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Abstract 

Lithium transition metal oxides are currently the cathode materials of choice 

for lithium battery applications. Because the electrochemical performance of these 

materials depends on their structure, it is crucial to understand their structures. We 

describe the structures of these important materials and use a lattice gas model to 

explain the structures of the rock-salt derived L a o 2  (M=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, 

Cu) materials. Using mean field theory and Monte Carlo methods, we found that 

both the spinel (atacamite) and layered structures have identical entropy and free 

energy. Furthermore, we use these theoretical results to explain why LiCo02 exists in 

two phases, and why they have similar X-ray diffraction patterns. 

We developed a new in-situ X-ray cell and used it to observe the changes in 

structure of Li,Ni02 with x. Three hexagonal phases and one monoclinic phase are 

observed. Three coexisting phase regions are also found. These phase transitions are 

correlated with anomalies in the electrochemical behavior of Li,Ni02. 

In order to synthesize lithium-rich transition metal oxides which are suitable for 

rechargeable lithium-ion battery applications, we propose a new method of lithium 

intercalation from aqueous solutions. Using this method, we synthesize Li2Mn204 

and y-LiMn02 which can be used as cathode materials in rechargeable lithium cells 

with non-aqueous electrolytes. A simple theory is used to understand lithium 

intercalation from aqueous solutions. Furthermore, the competition between 

hydrogen intercalation and lithium intercalation is investigated and it is confirmed 

that further electrochemical reduction of Li2Mn204 and y-LiMn02 results in the 

formation of MII(OH)~. 
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Based on the understanding of lithium intercalation from aqueous solutions, we 

developed rechargeable lithium-ion batteries with aqueous electrolytes. Cells with 

LiMn2Oq and V02(B) as electrodes and 5 M LiN03 in water as the electrolyte provide 

a fundamentally safe and cost-effective technology that can compete with nickel- 

cadmium and lead-acid batteries on the basis of stored energy per unit of weight. 

Other couples like LiMn204/'y-Li0.36Mn02 are also tested in the cells with various 

aqueous electrolytes. Using electrochemical methods, we confirmed that lithium 

intercalation reactions occur in these LiMn204/ V02(B), LiMn204/ V02(B) cells with 

aqueous electrolytes. Such a fundamentally safe and inexpensive technology 

provides a new option for scientists and engineers to make practical batteries for 

electric vehicle applications. 
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Chapter 1. Introduction 

Rechargeable lithium batteries have some advantages over conventional 

rechargeable batteries. They operate at higher voltage and provide higher 

energy density than lead acid, Ni-Cd or Ni-MH rechargeable batteries. They 

also have longer shelf life. Many types of portable electronic equipment, such 

as CD players, cordless phones, and laptop computers need high energy 

density power sources, so rechargeable lithium batteries are attractive for 

application in these types of equipment. Another potential application of 

rechargeable lithium batteries may be in electric vehicles. 

The periodic table is a good place to look for materials for high energy 

density rechargeable batteries. Hydrogen is the lightest element and can store 

very high energy density per unit weight. However, solid or liquid hydrogen 

does not exist at room temperature, hence hydrogen has relatively low 

energy density per unit volume. Lithium is the third lightest element after 

hydrogen and helium and therefore is best candidate for high energy density 

electrochemical storage because of its electronegativity and the availability of 

its solid state. 

Rechargeable Li batteries consist of four main parts, the negative electrode, 

the positive electrode, the electrolyte and the separator. The positive electrode 

is usually an intercalation compound. The negative electrode can be lithium 

metal, a lithium alloy or another intercalation compound. Intercalation 

compounds are materials into which lithium ions can be inserted and 

subsequently removed without significantly changing the basic structure of 

the compound. In other words, lithium can be placed in empty interstitial 

sites within the lattices of intercalation hosts without damage to the host 



lattices. The lithium in the host can be expressed as Li,(Host) where x is the 

amount of lithium intercalated in the host. 

The chemical potential of lithium in lithium metal is different from that 

of lithium in intercalation compounds. Lithium atoms in different 

intercalation compounds also have different chemical potentials. When 

lithium moves between lithium metal and an intercalation compound, or 

between one intercalation compound and another, the difference in chemical 

potentials is responsible for the voltage of lithium batteries. The electrolyte 

provides a lithium ion path between the anode and the cathode. The 

separator is a porous membrane which holds the electrolyte and electrically 

isolates the positive and negative electrodes. 

Figure 1.1 shows a Li/Lithium intercalation compound rechargeable 

battery. During discharge a lithium atom loses an electron and becomes a 

lithium ion, electrons travel from the lithium metal to the intercalation 

compound through the outside circuit and lithium ions travel from the 

lithium metal to the intercalation compound through the electrolyte path. 

The lithium ions and electrons combine, then intercalate into the 

intercalation compound making both electrodes electroneutral. During the 

recharge of the cell the lithium atoms deintercalate from the intercalation 

compound and are transported to the lithium metal. The voltage V ( x )  of a 

Li/Li,(Host) intercalation cell is given by (McKinnon and Haering) 

where pLiO is the chemical potential of Li in Li metal and pLiint(x) is the 

chemical potential of Li in the intercalation compound. 



"Lithium-Ion'' rechargeable cells are made by using a second intercalation 

compound in place of metallic lithium as the anode electrode. Thus, one 

intercalation compound is used as the anode and another is used as the 

cathode. These cells are so called "rocking-chair" cells because Li ions rock 

back and forth between the intercalation compounds during charge and 

discharge cycles. Figure 1.2 shows the discharge of a rocking chair cell where 

lithium ions deintercalate from the anode and travel to the other lithium 

intercalation compound through the nonaqueous electrolyte path. 

Simultaneously, the electrons travel from the anode to the cathode through 

the outside circuit. The anode and the cathode are therefore electroneutral 

during cell operation. 

The chemical potential ranges of intercalated lithium in various 

intercalation compounds can be used to predict the voltage of rechargeable 

lithium cells. Figure 1.3 (Li, Wainwright and Dahn) shows the lithium 

binding energy in a variety of compounds, measured relative to lithium 

metal. The vertical lines besides the compounds correspond to their binding 

energy ranges versus x. LiF is not lithium intercalation compound, but is 

included as a reference. The chemical potentials of intercalation compounds 

can be obtained using the following equation: 

-pLikt(x)=Lithium Binding Energy (1.2) 

The cell energy is proportional to the product of the average voltage of the 

cell and the amount of lithium which can be transferred between the cathode 

and the anode. Therefore, higher cell voltage translates to higher energy 

density, provided the same amount of lithium can be transferred between the 

cathode and the anode. Usually, cathodes are chosen from intercalation 



compounds with high lithium binding energy and anodes are chosen from 

those with low lithium binding energy in order to obtain high cell voltage. 

LiNi02 (Dahn, Sacken, Juzkow and Al-Janaby), LiCo02 (Nagaura and Tozawa) 

and LiMn204 (Tarascon and Guyomard) are near the top of the binding 

energy scale and therefore are suitable to be used as cathodes . For the anode, 

lithium metal, Li,Graphite, and LixCoke are suitable. LiNiVO4 was recently 

discovered to be a lithium intercalation compound (Fey, Li and Dahn) and 

has the highest binding energy among known lithium intercalation 

compounds. LiNiV04 has an energy capacity per unit weight significantly 

lower than that of LiMn204, LiCo02 and LiNi02 because less lithium can be 

deintercalated and intercalated from LiNiV04 compared to the other 

materials. 

Figure 1.3 also shows the value of lithium binding energy above which 

materials are stable in air. Higher lithium binding energy means that lithium 

is more tightly bound to the compounds and it is difficult for Li to react with 

02, H20 and C02 in air. LiNiV04, LiNi02, LiCo02, and L i b 2 0 4  are air stable 

since they have high lithium binding energy. Lithium metal, LixGraphite 

and LixCoke etc. are not air stable because their lithium binding energies are 

not high enough to prevent lithium from reacting with 02, H20 and C02. 

Rechargeable lithium batteries using lithium metal anodes have the 

highest energy density since lithium metal has the lowest lithium binding 

energy as shown in figure 1.3. For the same reason, lithium metal is the most 

reactive among the lithium compounds. During the early 1980's most work 

on rechargeable lithium cells focussed on work involving the use of 

intercalation materials for the cathode and lithium metal for the anode. 

Lithium metal instantly reacts with the electrolyte to form a passivating film 

which prevents further reactions between the metal and the electrolyte 



(Peled). This film is an electronic insulator and a lithium ion conductor. 

Therefore the lithium still has an ion path between electrodes. During cell 

cycling the surface area of lithium metal can grow significantly and this 

surface becomes very unstable. Thermal or mechanical abuse as well as short 

circuits can result in violent reactions between lithium metal and the 

electrolyte and can cause flame in heavily cycled cells. After the safety 

problem was discovered (Globe and Mail, Toronto), more and more research 

work shifted to the use of another intercalation compound as the anode. 

Graphite and Coke are intercalation compounds and can be used to replace 

lithium metal as the anode to make "lithium-ion" rechargeable cells. The 

lithium binding energy in graphite and Coke is very close to that of lithium 

metal. Therefore, the loss of energy density incurred by using graphite or 

Coke as the anode is relatively small. A passivating film on the surface of 

graphite or Coke also forms while lithium intercalates into the materials for 

the first time and prevents lithium from reacting further with the electrolyte 

(Fong Sacken and Dahn). The surface area of graphite or Coke does not 

change during cell cycling since intercalation is a benign process. Therefore it 

is much safer to use graphite or Coke than to use lithium metal as the anode 

(Sacken, Nodwell, Sundher and Dahn). Since Li,Coke and Li,Graphite are 

unstable in air, pure graphite or coke is used as a starting material in order to 

obtain an easy anode manufacturing process. Hence the only lithium source 

in lithium ion rechargeable battery is from the cathode. Thus, larger amounts 

of intercalated lithium per mole in the cathode is required to obtain higher 

energy density. 

Figure 1.4 shows the voltage of Li/Lil-,Ni02 cells versus x for the first few 

cycles (Li, Reimers and Dahn, 1993). Lithium metal is used in test cells because 

it has a constant chemical potential during the whole range of charge and 
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discharge, so the electrochemical performance of the cathode can be analyzed. 

The electrolyte used in this cell is a 1 M solution of the salt LiPF6 in equal 

volumes of propylene carbonate (PC) and ethylene carbonate (EC). As shown 

in figure 1.4, about 0.60 Li per Ni can be intercalated and deintercalated in Lil- 

,Ni02 to an upper cutoff voltage of 4.2 V . A high energy density rechargeable 

lithium cell can be made using Lil-xNi02 as the cathode. The cell voltage is 

not constant during the charge and discharge, which means that the chemical 

potential of lithium in Lil-xNi02 depends on lithium concentration, 1 - x .  

During lithium intercalation the lattice constants of Li1-~Ni02 change because 

the intercalated lithium interacts with neighboring host atoms and with 

neighboring lithium. The host lattice responds to such atom-atom 

interactions. In other words, the structure of the host is related to the 

electrochemical behavior observed during lithium intercalation. It is 

important to understand the structure of LilmxNi02 as a function of x in order 

to understand the electrochemical behavior. Furthermore, some 

intermediate, structurally related phases, can form during lithium 

intercalation and phase transitions can occur. 

X-ray diffraction experiments are used to analyze crystal structures. In-situ 

X-ray diffraction, using electrochemical cells with beryllium x-ray windows 

(Dahn, Py and Haering) is used to understand the structural changes in 

intermediate compounds which occur during lithium intercalation. There 

are no easy experimental ways to measure the ion-ion interactions. However, 

there are some phenomenological models which can be used to theoretically 

predict the structures of materials. Both theoretical and experimental 

approaches can be used to understand the structural changes and therefore to 

understand lithium intercalation reactions. This thesis addresses these 

problems. 
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LiMn204 is one cathode choice for rechargeable lithium batteries. Figure 1.5 

(Tarascon and Guyomard) shows voltages versus time for Li/LiMn204, 

Li/petroleum coke and petroleum coke/LiMn204 cells during the first few 

cycles. The latter cell is an example of a lithium-ion cell. The features in the 

voltage of the petroleum coke/LiMn204 cell combines those of the 

Li/LiMn204 and Li/petroleum coke cells. In other words, the voltage of 

petroleum coke/LiMn204 cell can be calculated by subtracting the voltage of 

the Li/petroleum coke cell from the Li/LiMn204 cell. 

It is important to use inexpensive compounds for the positive electrode 

and the negative electrode in real applications. Graphite and petroleum coke 

are cheap. Mn is also cheap (US$ 1.50 per kg) and non-toxic compared with Ni 

and Co. LiMn204 is therefore a very good candidate for a cathode material. 

Recall that lithium ion cells have the lithium initially supplied by the 

cathode. LiMn204 has one disadvantage for use in these cells, that is 

Li:Mn=l:2, which is only half that found in LiNiO;! or LiCo02. Using other 

lithium manganese oxides with high lithium to manganese ratio may 

overcome this problem. This thesis addresses this issue. 

The spinel Li2Mn204 has Li:Mn=l:l, which is larger than that of LiMn204. 

Li2Mn204 shows promise as a cathode in the lithium rechargeable battery 

(Tarascon and Guyomard) . Li2Mn204 can be made by reacting LiMn204 with 

LiI at about 150•‹C. Other methods include lithium intercalation into 

LiMn204 in a non-aqueous electrolyte (Ohzuku, Ueda and Nagayama). In the 

former method, LiI is involved, which makes volume manufacturing 

difficult because of the corrosive nature of iodine. In the second method, non- 

aqueous electrolytes and Li metal are used and therefore it is expensive to 

make Li2Mn204. Other methods such as heating Li2C03 with Mn02 are not 

successful since spinel Li2Mn204 is not stable at high temperature. Hence a 



better method is required to make LizMn204 before Li2Mn204 can be 

considered as a cathode in a lithium-ion cell. This thesis addresses this 

problem. 

Sony Energytec Inc. began to produce a lithium-ion cells in 1990 (Nagaura 

and Tozawa). Using LiCo02 as the cathode and carbon as the anode, Sony's 

lithium-ion cell has three times the total output energy of an "old- 

technology" nickel cadmium cell. Figure 1.6 (Nagaura and Tozawa) shows the 

discharge curves of D size lithium-ion and Ni-Cd cells. The capacities are 

about 4000 mAh for both chemistries. The average voltage of the lithium-ion 

cell is about three times larger than Ni-Cd. 

One lithium-ion cell operating at high voltage can replace three Nd-Cd 

cells, therefore they are very convenient for applications requiring an 

operating voltage between 3 and 4 volts. Besides their high energy density, 

lithium ion cells can operate up to 1200 cycles (Nagaura and Tozawa) , which 

is significantly better than small Ni-Cd and Lead acid cells. The self discharge 

is 12 O/O after one month, which is less than that of Ni-Cd cells. 

Non-aqueous electrolytes are required in lithium-ion cells. Non-aqueous 

electrolytes usually have ion conductivity two orders of magnitude lower 

than aqueous electrolytes. Therefore large anode and cathode areas are 

required to increase the cell power capability. A very thin separator is also 

necessary to decrease the cell impedance. These technical requirements 

increase the cost of rechargeable lithium cells. If rechargeable lithium-ion 

cells can be made using aqueous electrolytes, the cost of these cells will be 

significantly lower. Lithium-ion cells using aqueous electrolyte are also much 

safer than those using non-aqueous electrolyte, therefore large cells for 

electric vehicle applications can be easily made. This thesis addresses this 

issue. 



There are many lithium intercalation compounds. Some of them are not 

air stable. Some of them contain only small amounts of lithium measured on 

a molar basis. The compounds used as cathode in lithium-ion cells must be 

air stable and have enough lithium inside. As shown in figure 1.3, many 

lithium transition metal oxides are air stable in the right chemical potential 

ranges and have enough lithium inside. Many of them are also intercalation 

compounds and therefore are suitable to be used as cathode materials. Since 

the first row transition metals are lighter than the other transition metals, 

their lithium metal oxides can provide higher specific energy than other 

compounds. Hence Li-M-0 (M=Sc-Cu) compounds are the best option for 

cathodes in lithium-ion cells. They are important and crucial materials. 

Therefore, most of the work in this thesis is concentrated on lithium first-row 

transition metal oxides. 

The structure of intercalation compounds is very important to their 

electrochemical performance. Hence in chapter 2, the structures of lithium 

transition metal oxides are described in detail. Rock salt related structures are 

introduced carefully since they are very common in lithium transition metal 

oxides and because they are the subject of theoretical work in this thesis. The 

structures of LiM02 (M=Sc-Cu) are also reviewed because many of these 

materials are now used as cathodes in rechargeable lithium batteries. 

Furthermore, other important structures of manganese compounds are 

described because they are related to one another and some of them are 

promising in rechargeable lithium battery applications. 

In chapter 3, a lattice-gas-model is used to understand the structures of 

lithium transition-metal oxides LiMO2. The LiNiO2, layered LiCo02, spinel 

LiCo02, Li2Ti204, and y-LiFeO;! structures are predicted for appropriate values 
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of first- (11) and second- (12) neighbor interactions within such a model by 

analogy with binary-alloy materials having similar structures. A 11-12-T phase 

diagram is predicted and the allowable ranges for the interactions are assigned 

for each of the oxides above based on the phase diagram. A surprising result is 

obtained that the layered and spinel structures are equally stable over the 

same wide range of Jl and 12, as predicted by mean-field and Monte Carlo 

results. Using this theoretical result, the structures and the x-ray diffraction 

patterns of layered LiCo02 and spinel LiCoO2 are successfully explained. 

In chapter 4, the structure of Lil-xNi02 is studied as Li is electrochemically 

deintercalated from LiNiO2 with in-situ x-ray diffraction methods. A new 

modified in-situ x-ray cell design is described, which is suitable for reliable 

operation with high voltage cathodes like Li1-~Ni02. Using this cell in this 

thesis, the electrochemical behavior of Li1-~Ni02 is investigated during the x- 

ray diffraction measurement. Three hexagonal phases and one monoclinic 

phase are found within the composition range 0.01x10.82. Three regions of x 

corresponding to two-phase coexistence are also obtained. This new modified 

in-situ x-ray cell, has been used to investigate the structure of LiNiVO4, which 

is the highest voltage cathode among known lithium intercalation 

compounds. 

In chapter 5, lithium intercalation from aqueous solutions is investigated. 

It is proved in this thesis that lithium can be intercalated into host 

compounds from aqueous LiOH solution, provided the chemical potential of 

the intercalated lithium is sufficiently lower than the chemical potential of 

lithium in lithium metal. Li2Mn204 can be made by intercalating Li from 

LiOH solution into LiMn204 in an aqueous cell. Other lithium transition 

metal oxides like y-LiMn02, which are difficult to make by other methods, can 
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also be made by this new method. This method may prove to be an 

economical way of preparing lithium transition metal oxides with high 

lithium contents for lithium-ion cell cathodes. 

In chapter 6, rechargeable lithium-ion cells are made using an aqueous 

electrolyte. This development is based on the understanding of lithium 

intercalation from aqueous solutions. When the electrode materials are 

properly selected, water-based electrolytes can be used in lithium-ion cells. 

Such a discovery leads to a fundamentally safe and inexpensive technology. 

Test cells using LiMn204 and V02(B) as electrodes and 5M LiN03 in water as 

electrolyte can compete on energy basis with nickel-cadmium and lead-acid 

cells. 

