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Abstract

The thermal stability of lithium-ion batteries has recently attracted attention for
two major reasons. (1). Attempts to make large-size cells used in power tools, E-bikes
and EVs. Large cells have lower surface area to volume ratios and hence heat dissipation
is more problematic than 18650-size cells. Safety problems, therefore, for large cells are
more serious. (2). Next generation high-capacity electrodes will increase the energy
density of lithium-ion cells meaning even an 18650-size cell may face safety concerns.

This thesis presents studies of the thermal stability of electrode materials in
electrolytes to understand their reactivity. A search for new positive electrode materials
with high thermal stability was made.

The thermal stability of two common electrode materials (Lig.81Cs and Lig5C00O2)
in lithium-ion cells was studied by Accelerating Rate Calorimeter (ARC). Lig8Ce has
much lower reactivity with lithium bis(oxalato)borate (LiBOB) electrolyte compared to
LiPF; electrolyte. It is not the case, however, for LigsCoO,. Oven tests of full LiCoO,/C
18650-size cells with LiBOB or LiPF; electrolytes, confirmed the ARC results.

ARC was then used to study the reactivity of existing electrode materials. The
thermal stability of a negative electrode material was found to increase with the binding
energy of Li atoms hosted in the material. LipsVO, (B) has a higher lithium binding
energy (2.45 eV vs. Li) than Lig31Cs (0.1 €V vs. Li) and Li;Tis0y2 (1.55 €V) and it shows
the highest thermal stability in EC/DEC among the three materials. The reactivity of two
existing positive electrode materials, LiMn;O4 and LiFePO,, was studied. Cell systems
expected to be highly tolerant to thermal abuse were suggested: LiFePO4/C or LisTisOr
in LiBOB electrolytes.

The system, x Li[Ni;»,Mn;;]0; o y LiCoO; e z Li[LijsMnys]O; (x +y +z = D),
was explored for new positive electrode materials with large capacity and high thermal
stability. Li[(Nig.sMngs)xCo1.x]O2 (0.45x<0.7) samples have excellent electrochemical
properties and thermal stability and are being commercialized by industry.
Li[(Nig sMng 5)xCoy(Li1sMn2z),]0, (1/125y<1/4, 1/652<1/3) samples have high specific
capacity (200 mA h g™, excellent cycling performance, and are safer than LiCoO;. The

materials are suggested for energy cells used in cell phones, laptops, and so on.
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Chapter 1 Introduction

1.1 Battery development

Lithium-ion batteries (LIBs) were first brought to market in 1991 by Sony Corp.
(Japan). Since then LIBs have been used in consumer products as diverse as cellular
phones, video cameras, notebook computers, portable minidisk players and others. LIBs
have played a leading role in the portable secondary battery market in the recent decade
because of their large energy density, higher voltage and longer lifetime compared to
conventional battery systems.

Approximately 600 million cells for LIBs per year are currently produced. The
rate of production is increasing by 13% per year [1]. Many of these cells are 18 mm in
diameter by 65 mm in length (18650-size cylindrical type) and deliver about 2 Ah of
charge [2]. However, large size LIBs for electric vehicles (EVs) are still unavailable
because of safety concerns [3-12]. For an EV (no combustion engine), about 100 - 150
Ah are needed to supply the necessary energy and power to the car. Heat dissipation to
the environment is not as effective when the surface area to volume ratio decreases, as
would occur in 100 Ah cells as compared to a 2 Ah cell. In abuse situations, such as short
circuit, overcharge, etc., the components of the cells begin to react and the temperature of
100 Ah cells would reach higher values than the temperature of 2 Ah cells because of the
slower rate of heat dissipation.

The reactions between the components within lithium-ion batteries at elevated
temperature are still not completely understood. An understanding of these reactions must
be obtained so that safer cell components can be found and higher thermal stability of

LIBs can be achieved.

