieel was na verwarming tot 440°C. Uit Rontgendiffractie
(XRD) is gebleken dat de spinel en TiO, anatase fasen aanwezig waren na verwarming
tot 440°C. Dit duidde erop dat de protonen volledig uit de spinel struktuur verdwijnen in
de vorm van water bij verwarming boven 440°C. Twee reacties worden gegeven in
Hoofdstuk 3 voor de uitwisseling en de verandering van het uitgewisselde materiaal na

verwarming boven 440°C.

Elektrochemische metingen zijn gedaan aan LiyTisO;, en de uitgewisselde spinel met
metallisch lithium als tegen- en als referentie elektrode. De resultaten laten zien dat bij
aanwezigheid van meer protonen in de spinel, de potentiaal gaat afwijken van een vlak-
ke potentiaal naar een hellende potentiaal wanneer Li" ionen intercaleren en deintercale-
ren in de spinel. Daarom neemt de capaciteit van de spinel af naarmate meer protonen

zijn uitgewisseld.

Tenslotte is van een hoeveelheid LiyTisO,,, die voor langere tijd was blootgesteld aan

de atmosfeer, vastgesteld dat de potentiaalcurve vergelijkbaar was met die van uitgewis-
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seld materiaal. Na verwarming van dit blootgestelde materiaal boven 440°C was de po-
tentiaalcurve gelijk aan die van het uitgangsmateriaal. Deze bevindingen duiden erop
dat Li;TisOy, kan reageren met het vocht in de normale atmosfeer. De potentiaalcurves
zijn afgebeeld in Hoofdstuk 3.

In Hoofdstuk 4 worden magnetische susceptibiliteitsmetingen op basis van de Faraday
methode beschreven aan LiMn,O, als functie van Li-ion extractie en aan Li-
gesubsitueerde mangaan spinellen. De resultaten laten zien dat de magnetische momen-
ten voor alle preparaten op de theoretische lijn liggen waarbij 100% van de Mn®" ionen
zich in de elektronische hoog-spin configuratie bevinden. Dit komt niet overeen met
eerdere publicaties waarin werd geconcludeerd dat 80% van de Mn®" kationen in de

hoog-spin configuratie en 20% in de laag-spin configuratie voorkwam.

Daarnaast vertoont de Weiss temperatuur een vergelijkbare trend van sterk negatief tot
minder negatief wanneer de gemiddelde oxidatietoestand van de Mn kationen toen-
meent van 3.5 naar 3.7. Wanneer de gemiddelde Mn-oxidatietoestand toeneemt boven
3.7 zijn er twee aparte trends. De eerste trend laat weinig verandering in de Weiss tem-
peratuur zien als de gemiddelde Mn-oxidatietoestand toeneemt van 3.7 tot 3.9, wanneer
Lit+ ionen continu worden verwijderd uit LiMn,O,4. De andere trend is een continuering
van de oorspronkelijke trend waar de Mn-oxidatietoestand toeneemt bij de substitutie
van Mn kationen door Li" ionen. Een verklaring voor de magnetische interacties wordt

gegeven in Hoofdstuk 4.

In Hoofdstuk 5 wordt de potentiaal van een oplossing onderzocht, die LiMn,O, deeltjes
bevat, als functie van de pH en Li-ion extractie. Het is bekend dat een disproportione-
ringsreactie van de Mn’" ionen in LiMn,0, optreedt als dit materiaal in contact komt
met een zure oplossing. Tijdens de disproportioneringsreactie worden Li" ionen en Mn®"*
kationen uit LiMn,0, geextraheerd. Wanneer de pH van de oplossing als functie van Li-
ion extractie wordt opgenomen dan valt een vergelijk op tussen de pH curve en de po-
tentiaalcurve van een elektrochemische cel waarin Li" ionen worden geextraheerd uit
LiMn,0y,. In dit Hoofdstuk wordt aangetoond dat de open-cel spanning van de oplossing
met LiMn,O, deeltjes als functie van Li-ion extractie dezelfde vorm en potentiaal heeft
als de elektrochemische potentiaalcurve, wanneer beide worden genormaliseerd ten op-

zichte van de normaalwaterstofelektrode. Met behulp van een thermodynamische analy-
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se van de twee systemen is bepaald dat de corrosiepotentiaal van LiMn,O, vergelijkbaar
is met de potentiaal van een elektrochemische cel als functie van de Li-ion extractie.
Daarnaast is een lineaire relatie gevonden tussen de pH van de oplossing en de corros-
siepotentiaal van LiMn,0y,.