Finally, a summary and outlook is given in chapter 7. 
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Figure 1 .l. Schematically showing a lithium cell. 
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Figure 1.2. Schematically showing the discharge of a rocking 

chair or Li-ion cell. 
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Figure 1.3. The binding energy of Li intercalated within a variety 

of materials, measured relative to that of Li metal. 



Figure 1.4. The charge and discharge curves as measured in a 

Li/LiNi02 coin cell for the first two cycles. A 100 hour rate (Ax=l 

in l O U  hours) was used at 30•‹C. 
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Figure 1.5. The charge and discharge curves as measured in a 

three-electrode cell at room temperature. The voltages denoted 

1, 2 and 3 correspond to the voltage between LiMn204 and 

petroleum Coke, LiMn204 and Li metal, Li and petroleum coke 

respectively (From Tarascon and Guyornard). 
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Figure 1.6. Discharge Curve of D size Cells with a 800mA 

discharge current (Nagaura and Tozawa). 



Chapter 2. Lithium Transition Metal Oxides 

2.1 Rock-Salt Related Structures 

Many lithium transition metal oxides have structures derived from the 

perfect or distorted rock-salt structures (NaC1 and NiO are examples of rock 

salt structure compounds). Figure 2.1 shows the rock-salt structure in which 

there are two fcc sublattices. Cations occupy one fcc sublattice and anions 

occupy the other fcc sublattice. As shown in figure 2.1 this structure can also 

be described as an fcc anion lattice with cations filling the octahedral 

interstices. In the rock-salt structure, the numbers of cations and anions are 

equal. Lithium transition metal oxides (LiM02, M=Sc-Cu) with the rock-salt 

structure also have equal numbers of cations and anions; the cations share 

one of the fcc sublattices and the anions occupy the other fcc sublattice. The 

particular arrangement of the cations on the cation lattice distinguishes the 

different crystal structures of these materials. Four common LiM02 

structures, including layered LiNi02, spinel (or atacamite) Li2Ti204, y-LiFe02 

and orthorhombic LiMn02, are introduced in the following. 

LiNi02 has space group R 3m and a hexagonal (or rhombohedral) structure 

based on a slightly distorted fcc oxygen lattice. Li and Ni cations are arranged 

into layers on alternating (111)~ (cubic) planes of cation sites. This structure is 

called the layered structure. Figure 2.2a shows the layered structure 

represented by close-packed oxygen octahedra (Reimers, Li, Rossen and 

Dahn). White octahedra have Li at the center and black octahedra have Ni (or 

M )  at the center. Li, Ni and 0 are in the sites labelled 3a, 3b and 6c 

respectively of the space group R 3m (Wyckoff). Figure 2.2b shows the atom 



positions of LiNi02 in hexagonal axes. The LiNi02 unit cell is indicated with 

the thick lines in figure 2.2b. 

Li2Ti204 has space group Fd3m and a cubic structure based on fcc oxygen. 

Lithium and titanium atoms are segregated into the 16c and 16d octahedral 

sites while oxygen occupies the 32e sites. The structure of Li2Ti204 is called 

the spinel here (or more correctly called atacamite by Hewston and 

Chamberland). Figure 2.3a shows the spinel structure with close-packed 

oxygen octahedra (Gummow, Liles and Thackeray). White octahedra and 

black octahedra correspond to those occupied by Li or Ti atoms respectively. 

Figure 2.3b shows the atom positions in a unit cell of Li2Ti204. It is hard to 

find any similarity between the cation arrangement in the layered and the 

spinel structures using figures 2.2 and 2.3. 

y-LiFeO;! has space group 141/amd and a tetragonal structure with cations 

arranged differently from both the spinel and the layered structures. Figure 

2.4a shows the structure of y-LiFe02 represented by close-packed oxygen 

octahedra. White octahedra have Li at the center and black octahedra have Fe 

at the center. Figure 2.4b shows the atom positions of y-LiFeO;! in a tetragonal 

unit cell (Hewston and Chamberland). In this structure oxygen arrangement 

is also based on the distorted fcc lattice and cations are arranged along the 

( l l O ) c  lines. Fe, Li and 0 occupy 4a, 4b and 8e sites, respectively (Wyckoff). 

Orthorhombic LiMn02 has a space group Pmnm . LiMn02 is also based on 

the distorted rock-salt structure and with a larger distortion (14 %) than 

LiNi02 and y-LiFeO;!. Figure 2.5a (Gummow, Liles and Thackeray) shows the 

structure of the orthorhombic LiMnO;! by close-packed oxygen octahedra. 

White octahedra have Li at the center and black octahedra have Mn at the 

center. Figure 2.5b shows the atom positions of LiMn02 in an orthorhombic 

unit cell. The cation arrangement of LiMnO;! is clearly different from those of 



LiNi02, Li2Ti204, y-LiFe02. Li and Mn occupy 2a sites with parameters (1/2, 

0.6347, 1 /2) and (1 /2, 0.126, 1 /2), respectively (Hoppe, Brachtel and Jansen). 

Oxygen occupy 2b sites with O(1) in (1/2, 0.144, 1/4) and O(2) in (1/2, 0.602, 

3/4).  It is very difficult to find any similarities between the structures of 

LiNi02, Li2Ti204/ y-LiFeO;! and the orthorhombic LiMn02 from figures 2.2-2.5 

based on the literature. This underscores the limitations of the space group 

formalism for describing complex structures! 

Since LiNi02, Li2Ti2O4/ y-LiFe02 and LiMn02 are all based on the perfect or 

distorted rock-salt structures, their oxygen atoms are basically found on an fcc 

lattice. To emphasize, the oxygen atom positions are almost the same in each 

of these materials. Only the cation arrangements in the cation sites differ. 

Now we consider the cation arrangements in these structures. Figure 2.6 (Li, 

Reimers and Dahn) shows the cation structures of spinel (atacamite) Li2Ti204 

(figure 2.6a), layered LiNi02 (figure 2.6b), y-LiFe02 (figure 2 . 6 ~ )  and 

orthorhombic LiMn02 (figure 2.6d). The unit cell of spinel Li2Ti204 consists 

of a 2x2~2  cubic supercell of the basic fcc primitive cell. The layered LiNi02 

structure, the y-LiFe02 structure and the LiMn02 structure are also shown on 

the same 2x2~2  supercell, respectively. Each of the latter three structures can 

be described with a smaller unit cell, which we (Li, Reimers and Dahn) have 

indicated in figure 2.6. When the structures are described with their 

conventional cells, the close structural relationship between the phases is not 

obvious. By showing the four structures on the same 2x2~2  super cell we 

show the similarities between them. For example, LiMn02, LiNi02, and 

Li2Ti204 are made up of [001] planes of identical structures with cation rows 

parallel to <110>. The structures only differ in the stacking sequence and 

rotation of the planes. All these structures are based on the rock-salt structure 

and the differences among them are only in the cation arrangement, 
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therefore a lattice gas model can be used to understand these different cation 

arrangements. The details of such a theory will be discussed in chapter 3. In 

section 2.2 we review the LiM02 materials and in section 2.3 we describe other 

important structures. Application of these materials in batteries is described 

in section 2.4. 



2.2 Review of Known Rock-Salt Type LiM92 Structures 

Hewston and Chamberland reviewed the first-row ternary oxides LiM02. 

Most of these compounds take one of the four structures introduced above in 

section 2.1. 

LiScO2 was first reported by Hoppe in 1959. X-ray diffraction studies showed 

that LiSc02 has a tetragonal NaCl superstructure and a space group 141/amd. 

The unit cell parameters are a=4.18 A and c=9.30 A. The cation arrangement is 

the same as that in y-LiFe02. 

LiTiO2 has two structures. The first one was reported by Bongers in 1957. X- 

ray diffraction studies (Bongers) indicate that LiTiO;! has a fully disordered 

cubic rock-salt structure and a=4.140A. Li and Ti are distributed equally and 

randomly on the cation sites. The second form of LiTiO;! was prepared by 

lithiation of the spinel LiTi204 using the intercalation agent n-butyl lithium 

(Cava, Murphy, Zahurak, Santoro and Roth). This is what is described in 

former section as the spinel Li2Ti204 with a=8.376 A. Metastable Li;!Ti204 

transforms irreversibly to the disordered rock-salt structure above 600•‹C. 

LiV02 has two structures. One of the structures is hexagonal and has the 

same cation arrangement as LiNiO;! (a=2.84A and c=14.7 A) (Rudorff and 

Becker). The second structure of LiV02 is cubic and has a rock-salt 

superstructure, with the same cation arrangement as Li2Ti204 (a=8.227A). 

This spinel structure was prepared by using high pressure methods (Chieh, 

Chamberland and Wells). One may wonder why the same compound should 

be stable in two different crystal forms. We return to this point in chapter 3. 

LiCrO2 was first reported by Rudorff and Becker. LiCrO;! has the hexagonal 

structure and the same cation arrangement as LiNiO;!. The lattice constants 

are a=2.88A and c=14.6A. 



LiMn02 has three structures. The first structure is reported with an 

orthorhombic unit cell (Johnston, Heikes) as described in the former section. 

A Jahn-Teller effect was found in this structure. 

Jahn-Teller distortions are explained by crystal field theory. Any non-linear 

molecular system in a degenerate electronic state will be unstable and will 

undergo distortion to form a system of lower symmetry and lower energy, 

thereby removing the degeneracy (Sharpe). In an octahedral field, d orbitals 

are split into two different energy groups. One is composed of dXy, dyz, dxz 

and the other is composed of d , ~ - ~ z  and dZz . When dZ2 and ~ , Z - ~ Z  are 

unequally populated in stable species, the interactions along the z direction 

are different from those in the x-y plane, and the distortions appear. Jahn- 

Teller distortions mostly appear in d orbital species because the energy 

splitting of d orbitals is much larger than that off  orbitals. The distortions 

origining from f orbitals are very small. On the other hand, it is very rare for 

the p orbital to be unequally ~opulated (especially in transition metal oxides), 

so the p orbitals are not important for Jahn-Teller distortions. There are only 

three electrons in d orbitals for Mn+4 and these electrons occupy dxy, dyz and 

d,, orbitals. There are four electrons in d orbitals for ~ n + 3  and one electron 

occupies the d,2 orbital. So LiMn02 structures which have ~ n 3 +  usually 

have Jahn-Teller distortions. 

The second structure of LiMn02 was prepared by chemical lithiation of the 

spinel LiMn204 to make Li2Mn204 (Thackeray, David, Bruce and 

Goodenough). Li2Mn204 has a tetragonal unit cell (a=5.662A and c=9.274 A) 

and a rock-salt superstructure. The cation arrangement is the same as that in 

Li2Ti204. But Li2Mn204 is not cubic because of a Jahn-Teller distortion. The 

third structure has been prepared at 65 kbar and 1000•‹C from the 



orthorhombic phase LiMn02. This phase has the statistical distorted rock-salt 

structure (a=4.166A) (Hewston and Chamberland). 

LiFe02 has three structures. a-LiFe02 has the statistically disordered rock- 

salt structure (a=4.158A) (Anderson and Schieber). y-LiFeOz is tetragonal as 

described in section 2.1. The structure of P-LiFeO;! is not well understood. It 

seems that P-LiFe02 has a metastable structure between the other two 

polymorphs. A body centered tetragonal unit cell was suggested for P-LiFe02. 

LiCo02 was first reported by Bongers. The structure is rock-salt related with 

the hexagonal layered superstructure (a=2.81 A and c=14.0 A). The cation 

arrangement is the same as that in LiNi02. Recently a second compound with 

the same stoichiometry Li2C0204, was reported (Rossen, Reimers and Dahn). 

This structure also has the rock-salt related structure and the cation 

arrangement is the same as that in Li2Ti204. 

LiNi02 has the layered structure and is hexagonal (a=2.878 A and c=14.19 A) 

(Dyer, Borie and Smith) as described in the former section. The cia ratio is 

4.93, which is just slightly different from 4.90 for the perfect cubic structure. 

There are no reports of LiCu02, although the larger alkali metal analogs 

NaCu02, KCu02, RbCu02 and CsCu02 are known (Hestermann and Hoppe). 



2.3 Other Important Structures 

LiMn204, is cubic and has a space group Fd3m and a=8.240 (Ohzuku, 

Kitagawa and Hirai). LiMn204 also has the true spinel structure with each Li 

tetrahedrally surrounded by four oxygens and each Mn octahedrally 

surrounded by six oxygens. The Mn and 0 atoms are in the same positions as 

the Ti and 0 atoms in spinel Li2Ti204. Figure 2.7 shows the structure 

(Thackeray et al.) of LiMn204. In this structure, three dimensional tunnels are 

formed as shown in figure 2.7, and the Li is located on 8a sites within the 

tunnels. When further lithium is intercalated into these tunnels, Li2Mn204 

is obtained and the structure distorts from cubic to tetragonal because of the 

Jahn-Teller effect as described in section 2.2. When lithium is deintercalated 

from LiMn204, h-Mn02 is obtained. The positions of oxygen and manganese 

do not change significantly from LiMn204. h-Mn02 (a=8.04 A) also has cubic 

close-packed oxygen and has manganese arranged as shown in figure 2.6a 

with the black sites full and the white sites empty. 

0-Mn02 is tetragonal and has space group P4/mmm with a=4.396A and 

b=2.871A. P-Mn02 has a distorted hexagonal closed packed (hcp) oxygen 

lattice. Figure 2.8 shows the structure of P-Mn02. In this structure, "1x1" 

tunnels are formed. Mn occupies 2a sites and 0 occupies 4f sites (Wyckoff). 

Ramsdellite-Mn02 is orthorhombic and has space group Pbnm. 

Ramsdellite-Mn02 also has a distorted hexagonal close packed oxygen lattice. 

Figure 2.9 shows the structure of Ramsdellite-Mn02 (Glover, Schumm., 

Kozawa and Kozawa). In this structure, only "1x2" tunnels are found. Mn, 

o(1) and O(2) all occupy 4c sites +[u,v,1/4; 1/2-u, v+1/2,1/4] with parameter 

u=-0.036, v=0.140 for Mn, u=0.27, v=-0.20 for 0(1), and u=-0.21, v=-0.05 for O(2) 

(Wyckoff). 
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EMD (Electrolyte Manganese Dioxide) is normally y-Mn02. y-Mn02 is an 

important material. It is used as the cathode for Zn/Mn02 primary cells, such 

as the Eveready Energizer and the Duracell Alkaline cells. Figure 2.10 shows 

the structure of y-Mn02. In this structure, 1x1 and 1x2 tunnels are mixed more 

or less randomly together. The proportions of 1x1 and 1x2 tunnel structures 

in EMD can be varied, depending on the synthesis conditions. 

y-LiXMnO2 has a structure similar to y-MnO;?. The manganese and oxygen 

in y-LixMn02 are located in the same position as in y-Mn02 except for a slight 

distortion. Lithium then occupies the tunnel sites as shown in figure Figure 

2.10. Figure 2.1 1 (Thackeray et al.) shows the structures of Ramsdellite-Mn02 

and y-Lio.sMn02 



2.4 Applications in Batteries 

Lithium transition metal oxides, Li-M-0 (M=Sc, Ti, V, Cr, Mn, Fe, Co, Ni, 

Cu) have been studied as cathodes in lithium rechargeable batteries since the 

1970's (Desilvestro and Haas). All the first row transition metals have more 

than one common oxidation state, which is apparently a requirement for 

lithium intercalation in their oxides. 

Titanium oxides have been studied as cathode materials. Li4/3Ti5/304/Li 

cells have a voltage plateau at 1.6V versus Li metal and show very good 

cycling life (Ohzuku and Ueda). Theoretical capacity is calculated to be 175 

mAh/ g. Practical capacity is about 160 mAhr/g. 

Vanadium oxides have been studied extensively as cathode materials. The 

common vanadium oxides and lithium vanadium oxides include V2O5, 

V6013 and LiV308. The crystalline form of V2O5 shows several steps in V ( x )  

during the intercalation of Li in Li/LiXV2Q5 cells. A limiting composition of 

Li3V205 can be formed, which corresponds to a charge density of 440 mAhr/g. 

Primary Li/V205 cells have theoretical energy densities up to 650 mWhr/g 

during slow discharge (Voorn). However, good cycling behavior is observed 

only if x in LixV2Q5 is limited to less than about 1 (Sakurai, Okada, Yamaki 

and Okada). Lil+xV308 can also be used as a cathode material for Li cells 

(Nassau and Murphy). Three more lithium atoms can be intercalated in 

every LiV308 unit using butyllithium (Paner, Pasquali and Pistoia). The 

theoretical value of the charge density is 280 mAhr/g for Li/LiV308 cells. The 

disadvantages of these cells include low electronic conductivity for the oxide 

and high oxidizing capability which may result in electrolyte decomposition 

(Pistoia, Pasquali, Tocci, Manev and Moshtev). V6013 was used as cathode 

material by Murphy et. a1 (Murphy, Christian, DiSalvo and Carides). Each 



V6O13 unit can accommodate up to 8 Li. However, it appears that only six Li 

can be inserted reversibly in V6013 (Abraham, Goldman and Dempsey). The 

discharge profile is divided into three main steps corresponding to the 

consecutive transfer of one, three, and four electrons. V6013 is practically 

insoluble in organic solvents in comparison to V205. This gives a low self- 

discharge rate and good shelf life. V02(B) is yet another intercalation 

compound, Li/V02(B) cells have a single voltage plateau at 2.6 V and have a 

practical specific capacity of 140 mAhr/g (Dahn, Buuren and von Sacken). 

Mn02 is the most popular cathode material for galvanic cells since it is 

cheap and has reasonable capacity and electrode potential. Currently eight 

billion primary zinc/manganese dioxide cells are produced each year 

(Kordesch, Harer, Taucher, Tomantscher). Mn02 has been investigated as a 

cathode material in primary Li cells since the 1970's. Such Li/MnG2 primary 

cells are now widely ~roduced for camera applications. Sony used to produce 

prototype secondary Li batteries based on y-Mn02. These AA cells offered very 

high practical energy densities of 125 Wh/kg and 240 Wh/l at discharge rates 

of C/2.5h (sufficient to discharge the entire capacity in 2.5 hours) with an 

average voltage of 2.8 V. It is claimed that these cells can achieve 1000 

recharge cycles (Desilvestron and Haas). Self-discharge is low, at about 1 % per 

month. However, there are still some serious safety problems to solve before 

these cells can be really successful products (Battery&EV Technol). Moli 

Energy's Lily-Mn02 cells (Molicel) were similar in performance to the Sony 

cells. 

Another important Mn02 is h-Mn02, which has the spinel structure as 

described in the section 2.3. Li/h-Mn02 cells have an average voltage of 4.OV 



(Hunter). Tarascon and Guyomard reviewed Lil-xM n 2 0 4  / C  Li-ion 

rechargeable battery systems. 

y-Li,Mn02 is also an important material as cathode in lithium rechargeable 

cells. Lily-LixMn02 cells show good capacity and cycle life (Nohma, 

Yamamoto, Nishio, Nakane and Furukawa). 

Recently, a new orthorhombic L i b 0 2  was prepared by reacting y-MnOOH 

and LiOH.H20 at 350•‹C. Li/LibO;! cells show a reversible specific capacity of 

190 mAh/g between 2.5 and 4.2 V (Ohzuku, Ueda and Hirai). Glthorhombic 

LiMn02 prepared by ion exchange between LiOH and y-MnOOH also shows 

similar cell performance (Reimers, Fuller, Rossen and Dahn). 