1.2 Electrochemistry of lithium-ion batteries

A commercial lithium-ion cell usually contains a graphite negative electrode, a
lithium transition metal oxide positive electrode (LiMO,, where M is a transition metal,
such as Co, Mn, Ni, etc.) and an organic electrolyte with a dissolved lithium salt
(typically LiPFg). During charge, lithium atoms are extracted from the positive electrode
material and inserted into the negative electrode material. During discharge, the reverse

process takes place, as shown in Figure 1.1. The basic electrochemistry of the cell is only



the transfer of lithium atoms between the two layered electrodes, the ions through the
electrolyte and the corresponding electrons through the external current. The
electrochemical charge/discharge reactions can be represented by the following equations
[1-1] and [1-2],
For the positive electrode:
charge
LiMO; —— LijxMO; +xLi" +xe". [1-1]
—
discharge

For the negative electrode:

charge
C +xLi" + xe — > Li,C. [1-2]
discharge

. Aluminum
e by e sitive
negative po
current current
collector collector

Li* conducting electrolyte

LixCe LiMO:

Figure 1.1 Schematic diagram of a commercialized lithium-ion cell during discharge

[13]. Reprinted with permission from the authors.

The voltage of the electrochemical cell depends on the difference in the chemical

potential of lithium atoms in the two electrode materials,



V - (#positive - lunegative) , [1_3]
€

where Hpositive ad Hoegative are the chemical potential of lithtum atoms in the positive and
negative electrode materials, respectively, and e is the magnitude of electron charge. The
chemical potential of Li in lithium metal, py;, is constant because it is composed a single
phase. This chemical potential therefore serves as a reference for the chemical potential
of lithium atoms in the electrode materials. The chemical potential of lithium in the
electrodes may also be described in terms of the lithium atom binding energy, E, in the
host, related simply to p by p = - E (py; is used as a reference for both p and E).

Figure 1.2 shows the lithium binding energies versus lithium metal of different
electrode materials that will be discussed in the next section. For example, the lithium
binding energy of a lithium atom in the LiCoO; positive electrode and in the LixCe
negative electrode are approximately 4.2 eV and 0.1 eV vs. Li metal (Figure 1.2). This
suggests a fully charged LiCoO,/C cell has an output potential of approximately 4.1 V.

5eV
ey - Hl\élgé?4 <— Li[(Ni0o.5Mno.5)xCo1-x]O2
<+ LiFePO4
3eV
<« LiosVO2
2eV
<4— Li7TiaO12
1eV
<4— Liy(SixSn1-x) _
OeV <«— LiMetal € LixCs

Figure 1.2 Binding energies of lithium in various lithium compounds versus lithium
metal.



1.3 State of the art lithium-ion battery technology today

Battery manufacturers want to produce LIBs with higher energy density and
improved safety characteristics. Recently, many new negative [14-20] and positive
electrode materials [21-25] with higher capacity and better thermal stability have been
characterized and some have been adopted to improve the electrochemical and safety

performance of LIB technologies.

1.3.1 Negative electrode material development

In the early 1960s, primary cells with metallic lithium negative electrodes and
non-aqueous electrolytes were successfully introduced into the market. The main benefits
of these cells over conventional batteries with aqueous electrolytes were the high voltage,
high energy density and low self-discharge rate [26]. In the 1980’s much effort was
expended developing secondary lithium batteries with lithium metal as a negative
electrode. However, the poor safety of rechargeable cells incorporating lithium metal
inhibited their further application.

In the 1980s graphite was first introduced as a negative electrode material [27].
Graphite has a low binding energy for lithium so that the combination of a graphite
negative electrode with a high binding energy positive electrode, such as LiCoO;,
produces a cell having a high voltage. In addition, graphitic materials show a high degree
of structural tolerance for reversible intercalation, which leads to good charge-discharge
cycling performance [9, 28]. Today, most LIB manufacturers still use graphite as the
negative electrode material [1].

The disadvantages of graphite are a low discharge capacity and a relatively low
thermal stability [29]. The first discharge capacity of graphite is close to its theoretical
capacity of 372 mA h g’'. The plateau at around 0.8 V in the first discharge curve of
graphite vs. lithium corresponds to the formation of a solid electrolyte interphase (SEI)
between the negative electrode (LixCs) and the electrolyte [30, 31]. The capacity loss in
this process is called irreversible capacity because it can not be recovered in later cycles.
The discharge capacity of graphite after the first cycle is around 330 mA h g, which is
much lower than alloy negative electrode materials such as SiSn [15, 32]. Richard et al.

[29, 33-35] showed that an exothermic reaction can be detected (0.03°C/min slope



sensitivity used) between fully charged MCMB (Lig 3:1C¢) and LiPFs EC/DEC electrolyte
starting as low as 70°C by accelerating rate calorimetry (ARC).