Vooruitzicht

Interessant toekomstig werk, gebaseerd op het werk in dit proefschrift, zou zich kunnen
richten op,

e Toepassing van proton-uitgewisseld Li;Tis0;,
e Het meten van de diffusiecoefficient van Li" ionen in een materiaal met behulp

van potentiometrische metingen aan een oplossing die deeltjes LiMn,0, bevat

Een aantal toepassingen van proton-uitgewisseld LiyTisO,, kan worden verwacht. Een
voor de hand liggende toepassing is een protongeleider voor een vaste-stof brandstofcel.
Hoewel de ionogene geleiding van het uitgewisselde materiaal niet is gerapporteerd in
dit proefschrift is wel een publicatie verschenen van Corcoran et al. voor een ander pro-
ton-uitgewisseld lithium titanium oxide waarin geleidingsmetingen zijn gerapporteerd
(1). Uit die publicatie blijkt dat de geleiding van het uitgewisselde materiaal moeilijk te
meten was door de relatief grote volumeverandering tussen het uitgangsmateriaal en het
uitgewisselde materiaal. Dit zou ook de produktie ervan bemoeilijken. Een voordeel van
het proton-uitgewisselde LiyTisO;, spinel materiaal is de geringe volumeverandering,
die kleiner is dan 1%. Een andere toepassing van dit materiaal is als elektrolyt in een
Nernst-type waterstofsensor. In een eerste onderzoek werd een Nernst- potentiaal geob-
serveerd bij blootstelling van dit materiaal aan waterstof bij verschillende drukken (2).

Hoewel het eerste onderzoek veelbelovend was is meer werk nodig op dit gebied.

Een interessante alternative route om de Li-ion diffusiecoefficient van LiMn,0O, te bepa-
len is met behulp van potentiometrische metingen aan een zure oplossing die LiMn,O4
deeltjes bevat. Omdat de corrosiepotentiaal, gebaseerd op Hunter’s vergelijking, gelijk

is aan de potentiaal van een elektrochemische cel kunnen deze metingen gevolgd wor-
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den als functie van tijd en Li-ion extractie. In principe kunnen dan een diffusielengte en

de tijd, die nodig is voor Li" ionen om de struktuur te verlaten, bepaald worden.
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10.

Propositions

part of this thesis
Characterization of LisTisO;; and LiMn,0, spinel materials
treated with aqueous acidic solutions

It is possible to determine the diffusion of Li" ions in LiMn,O4 using
potentiometric measurements of an acidic solution containing LiMn,O4.
(Kelder et al., J. Power Sources 2001, 97-8, 433-436 and this thesis Chapter 5)

Knowing the physics behind a fitting parameter is just as important as the fit
itself. (Chung et al., J. Power Sources 2001, 97-8, 454-457 and this thesis
Chapter 4)

Using the term “and so on” when describing problems of a system shows that
the authors did not research all problems. (Cho et al., Solid State lonics 2007,
178, 119-123)

The use of hydrocarbons to produce hydrogen will never be environmentally
friendly. (Bockris, International Journal of Hydrogen Energy 2007, 32, 153-
158).

It is unlikely for materials that are stable in basic solutions to be stable in the
normal atmosphere. (this thesis Chapter 3).

An academic group should be proud to foster spin-off companies because it
displays the practical and technical merits of the group as well as the
determination of its people to market the technology.

The expression “I make enough money.” does not only reflect financial but
also career stagnation.

With regard to becoming an entrepreneur, one of the basic differences between
the Dutch and the American view is the perception of failure.

Most people would not hire an electrician to do a plumber’s job. However, in
academia and research institutions, this scenario seems to be a common
occurrence.

The phrase “playing a musical instrument” does not give the professional

musician any justice.

Daniel Simon

These propositions are considered opposable and defendable and as such have been approved
by the supervisor, Prof.dr. J. Schoonman.



10.

Stellingen

behorende bij het proefschrift
Characterization of LisTisO;; and LiMn,0, spinel materials
treated with aqueous acidic solutions

Het is mogelijk om de diffusie van Li" ionen in LiMn,O, te bepalen met
behulp van potentiometrische metingen in een zure oplossing die LiMn,O4
bevat. (Kelder et al., J. Power Sources 2001, 97-8, 433-436 en dit proefschrift
Hoofdstuk 5)

Het is net zo belangrijk om de natuurkunde achter een modelparameter te
begrijpen als het model zelf. (Chung et al., J. Power Sources 2001, 97-8, 454-
457 en dit proefschrift Hoofdstuk 4)

Het gebruik van de term “and so on” in het beschrijven van de problemen van
een systeem laat zien dat de auteurs niet alle problemen hebben onderzocht.
(Cho et al., Solid State Ionics 2007, 178, 119-123)

Het gebruik van koolwaterstoffen om waterstof te produceren zal nooit

milieuvriendelijk zijn. (Bockris, International Journal of Hydrogen Energy
2007, 32, 153-158)

Het is onwaarschijnlijk dat materialen die stabiel zijn in een basische
oplossing, stabiel zijn aan de normale atmosfeer. (dit proefschrift Hoofdstuk 3)

Een academische groep zou trots moeten zijn op het stimuleren van spin-off
bedrijven omdat het de praktische en technische kunde van een groep laat zien
alsook het doorzettingsvermogen van de mensen om een technologie te
vermarkten.

De uitdrukking “ik verdien genoeg” duidt niet alleen op financi€le maar ook
op loopbaanstagnatie.

Een van de basale verschillen tussen de Nederlandse en Amerikaanse kijk op
het ondernemerschap is de perceptie van falen.

De meeste mensen nemen geen elektricien aan voor loodgieterswerk. Aan
universiteiten en onderzoeksinstituten is dit echter een normaal verschijnsel.

De uitdrukking “een muziekinstrument bespelen” doet geen recht aan
professionele muzikanten.

Daniel Simon

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig
goedgekeurd door de promotor, Prof.dr. J. Schoonman.