Li/Li,Co02 cells provide an open circuit voltage as high as 4.7 V for x=0.07 

(Mizushima, Jones, Wiseman and Goodenough). Theoretical energy densities 

of 1070Whkg-1 can be obtained based on Ax=l and an average discharge 

voltage of 3.9 V. But the high discharge voltage and oxidizing power of 

LixCo02 can degrade the electrolyte, forming polymeric films on the electrode 

surface (Thomas, Bruce and Goodenough), and corroding the underlying 

metal support. Nevertheless, at least two companies (Sony) and (A&T 

Battery) are now exploiting the highly promising characteristics of LiCo02 for 

practical rechargeable Li-ion batteries (Nagaura and Tozawa; Kuribayashi). 

Nickel oxides are a successful cathode material in commercial secondary 

cells. Ni/Cd cells are now used world-wide and their sales have reached US$ 

1.3 billion per year. Even though nickel oxide has been considered as a 

cathode material in alkaline cells since 1887 (Falk and Salkind) their 

electrochemistry is not yet fully understood (Huggins). Lithium nickel oxide 

has also been used as a cathode material in lithium-ion rechargeable cells 
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(Dahn, von Sacken, Juzkow and Al-Janaby). The LiNi02/C cells have high 

energy density, long cycle life, and low self-discharge rates. 

As we will show later, the electrochemical performance of cathode 

materials strongly depends on the their crystal structures. It is therefore 

important to understand the structures of lithium transition metal oxides. In 

the next chapter, a lattice gas model is used to understand the rock-salt related 

L1MO2 structures. 



Oxygen 

Metal Ion 

Figure 2.1 The rock-salt structure with cation (black) occupying 

one fcc sublattice and anions (white) occupying the other fcc 

sublattice. The thick lines show an octahedron. 



Figure 2.2a. The layered structure represented by close-packed 

oxygen octahedra. Li occupys the octahedral interstices in white 

layers and transition metal occupys the octahedral interstices in 

black layers (Thackeray et. al). 



Figure 2.2b. Crystal structure of LiNi02 as one example with the 

layered structure. 



Figure 2.3a. The spinel (or atacamite) structure with close packed 

oxygen octahedra. Li occupys the octahedral interstices in white 

layers and  transition metal occupys the octahedral interstices in 

black layers (Gummow, Liles and Thackeray ). 



Figure 2.3b. Crystal structrue of Li2Ti204 as one example with the 

spinel (atacamite) structure. 



Figure 2.4a. Crystal structure of y-LiFe02 represented by close- 

packed oxygen octahedra. 



Figure 2.4b. Crystal structure of y-LiFe02 in a tetragonal unit cell. 

(After Hewston and Chamberland). 



Figure 2.5a. Crystal structure of the orthorhombic LiMn02 

represented by close-packed oxygen octahedra (Gummow, Liles 

and Thackeray). 



Figure 2.5b. Crystal structure of orthorhombic LiMnO2 (After 

Hoppe, Brachtel and Jansen). 



(a) Spinel 

(c) y-LiFeO? 

I '. 

(b) LiNiO, 

(d) Li~Mn0. - 

Figure 2.6. The 2 x 2 ~ 2  cubic supercell showing the cation 

positions only in (a) spinel structure (e. g. Li2Ti204) (b) layered 

structure (e. g., LiNiO2) (c) y-LiFeO2 structure and  (d )  

orthorhombic LiMn02. In (a) the conventional unit cell is equal 

to the size of the 2 x 2 ~ 2  cell, while the conventional cells in (b), 

(c) and (d)  are indicated with thick lines. The conventional fcc 

lattice is indicated in thin lines. 



Figure 2.7. The crystal structure of the spinel LiMnzOl 

represented by the oxygen octahedra (Thackeray et al. ). 



Figure 2.8. Crystal structure of P-Mn02 represented by hexagoiial 

closed packed oxygen octahedra. 

Figure 2.9. Crystal structure of Ramsdellite-Mn02 represented 

hexagonal closed packed oxygen octahedra. 



Figure 2.10. Crystal structure of y - M n 0 2  represented by  

hexagonal closed packed oxygen octahedra (Glover). 



Figure 2.11. The structures of Ramsdellite-Mn02 (drawn in two 

dimension from figure 2.9) and of y-Lio.gMnO2 (Thackeray, 

Rossouw, Gummow et. al). The circles are for the lithium atoms. 



Chapter  3. Lattice Gas Model Approach to 
Understanding the LiM02 Structures 

3.1.1 Previous Applications to FCC systems 

As mentioned in Chapters 1 and 2, the crystal structures of cathode 

materials affect their electrochemical performance. Many theories have been 

used successfully to explain crystal structures. One example is the Ising model 

which is used to simulate magnetic systems and A-B binary alloys. Although 

it is easy to write down the Hamiltonian for such models, approximate 

methods are needed to solve for thermodynamic observables in most cases. 

These approximations include mean-field theory (Clapp and Moss), the 

cluster-variation method (W. Shockley), and Monte Carlo simulations 

(Phani, Lebowitz and Kalos). Binary alloys with fcc structures are simple 

chemical systems which have been understood with a lattice-gas model. 

Ducastelle recently reviewed the studies of the application of lattice gas 

models to A-B alloys. 

Figure 3.1 shows the fcc structure and the 12 nearest neighbors and the 6 

second-nearest neighbors to a site at the origin. and 12 are defined as the 

interaction energies between the nearest neighbor atoms and second-nearest 

neighbor atoms respectively. In lattice-gas models of the type considered here, 

the sites are occupied by A atoms or by B atoms, and therefore a particular 

structure can be described by the site occupations. The site occupation in the 

lattice-gas model (A or B) corresponds to the spin state (up or down) in the 

Ising model. Furthermore, the chemical potential 9 , which is analogous to 

the magnetic field in the Ising model, is used in the lattice-gas model to 



control the stoichiometry of the lattice. Lattice-gas models use the same 

physical ideas as the Ising model (Binder). 

Clapp and Moss studied an Ising model of alloy ordering and observed 

maxima in the short-range-order diffuse scattering in disordered alloys 

corresponding the positions of the minima in ) (k) ,  which is the Fourier 

transform of the painvise interatomic potential ](r) . They located the minima 

of I(k) as a function of the ratio ]2/]1. In such a way, they determined a phase 

diagram for the fcc (faced centered cubic) lattice and for the bcc (body centered 

cubic) lattice. 

The phase diagram of an Ising fcc antiferromagnet in a field was studied by 

Monte Carlo simulation to determine the ground state of a lattice (Binder). 

When only nearest-neighbor interactions are included, many ordered phases 

or their mixtures are stable in the ground states. Three ordered phases (A3B, 

AB, AB3) occur corresponding to CugAu, CuAu, CuAu3 in the Cu-Au system. 

A Monte Carlo model with nearest neighbor and next nearest neighbor 

interactions was used to study a substitutional binary fcc solid solution 

(Gahn). Many stoichiometric structure types related to binary alloys were 

reported. Multiatom interactions in the fcc Ising binary alloy were studied by 

Monte Carlo simulations to determine the low temperature behavior (Styer, 

Phani and Lebowitz). 

The cluster variation method (CVM) was used to calculate the phase- 

diagram of the fcc lattice-gas with first and second nearest neighbor 

interactions (Sanchez and de Fontaine). Furthermore, the tetrahedron and 

octahedron cluster variation method was used to calculate the phase 

diagrams of binary fcc lattice-gases with first (positive) and second nearest 

neighbor interactions (Mohri, Sanchez and De Fontaine). 



Lattice gas and spin models were solved by mean field theory to determine 

the highest temperature ordered phases on stacked triangular lattices 

(Reimers and Dahn, 1992). The ordered structures which form on AAA, 

ABAB and ABCABC stacked layers were obtained as a function of JI,  12 and 

13 (j3 is the third nearest neighbor interaction constant) . For ABAB and 

A BCA B C stacking, the inter-plane interaction, J3 causes the frustration of 

ordered structures within the planes and the possibility of incommensurate 

order just below the critical temperature. 

A lattice-gas model was used successfully to explain the order-disorder 

transition in LixNi2-x02 (Li, 1992). In this model the solid solution, LixNi2-x02 

can be rewritten as AXB1-, where the oxygen atoms are ignored to simulate a 

binary alloy. The neglect of the oxygen atoms is justified because their 

locations do not depend on x .  The structure of LixNi2-x02 was also measured 

by x-ray diffraction experiments. The Rietveld structure refinement procedure 

was used to obtain a least-squares fit between the calculated and observed 

profile intensities. In x-ray Rietveld analysis, the best fit is obtained by 

adjusting cell constants, atomic coordinates, site occupancies, peak shapes, 

background, etc. The location of Li and Ni atoms could thus be accurately 

determined and compared to the theoretical predictions. The lattice-gas 

model was solved both by the mean-field theory and by the Monte Carlo 

method to compare to experiment and we (Li, Reimers and Dahn, 1992) 

found that the order-disorder transition in LixNi2-x02 could be well modeled. 

This model reproduced the data very well for appropriate choices of Jl and 12. 

Furthermore, the short-range cation ordering in LixNi2-x02 was further 

studied using synchrotron x-ray diffraction (Reimers, Li, Dahn, 1993). Both 

short range and long range ordered structures appear near the phase 

transition point. 



3.1.2 Application to LiM02 

The rock-salt related LiM02 structures described in Chapter 2 have similar 

fcc oxygen frames and differ only in the cation arrangement. Therefore a 

lattice-gas model can be used to study these structures when only the cation 

arrangement is considered. , 

We start with a lattice-gas model Hamiltonian: 

where r is a position vector in the cation lattice, t, has two states, t,=l, and t,=O 

to designate that the site is filled by a transition metal or a lithium 

respectively, J(r-r') is the interaction potential between sites r and r' and p is 

the chemical potential of the transition metal atoms in the lattice. We use the 

convention that positive J corresponds to a repulsive interaction. Li-Li 

interactions are accounted for through the absence of M-M interactions (Li, 

Reimers and Dahn, 1992). [Since t,=fl in the Ising model and tr=l,O in the 

lattice-gas model, the lattice-gas-interaction constants (J's) will differ by a 

factor of 4 from those of an Ising model with a Hamiltonian of the form (3.1) 

when comparing the two models in the same units]. 

The fcc lattice gas has been extensively studied with application to A-B 

alloys (Ducastelle). The ground-state phase diagram of the fcc lattice gas with 

nearest-neighbor (NN) and next-nearest-neighbor (NNN) interactions has 

been calculated (Clapp and Moss). Studies of the fcc lattice gas with repulsive 

(positive) \ I  and 12 , such that J2<\1/2, predict ground states with cations 



arranged as in y-LiFe02 (Sanchez and de Fontaine). For repulsive lI and 12 

such that J2>\1/2, the ground state has cations segregated into alternate planes 

normal to the cubic < I l l >  directions as in CuPt. This is the cation 

arrangement observed in LiNi02. Furthermore, by analogy with their 

statements about CuPt, Richards and Cahn imply without proof that the 

spinel atom arrangement found in LT-LiCoO? - -Ti704 - - -  is ener~eticallv 

equivalent to the layered arranEement like LiNiOz. Clapp and Moss did not 

mention the spinel phase in their work, but did identify phases with atoms 

arranged as in LiNiO;! and y-LiFe02. The ground states of the fcc lattice gas 

with first- and second-neighbor interactions listed in Ducastelle include the 

degenerate layered and spinel structures. Ducastelle states that the degeneracy 

is lifted if tetrahedron interactions are introduced. Gahn used Monte Carlo 

computer simulations to study the ground states of binary fcc structures with 

first- and second-nearest-neighbor interactions. For J2/J1 >0.5 and \1>0, he 

reported that after cooling from the high-temperature disordered phase, only 

the layered structure appears. On the other hand, Phani and Lebowitz 

reported, based on privately communicated unpublished results, that the 

spinel phase weakly dominates at low temperatures for the same set of 

interactions used by Gahn. Fine1 used the low-temperature series-expansion 

method to predict that the layered structure is the most stable for \1>O, and the 

spinel is most stable for Jl<O. Clearly, there is some confusion in the 

literature about the relative stability of these phases at finite temperature. 

This problem is settled here in this chapter. 



3.2 Ground States 

The lattice-gas model Hamiltonian (3.1) can be solved using the mean field 

approximation. Following the steps from the reference (Reimers and Dahn, 

1992), the free energy is obtained in the mean field approximation: 

where x, is the thermally averaged occupancy of site r. We express x,  in terms 

of a non-uniform component qrl  which is related to the ordered super-lattice 

structures which may form, and a uniform component x=1/2 with a selected 

and 

The goal is now to find the set qr, which minimizes F(T,p,) for a particular p 

and T'. In order to diagonalize the second order term in q, in the free energy 

expression, we use the Fourier transform: 



where the prime on the summation symbol indicates that q = O  is not included 

in the summation. We require that q-q=  qq* to ensure that q ,  is real. 

Combining equations (3.2-3.5) we have: 

1 
F I N  = f ( ~ ) = ; x ( 4 k , ~  +Jqh ,pq  + 

where 

and K is an fcc reciprocal lattice vector. Terms not involving the Fourier 

amplitudes, qq, have been dropped from the free energy. 

An ordered phase appears upon cooling with qqtO once 4 k ~ T + \ ~ < 0 .  

Therefore, to find the ordering wavevector, q, first selected as the system is 

cooled, we need only find the vectors q which minimize Jq. Figure 3.1 shows 

the cation lattice with the first and second neighbor interactions included. To 

simplify the calculation we use a rhombohedral Bravais lattice in which there 

is only one atom per cell. The cation lattice shown in figure 3.2 is the 

rhombohedral Bravais lattice with primitive vectors, al, a2, and a3. We write 

an arbitrary wave vector, q, as 



where the ai* are the primitive reciprocal lattice vectors of the real-space 

rhombohedral lattice. Using equation 3.7, the fact that ai*.aj=2~6i, j  and the 

arrangement of the lattice, we obtain 

The components (qi) of the vector q which minimize Jq are with reference to 

the rhombohedral reciprocal axes. For convenience, we then convert q to the 

reciprocal lattice of the conventional cubic cell also shown in figure 3.2. 

Figure 3.3 shows the ground state phase diagram for the fcc lattice gas as a 

function of J 1  and 1 2 .  In each designated portion of the diagram we list one of 

the set of symmetry related wavevectors, q, which minimize Jq. For example. 

at the top of the diagram, the wavevector <1/2,1/2,1/2> designates the four 

symmetry related vectors (1/2,1/2,1/2), (1 /2,-1/2,1/2), (-1/2,1/2,1/2) and (-1 /2,- 

1/2,1/2). To determine the ordered arrangements which form, we must 

consider whether the system selects a state where only one of the qq is 

nonzero (a single q from the symmetry related set) or a state where more than 

on of the qq is nonzero (a multiple q state). The layered LiNiO2 structure 

corresponds to the <1/2, 1/2, 1/2> phase with a single wavevector and the 

spinel Li2Ti204 phase corresponds to the selection of the four <1/2, 1/2, 1/2> 

wavevectors with equal weight and appropriate phase. 

For example, using equations (3.3), (3.5), qql=1/2, qq2=')q3=qq=0, a 

wavevector (1/2,1/2,1/2) as ql, and r selected at fcc sites as shown in figures 2.6 

with one fcc cell as a unit volume, we obtain the layered structure indicated 

by x,=l for Li sites (or Ni sites) and x,=O for Ni sites (or Li sites). The same 



layered structure is obtained using one of the other three wavevectors 

(1 /2,1/2,-1/2), (1/2,-1/2,1/2) and (-1 /2,1/2,1/2) as ql with only a difference in 

rotation of the structure about the z axis. Using equations (3.3), (3.5) and 

qql=f7q2=qq3=(-qq4)=1/4 we obtain the spinel structure indicated by xr=l for Li 

sites (or Ti sites) and xr=O for Ti sites (or Li sites) with the four <1/2,1/2,1/2> 

wavevectors 

There are four degeneracy lines identified in figure 3.3 (Bold). Along the 

line J2=0 and Jl>O, the wave vector takes the form (0, 1, q) (in directions of a,, 

ay, a,) where q is arbitrary, hence an infinite number of wavevectors are 

selected forming a line in the Brillouin zone. For J2 >O and J1=2]2 the 

wavevector is ( q l ,  q2, q 3 ) ~  (in directions of a l ,  a2,  a3 )  where 

tan(q3/2)=(2sinql+2sinq2+sin(q~+q2))/(cos(q+q2)+l), hence a surface is 

selected in the Brillouin zone. For j2<0 and \1=0, the wavevectors are (0,0,0) 

and (1,0,0) and for Jz<O and ]2=-Jl, the wavevector is (q,q,+q) with q arbitrary. 

In each of the single phase regions of the phase diagram, for example in the 

<1/2,1/2,1/2> region, we must consider whether a single or multiple q state 

gives the lowest free energy. In general, this is done by considering the fourth, 

and higher, order terms in the Landau expansion. Recalling that the Fourier 

amplitudes are complex we write them as 

where j labels the ordering wavevector and U j  is real. The higher order terms 

will be functions of all qj's and $j's. For systems with many degenerate 

ordering wavevectors the resulting many parameter minimization of the free 

energy becomes unmanageable. As an alternative we note that the mean field 

entropy at x=1/2 is maximized when the magnitude of all q, are equal, i.e. 



where r and r'  are any two fcc lattice sites. This also ensures that at low 

temperature all sites are either pure transition metal or pure lithium. Any 

two structures ( with min{Jq} the same) that satisfy (3.11) will have the same 

free energy to all orders in the Landau expansion. 

Substituting (3.5) into (3.11) and summing over the allowed wavevectors in 

each region of the phase diagram (fig. 3.3) we determine the number of 

wavevectors allowed and their corresponding phase angles. For the lower 

right corner (J1>O, J2>0) there are three wavevectors of the type (100). The 

conditions (3.11) are only satisfied when only one of the wavevectors is 

present (1 .  e. q l d ,  q2=773=O) with phase angle @=O or r .  This results in a total of 

6 structures which are trivially related by interchanging the four fcc sublattice 

labels. In the region J1>0 and O<J2<1/2J1, we find one wavevector solutions to 

(3.11) with the phase angle @2=r/4.  Two wavevector solutions such as 

ql=(1/2,0,1), q2=(1/2,1,0), 771=772, @1=0 and &=7r/2 also satisfy (3.11) but yield 

identical real space structures as those obtained with only one wavevector. In 

the region at the top of the phase diagram U2>0 and -J2<11<2J2) there are four 

(1/2,1/2,1/2) ordering wavevectors. Equation (3.11) can be satisfied when only 

one wavevectors is present with phase angle @=O, resulting in a layered 

structure. However, another solution to (3.11) exists with 771=?72=~3=774 and 

$1 =$2=$3=O and @4= r, or any cyclic permutation thereof. These solutions 

correspond to the spinel structure. Hence, within the mean field 

approximation the layered and spinel structures both have identical free 

energies. All results of this section only apply when x=1/2 in (3.2). 