Recently, many efforts have been made to search for new negative electrode
materials with high capacity. Amorphous silicon has been tried by several groups [36-38]
because of its high capacity of up to 4200 mA h g, An amorphous silicon thin film
electrode with a 150 nm thickness can cycle more than 1000 times while still retaining
90% capacity [39]. Tin is another attractive negative electrode material for LIBs again
because of its high theoretical capacity of 980 mA h g [30-44]. A SiSn alloy developed
by 3M Corp. (USA) and Dalhousie University has a capacity of 800 mA h g" and its
capacity retention is above 80% after 100 cycles. The application of these new negative
electrode materials will significantly increase the energy density of LIBs.

Until now, alloy negative electrode materials with high capacity are still not
commercially available for the following reasons: (1). Crystalline alloys generally have
large irreversible capacity up to 200 mA h g, which can not be recovered after the first
cycle; (2). Crystalline alloys show poorer capacity retention during cycling than graphite.
A large volume expansion of up to 250% after full lithiation can cause alloy particles to
break into small parts, which causes loss of electrical contact and hence cycling capacity
loss [45]; (3). Amorphous alloys have been designed to partially overcome the two
disadvantages described above and they have lower irreversible capacity and better
cycling performance [45, 46]. However it is difficult to economically mass-produce
amorphous alloys which can react with substantial amounts of lithium; (4). Alloys also
generally have a high potential (average around 0.3 ~ 0.4 V vs. Li), which decreases the
output voltage of the Li-ion cell;

Another concern about alloy negative electrode materials is safety. Previously it
was believed that increasing the energy density of LIBs decreases thermal stability. For
example, a 2 Ah 18650-type cell from E-One Moli/Energy Ltd. passed a 150°C oven test
whereas 2.4 Ah cells exhibit thermal runway forty minutes after they were put into a
150°C oven. Until now, no thermal stability data has been reported for 18650-size cells

containing high capacity negative electrode materials.



1.3.2 Trends for positive electrode material development

LiCoO, was first proposed as a positive electrode material for LIBs in 1980 and
has been used since then because of its favorable cycling, satisfactory stability, and ease
of preparation in a high quality, ideal layered structure. Figure 1.3 shows the layered
structure of LiCoO; based on close-packed oxygen layers. Li and Co cations are
arranged into alternating layers between the oxygen planes.

Currently, LIB manufacturers still use LiCoO; as the positive electrode material
in 18650 size cells. However the safety of LiCoO, is still a big concern for the
application of large lithium-ion batteries in electric bicycles and electric vehicles (EVs).
In addition, the price of Co has increased from approximately 7 USD/Ib. in 2002 to
nearly 23 USD/Ib. in September 2004 in. part because of the booming market for lithium-
ion batteries [47]. Therefore, there has been a large effort in finding a replacement for

LiCoO; to make lithium-ion batteries safer and cheaper as well.

<— Oxygen layer

% <«——— Transition metal
(Co) layer

Figure 1.3 Layered structure of LiCoO,.

LiMn,0O4 with the spinel structure has become more and more attractive for EV
applications because its delithiated structure (MnO;) has a higher thermal stability than
LipsCo0; [48, 49]. The onset temperature for the reaction of 100 mg of charged LiMn,O4
with 100 mg of EC/DEC solvent is about 180°C as measured by ARC, which is 30°C



higher than the ARC onset temperature for charged LiCoO, in EC/DEC [50-52]. In
addition, Mn has a much lower price than Co.

The main disadvantage of LiMn,Oj4 is its poor cyclability, which is considered to
be due largely to the dissolution of manganese from the compound into the electrolyte
during cycling [53, 54]. Doping LiMnyO4 with Al, Nb, and also excess Li effectively
stabilizes the LiMn,Oy4 structure, improves its cycling performance, and also increases its
thermal stability as measured by DSC [55-57]. Another disadvantage of LiMn,Oy is that
its capacity, 120 mA h g, is about 20 mA h g lower than LiCoO, when charged to 4.2
V vs. lithium metal, which means that the energy density of cells made with LiMn;O; is
lower than the energy density of cells with LiCoO,. This lower capacity has hindered the
widespread introduction of LiMn,O4 as a positive electrode material for commercial
cells. Recently, some lithium-ion battery producers, such as E-One Moli/Energy Ltd.
(Canada), have started to make cells with LiMn,Oy4 as the positive electrode material for
E-bicycle (electrical bicycle) applications [58].