By inspection of the spinel and layer structures in figure 2.6(a) and 2.6 (b), 

the number of M-M contacts in each of the layered and spinel structures is 

equal to 6, which contributes 6J1 to the internal energy. Similarly, the 

number of second-neighbor (0) and third-neighbor (12) contacts is also 

identical. In fact, it can be proved that the number of M-M contacts at any 

distance in the two structures is the same ! This is easily shown. Consider the 

atom at the origin (the center of the supercell) of figure 2.6 (a). The spinel 

structure can be changed to the layered structure by rotating the (001) planes at 

z=(n+l/2)a by n/2 about the z axis. No distance from any atom to the atom at 

the origin is changed by this rotation. Since this choice of origin and axes is 

arbitrary, any point in each of two lattices has the same number and type of 

M-M, M-Li, and Li-Li contacts out to infinite distance. Thus the ground-state 

energies of the layered and spinel structures are the same, provided only 

pairwise interactions are included. 

The layered and spinel structures are very important for lithium transition 

metal oxides, and there is some confusion in the literature about the relative 

stability of these phases at finite temperature. Monte Carlo methods are used 

in the following section to investigate the structures for x = l  in LixM2-x02 

with first- and second-neighbor interactions. The results show that the 

layered and spinel structures are degenerate not just at T=O; but also 

degenerate at T>O. The free energy and entropy of the two structures upon 

warming are the same (within statistical error) in the entire range of 

temperature OlTlTc for various values of JI and 1 2 .  The layered and spinel 

structures also appear with equal probabilities in cooling runs. 



3.3 Phase Diagram at Finite Temperature 

Here Monte Carlo methods (Binder, 1986) are used to calculate the 11-\2-T 

phase diagram. 

In thermodynamic fluctuation theory, the distribution function of any 

macroscopic variable will be sharply peaked around its average value; e. g., for 

the energy E itself, the distribution will be peaked at < E > T ,  which is 

proportional to N, while the width of the distribution will be proportional to 

The Ising model is one of the typical samples studied with the Monte 

Carlo method. On a scale of energy per spin in Ising model, the width of the 

distribution shrinks to zero as I / m f o r  N tending to infinity. Thus, at any 

temperature, a rather narrow region of the configuration space of the system 

contributes significantly to the averages; If states were generated randomly, 

very small fraction of the generated states would actually lie in this important 

region of configuration space. 

In the Metropolis method (Binder, 1986), the sample is chosen with a 

probability proportional to the Boltzmann factor itself, i.e. , the states are 

distributed according to a Gaussian distribution around the appropriate 

average value. In the Ising-model example, one starts with some initial spin 

configuration. Thermal fluctuations are simulated by repeating the following 

six steps again and again: 

1) Choose one spin to be considered for flipping (Si to -Si) 

2) Calculate the energy change AH relative to that flip 

3) If AH<O, flip the spin, otherwise calculate the transition probability 

defined by W=exp(-AH/~BT) for that flip 

4) Generate a random number p between,zero and unity 

5) If p<W flip the spin, otherwise do not flip 



6) Calculate the averages as desired with the resulting configuration 

The Metropolis method is used here to calculate the Jl-J2-T phase diagram 

The J1-J2-T phase diagram for the fcc lattice-gas model is shown in figure 3.4. 

The center of the diagram corresponds to the high-temperature disordered 

phase with the rocksalt (NaCl) structure. No new ordered phases that do not 

exist at T=O appear at finite temperature for x=1/2 in LixM1-,0. For many 

values of Jl >Or the critical temperatures have been reported previously 

(Phani and Liebowtiz; Mohri, Sanchez, and de Fontaine). 

The critical temperatures have also been calculated here for Jl<O using the 

Monte Carlo method on an 8 x 8 ~ 8  fcc lattice (N=83x4). Critical temperatures 

were determined from the maximum in the fluctuations of the order 

parameter (i.e., the maximum in the ordering staggered susceptibility) which 

is defined as 

The composition x=1/2 was maintained by fixing the transition-metal 

chemical potential, 

To compare the critical temperatures here with those of much of the previous 

work, one must remember that lattice-gas-interaction constants (J's) will 

differ by a factor of 4, from those of' dn Ising model with a Hamiltonian of the 

form (3.1). 

As the layered and spinel structures are rather common for LIMO2 

materials, we feel it is important to study the relative stability of the 
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structures at finite temperature. Just because the ground states are equal in 

energy by no means implies that the free energies or entropies are the same at 

finite temperature. If one structure has a higher density of low-lying excited 

states it will have a higher entropy at finite temperature, hence being 

stabilized and  preferentially selected upon slow cooling. As mentioned 

above, some conflicting work on this question exists in the literature and, to 

our knowledge, no published Monte Carlo work exists for the case J I < O  (Li, 

Reimers and Dahn, 1994). Here we use both conventional Monte Carlo and 

recently introduced histogram Monte Carlo methods (Ferrenberg and 

Swendsen) by which the density of states and the entropy can be calculated 

directly. 

As stated previously, the spinel structure can be converted to the layered 

structure by simply rotating every other layer [i.e., those labeled by half 

integers in Figure 2.6 (a)] by 90•‹, about the z direction. One can also extend 

this idea to excited states. Any low-lying excited state above the spinel ground 

state can be converted, by 90" rotation, to a corresponding low-lying excited 

state above a layered ground state. When J1=0, the neighboring layers are 

uncoupled and there is no change in energy upon such rotation of any excited 

state. As a result, for every low-lying excited state above the spinel ground 

state there is a corresponding excited state above one of the layered ground 

states, with exactly the same energy. This one to one correspondence means 

that the density of low-lying excited states is identical, and also that no 

thermal selection will occur upon slow cooling, when J1=0. When JlzO, the 

neighboring layers become coupled and our simple proof no longer applies. 

Nevertheless, this r i~orous  result for 1 = 0  provides an important test of the 

Monte Carlo methods described below. which is used to address the auestion 

of thermal selection when - Indeed, it is true that for Jl=O, the Monte 
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Carlo method predicts an identical (within statistical error) low-temperature 

entropy and density of low-lying excited states. This gives us confidence in 

our Monte Carlo results for the case ]l#O. 

The transition-metal atom densities for the spinel and layered structures 

are described by the same set of four wave vectors, with Fourier amplitudes 

q1, rp, 773, and 774, respectively. Layered structures are described by any one of 

the four modes, and the spinel structure has equal contributions from all four 

modes. The root-mean squared Fourier amplitude, 

makes no distinction between the two phases. However, the order parameter, 

is 1 for perfect spinel order and -1 for perfect layered order. 

For interactions in the spinel and/or layered region of the phase diagram, 

slow annealing with the Monte Carlo method resulted in both the spinel and 

layered phases with 50 O/O probabilities. The result was independent of the sign 

of jl. This implies that the free energies of the spinel and layered phases are 

equal near T,. Figure 3.5 shows the probabi!ity distribution of A, [P(A)], at 

temperatures near and below Tc. The area under the peaks in the distribution 

is (50k2) % at any temperature. This shows that within statistical errors, the 

system is fluctuating between the two phases below T, with equal probability. 

The number of Monte Carlo steps needed for a fluctuation between phases 

increases rapidly below T, , making low-temperature studies of this problem 

with conventional Monte Carlo methods difficult. 



The energy-probability distribution P@E) at inverse temperature P=l /kT can 

be calculated approximately by Monte Carlo methods using 

where the energy E is distributed over a finite number of discrete bins, and 

Hp(E) is the number of Monte Carlo configurations generated with energy E 

during the simulation, i.e., Hp(E) is an energy histogram obtained from a 

simulation at inverse temperature p. If Pp(E) is known then the density of 

states can also be calculated from (Ferrenberg and Swendsen) 

where W(E) is the density of states and Zp is the partition function. In 

practice, Hp(E) will contain statistical noise due to the finite duration of the 

simulation. Assuming Poisson statistics, the statistical error in Hb(E) is simply 

Hp(E)l/2. Since Pp(E) is strongly peaked near <E>p, the counting statistics in 

the wings of the distribution will be very poor. This problem can be overcome 

by combining histograms from simulations at many different temperatures 

selected in such a way that all energy bins receive sufficient sampling. The 

histograms are then combined in an optimal manner, described in the 

reference (Ferrenberg and Swendsen), resulting in an estimate for the density 

of states W(E) or the entropy Sp. 



Here we use an 8 x 8 ~ 8  fcc lattice (Li, Reimers and Dahn, 1994). The spinel 

and the layered structures are introduced in the lattice at very low 

temperature (0.1 T,). The system is then gradually warmed up to a very high 

temperature (10000 T,). The temperatures are properly chosen to ensure that 

all energy bins receive sufficient sampling. The relative uncertainty of W(E) is 

proportional to l/dH,(E). For each temperature, 5x104 Monte Carlo steps are 

summed, giving 2x106 configurations over a total of 40 temperature points. 

The spinel and layered ground states are each eightfold degenerate. Hence 

the total degeneracy of the ground state is 16, and the entropy equals ln16 at 

T=O. When T is infinite, the entropy of the system is Nln2 (N is the total 

number of the sites). Therefore, the entropy of the layered phase and the 

spinel phase equal each other at T=O, and T=m, without dependence of J1 and 

12. The difference in the entropy of spinel and layered structures at low 

temperatures is calculated by warming up from their ground states, and by 

equalizing the entropy at T=O for the two structures. This can be thought of as 

a low-temperature expansion calculated by Monte Carlo methods. 

The Monte Carlo method is used to calculate W(E) and the entropy of the 

spinel and layered structures for Jl=0, 11 <O, and Jl >0, respectively. Figure 

3.6(a) shows the results of the ratio of W(E) for the two structures after 

warming for Jl=-(1/2)J2<0. The results are similar for cases of J1=O and Jl>O. 

The statistical error estimation is shown at the same time with two dashed 

lines. Eo is the ground-state energy. For (E-Eo)  / NJ2 near zero, the error 

estimation is quite large since some energy bins were sampled very 

infrequently. For (E-En) / NJ2 near 0.8, which corresponds to very high- 

temperature excitations, the error estimation is also large because these bins 

are at energies greater than <E>T=- and are, therefore, infrequently sampled. 

The arrow indicates the average energy at the critical temperature < E > T ~ .  



Clearly, the difference between W (E)spiml and W(E)layer  for E c < E > ~ ,  is 

within the estimated error. That means there is no difference in the density of 

excited states for the layered and spinel structures within statistical error. 

Figure 3.6(b) shows the entropy per site S I N  vs temperature for the layered 

and spinel structures. For the entire range of the temperature, the difference 

of S / N  for two structures is on the order of 5.0~10-5 k ~ ,  which is too small to 

see in figure 3.6(b). That means the spinel and layered structures have 

identical free energy and entropy in the region of where -J2<J1<2J2 and J2>0. 

The structures of lithium transition-metal oxides LiM02 are related to 

those of binary alloys, and can be explained with the lattice-gas model. The 

spinel and layered structures, which are common in LiM02 compounds, have 

energetically identical ground states, for arbitrary painvise interactions out to 

any distance. Furthermore, we (Li, Reimers and Dahn, 1994) proved that the 

spinel and layered structures have identical free energies and entropies for 

J1=0. Using Monte Carlo methods, we extend the conclusion to the region of - 

J2<J1<2J2 and J2>0 where the spinel and layered structures also have identical 

free energy and entropy (with statistical error) in the entire range of 

temperature. In the next section, we show that the theoretical results can 

explain the experimental results very well. 



3.4 The Layered and Spinel Phases of LiCo02 

Layered LiCo02 is prepared by reacting stoichiometric mixtures of Li2C03 

and CoC03 in air at 850•‹C (Mizushima, Jones, Wiseman and Goodenough) 

and it is called HT-LiCo02. Another phase called LT-LiCo02 was prepared by 

spray drying a solution of LiN03 and Co(N03)2.6H20 followed by heating to 

400•‹C in air (Reimers, Li, Rossen and Dahn). LT-LiCo02 can also be prepared 

by heating a stoichiometric mixture of LiOH.H20 and CoCO3 in alumina 

boats, to 400•‹C in extra dry air for 90 hours. Neutron diffraction studies 

determined that LT-LiCo02 was structurally similar to the normal high 

temperature form of HT-LiCo02 (Gummow, Thackeray, David and Hull). The 

structural difference between LT-LiCo02 and HT-LiCo02 is that the hexagonal 

cell constants, cla4.9 for LT-LiCo02, were consistent with an ideal cubic close 

packed oxygen lattice, and c/a-5.0 for HT-LiCo02, was slightly distorted from 

the ideal cubic close packed oxygen lattice. Figure 3.7 (Reimers, Li, Rossen and 

Dahn) shows the observed x-ray powder diffraction profile, calculated profile, 

and difference profile for LT-LiCo02 and for HT-LiCo02. Comparing the x-ray 

powder diffraction profiles of LT-LiCo02 and HT-LiCo02, one finds that the 

peak intensity ratios and peak positions for both materials are almost 

identical. For example, the peaks 003, 101, 104, 015, 113 in LT-LiCo02 have the 

same peak intensity ratios and almost the same positions as those in HT- 

LiCo02, respectively. The peaks 006 and 102, split when c/a#4.9, are merged 

when c/a=4.9. The sum of the 006 and 102 intensities in HT-LiCo02 is equal to 

that of the the 006/102 merged peak in LT-LiCo02. The 018 and 110 peaks 

behave similarly. 

The electrochemical behavior of the two LiCo02 materials is markedly 

different. Figure 3.8 (Reimers, Li, Rossen and Dahn) shows the voltage versus 



composition Ax in Lil-xCo02 for both LT-LiCo02 and HT-LiCo02. It is hard to 

understand how two materials with very similar powder diffraction patterns 

can exhibit such large differences in electrochemical behavior. 

The puzzle is solved if one abandons the assumption that LT-LiCo02 

adopts a layered structure. The spinel structure has identical free energy and 

entropy according to the results from sections 3.2 and 3.3 so it might be 

formed instead of the layered structure. The hexagonal distortion is, of course, 

absent in the spinel structure. However, do we expect the diffraction 

intensities for the layered and spinel structures to be so similar? We consider 

this point below. 

In the spinel structure, the oxygen atoms form a cubic-close-packed array 

which is identical to the oxygen network in the layered structure of HT- 

LiCo02 when we neglect the small hexagonal distortion. The contri~utions 

from the oxygen atoms to the x-ray diffraction are therefore identical. Since 

the layered and spinel structures have the same number and type of Co-Co, 

Co-Li, and Li-Li contacts out to infinite distance, the intensities of the Bragg 

peaks can be easily proved to be identical for both structures using the Debye 

formula (Reimers, Li, Rossen and Dahn), as we show below. 

The Debye formula is valid for both small clusters of atoms and extended 

crystal structures. The scattered intensity, I(q), at wave vector q=4xsine/h is 

given by (Warren) 

where fi and f i  are the atomic scattering factors for the atoms at sites i and j, 

and ri,i is the distance between sites i and j. Another way of writing (3.18) is 



as a sum over coordination shells (i.e. nearest neighbor, next nearest 

neighbor, etc. ) 

where N,(Co-Co) is the number of Co-Co contacts in the mth coordination 

shell and r, is the distance to the mth coordination shell. The two lattices 

have the same number and type of Co-Co , Li-Co and Li-Li contacts out to 

infinite distance as we showed earlier. The further terms in 3.19, indicated by 

"+ ...", corresponding to 0 - 0  and 0-cation contacts, are also clearly the same 

for both the spinel and layered structures. Therefore l ( q )  is identical for the 

spinel and the layered structures. This conclusion is independent of the 

scattering probe. For example, powder patterns for the spinel and the layered 

structures are identical if measured with either x-ray or neutron scattering. 

Figure 3.9 shows the simulated x-ray powder patterns (Reimers, Li, Rossen 

and Dahn) for both the spinel structure and the "cubic layered structure". The 

cubic layered structure is identical to the layered HT-LiCo02 structure except 

that the 0-Li and 0-Co layer spacings are fixed to be identical and the cell 

constant ratio is fixed at its ideal cubic value c/a=.\j24=4.9. The simulated 

powder patterns shown in figure 3.9 are absolutely identical. The conclusion 

is also valid for neutron powder patterns. 

In this chapter, a lattice gas model was used to explain the structures of 

some lithium transition metal oxides. The spinel and layered structures were 

proved to be energetically identical which explains why spinel and layered 

LiCo02 exist. HT-LiCo02 is the thermodynamically stable phase because it is 

stabilized by the hexagonal distortion which is not included in the theory in 



this chapter. Furthermore, the theoretical results were used successfully to 

explain the similarity between the x-ray diffraction patterns of HT-LiCo02 and 

LT-LiCo02. We also showed that the crystal structure is very important for 

determining the electrochemical behavior of the materials. In the following 

chapter, in-situ x-ray diffraction methods are used to study electrochemically 

the structures of Li1-~Ni02. 



1 Second-Nearest-Neighbor 

lnteraction 

First-Nearest-Neighbor 
lnteraction 

Figure 3.1. The first-neares t-neighbor- and the second-nearest- 

neighbor interactions are shown for the black site in the cation 

lattice. The gray balls are the second-nearest-neighbor sites and 

the checkerboard balls are the first-nearest-neighbor sites. 



Figure 3.2. The vectors al, az, a3 are shown for the rhombohedra1 

primitive lattice (dashed lines). The vectors a,, ay, a, for the 

conventional fcc cubic lattice are shown at the same time. 
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J?=-JI ,  JI<O 

Spinel 

<o,o,o> 

Clustering 

<1,1/2,0> y-LiFeO, 

CuAu 

<1 ,o,o> 

Figure 3.3. The phase diagram of the fcc lattice predicted by 

mean-field theory as a function of 11 and 12. The positions of the 

layered, spinel, and y-LiFe02 structures have been indicated as 

have the family of ordering wave vectors in each single-phase 

region. 



CuAu 

Figure 3.4. The phase diagram calculated by Monte Carlo 

methods. The region inside the data points around the origin (0, 

0) is the high-temperature disordered phase. Outside the data 

points, where careful calculations were made, the ordered 

structures indicated are formed. The black circle data points are 

from Phani et. al, and the black square data points are from 

Mohri et. al. 



Layered Spine 2 

Figure 3.5. The probability P(A)  of finding a particular value of A. 

The layered and spinel phases appear with equal probability for 

various temperatures below Tc. The calculation is for an  8 x 8 ~ 8  

lattice using ]1=0. 1 .0~106 Monte Carlo steps per site were used to 

generate the probability distribution. Similar results are obtained 

for various values of 11, provided one stays in the region of 

stability of the spinel and layered phases. 



(E-E ) /NJ 
0 2 

Layered & Spinel 

Figure 3.6. (a) Ratio of density of states W(E)  for spinel and 

layered structures are shown as calculated using Monte Carlo 

methods. The dashed lines show the positive and negative (+o) 

error estimations. Eg is the ground-state energy. The arrow 

indicates the value of <E-Eo>~=~~/Nj2=0.376. (b) Entropy per site 

S is shown vs k ~ T / ] 2  for layered and spinel structures. The 

difference in SIN for the two structures is less than 5x1Ck5kB. 
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Figure 3.7a Observed x-ray powder diffraction profile, Calculated 

profile, and difference profile for LT-LiCo02 indexed with the 

hexagonal layered structure. 
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Figure 3.7b. Observed x-ray powder diffraction profiles, 
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Figure 3.8. Voltage versus composition Ax in L i l - ~ ~ C o 0 2  for 

Li/LiCoO2 cells with LT (left) and HT (right) forms of LiCo02 as 

cathodes. 
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Figure 3.9. Simulated x-ray powder diffraction profiles of 

modified cubic layered HT-LiCo02 and spinel (Fd3m) LT-LiCoOz 

(or Li2Co204). 