LiFePO, is an another attractive cathode material for large size cells because it
has even higher thermal stability than LiMn,;O4 [59-61]. Pure LiFePO4 has a relatively
low electrical conductivity of around 107 ~ 10 S ecm™, compared to the conductivity of
LiCoO, of 102 S cm™ [62]. Hence the rate capability of LiFePOy is not good as LiCoOs.
Much effort was expended improving the conductivity of LiFePOy4. Chiang et al. [63]
tried to dope LiFePO, with 1% Nb, which improves the conductivity of LiFePO4 to
above 102 S cm™ at room temperature. Armand [64] coated LiFePO4 with only 0.2%
carbon and a conductivity of 10* S cm™ was achieved. Chen and Dahn [65] coated
LiFePQ, with carbon using a range of methods and the coated LiFePO4 presented good
cyclability and rate capability.

The stability of carbon-coated LiFePO; in the charged state was studied in
EC/DEC solvents using ARC and no obvious exothermic signal appeared until 300°C
[60]. The onset temperature of charged LiFePO, heated with LiPFs EC/DEC (1:2 by
volume) electrolyte was found to be about 190°C, which is 30°C and 10°C higher than the
ARC onset temperature of charged LiCoO, and charged LiMn,O4 in LiPFs EC/DEC
electrolyte, respectively [S1, 66]. It is possible that the exothermic signal from 220°C to
240°C in the ARC experiment of LiFePO; with LiPFs EC/DEC comes from the



decomposition of LiPF¢ salt in EC/DEC solvent because the ARC result of LiPFs
EC/DEC alone shows a similar exothermic signal in the same temperature range.

The low tap density of carbon-coated LiFePO4 has limited the comprehensive
application of LiFePO, in the LIB industry. The tap density of 0.2% carbon-coated
LiFePO, is only about 1.4 g cm™, which is much lower than the tap density of LiCoO,,
2.5 g cm™. The lower tap density of LiFePOy leads to a lower volumetric energy density
in LIBs than LiCoO,. Despite this density issue, LiFePOy still is considered to be a
candidate positive electrode material for EV applications because of its high thermal
stability.

In 2001 Lu ef al. [24, 67} and Ohzuku [25] first synthesized a series of new
layered cathode materials, Li[(NigsMng 5)xC01x]O2 (0 <x < 1), which can be regarded as
solid solutions between Li[NigsMngs]O, and LiCoO, phases. Li[(NipsMng5)xC01x]O2
compounds have the same layered structure as LiCoO, (shown in Figure 1.3). There are
three metal species in the transition metal layer, Mn, Co, and Ni. Lu and Dahn [67] found
that some compounds in this series provided a high capacity of around 180 mA h g’
when charged to 4.4 V vs. Li metal, together with good cyclability and rate capability.
Jouanneau [21] modified the synthesis method for making Li[(NigsMng 5)p2Co03]O2 (x =
0.2) increasing its pellet density to 3.6 g em?, which is close to the pellet density of
LiCoO,. MacNeil [23] found that the thermal stability of Li[(Nig.sMngs)xCo1x]O2 in
electrolyte increases substantially as x increases from 0 to 0.4. Even with small Ni and
Mn concentrations of x = 0.2 in Li[(Nig sMng 5)xCo1.x]O3, there is an almost 80°C increase
in the temperature of any significant exothermic activity as measured by Differential
Scanning Calorimetry (DSC).

Our preliminary studies on the thermal stability of Li[(NigsMngs)02C00.8]02
shows that the onset temperature of reaction between charged Li[(NigsMnyg 5)2C00.3]O2
(4.2 V vs. Li) and LiPFs EC/DEC is around 200°C, which is even 10°C higher than the
ARC onset temperature of charged LiFePOy in LiPFs EC/DEC electrolyte [60]. However,
the details of the reaction between charged Li[(NigsMngs)o2C003]O, and solvent or
electrolyte at elevated temperature are still unknown. The structure, electrochemical
properties, and thermal stability of Li[(Nig sMng 5)02C00.8]O2 (0 < x <1) materials will be



explored in this thesis. Furthermore, the thermal reaction sequence in EC/DEC solvent
and LiPF¢ based electrolyte will be discussed.