Chapter 4. In Situ X-ray diffraction and 
Electrochemical Studies of Li1-~Ni02 

4.1 Introduction 

As described in Chapters 1 and 2, LiNi02 is one of the current candidates for 

an electrode material for use in advanced rechargeable batteries. The crystal 

structure changes which occur as a function of x in Li1-~Ni02 have been 

studied with much less precision in two previous reports (Dahn, von Sacken 

and Michal; Ohzuku, Ueda and Nagayama). In the former one, the structure 

was found to be single phase for 01~10.6 in LilmxNi02 because insufficient 

resolution and counting statistics were used in the X-ray measurements. In 

the more precise measurements of the latter one, studies on separate samples 

showed evidence for a monoclinic phase and two-phase regions between this 

phase and neighboring hexagonal phases. However, two-phase regions were 

not indicated on the phase diagram presented in the reference (Ohzuku, Ueda 

and Nagayama). 

We used in situ x-ray diffraction to study the structures of Lil-xNi02 (Li, 

Reimers and Dahn, 1993). The original x-ray cell design (Dahn, Py and 

Haering) works well to study low voltage cathode materials like LixTiS2 

where the voltage of the electrode is below 3.0 V with respect to Li metal. For 

cathodes like Lil-xCo02 and Li1-~Ni02, which operate near 4.0 V, corrosion of 

the beryllium and stainless steel cell hardware is severe (Reimers and Dahn, J. 

Electrochem. Soc., 1992) and makes cell life short. Here, a new improved in 

situ x-ray cell design is used to minimize corrosion of the cell hardware. 



4.2 Experimental 

LiNi02 was prepared by reacting stoichiometric mixtures of LiOH.H20 

(FMC, Bessemer City, NC, USA) and Ni(OH)2 (Aldrich Chemical Company 

Inc. Milwaukee, WI, USA). The powders were ground with a mortar and 

pestle and were then heated at 700•‹C for two hours in air (Li, Reimers and 

Dahn, 1992). Cathodes were prepared by mixing LiNi02 powders with 5 O/O by 

weight of Super S carbon black (Chemetals Inc., Baltimore MD, USA) and a (2 

O/o by weight) binder solution of EPDM (ethylene propylene diene terpolymer) 

in cyclohexane, to make a slurry of the electrode powder mixture. The slurry 

was spread on aluminium foil and allowed to dry. Typical cathodes had a 

coverage of 20 mg/cm2 and were 1.2x1.2 cm2 in size. A 1 M solution of LiPF6 

in equal volumes of propylene carbonate and ethylene carbonate was used as 

electrolyte in these in situ x-ray cells. 2325-size coin cells using these 

electrodes as described by Dahn et al. were also used to test the LiNi02. 

Figure 4.1 shows the new design used here for the in situ x-ray cell. The 

cathode is attached to the cell base where the elevated area (A1 base in figure 

4.1) of the base is exactly the same size as that of the cathode. The 

electrochemical corrosion reaction is apparently very sensitive to the pressure 

and distance between the anode and cathode. This design minimizes the 

possible corrosion reaction area between the cell base and the beryllium 

window since the area within the O-ring not covered by the cathode is widely 

separated (2 mm) from the beryllium window. The cells are not flooded with 

electrolyte. Hence, the electrochemically active space is only the area of the 

cathode and the lithium foil. The beryllium window is not corroded at Li 

potential but is strongly corroded at 4 V. Thus, the Li is placed in contact with 

the Be. 



X-ray diffraction measurements were made using a Phillips powder 

diffractometer with a diffracted beam monochromator. Cu Kct radiation was 

used and the x-ray beam penetrated through the beryllium window, lithium 

foil and the separator to reach the cathode. Beryllium and lithium are light 

elements, the separator is a 50 micron film of Celgard #2502 microporous 

polypropylene, so we can still observe a strong diffraction signal from the 

cathode (Dahn, Py and Haering). The small loss in x-ray intensity, associated 

with placing the anode next to the beryllium, is greatly offset by the much 

improved electrochemical reliability of the cell. 

X-ray diffraction data points were recorded every 0.05" of 28 and one x-ray 

diffraction scan took about 80 min, which corresponded to about h=0 .01  at 

the small current which was used. About 80 x-ray diffraction patterns were 

obtained during both charge and discharge to allow careful observations of 

the Lil-xNi02 structure changes. 

The structure of the LiNiO2 starting material was characterized by Rietveld 

profile refinement as described previously (Li, Reimers and Dahn, 1992). 

Figure 4.2 shows the structure of LiNi02. The hexagonal unit cell is drawn 

with thick lines and a monoclinic unit cell needed to index Li1-~Ni02 for 

0.251x10.50 is shown with dashed lines. Another monoclinic unit cell used by 

Ohzuku et a1 with the same aM and b ~ ,  but with a different choice for the 

other axis specified by c '  and P', is also shown. LiNiO2 is not perfectly ordered 

as shown in figure 4.2, there are about 2 % of the lithium atoms in the nickel 

layers and 2 O h  of the nickel in the lithium layers (Li, Reimers and Dahn, 

1992). 



4.3 Results 

Figure 4.3a shows V(x) for several cycles of a Li/Lil-,Ni02 coin cell cycled at 

a 100 hour rate ( at the current chosen, it would take 100 hours to change x by 

Ax=l). The V(x) profile shows several pronounced plateau regions which are 

more clearly observed when dx/dV is plotted versus V as shown in figure 

4.3b (dx/dV on discharge and -dx/dV on charge). For figure 4.3, x is calculated 

from the cathode active mass and the charge transfer. During the x-ray 

experiment, the cell voltage and x corresponding to the middle of each scan 

were recorded. It is our goal to understand the origin of the structure in V(x) 

and the peaks in dx/dV. The labelling of the peaks and single phase regions in 

figure 4.3b will be made clear in our subsequent discussions. Sharp peaks in 

-dx / d V correspond to phase transitions and minima correspond ti, single 

phase regions (Berlinsky, Unruh, McKinnon and Haering). 

Some (every 3rd scan) of the in situ data for the ( 0 0 3 ) ~  peak (H for 

hexagonal structure ) is shown in figure 4.4 for the charge from 3.4 V to 4.25 

V, which corresponds to 0.01x10.82. Between 3.4 and 4.04 V, the ( 0 0 3 ) ~  peak 

shifts to lower angle as Li is deintercalated. Above 4.04 V, the peak begins to 

shift back to higher angle, and then near 4.18 V, its intensity begins to 

diminish as a new peak near 19.7" appears, in a two-phase region. This two- 

phase region corresponds to the highest voltage peak in dx ldV shown in 

figure 4.3b. 

Figure 4.5 shows the data in the region of the ( 1 0 1 ) ~  and ( 0 0 6 ) ~  peaks. As 

the cell is charged above 3.65 V the original ( 1 0 1 ) ~  peak begins to shrink and 

initially coexists with two new peaks, (201)M and ( 1 1 1 ) ~ ~  (subscript M denotes 

the monoclinic phase) which take its place. These two peaks remain, and shift 

smoothly until near 4.04 V when they coalesce into a single peak again. The 
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two peaks referred to above have a 1:2 intensity ratio. The weak ( 0 0 6 ) ~  peak 

shifts smoothly to lower angle, consistent with the behavior of the ( 0 0 3 ) ~  

peak, as the cell is charged from 3.4 V until it becomes "buried" under the two 

peaks derived from (101)~ .  

Figure 4.6 shows the data in the region of the ( 1 0 5 ) ~  peak. The difference 

between ( 1 0 1 ) ~  and ( 1 0 5 ) ~  is that there is no significant peak splitting for 

( 1 0 5 ) ~  during the whole range of charge. However, the ( 1 0 5 ) ~  peak becomes 

broad between 3.65 V and 4.04 V, and it becomes sharp again above 4.04 V. It 

disappears from the angular range plotted above 4.18 V, since it shifts to 

higher angle, consistent with the behavior of the ( 0 0 3 ) ~  peak. 

Figure 4.7 shows the data in the region of the ( 1 0 7 ) ~  peak at the same 

voltages and lithium concentrations as in figure 4.5. Consistent with the 

behavior of the ( 1 0 1 ) ~  peak, the ( 1 0 7 ) ~  peak splits into two peaks above 3.65 

V, which have a 1:2 intensity ratio again. Above 4.04 V these peaks merge 

again into a single peak. As the cell is charged through the final (highest) peak 

in dx/dV (figure 4.3b), the peak weakens and disappears as a new 107 peak at 

higher angle (not shown) appears and strengthens. This latter behavior is 

consistent with the behavior of the ( 0 0 3 ) ~  and ( 1 0 5 ) ~  peaks in the same 

voltage range. 

Finally, figure 4.8 shows the behavior of the ( 1 1 0 ) ~  and ( 1 1 3 ) ~  peaks (a 

portion of the data near the ( 1 1 0 ) ~  peak at the lower voltages was not 

measured and is unavailable). Below 3.65 V a single ( 1 1 3 ) ~  peak is observed. 

The peak splits into two broad peaks in the voltage range between 3.65 V and 

4.04 V. Again, these peaks merge into a single peak above 4.05 V. Above 4.18 

V, this peak disappears as a new ( 1 1 3 ) ~  peak appears at above 70.0". The 

( 1 1 0 ) ~  peak also splits into two peaks (1:2 ratio) between 3.65 V and 4.04 V. 



From the information shown in figures 4.4-4.8 it is now possible to 

completely determine the unit cell of L i ~ - ~ N i o ~  as a function of x.  The 101, 

107, 113 and 110 peaks all split in the region between 3.65 and 4.04 V. Most 

important is the splitting of the 110 peak which means that the distortion of 

the unit cell is primarily in the plane perpendicular to the hexagonal c axis. 

Figure 4.2 shows the monoclinic cell consistent with this distortion. In the 

other voltage ranges the unit cell is hexagonal, and has the same structure 

type, neglecting lithium, (judging by the peak intensities) as the original 

LiNi02 structure. Now we concentrate on the monoclinic phase. 

In a hexagonal structure, the ( 1 0 1 ) ~  powder peak is 12-fold degenerate; The 

degenerate reflections are +(1,0,+1)~, f (O,l,+l)~, +(Ill, k 1 ) ~ .  In the space group 

R 3m, only six of the reflections, (1,0,1), (I, 0,l) (0,1,1), (O,I,I), (l ,I , l)  and (;1,1,1) 

have non-zero intensity. Similarly, ( 1 0 7 ) ~  and ( 1 1 0 ) ~  powder peaks also have 

six non-zero degenerate reflections. On the other hand, ( 1 1 3 ) ~  has twelve non 

zero degeneracies. [In R 3m structures, it is customary to label the indices of 

allowed 101 powder peaks as (101), (102), (104), (105), etc. It has not been done 

so here explicitly, and instead, when referring to ( 1 0 1 ) ~  and ( 1 0 2 ) ~ ~  that 

means we are referring to the allowed peaks [loll). In the monoclinic 

structure, the degeneracy is different from that in R 3m. The transformation 

between hexagonal unit cell vectors and monoclinic cell vectors describing 

the undistorted structure shown in figure 4.2 is given by: 



where I a H  I = I b~ I for hexagonal unit cell. Hence, the Miller indices transform 

according to equation (4.2) below: 

Using equation (4.2), the six non-zero ( 1 0 1 ) ~  reflections transform to 4 ( 1 1 1 ) ~  

and 2 (201)M reflections. Moreover, the six ( 1 0 7 ) ~  reflections transform to 4 

(117)M and 2 ( 2 0 7 ) ~ ~  and the 6 ( 1 1 0 ) ~  reflections to 2 ( 0 2 0 ) ~  and 4 ( 3 1 0 ) ~ .  The 

12 ( 1 1 3 ) ~  reflections transform to 8 ( 3 1 0 ) ~  and 4 ( 0 2 3 ) ~ .  The ratios of the 

intensities of the neighboring monoclinic peaks derived from a single 

hexagonal powder peak are simply given by the ratios of the multiplicities: 

(1 ~ ~ ) M / ( 2 o ~ ) M = ( ~ ~ ~ ) M / ( ~ ~ ~ ) M = ( ~ ~ ~ ) ~ / ( ~ ~ ~ ) M = ( ~ ~ ~ ) M / ( ~ ~ ~ ) M ~ ~  

(4.3) 

For the case of the ( 1 0 5 ) ~  peak, the splitting between ( 1 1 5 ) ~  and ( 2 0 5 ) ~  is not 

large enough to be seen, but the peak becomes broad in the monoclinic phase. 

The behavior of the ( 1 0 2 ) ~  peak (not shown here) is also similar to that of the 

( 1 0 5 ) ~  peak. The peaks used here for least square fitting the unit cell 

parameters in the monoclinic phase include (003), (201), (111), (006), (202), 

(112), (205), (115), (207), (l17), (208), (310), (020), (313) and (023). The measured 

positions of (112) and (202) were taken to be the same since no peak splitting 

of ( 1 0 2 ) ~  was observed. The same was done for (205) and (115). The difference 

between measured and calculated peak positions is always less than 0.1O0, and 

usually less than 0.03", even for the broad peaks in the monoclinic phase. 



Figure 4.9 shows the unit cell parameters for 0<x<0.82, measured during 

the x-ray experiment as Li is removed from LiNi02. For 0<x<0.15 in Lil- 

,Ni02,  the structure is the original hexagonal one, denoted by HI .  For 

0.15<x<0.25, the hexagonal H1 and monoclinic M phases coexist. The circular 

and square data points for 0.15<x<0.25 show unit cell parameters of the 

coexisting HI and M phases respectively. For 0.25<x<0.50, only the M phase 

exists. Another two-phase region appears for 0.50<x<0.57, where the 

monoclinic phase and a new hexagonal (Hz) phase coexist. For 0.57<x<0.68, 

the only phase present is the hexagonal H2 phase. Another hexagonal phase, 

H3, appears with H2 phase for 0.68<x<0.82. The original peaks ( 1 0 7 ) ~ ~  ( 1 1 0 ) ~  

and ( 1 1 3 ) ~  shown in figure 4.7 and 4.8 split and become broad in the 

monoclinic phase, so it is difficult to locate these peak positions accurately in 

the monoclinic phase. Therefore the unit cell parameters in the mvnoclinic 

phase are not as accurate as those in the hexagonal phases. However, the 

( 1 0 7 ) ~  peak shown in figure 4.7 clearly splits into two broad peaks with a 2:l 

intensity, which correspond to the ( 1 1 7 ) ~  and ( 2 0 7 ) ~  peaks respectively in 

monoclinic phase. Similarly, the original ( 1 1 3 ) ~  also splits into two peaks, 

( 3 1 3 ) ~  and ( 0 2 3 ) ~ ,  with 2:l intensity ratio. The original ( 1 1 0 ) ~  also shows a 

similar splitting in the monoclinic phase. 

The peaks in dx/dV shown in figure 4.3 correlate well with the positions of 

the two-phase regions, except for the HI---->M transition. Here, the transition 

appears to be kinetically hindered during the first charge, since the peak in 

dx/dV corresponding to this transition is weak compared to later cycles (see 

figure 4.3). On the first charge the peak in dx/dV is almost completed before 

we see good evidence for two-phase coexistence by x-ray diffraction. On latter 

cycles, this is not the case, and the peak in dx/dV correlates well with the two- 



phase region. Figure 4.3 shows that during the first discharge of the cell, the 

lithium content apparently does not return to x=O in Liz-,Ni02. 

Figure 4.10 shows the volumes of the three hexagonal unit cells, and half of 

the volume of the monoclinic unit cell plotted versus x. The square data 

points are for the monoclinic phase, and the circular data points are for the 

three hexagonal phases. As Li is deintercalated from Lil-,Ni02, the volume 

becomes smaller. Four steps in the volume versus x graph clearly indicate 

the four phases in Lil-,Ni02. 

Figure 4.11 shows a phase diagram for Lil-,Ni02. It is easy to determine the 

two-phase regions for Hl+M and H2+H3, since we find that Bragg peaks 

belonging to the different phases appear at the same time. On the other hand, 

the two-phase region for H2+M is less apparent, since the Bragg peaks for the 

two-phases are not well separated. However, there must be a two-phase 

region because of the large peak in dx/dV(Berlinsky, Unruh, McKinnon and 

Haering) in that region (H2+M peak in figure 4.3b), and because of the 

discontinuity of the unit cell parameters. To obtain the values of x for the end 

points of the two-phase regions, we have averaged the starting points of the 

plateaus measured during charge and discharge for the reversible cycles 

shown in figure 4.3. This is consistent with the unit cell results in figures 4.9 

and 4.10. 

Like Lil-xNi02, Lil-xCo02 also undergoes a phase transition from hexagonal 

to monoclinic for a certain range of x (Reimers and Dahn, J. Electrochem. 

Soc.). For Lil-,Co02, the monoclinic phase appears in a narrow area around 

x=0.5, and the (110) reflection does not split into two peaks. This is different 

from the monoclinic distortion of Lil-,Ni02, where the basal plane of Lil- 

,Ni02 is distorted significantly. However, the monoclinic distortions of both 



are consistent with the space group C2/m (Ohzuku, Ueda and Nagayama; 

Reimers and Dahn J. Electrochem. Soc.). 

Table 4.1 lists the unit cell parameters versus x in L i ~ - ~ N i o ~  for the three 

hexagonal phases and the monoclinic one. In order to compare with the other 

work, we (Li, Reimers and Dahn, 1993) also transform to the monoclinic axes 

used in previous work (Ohzuku, Ueda and Nagayama). There are some 

differences between our results and theirs. We observe the two-phase 

coexistence regions Hl+M and H2+M, which are not shown in their data (see 

figure 12 in the reference Ohzuku, Ueda and Nagayama). Our values of P '  
differ slightly from those of Ohzuku et al. also. One reason is that the peak 

indexed as ( 2 0 7 ) ~  here is indexed by Ohzuku et a1 as (003) in the monoclinic 

phase, which means it is originally from ( 0 0 9 ) ~ .  Since the intensity ratio 

( 1 0 7 ) ~ / ( 0 0 9 ) ~  is about 7:l for LiNi02, the intensity of the ( 2 0 7 ) ~  peak must be 

larger than that of the peak originally from (009)~ .  Hence, we believe that our 

Miller index assignments are correct. Our data also have much less scatter, 

presumably because in situ techniques were used here. 

In summary, Lil-xNi02 undergoes three phase transitions between x=O.O 

and x=0.82. These are hexagonal to monoclinic, monoclinic to hexagonal and 

hexagonal to hexagonal. Three coexisting phase regions are found, which 

correspond to three first-order phase transitions. The original ( 1 0 1 ) ~ ~  ( 1 0 7 ) ~ ~  

( 1 1 0 ) ~  and ( 1 1 3 ) ~  peaks each split into pairs of broad peaks between 

0.25<x<0.50, which is consistent with a hexagonal to monoclinic phase 

transition. The electrochemical properties clearly support the x-ray diffraction 

analysis, indicating three strong peaks in dx/dV in the three coexisting-phase 

regions. 