As discussed in Section 1.3.1, the development of metal alloys (such as SiSn, etc.)
as negative electrode materials can bring a huge capacity over 1000 mA h g’ and also an
average potential of 0.3 ~ 0.4 V versus Li. This pushes the development of positive
electrode materials with higher capacity, higher voltage, and higher thermal stability.

Recently, solid solutions between Li;MnO; (Li[LiisMny3]0,) and LiMO, (M =
Co, Mny;sNig s, etc.) have been used to improve the electrochemical properties of positive
electrode materials [67-77]. To design such a lithium transition metal oxide with a
mixture of transition metals is complex. Consider the hypothetical compound
Li[LileyMzz...]Og with M' and M? being transition metals. Here, the atoms within the
brackets are designated to be in the "transition metal" layer and x + y +z + ... = 1. There
are several guidelines that need to be met:

(1). The layer sequence should be lithium - oxygen - transition metal - oxygen - lithium
...... (some lithium atoms are allowed within the transition metal layers, but as little
transition metal as possible should be allowed on the lithium planes). This ensures rapid
diffusion in the lithium planes and hence good battery performance.

(2). To maximize capacity for lithium-ion cell applications, the lithium layers should be
full, unless it is impossible to synthesize the desired layers with full alkali occupation.

(3). To make synthesis facile in air, the oxidation states of the transition metals should be
those that they naturally adopt in air at synthesis temperature in the presence of the other
cations.

(4). Normally, at least one of M!, M2, etc. should be able to be oxidized within the
electrochemical window of the electrolyte.

These guidelines have been used to synthesize new positive electrode materials

for Li-ion cells. In 1997, Numata [69, 78] synthesized a series of layered compounds,
Li[(Li;sMny;)Co1x]02 (0 < x <1), which can be regarded as solid solutions between
different ratios of Li[Liman/g]Oz and LiCoO;. The Li[(Li;sMny;3)xC0;.]O2 compounds
meet all the above four rules. Li[(Li;sMnys)xCo1x]O2 (x = 0.1, 0.2, and 0.3) samples
showed good cycling performance and high rate capability but lower capacity than
LiCoO; between 3.0 and 4.3 V [69, 78].



Lu and Dahn [70, 24] studied the solid solutions between Li[Ni;»Mn;»]O; and
Li[Li1sMny3]0,, which can be expressed as Lif(NiiaMnyp)x(LisMng3)1x]02 (0 <x < 1).
They found that Li[(Nijo2Mnyn)x(LiisMnas)ix]O2 (x = 1/3, 1/2, 2/3, and 5/6) samples all
displayed a plateau at about 4.5 V vs. lithium metal during the first charge, which was
believed to correspond to oxygen loss concomitant with Li extraction. Subsequent to this
plateau, the materials can reversibly cycle over 225 mA h g” (almost one Li atom per
formula unit) between 2.0 V and 4.6 V [19]. However, the synthesized
Li[(NijpMny ) (LiisMnys)1x]O2 cathode materials show a small particle size around 0.3
pm and relatively poor rate capability after traversing the O, loss plateau at room
temperature. Furthermore, Li[(NijzMn;n)«(LiisMnys)1x]O, cathodes charged to 4.8 V
show relatively inferior thermal stability compared with Li[(Ni;»,Mny)xCo1.x]O2 charged
to 4.2 or 4.4 V [76].

Based on the prior studies that the rate capability of Li[(Nij2Mnin)xCo1x]O2
positive electrode increases with Co content [79, 80], Co was added to
Li[(Ni;2Mn) p)x(LisMny3)1x]O2 giving the Li[(NijpMnip)Coy(LisMmps),JO2 (x +y +
z = 1) series of cathode materials, which lie within the Li[NijpMn;,]O2 ¢ LiCoO; e
Li[Li1sMny5]O; pseudo ternary system. These materials have a Li*, Ni*', Mn*", and Co>*
cation mixture in the transition metal layer and meet the described four rules. We
identified the effects of Co content (y) on the particle size, lattice constant,
electrochemical performance, and thermal stability of the synthesized cathode materials
as well. Cathode material candidates with high discharge capacity (over 200 mA h gl at
C/6), excellent cycling performance, and acceptable thermal stability were found in this

ternary system.