Table 4.1. Lithium compositions, x, in Li1-~Ni02 at which in situ x-ray 
data were analyzed during the first charge of a Li/LiNi02 in situ x-ray 

I 
cell. The measured lattice constants are also listed and the phases are 
designated. The numbers in brackets are the error value. 

x in a (A) b(A) c(A) P c'@) D l  Phase 
Lil-xNi02 (Degrees) (Degrees) 
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Figure 4.1. Schematic drawing of the in situ x-ray cell with the 

cell top, beryllium window, lithium anode, separator, cathode, 

aluminum base, O-ring and nylon screws. The x-rays penetrate 

through the beryllium window, lithium foil, and separator to 

the cathode. The aluminum base is the same size as the cathode 

to minimize any residual current and possible corrosion. 
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Figure 4.3 The charge and discharge curves as measured in a 

Li/LiNiOz coin cell for the first two cycles. A 100 hour rate was 

used at 3O0C. The corresponding data collected for the x-ray cell 

is essentially the same as those of the coin cells. (b) The 

derivative, dx/dV, plotted versus V for the cycles shown in (a). 



20 (Degrees) 
Figure 4.4. In situ x-ray scans of the original ( 0 0 3 ) ~  reflection 

over the voltage range 3.552VG.25 V during the first charge of a 

Li/Lil-,Ni02 cell. 



20 (Degrees) 

Figure 4.5. In situ x-ray scans of the original ( 1 0 1 ) ~  and ( 1 0 6 ) ~  

reflections over the voltage range 3.552Va.25 V during the first 

charge of a Li/Lil-,NiOz cell. 



28 (Degrees) 
Figure 4.6. In situ x-ray scans of the orignial ( 1 0 5 ) ~  reflection 

over the voltage range 3.55SV54.25 V during the first charge of a 

Li/Lil-,Ni02 cell. 



20 (Degrees) 
Figure 4.7. In situ x-ray scans of the original ( 1 0 7 ) ~  over the 

voltage range 3.55SV54.25 V during the first charge of a 

Li/Lil-,Ni02 cell. 



28 (Degrees) 
Figure 4.8. In situ x-ray scans of the original ( 1 1 0 ) ~  and ( 1 1 3 ) ~  

reflections over the voltage range 3.55SV14.25 V during the first 

charge of a Li/Lil-,Ni02 cell. 
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Figure 4.9. Variation of the unit cell parameters for the three 

hexagonal phases and one monoclinic phase observed in 

Lil-xNi02 as a function of composition x .  The hexagonal phase 

cell constants (c and a) are indicated with circles and diamonds, 

and the monoclinic phase ( a ~ ,  b ~ ,  c ~ ,  P) with squares. 
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Figure 4.10. The hexagonal cell volume (circles and diamonds) 

and half of the monoclinic cell volume (squares) as a function 

composition x in Li1-~Ni02. 



x in L i  NiO 

Figure 4.1 1. Room temperature phase diagram of LilmxNi02 

showing the three single phase regions and the three coexisting 

phase regions. 



Chapter 5. Lithium Intercalation from Aqueous 
Solutions 

5.1 Theory 

Lithium can be intercalated into a wide variety of materials using non- 

aqueous electrochemical cells. The use of aqueous methods is less common 

because of the reactivity of many lithium intercalation compounds with 

water. As introduced in Chapter 1, it may be better to use Li2Mn204 to replace 

LiMn204 in rechargeable lithium-ion batteries. However, there was no 

convenient method to make Li2Mn204 for lithium-ion cell applications. Here 

we use a new method involving lithium intercalation from aqueous 

solutions (Li, McKinnon and Dahn) to make Li2Mn204. Other lithium 

transition metal oxides with high lithium contents can possibly be made for 

lithium-ion cell cathodes by this method. 

The materials must be stable in aqueous solutions in order to be made in 

the solutions. Therefore, we first consider the stability of lithium 

intercalation compounds in aqueous alkaline solution. Then we describe the 

aqueous electrochemical cell we use to make Li2Mn204. We show by X-ray 

diffraction, chemical analysis and electrochemical testing that it is possible to 

make Li2Mn204 from LiMn204 in aqueous solution. Finally, we show test 

results for our Li2Mn204 in non-aqueous Li electrochemical cells. 

As shown in figure 1.3, it is well known that many lithium transition 

metal oxide compounds are stable in air and water (e. g. LiMn204, L i N Q  

etc.) while others, (e. g. LiMo02, LiW02 etc. ) are not. We must consider the 

stability of lithium transition metal oxide intercalation compounds in water 



and in LiOH solutions. Following McKinnon and Haering we define the 

chemical potential, p:' of intercalated Li in Li,(Host) as 

where G ~ , W ~ , O  is the Gibbs free energy of one mole of Li,(Host) in its standard 

(solid) state and NA is Avagadro's number. Integrating, we have 

where G:,,, is the Gibbs free energy of Host in its standard state. McKinnon 

and Haering showed that the voltage, V(x), of a Li/Li,(Host) intercalation cell 

is given by (1.1), which is rewritten here 

where p: is the chemical potential of Li in Li metal = (&: I~N),,,) and e 

is the magnitude of the electron charge. 

Assume we are given an intercalation compound, Li,(Host) containing Li 

at some chemical potential, p,'(x). The compound is placed in water. Here, 

we assume that there is so much compound relative to water that x does not 

change appreciably when the compound reacts with water, and so pZt(x) does 

not vary. As intercalated Li reacts with water, the Li+ concentration increases 

and the pH rises as more OH- forms. What is the equilibrium value of the 

pH, or alternatively at what value of the pH will the Li no longer 

deintercalate from the compound? 

In equilibrium, the following reaction holds 



Li( intercalated) + H 2 0  H Li' + OH + (1 /2)H,. (5.2) 

Presumably, little bubbles of H2 will form over the surface of the Li,(Host) 

compound, so H2 will be at approximately 1 atmosphere pressure, in its 

standard state. Therefore, in equilibrium 

0 
p;[ (x)+p; ,  =Po, +p.. + ( I /  W H 2  (5.3) 

In equation (5.3), is the chemical potential of water in its standard state, 

 OH- and pLi+  are the chemical potentials of OH- and Li+ in solution 
0 

respectively, and pH: is the chemical potential of H2 in its standard state. 

Charge conservation requires that 

[Li'] + [H'] = [OH-] 

where [Li+] is the concentration of Li+ in moles per liter. Provided the added 

water has pH=7, the solution will become basic, so that 

[Li'] >> [H'] 

Thus, we approximate 

[Li'] = [OH-] 

The chemical potentials of OH- and Li+ in solution depend on concentration 

through the Nernst equation, (assuming full dissociation) i. e. 

p,. = p i .  + kTln[Li '1 (5.5a) 

- O + kTln[OH -1 
OH- - p  OH- (5.5b) 



0 where p,. and p:, are the chemical potentials of Lit and OH- respectively 

in 1 molar solution. k is Boltzmann's constant and T is the Kelvin 

temperature. Combining equations (5.3), (5.4) and (5.5) we obtain 

We now recall the definition of pH 

pH = -log,dH'] 

Equation (5.7) and [OH-][H+]=lO-14 are used with equation (5.6) to give 

0 0 0 0.1 l 8 p H  = 1.657 +/.f :'(x) + p  :20 -Po,- -/.f ti. - (1 1 2 ) ~  
(5.8) 

where we have substituted kT=0.0257 eV/atom at 25•‹C. The units of all terms 

in equation (5.8) are in eV/atom. The term involving chemical potentials in 

equation (5.8) is easily evaluated from thermodynamic tables. Using equation 

(5.1), we get 

Substituting this into (5.8) gives a term 

This term is minus the partial molar free energy change for the reaction 

The free energy change for this reaction is -51.23 Kcal/mole or -2.228eV/atom. 

Substituting in (5.8) gives 



Solving for V(x), gives the result 

V(x)=3.885-0.118pH (volts) (5.9) 

What is the significance of equation (5.9)? Lithium intercalated Hosts, 

Li,(Host) which have a voltage, V(x), versus Li placed in contact with H 2 0  

will react and the resulting pH will be given by the solution of equation (5.9). 

Therefore, we expect Li2Mn204 which has V=2.97V versus Li metal 

(Tarascon), to be stable in aqueous LiOH solutions with pH greater than about 

8, provided there is no oxygen or C02 in the environment. Equation 5.2 

suggests that high LiOH concentrations and high H2 pressures can cause 

intercalation of Li in solids in aqueous solution. However, the use of high 

hydrogen pressures can sometimes lead to safety concerns, and therefore this 

is discouraged. 

An alternative to equation (5.9) is an expression for the molarity of the 

LiOH solution where a compound Li,(Host) with voltage V(x) is in 

equilibrium. Starting from equations (5.4) and (5.6), we find 

V(x)=2.23-2kTln[Li+] (Volts) (5.10) 

If V(x)>2.23-2kTln[Li+], no Li will deintercalate from Li,(Host) and Li,(Host) 

will be stable in the alkaline solution. Therefore Li2Mn204 is stable in a 1 

Molar aqueous LiOH solution. 

The results given by equation 5.9 and 5.10 are important and deserve some 

further consideration (Li, McKinnon and Dahn). Bockris and Reddy discuss 

the oxygen and hydrogen evolution reactions which occur in aqueous 
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electrolytes in detail. Figure 5.1 shows the stability window of H 2 0  as a 

function of pH in solutions with 1 M Li+ ion concentration. When the Li+ 

ion concentration is 1 M, the potential of Li--->Li++e- can be located on the 

figure using standard tables (Weast and Astle). Since the voltage of Li2Mn204 

is about 2.97 V (Tarascon and Guyomard) versus metallic Li, it can also be 

located on figure 5.1. Thus we expect Li l+J4n204 to be stable in aqueous 

solutions with [Li+]=l M at pH's as low as 2. When [Li+]#l MI as in the case 

when a lithium intercalation compound is added to pure water, then the 

situation changes. As we have shown in the derivation of equations 5.9 and 

5.10, it is reasonable to assume [Li+]=[OH-] in this case. 

Figure 5.2 shows the relevant Hz0  stability diagram when [Li+]=[OH-] 

obtained using the results of equations 5.9 and 5.10. In this case the potential 

of the Li electrode drops with respect to S.H.E. (Standard Hydrogen Electrode), 

as does that of Li2Mn204 as the pH decreases. The potential of Li2Mn204 

moves closer to the H2 evolution line as the pH is decreased and crosses it 

near pH=8. Therefore Li2Mn204 will not be stable in water below pH=8. If a 

process is considered where Li2Mn204 is to be purified by extended rinsing 

with fresh water, this rinsing step will remove lithium from the compound. 

Figure 5.2 is therefore complementary to equations (5.9) and (5.10). 

Now let us consider an aqueous electrochemical cell for intercalating Li 

into LiMn204. Figure 5.3 shows a schematic of what such a cell could look 

like. Current is passed to the carbon electrode where oxygen evolution occurs 

by the reaction. 

20H-(aq)----->H20+(1/2) 02(g) +2e- (5.11) 

At the LiMn204 electrode, the reaction 

xe-+xLi++LiMn204 ---->xLi2Mn204 +(l-x)LiMn204 (5.12) 



occurs. Figure 5.4 shows how the voltage of the aqueous cell varies with 

charge passed between the electrode in the direction indicated in figure 5.3 

assuming a 1 M LiOH electrolyte and V(x)=2.97 V. Eventually, however, the 

formation of Li2Mn204 will be complete and V(x) will drop below 2.23 V, if 

current continues to flow. When this occurs hydrogen evolution may occur. 

This reaction can also be placed relative to the standard hydrogen electrode, as 

has been done in figure 5.4. Alternatively, some other reaction could occur as 

we discuss below. 

When hydrogen evolution does not occur at V(x)>2.23V1 the Li+ ion 

concentration is much higher than the H+ concentration in 1M LiOH aqueous 

solution which makes Li+ ion intercalation the favored process. When 

hydrogen evolution occurs at V(x)<2.23V1 there is also significant probability 

for finding H+. Therefore ion exchange between H+ and Li+ must be 

considered. Further reduction of Li2Mn204 may give 

Although the Li+ concentration is much higher than the H+ concentration, it 

does not mean that Li+ are certain to intercalate within the host instead of 

H+. The system may have lower free energy with H+ in the host sites instead 

of Li+ like in equation (5.13), or there may be H2 evolution instead of Li+ 

intercalation like in equation (5.14). Experiments using neutron scattering 

described in sections 5.2 and 5.3 suggest that Mn(OH)2 is formed during the 

over-reaction of Li2Mn204. 



I 

In theory, we have shown that it should be possible to intercalate Li into 

high voltage (>2.3V) hosts from concentrated aqueous lithium salt solutions. 

We will demonstrate that this is true in the Results section. Figure 5.1 

predicts that very high voltage hosts (with V(X) 23.5V) will spontaneously 

intercalate Li from LiOH solution with simultaneous evolution of 0 2 .  Kanoh 

1 et a1 (Kanoh, Feng, Miyai and Ooi) found the reaction: 
I 

1 x~i+(a~)+xOH-(aq)+h-Mn02---->Li,Mn02+(x/2)H20+(~/4)0~(g). (5 .  15) 

occurred for h-Mn02 in LiOH solution. A-Mn02 has V(x)=4.1V>3.5V (Hunter; 

Tarascon and Guyornard). 



5.2 Experimental 

Figure 5.3 shows a sketch of the aqueous electrochemical cell used to 

prepare Li2Mn204 from LiMn204. Carbon rods were used as the positive 

electrode and titanium bars for the negative electrode current collectors. The 

cell container was a pyrex beaker. 

LiMn204 was prepared by reacting manganese dioxide (CMD, Chemetals) 

and Li2C03 in air at 750•‹C (Manev, Momchilov, Nassalevska and Kozawa). 

The lattice constant was 8.246 A and the material was a single phase as 

determined by x-ray diffraction. 

L iW204  electrodes were pasted onto the titanium collectors. The paste was 

a mixture of LiMnzOq, 10 O/O by weight carbon black, (Super S, Chemetals) 3 O/o 

by weight polyvinylidene flouride and N-methyl pyrrolidinone (NMP) 

solvent. The paste was spread on two titanium plates which were drilled 

with holes. Spreading the paste into the holes helps to make a good bond 

between the electrode ingredients and the Ti collector. The two titanium 

plates were then clamped together to make a Ti-LiMn204-Ti sandwich. The 

paste was then dried by placing the assembly in a drying oven at 105•‹C in air 

while NMP was evaporated. Typical electrodes used 4.0 grams of LiMn204 

powder and had an area of 5.0x3.5 cm2. The thickness of the starting material 

layer between the two titanium plates was about 4mm. 

The LiMn204 electrode sandwiched between the Ti plates and the carbon 

counter electrode was immersed to a depth of about 70 mm in the electrolyte 

in the pyrex beaker and the beaker was covered with a lucite lid. The distance 

between electrodes was typically about 25 mm. The beaker was then placed in 



a temperature controlled oil bath. Temperatures between 16•‹C and 1 0 0 ~ ~  

could be attained. The electrodes were connected to a current supply. Currents 

between 3 and 40 mA were applied to the cell. The constant currents were 

applied from 24 hours to 240 hours, depending on the batch of material 

prepared. The voltages between the positive and the negative electrodes were 

recorded during the electrochemical reaction. For some cells, a Ag/AgCl 

reference electrode (+0.222V vs. S.H.E.) was included to confirm our proposed 

cell reactions and to identify the sources of cell overvoltage. The number of 

electrons transferred between the two electrodes was calculated from the 

current, the mass of LiMn204 and the current duration. 

After the aqueous electrochemical reaction, the Ti sandwich electrode was 

disassembled and the reacted powder was rinsed in ethanol. The solubility of 

LiOH in ethanol is low, so this step removes little lithium if done quickly. 

The powder was then dried between 80•‹C and 110•‹C under vacuum. The 

powder was then measured by x-ray diffraction in air and evaluated in non- 

aqueous Li electrochemical cells. 

Electrochemical test cells were prepared using 2325 coin cell hardware as 

described in the reference (Dahn, Sleigh, Shi, Reimers, Zhong and Way). The 

separator was Celgard 2502 microporous film which had been wetted with 1M 

LiC104 in a 50/50 volume percent mixture of Propylene Carbonate (PC) and 

Ethylene Carbonate (EC) respectively. The separator was wetted using a 

vacuum/pressure cycle. Cathodes were made in air from the Li2Mn204 

powder and the Super S carbon black (10% by weight) from the original 

starting materials. No further carbon was added at this stage. The Li2Mn204 

and the carbon black were added to a solution of 4 % EPDM in cyclohexane 

such that 3 % of the final electrode mass would be EPDM. Excess cyclohexane 



was then added until the slurry reached a ~mooth syrupy viscosity. The slurry 

was then spread on the A1 foil using a doctor blade spreader and the 

cyclohexane evaporated at room temperature in air. Once the electrode had 

dried, it was compressed between flat plates at about 25 bar pressure. Test 

electrodes of dimension 1.2x1.2 cm2 having thickness 100 microns were then 

weighed and the weight of the foil, the EPDM and the PVDF (from the 

aqueous treatment) and the carbon black were subtracted to obtain the active 

electrode mass. The entire fabrication step was carried out as quickly as 

possible. The electrodes were transferred to an argon filled glove box within 

30 minutes of the start of their fabrication to limit reaction with air. 

All cell construction and sealing with non-aqueous electrolytes was done in 

an Argon-filled glove box. After construction, the cells were removed from 

the glove box and cycle tested using constant current cyclers. Currents were 

adjusted to be 2.8mA/gram of active material for all tests. 

As a further test of some of the materials formed, we studied some by 

neutron diffraction. Neutron diffraction is sensitive to light elements like 

lithium and deuterium, and can distinguish between the incorporation of 

hydrogen (deuterium) or lithium. Hydrogen has a large incoherent neutron 

scattering cross-section (Bacon) which leads to very high backgrounds in 

hydrogen containing specimens. Deuterium displays the same chemistry as 

hydrogen but does not have a large incoherent cross-section. The coherent 

neutron scattering length for Li is -0.233~10-12cm, while for D it is 

+0.677x10-12cm, so it is easy to distinguish Li from D in diffraction 

measurements. 

We used D20 as a solvent, y-Li0.36Mn02 as the starting electrode material, 

teflon binder which contains no H atoms, and LiOH.H20 salts to decrease 
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the concentration of HI which may be in the final products. We therefore 

minimize the neutron scattering background from H atoms by replacing H 

atoms with as many D atoms as possible. In order to investigate the formation 

of Mn(OD)2, we over reacted the starting materials y-Li0.36Mn02 to 

e/Mn=l.O, to reach the low voltage plateau near V(x)<2.23 V (e/Mn is the 

number of electrons transferred per Mn atom). A charge transfer only 

e / Mn=O.64 is necessary to form LiMnO;! from yLi0 .3~MnO~.  

Neutron scattering experiments were performed at the Dualspec powder 

diffractometer at AECL Chalk River. Samples of about 5 grams were held in 

thin-walled vanadium cylindrical cans of 3/8" diameter. The Dualspec 

diffractometer uses an 800 position wire detector which spans an 80 degree 

range in scattering angle in steps at 0.1". We positioned the detector in 4 

positions, Q0=5.000, 5.05", 40.00" and 40.05" for each specimen to obtain data 

from 5" to 120" in steps of 0.05". A typical data set took 2 hours to collect. A 

neutron wavelength of 1.29902A was used. 



5.3 Results and Discussion 

Figure 5.5a shows the terminal voltage of an aqueous carbon/LiMn204 cell, 

plotted versus the number of electrons transferred per Mn atom. Figure 5.5b 

shows the voltage of the LiMn204 electrode versus S.H.E. and the carbon 

electrode versus S.H.E. obtained by measuring each with respect to the 

Ag/AgCl reference, and correcting for the difference between S.H.E. and 

Ag/AgCl (Ag/AgC1=+0.222 versus S.H.E.). The reference electrode was 

positioned roughly midway between the two electrodes. The cell temperature 

was 17"C, the electrolyte was 1M LiOH and the current used was 2 mA. It took 

roughly 150 hours to complete the experiment shown in figure 5.5. The 

voltage of the LiMn204 electrode agrees well with that predicted in figure 5.4. 

Only about 0.35 Li/Mn were incorporated into this sample before the voltage 

dropped to the H2 evolution plateau, not the 0.5 Li/Mn expected from figure 

5.4 based on theory. However, experiments on LiMn204 (Ohzuku, Kitagawa 

and Hirai) in non-aqueous cells show that the length of the LiMn204- 

Li2Mn204 plateau is substantially less than 0.5 Li/Mn. In the reference 

(Ohzuku, Kitagawa and Hirai), only about 0.37 Li/Mn were obtained on this 

plateau, while in another reference (Thackeray, Kock, Rossouw, etc.), 0.4 

Li/Mn were obtained . Our result in the aqueous cell agrees well with those in 

non-aqueous cells as we discuss further below. There is substantial 

overvoltage associated with the 0 2  generation at the carbon. 

Hydrogen insertion within electrolytic manganese dioxide occurs in 

alkaline Zn/Mn02 cells. These cells use concentrated aqueous KOH solution 

as electrolytes. Since the electrolyte in those cells contains very few free H+ 

and still H intercalation occurs, we were concerned that H intercalation could 
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I be occurring simultaneously with, or instead of, Li intercalation in the 
I 

experiment described by figure 5.5. TO check this we made an identical cell but 
I 
I used 1 M KOH as electrolyte instead of 1 M LiOH. Figure 5.6 shows the voltage 

I of the LiMn204 electrode plotted versus S.H.E. for the cell with KOH 

electrolyte. For comparison, the data from figure 5.5b measured in LiOH 

electrolyte is also given in figure 5.6. Also shown is the voltage versus charge 

profile for a nonaqueous Li/LiMnzO4 cell using 1 M LiPFb/PC/EC electrolyte. 

I The measured voltage of the nonaqueous cell was adjusted by -3.04 V to refer 

it to S.H.E. The data for the two cells with 1 M Lit in the electrolyte are in 

striking agreement, even though one was measured in aqueous electrolyte 

and one in non-aqueous electrolyte. The results using KOH are markedly 

different and the reaction begins at lower potential than when Lif is present. 

We take this as proof that H intercalation is not occurring in the first plateau 

shown in figure 5.5. 

Figure 5.7a shows the x-ray diffraction pattern of the LiMn204 starting 

material which indicates a well crystallized single phase material. Figure 5 . n  

shows the x-ray diffraction pattern of sample A prepared at T=17"C with 

e/Mn=0.31. If only Li intercalation is occurring, then sample A i s  

Li1.62Mn204. The x-ray pattern shown in figure 5 . n  clearly indicates that h.vo 

phases coexist; one is spinel LiMn204, and the other is Li2Mn204 These 

results agree those where a non-aqueous electrolyte was used to prepare 

Lil+xMn204 (O<x<l) (Ohzuku, Kitagawa and Hirai). 

The spinel LiMn204 needs 0.5 Li per Mn, or e/Mn=0.5 in our aqueous 

setup, to be intercalated to be pure LizMnz04. Figure 5 . 7 ~  shows the x-ray 

diffraction patterns for sample B prepared at T=90•‹C with e/Mn=0.75. The 

pattern shown in Figure 5 . 7 ~  is almost pure LizMn204. The diffraction peak 
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positions and the cell constants of LizMnz04 prepared in the aqueous 

electrolyte agree very well with those of Ohzuku et al. as we show below. The 

e/Mn ratio for sample B is larger than 0.5, but only 0.5 Li per Mn were 

actually intercalated since the final product is Li2Mn204. The excess electrons 

were mostly used to produce Hz, in accordance with our model. 

In order to obtain precise unit cell constants of Li2Mn204 made in the 

aqueous electrolyte, we used the Rietveld profile fitting program (Li; Hill and 

Howard) to fit the x-ray data. Figure 5.8 shows the x-ray diffraction pattern, 

the calculated result from the Rietveld profile fitting and their difference for 

sample 8. The space group used was I4l/amd, the same as that of Ohzuku et 

al. The tetragonal cell constants we obtained are a=5.656A and c=9.242A, 

which agree well with a=5.646A and ~=9.250A reported in an earlier work 

(Ohzuku, Kitagawa and Hirai). Oxygen is in the 16h sites with x=0.479f0.002 

and z=0.252f0.002. Manganese is in 8d sites and lithium is in 8c sites 

(International Tables for X-ray Crystallography). During the refinement, the 

Mn 8d site occupation was allowed to vary and the oxygen site occupation was 

fixed at 1.0. The manganese occupation refined to 1.0 within error, suggesting 

this material has 2 oxygens per manganese as expected and that no oxygen or 

manganese loss has occurred in the aqueous processing. The agreement 

between the data and the calculation in figure 5.8 is good, the Bragg R factor 

(Hill and Howard) is R~=3.85. 

Chemical analysis using inductively coupled plasma mass spectrometry 

shows that the Li/Mn ratio in sample B is 1.0fl.1, in good agreement with the 

x-ray diffraction results. 



We studied the stability of sample B by measuring its x-ray diffraction 

pattern as a function of time upon air exposure. The flat-plate x-ray sample 

was initially measured (one scan takes 2 hours) and then remeasured 

periodically over the next few days. Figure 5.9 shows the data in the region of 

the large peak near 18.5 degrees. Initially, only the peak from Li2Mn204 

(labelled 2) is observed. As time proceeds, lithium deintercalates to react with 

air and LiMn204 peaks (labelled 1) grow at the expense of the Li2Mn2o4 

peaks. Figure 5.10 shows identical behavior in a second region of the pattern. 

A weak Li2C03 peak near 21.5", was observed in the scan measured after 4 

days of air exposure. 

The results in figures 5.9 and 5.10 prove that Li2Mn204 is not stable in air 

and lithium deintercalation slowly occurs. Furthermore, they show that the 

deintercalation is slow on the time scale of 30 minutes, the time needed to 

prepare electrodes for our non-aqueous cell tests. Although Li2Mn204 is not 

stable in air, Li2Cr0.2Mn1.804 was recently reported to be air stable even 

though it has the same structure (Davidson, McMillan and Murray). 

In non-aqueous electrochemical cells, Li/Li2-xMn204 has a voltage near 2.9 

V for the phase transition from LiMn204 to Li2Mn204 (O<x<l) and near 3.05 

V for the transition from Li2Mn204 to LiMn204 (O<x<l) (Tarascon and 

Guyornard, J. Electrochem. Soc.). Figure 5.11 shows the charge and discharge 

curves for a non aqueous Li cell using sample A with e/Mn=0.31. There are 

two significant plateaus for the first charge curve. The first plateau at about 

3.OV corresponds to the phase transition from Li2Mn204 to LiMn204, and the 

upper region corresponds to deintercalation of Li from spinel LiMn204 to 

make h-Mn02 (Tarascon and Guyornard). The cell shows a first recharge 

capacity of about 200 mAh/g between 3.OV and 4.2V, followed by a cycling 
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capacity near 160 mAh/g between 2.0 V and 4.2 V. The cycling capacity on the 

4 V plateau is near 110 mAh/g. Sample B shows similar results. The high 

specific capacity for the first charge is very important for Li-ion cells since the 

only source of Li is from the starting cathode material. We have clearly 

demonstrated the preparation of LizMnzOr in aqueous solutions using the 

starting material LiMn204. 

NOW we describe the phenomenon when e/Mn>>0.5 for LiMn204. Figure 

5.12 shows x-ray diffraction profiles of samples with various values of e/Mn 

from 0 to 1.61. The x-ray diffraction profiles suggest that the phase transitions 

are LiMn2O4 ----> spinel Li2Mn204 -----> Mn(OH)2 as described in equations 

(5.12) and (5.13), since their x-ray patterns are consistent with these materials, 

respectively. As shown in figure 5.12(e) the Li2Mn204 phase still dominates 

over the Mn(OH)2 phase even when e/Mn=1.61, which does not agree with 

the fact that Mn needs only 1.5 electrons to totally transfer from oxidation 

state 3.5 in LiMn204 to oxidation state 2 in Mn(OH)2. That means H2 

evolution is involved as described in equation (5.14). The oxygen lattice is 

distorted cubic close packed for Li2Mn204 and hexagonal close packed for 

Mn(0H)z.  Therefore the oxygen frame has to be rearranged in the phase 

transition from Li2Mn204 to Mn(OH)2, which is perhaps difficult at room 

temperature. 

We also used as the starting material to prepare y-LiMn02 in 

aqueous solutions. We suppose that e/Mn=0.64 is needed to convert y- 

Lie 36M n o 2  to y-LiMn02. In order to further investigate if Li or H 

intercalates into ~ - L i ~ . ~ ~ M n 0 2 ,  we made two identical cells but with 2.5 M 

KOH and 2.5 M LiOH aqueous electrolytes, respectively. Figure 5.13 shows the 

voltage profiles in aqueous cells with 2.5M KOH and with 2.5M LiOH. 
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Comparing the results from 2.5 M KOH and 2.5 M LiOH aqueous solutions, 

one finds that the two curves are markedly different and the voltage using 

LiOH solutions is higher than that using solutions KOH for e/Mn<0.75. 

When e/Mn>1.35, both voltages from KOH and LiOH reach the lower 

plateau and their difference is much smaller than that for e/Mn<0.60. This 

means that H2 evolution probably occurs in both cells at e/Mn>1.35 and the 

difference of voltage at elMm1.35 also indicates the experimental error. The 

experimental of the voltage measurement is much less than the difference 

between that for Lit and H+ intercalation (for e/Mn<O.h) as shown in figure 

5.13. Therefore, we believe that Lit dominates over H+ during the 

intercalation into y-Li0.36Mn02 for e/Mn<0.60, in 2.5 M LiOH solutions. 

Furthermore, the voltage difference between the Li+ ion and the H+ ion 

intercalation for e/Mn<0.6 may be larger than those shown in figure 5.13. We 

give the following reasons. Because the Li intercalation voltage of h-Mn02 

can be above the voltage of 0 2  evolution, h-Mn02 can react with LiOH 

aqueous solutions as described in equation (5.15). Since the Li intercalation 

potential of y-Li0.36Mn02 is very close to the 0 2  evolution potential in highly 

concentrated basic solutions, y-Li0.36Mn02 may react with LiOH solution 

until Li intercalation occurs below the voltage of 0 2  evolution . Therefore, it 

is possible that some Li has intercalated into y-Lio.36Mno2 at e/Mn=O in 2.5 M 

LiOH aqueous solutions before the current is passed while there are no 

reactions between KOH and y-Li0.36Mn02 without passing current (It has 

been demonstrated that K atoms do not fit within y-type Mn02 (Kao, Weibel 

and Root). The actual potential difference between Li+ ion and H+ ion 

intercalation into y-Li0.36Mn02 for e/Mn<O.6 may therefore be larger than as 

shown in figure 5.13. 



Figure 5.14 shows the x-ray diffraction patterns of y-Mn02 in (a), y- 

Li0,36Mn02 in (b), and sample C in (c). Sample C was prepared with a starting 

material of followed by reduction with e/Mn=0.5 in a 2.5 M 

LiOH aqueous solution. All the three materials shown in figure 5.14 have 

similar structures and slightly different lattice constants. The lattice constants 

for y-Mn02 are approximately a=4.40k0.02 A, k9.55k0.02 A, and c=2.81-t0.02 

A; The lattice constants for y-Li0.36Mn02 are ~4.89kO.02 A, b=9.88M.02 A, and 

c=2.82&0.02 A. Finally, the lattice constants for sample A are a=4.96k0.02 A, 

b=10.14f0.02 A, and c=2.77k0.02 A. This is consistent with lithium 

intercalation because similar lattice constants for R-MnO2 prepared by other 

methods was reported (Thackeray, Rossouw, Gummow et al. ). 

After we further treated the y-Li0.36Mn02 materials with a larger value of 

e/Mn in LiOH solution, which is beyond the first plateau (e/Mn>O.6) shown 

in figure 5.13, the structure of the products changed from orthorhombic to 

hexagonal. Figure 5.15 shows the x-ray diffraction pattern of the product 

obtained from using the starting material ~ - L i ~ . ~ ~ M n 0 ~  followed by 

reduction with e/Mn=0.98 in 2.5 M LiOH. The products can be described by 

space group P -3M1 with Mn atoms in la  sites and 0 atoms in 2d sites, and 

with a hexagonal cell of lattice constants a=3.32A and c=4.74A, which is close 

to the values a=3.34A and c=4.68A for Mn(OH)2 (Wyckoff), and far from the 

values a=3.195A and c=5.303A in LizMnOz (David, Goodenough, Thackeray 

and Thomas). 

In order to further investigate if H or Li is in the Mn(OH)2 type materials, 

we used neutron diffraction to investigate the sample prepared by reducing y- 

LiO 36Mn02 with e/Mn=0.98. We used D20, teflon binder [(-CF2-),] and 

LiOH.H20 in order to minimize the H content in the sample and therefore 
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the background count rate of the neutron diffraction profile. Figure 5.16 

shows the experimental neutron diffraction profile and the calculated profile 

from the Rietveld fitting program. The profiles shown figure 5.16 (a), (b) and 

(c) are calculated by assuming Mn(OD)2, Mn(OLixDl-x)2 and Mn(OLi)2 

respectively. The best fit is obtained in figure 5.16 (b) with x=0.22. Although 

we can not confirm the Li content because the statistics in the data are not 

accurate enough, we can conclude that the sample is not M.II(OL~)~ because of 

the poor fit for Mn(0Li)z shown in figure 5.16 (c). We exclude two regions 

during the fit, from 30.50" to 40.00" and from 57.00' to 67.00•‹, because some 

strong peaks from an unknown impurity phase appear in those regions. This 

impurity phase did not appear in a similar sample measured by x-ray 

diffraction (figure 5.15). The materials can be written as Mn(OLixD1-x)2, with 

the D content ( or 1-x) in the range between 0.5 and 1.0, and the Li content (or 

x) in the range between 0.5 and 0.0. D. Li was assumed to share the same sites 

randomly with D at 2d sites in space group P -3M1. We can conclude that 

substantial D is in this material, Mn(OLiXD1-,)2, and that Li intercalation does 

not occur at the lower voltage plateau. Instead, H (D) intercalation and ion 

exchange between Li+ and H+ (D+) occurs. 



5.4 Summary 

We have shown that LizMn204 can be prepared from LiMn204 in aqueous 

LiOH electrolyte. The Li2Mn204 prepared in this way may be useful for Li-ion 

cell cathodes. The voltage of the aqueous cell is in good agreement with our 

model predictions. We showed that lithium transition metal oxides with 

3.5~2V(x)22.3V should be stable in 1M LiOH aqueous solutions. These 

findings suggest that many more lithium transition metal oxides with high 

lithium content (e. g. LixV205 ) could be prepared by this method as cathodes 

for Li-ion cells. Further work is also needed to understand the Li2Mn2o4 ---> 

Mn(OH)2 reaction and the y-Lio.36Mn02 ---> Mn(OH)2 reaction. 

One especially attractive option could involve the use of elect.ochemical 

manganese dioxide (EMD). In the manufacture of EMD, deposits of Mn02 are 

plated on titanium electrodes. These electrodes could be lifted from the acid 

bath, rinsed, possibly heat treated, dipped into LiOH solution and filled with 

lithium by our method. It has been shown [19] that lithiated EMD is an 

excellent 3 V cathode for Li batteries. If the EMD could be prepared fully 

lithiated by our method, then it could be used for low cost lithium-ion cells. 

In this chapter we also clearly showed that the potentials of Li during 

intercalation from aqueous solution are the same as that from non-aqueous 

solution. This implies that rechargeable lithium ion cells can be made with 

aqueous electrolytes by using two appropriate intercalation compounds. The 

voltage of this cell will depend on the binding energy of Li in the compounds 

used as the cathode and the anode. In the next chapter, a new technology of 

lithium-ion cells is demonstrated based on the understanding of lithium 

intercalation from aqueous electrolytes. 
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Figure 5.1. The H 2 0  stability window in solutions where 

[Li+]=lM after Bockris and Reddy. Since [Li+]=lM, the potentials 

of Li metal and Lil+xMn204 are easily located with respect to S. 

H. E. Li deintercalation coupled with H2 evolution will begin 

below pH=2. 



Figure 5.2. The H 2 0  stability window in solutions where 

 it] = [OH-]. Since [Li+] = [OH-], the potentials of Li metal and 

Lil+,Mn2O4 vary with respect to S. H. E. Li deintercalation from 

Lil+,MnZ04 coupled with Hz evolution will begin below pH& 
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Figure 5.3. A sketch of the aqueous electrochemical cell and the 

current direction. A typical aqueous electrolyte is 1 M LiOH in 

H20. 
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Figure 5.4. The predicted voltage of the LiMn204 electrode 

(heavy line) versus the standard hydrogen electrode as electrons 

and Li+ are transferred to it. Beyond 0.5 e/Mn, H2 evolution 

begins to occur at the LizMn204 electrode. The potential for O2 

evolution at the carbon electrode is also indicated. 
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Figure 5.5. Experimental results for  the aqueous  

c a r b o n / L i M n 2 0 4  cell using a 1M LiOH solution. a)  The 

difference in voltage between the LiMn204 electrode and the 

carbon electrode. b) The potentials of the carbon electrode and 

the LiMnz04 electrode versus the standard hydrogen electrode, 

for comparison with figure 5.4. 
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Figure 5.6. Experimental results for carbon/LiMn204 cells using 

a 1 M LiOH aqueous electrolyte (solid) and 1 M KOH aquoues 

electrolyte (dash). Also shown for comparison is the voltage 

versus charge for a Li/LiMn204 cell using a non aqueous 

electrolyte (dot-dash) of 1 M LiPF6 in PC/EC. The measured data 

for the latter cell was corrected by adding -3.04 V to convert to 

potential versus S. H. E. 



28 (Degrees) 

Figure 5.7. The x-ray diffraction profiles of the LiMn204 starting 

material (a), Sample A (0.31 e/Mn) (b) and Sample B (0.75 

e/Mn) (c). Sample A is a mixture of LiMnzO4 and LizMn204 

and sample B is predominantly pure Li2Mn204. 
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28 (Degrees) 

Figure 5.8. Rietveld profile refinement for Sample B. The 

calculated and measured patterns are shown, as is the difference 

between them. The Bragg R factor was 3.85. 



17.5 18.0 18.5 19.0 19.5 
28 (Degrees) 

Figure 5.9. X-ray diffraction profiles of Sample B in the range 

from 17.5' to 19.5' showing the structure changes as a function 

of time upon air exposure. Peaks labelled 1 are from LiMn204 

and those labelled 2 are from Li2Mn204. 
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Figure 5.10. X-ray diffraction profiles of Sample B in the range 

from 32' to 46' showing the structure changes as a function of 

time upon air exposure. Peaks labelled 1 are from LiMn204 and 

those labelled 2 are from Li~Mn204. 



Capacity (mAhr/g) 

Figure 5.11. The voltage of a non-aqueous Li cell with Li metal 

made using Sample A as the cathode electrode. The cell current 

was 2.8 mA/g and the temperature was 30T. 
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Figure 5.12. The x-ray diffraction profiles showing the phase 

trasitions from spinel LiMn204 ---->spinel Li2Mn204 ----> 

Mn(OH)2 in the aqueous cell. The numbers 1 ,2  and 3 correspond 

to the Bragg peaks of LiMnzO4, Li2Mn204 and Mn(OH)2 

respectively. a) The x-ray diffraction profile of spinel LiMn204. 

b) The x-ray diffraction profile when e/Mn=0.31 showing both 

L i M n 2 0 4  and Li2Mn204. c) e/Mn=0.63. d). e/Mn=0.75. e)  

e/Mn=1.61. 
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Electrons/Mn Atom 

Figure 5.13. The voltage versus S. H. E. of two identical cells 

using y L i O  3 6 M ~ 0 2  as the starting material but with 2.5 M KOH 

and 2.5 M LiOH aquoues electrolytes, respectively. 
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Figure 5.14. The x-ray diffraction patterns of (a) y-Mn02, (b) y- 

Li0.36Mn02 and (c) sample C with a starting material of y- 

LiO 36MnO2 followed by reduction with e/Mn=O.5 in a 2.5 LiOH 

aqueous solution. 
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28 (Degrees) 

Figure 5.15. The x-ray diffraction profile of the product obtained 

from using the starting material y-Li0.36Mn02 followed by 

reduction with e/Mn=0.98 in a 2.5 M LiOH aqueous solution. 



28 (Degrees) 

Figure 5.16. The neutron diffraction profile and the calculated 

results from the Rietveld fitting program. The data points are 

the results. The lines in (a), (b) and (c) are the 

calculated results assuming Mn(OD12, Mn(OLixD l-x)2 and  

Mn(OLi)2 respectively- 



Chapter 6. Rechargeable Lithium Batteries with 
Aqueous Electrolytes 

6.1 Background 

There are more and more people concerned about urban air quality. 

Recently, U. S. federal and state governments have passed legislation aimed 

at reducing automobile pollution. California has passed laws that require 2% 

of new cars sold in 1998 be emission-free, and 10 O/O by the year 2003. 12 eastern 

U. S. states are planning similar laws. Some people here in B. C. want to 

propose similar action. One solution for emission-free vehicles is the electric 

vehicle. The availability of an efficient and low cost battery is the key to 

develop practical electric vehicles. The Nickel-Metal Hydride Battery is 

currently probably the best candidate for practical electric vehicles (Ovshinsky, 

Fetcenko and Ross). However, some industry experts contend that the Nickel- 

Metal hydride battery technology is too expensive and is not environmentally 

acceptable for electric vehicle applications. 

Rechargeable lithium batteries with non-aqueous electrolytes can be used 

for powering consumer electronics. However, it is more difficult to make a 

large safe lithium rechargeable battery a with non-aqueous electrolyte. 

Furthermore, non-aqueous electrolytes usually have ion conductivity two 

orders of magnitude lower than aqueous electrolytes, so thin electrodes must 

be used in these cells in order to increase power. The salts used in these cells 

like LiPF6, LiBF4 are very expensive. The separators are also very expensive. 

Therefore, rechargeable lithium batteries with non-aqueous electrolytes may 

not be suited for electric vehicle application, which require safe, inexpensive, 

high power, rechargeable batteries. 
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Here, we show that water-based electrolytes can be used in lithium-ion 

cells (Li, Dahn and Wainwright). When aqueous electrolytes are used, high 

ion conductivities are obtained and thick electrodes can be used. Cheap salts 

like LiN03 can be used and inexpensive separators can replace the expensive 

separators. Therefore this fundamentally safe and inexpensive technology 

provides a new option for electric vehicle applications. 

In chapter 5, we showed that lithium can be intercalated from aqueous 

solution. The key to this discovery is to select appropriate materials which are 

stable in aqueous solution with dissolved Li+, and to adjust the stability 

window of aqueous solution by changing its pH's value. As shown in figure 

1.3, many lithium transition metal oxides are intercalation compounds. 

Some of the lithium binding energies in lithium intercalation compounds 

are within the stability window of water. Therefore these compounds can be 

selected as the cathode and the anode materials for rechargeable lithium 

batteries with aqueous electrolytes. 



6.2 Aqueous Li-ion Cells 

When a lithium intercalation compound is put in water, one must 

consider whether the intercalated lithium reacts with water as described in 

equation (5.2), that is 

The chemical potential of Li+ in solution increases with concentration and 

tends to drive equation (6.1) to the left. On the other hand, the concentration 

of H+ or OH- can adjust the stability window of H20. Therefore we must also 

consider the potentials for oxygen and hydrogen evolution which can occur 

in aqueous electrolytes. Figure 6.1 shows the standard electrode potentials for 

these reactions occurring in acidic or basic aqueous electrolytes which also 

incorporate 1M Li+ ion concentration. Figure 6.1 also shows the standard 

electrode potential for the reaction: 

Since figure 1.3 measures the chemical potentials of lithium intercalation 

compounds relative to reaction (6.2), we can locate electrode materials on 

figure 6.1, as we have done for the reactions 

and 

V02(B) + xLi+ xe- <----> LiXVO2(B) 



In an appropriately chosen electrolyte, each of reactions (6.3) and (6.4) should 

be viable without excessive 0 2  or H2 production occurring simultaneously. A 

cell based on reactions (6.3) and (6.4) will have a terminal voltage near 1.5 

volts. As shown in figure 5.1, the stability window of H 2 0  is 1.2V which is the 

working voltage of Ni-MH cells. Here our cells work over this window 

without the direct H2 or 0 2  evolution from H z 0  as shown in figure 6.1. 

Since the concentration of H+ and OH- are much smaller than that of Lif in 

the aqueous solution we used, Li+ carries most of the ionic current in the 

cells. Therefore H2 and 0 2  evolution reactions are minimized. 

We synthesized LiMn204 according to the methods of Ohzuku, Kitagawa 

and Hirai, and synthesized V02(B) according to the methods of Dahn, Buuren 

and Sacken. Tablet electrodes of dimension 8 mm diameter and total mass 

0.10 g were prepared from each material. Carbon Black (10 % by weigh) and 

EPDM (ethylene propylene diene monomer) binder (3 % by weight) were 

added to the tablet mix to provide good electrical conductivity and good 

mechanical toughness. The mix was then pressed in 0.10 g allotments in a 

cylindrical die to the desired thickness (1.0 mm). 

Coin-type test cells using 1225 (12mm diameter, 2.5 mm thickness) 

hardware were then prepared. First, the electrodes were thoroughly wetted 

with an aqueous solution that was 5.0 M in LiN03 and about 0.001 M in 

LiOH. A microporous polypropylene separator (Celgard 3500) which 

incorporates a wetting agent was used to separate the electrodes as they were 

tightly crimped in the cell case. Figure 6.2 shows a schematic of the finished 

cell. Since [OH-]=0.001 M in this cell, we expect the potentials for H2 and O2 

evolution to shift up by about 0.175 V compared to their positions in 1 M OH- 

as shown on the right of figure 6.1. 



The cell was then charged using a current of 1 mA. During the charge, 

lithium is extracted from LiMn204, making Lil-xMn204, and intercalated into 

V 0 2 ( B )  making LixV02(B). Figure 6.3 shows the voltage profile during this 

charging and during the next few charge-discharge cycles. The cell shows 

excellent reversibility, an average voltage near 1.5 volts and a capacity of 10 

mAh.  

Using the weight of the electrodes, the cell voltage and the cell capacity, it is 

possible to calculate the energy density of the cell (not including the 

electrolyte or cell case weight). This cell achieves 75 Wh/kg. Typically, the 

active electrode weights are about 50 O/O of the total weight of practical cells, 

based on the Sony Li-ion product as an example. Thus practical energy 

densities near 40 Wh/kg can be expected for this chemistry, when 

incorporated in larger size cells. Furthermore, we point out that the 

theoretical energy density for this cell is 112 Wh/kg assuming 0.5 Li per 

transition metal can be cycled in each electrode and that the average cell 

voltage is 1.5 V. This would give about 55 Wh/kg in a practical cell which is 

competitive with both Pb-acid (about 30 Wh/kg) and NiCd (about 50 Wh/kg) 

technologies. 

The LiMn204/ V02(B) couple by no means represents the optimum 

electrode pair for the aqueous Li-ion cell. Many types of lithium manganese 

oxides are known to intercalate lithium in the right chemical potential range 

for this type of cell (Ohzuku, Ueda and Hirai). One interesting approach to an 

extremely low cost system would be to use LiMn204 for both electrodes. Since 

Li can be extracted from LiMn204 (to form Lil-,Mn204) at 4V versus Li and 

added to LiMn204 (to form Li1+~Mn204) at about 3V versus Li, a 1V cell 

would result. Manganese and its oxides are cheap, plentiful and less-toxic 



than Ni and Co oxides, so a Li1+,Mn204/Lil-,Mn2O4 cell could have an 

enormous potential market. 

As an example using Mn compounds for both the electrodes, figure 6.4 

shows the voltage profile during first a few charge-discharge cycles of a cell 

using LiMn204 as positive electrode, ~-Li0.36Mn20~ as negative electrode and 

5 M LiN03 aqueous electrolyte. The average voltage of this cell is 0.8V and the 

discharge time is about 10 hours. Using the weight of the electrodes, the cell 

voltage and the cell capacity, we obtain a cell specific energy of 40 Wh/kg. 

Although it achieves smaller energy density than the LiMn204/V02(B) cell, 

the LiMn204/y-Lio.36Mn204 cell gives an example using aqueous electrolyte 

and Mn compounds as electrodes. 

Other cell data obtained using various salts and electrode couples are listed 

in table 6.1. All of them show rechargeable capacity but most of them have a 

short cycle life. We do not yet know the reason for the capacity loss with cycle 

number. The cell shown in figure 6.3 has a good cycling behavior up to about 

20 cycles and then its capacity begins to fade. For the cell using the 

LiMn204/V02(B) electrode couple, the capacity fade may be due to the 

decomposition of H 2 0  since the cell working voltage is larger than the 

stability window of H20 (However, we point out that the terminal voltage of 

the Pb-acid cell, 2.04 V, is much larger than the stability window of water ). 

Another possible reason is that the materials could be dissolving in H20. For 

example the V ion may be dissolving since a color change in electrolyte is 

observed after some cycles. Many electrode materials like V02(B) also have 

neighboring metastable phases and are subject to phase transitions to them. 

Therefore, structural changes of the electrode materials may be another 

reason for the capacity loss with cycles. Self discharge also appears in these 

cells. The reason may be due to 0 2  evolution. 



Again, one may be concerned that H intercalation is involved during the 

charge and discharge reactions in these cells, like H intercalation in alkaline 

cells. Here we give an argument and some results to show that it is 

impossible that H intercalation is the major reaction in LiMn204/V02(B), or 

LiMn204/y-Li0.36Mn02 cells. In the coin cells, we usually have about 0.1 g 

electrolyte. Imagine if Li were deintercalated from LiMn204 and H were 

intercalated into V02(B) during the charge of LiMn204/V02(B) cells. Then, 

the electrolyte would become a basic solution of LiOH. If all the Li 

deintercalated from LiMn2Oq (approximately O.lg) and H intercalated into 

V02(B), the electrolyte becomes a highly concentrated LiOH solution (larger 

than 4 M LiOH). As shown in equation (5.15), the reaction between LiOH and 

A-Mn02 would prevent further Li deintercalation from LiMn204. Figure 5.1 

also shows that oxygen evolution appears at about 3.5 V versus Li metal in 

1M LiOH (pH=14) aqueous solutions. Since Li deintercalation from LiMn2Oq 

appears above 3.8V1 it does not proceed in highly concentrated LiOH 

solutions. Hence if H instead of Li intercalated into V02(B) or into y- 

Li0.36Mn02, there would be no Li deintercalated from LiMn204 and the cells 

would not work. 

Figure 6.5 shows experimental evidence that it is Li intercalation, not H 

intercalation which makes these cells work. Figure 6.5a shows the voltage of a 

LiMn204/Li cell during the charge, and that of a ~ -L i~ .3~Mn02 /L i  cell during 

the discharge in a non-aqueous electrolyte of 1 M LiPF6 in PC/EC. Figure 6.5b 

shows the voltage of a LiMn204/y-Li0.3~Mno~ cell (smooth line) during the 

charge in an aqueous electrolyte of 5 M LiN03. The calculated voltage of the 

LiMn204/y-Li0,36Mn02 cell shown in figure 6.5b (points) uses the data from 

the non-aqueous electrolyte cells shown in figure 6.5a. The times are scaled 

in figures 6.5a and 6.5b according to the active mass and the cell current in 
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order to compare the data from different cells. The calculated data and the 

experimental data shown in figure 6.5b agree very well. Therefore 

LiMn204/y-Li0.36Mn02 cells with aqueous electrolytes work using lithium 

intercalation. 

Figure 6.6 shows similar experimental results to prove that Li intercalation 

is responsible for the behavior of LiMn204/V02(B) cells with aqueous 

electrolytes. Figure 6.6a shows the voltage of a LiMn204/Li cell with a non- 

aqueous electrolyte (1 M LiPF6 in PC/EC) during charge and the the voltage of 

a V02(B)/Li cell during discharge with a non-aqueous electrolyte (1 M LAsF6 

in PC/EC). Figure 6.6b shows the voltage of a LiMn204/V02(B) cell with an 

aqueous electrolyte of 5 M LiN03 (smooth line) during the charge. The 

calculated data shown in figure 6.6b (points) is obtained from the cells with 

non-aqueous electrolytes shown in figure 6.6a. The times are scaled in figures 

6.6a and 6.6b according to the active mass and the cell current in order to 

compare the data from different cells. The calculated data and experimental 

data for the LiMn204/V02(B) cell shown in figure 6.6b agree very well. The 

small difference of the voltage between calculation and experiments is due to 

the slight change of V02(B) oxygen content during its exposure to air. 

More research is needed before this aqueous Li-ion technology can be 

considered for the practical applications. Most important is increasing the 

cycle life of these cells. The best lithium salt must be selected for the aqueous 

electrolytes with respect to the factors of price and performance. Better 

electrode materials are needed for these applications. 

In a 1989 review of about 40 battery technologies for EV applications, Ratner 

et a1 concluded that there was no suitable technology currently available for 

electric vehicles. The review considered factors including cost, safety, 



performance and environmental friendliness. Today, the search for an 

acceptable EV battery continues. It is our opinion that the aqueous Li-ion 

approach described here shows good promise and needs to be included in the 

hunt for the EV battery. 
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Figure 6.1. The potentials of the indicated reactions versus the 

Standard Hydrogen Electrode in solutions where [Li+]=l.O M. 

Both acidic and basic electrolytes with 1 M H+ or 1 M OH- 

respectively are considered. 
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Figure 6.2. A shematic of the coin cell used to test the aqueous 

Li-ion chemistry. 
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Figure 6.3. The voltage plotted versus time as a LiMn204/V02(B) 

cell is repeatedly charged and discharged. The currents used were 

+1 mA. The cell test was carried out at 30T. 
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Figure 6.4. The voltage plotted versus time as a LiMn204/y- 

Li0.36Mn02 cell is repeatedly charged and discharged. The 

currents used were k1 mA. The cell test was carried out at 30•‹C. 
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Figure 6.5. a). The voltage plotted versus time as a LiMn204/Li 

cell is charged and as a y-Li0.36MnO2/Li cell is discharged. Both 

cells used non-aqueous electrolytes of 1 M Lip& in PC/EC. The 

time was scaled in order to compare with the aqueous cell. 

The voltage plotted versus time as a LiMn204/y-Li0.36Mn02 cell 

(smooth line) with an aqueous electrolyte of 5 M LiN03 is 

charged. The data points calculated from the voltage of the 

LiMn204/Li cell minus the voltage of the ~ - L i ~ . ~ ~ M n o ~ / L i  cell 

in a) are also shown. 



Figure 6.6. a). The voltage plotted versus time as a LiMn204/Li cell with 1 M 

Lip& in PC/EC is charged and the voltage plotted versus time as a VOz(B)/Li 

cell with 1 M LiAsF6 in PC/EC is discharged. The time was scaled in order to 

compare with the aqueous cell. b) The voltage plotted versus time as a 

LiMn204/V02(B) cell with an aqueous electrolyte of 5 M LiN03 (smooth line) 

is charged. The data points calculated from the voltage of the LiMn204/Li cell 

minus the voltage of the V02(B)/Li cell in a) are also shown for comparison. 



Chapter 7. Conclusions 

7.1 Summary 

In this thesis, we have shown that the structures of intercalation 

compounds strongly affect their electrochemical behavior. The structures of 

the important lithium transition metal oxides and manganese oxides have 

been described in detail. Using a lattice gas-model, we understood many of the 

structures of L M 0 2  materials, including the spinel, the layered and y-LiFe02 

structures. Furthermore, we proved that the spinel and undistorted layered 

structures have the same free energies by using both mean field theory and 

Monte Carlo methods. We also proved that the powder diffraction pattern 

from the spinel and the layered materials are identical, independing of the 

scattering probe, if the hexagonal distortions from the layered structure are 

ignored. The theoretical results have been used successfully to explain the 

HT-LiCo02 and LT-LiCo02 structures. 

Using a new in-situ x-ray cell, we measured the structures of Li,Ni02, as a 

function of x. Three hexagonal phases and one monoclinic phase are 

observed. Three coexisting phase regions are also found. 

During the study of aqueous electrolytes, we discovered lithium 

intercalation from aqueous solutions. Using this method, we synthesized 

spinel Li2Mn204 materials. Furthermore, we found the conditions in which 

lithium intercalation from aqueous solutions can be observed instead of 

hydrogen evolution. A theory is also proposed to understand lithium 

intercalation from aqueous solutions. 

Based on the understanding of the lithium intercalation from aqueous 

solutions, we used aqueous electrolytes to make the rechargeable lithium cells 



, which can compete on energy basis with nickel-cadmium and lead-acid cells. 

Such a fundamentally safe and inexpensive technology provides a new 

option for scientists and engineers to make practical batteries for the electric 

vehicle applications. 

7.2 Future Work 

More work is required on some other structures of lithium transition metal 

oxides. For example, y-LixMn02 is important for lithium battery applications 

and it is not theoretically understood. Since Mn is cheaper and more 

environmental friendly than Co and Ni, manganese compounds need more 

attention in future work on rechargeable lithium battery applications. Further 

work is also required to solve the safety problems of rechargeable lithium 

batteries when non-aqueous electrolytes are used. New cathode materials 

with higher specific capacities need to be discovered to improve the specific 

energy of lithium ion cells. 

Rechargeable lithium batteries with aqueous electrolytes is an attractive 

possibility for electric vehicle applications. It may be possible to increase the 

energy density of these batteries by increasing the working cell voltage since 

lead-acid batteries work at 2 V with aqueous electrolytes. More work is needed 

to understand the competition between hydrogen intercalation and lithium 

intercalation from aqueous electrolytes. 
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