1.3.3 Salt

In lithium-ion batteries, a lithium salt also is important. A “good” lithium salt
must meet the following requirements: (1) ability to form a stable solid electrolyte
interphase (SEI); (2) electrochemical stability in a wide potential window; (3) acceptable
solubility in alkyl carbonate organic solvents like EC, DMC, etc; (4) high conductivity in

various nonaqueous solvent systems and (5) good cycling behaviour.

10



The lithium salts can be subdivided into fluorinated salts and non-fluorinated
salts. Fluorinated salts include LiPFs [81], LiAsFs [82], LiBF, [83], LiCF3S0;, etc. At
high temperatures, these salts can decompose to produce LiF:

LiPF¢ — LiF + PFs. [1-4]
LiAsFg — LiF + AsFs. [1-5]

The product, PFs for example, is a strong Lewis acid that can react easily with
organic solvents such as EC [81] PC, etc. Furthermore, the labile P-F bond in PF; is
highly susceptible to hydrolysis by any trace amounts of water present in the electrolyte
releasing HF. These reactions can cause safety problems for LIBs. Richard showed that
the onset temperature for discharged MCMB (Lip5:Cs) is about 70°C in LiPFs EC/DEC
and 50°C in LiBF4 EC/DEC [35].

Although LiPFs is not a thermally stable salt, it is still the most successfully
commercialized salt in LIB technology. For the graphite negative electrode, the formation
of a LiF film from the decomposition of LiPFs salt on the LixCs surface can effectively
inhibit further reaction between Li,Cs and electfolyte [35]. For the LipsCoO, positive
electrode, HF from the decomposition of LiPFg can polymerize with solvents, such as EC
and PC protecting the positive electrode from further attack by reducing agents such as
EC, DEC, PC, etc. The addition of LiPFs into EC/DEC solvent therefore increases the
thermal stability of both the Lig 3;C¢ negative and Lio sCoO; positive electrodes [84-88].

Non-fluorinated salts, such as LiClO4 and LiBOB, have recently received
attention as alternative salts for LIBs [89,90]. The chlorine in LiClO4 has a +7 oxidation
state, which causes poor thermal stability for both LIB electrodes in the presence of
LiClO4 based electrolytes at high temperature [91].

Recently, the bis(oxalato)borate salt, LIBOB, has been proposed as a potential
replacement for LiPFg [88-90, 92]. It meets the basic requirements for a salt to be used in
lithium-ion cells outlined earlier. Furthermore, it gives better thermal stability than LiPFs
in organic solvents [88-90]. Crystalline LiBOB is also much more stable than crystalline
LiPFs. For example, the TGA measurements made at Dalhousie have shown that
crystalline LiBOB does not decompose until 300°C, however S.E. Sloop et al. [81]
reported that only 60% of LiPFs remained after 200 minutes at 70°C in an isothermal
TGA.
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There have been few reports of the thermal stability of LiBOB-containing
electrolytes with negative or positive electrodes. In this thesis, the thermal stability of
lithiated MCMB in LiBOB EC/DEC is compared with that of lithiated MCMB in LiPFg
EC/DEC using ARC and XRD measurements. The results show much improved thermal
stability for lithiated MCMB in LiBOB EC/DEC electrolyte. However, the thermal
stability of the LixCoO; electrode in LiBOB EC/DEC electrolyte is worse compared with
LiPFs-based electrolyte.

1.3.4 Solvent

The choice of solvent is another important factor that can affect the performance
of the cells. For example, EC forms a SEI on the LiCg surface preventing direct contact
betWeen LiC¢ and the electrolyte and stabilizes the LiC¢ negative electrode while still
allowing lithium ions to pass through [93]. However, graphite cannot cycle at all in LiPFs
PC-based electrolyte because PC cointercalates causing exfoliation of graphitic anodes.

Preliminary ARC studies show that cyclic carbonate solvents, such as PC and
EC, present higher thermal stability than linear carbonates like DMC and DEC. EC
shows the best thermal stability among these carbonate solvents and DMC shows the
worst thermal stability. The ARC onset temperature for reactions between Lig3i1Cs and
DMC is only 50°C [87].

An importanf direction to develop a thermally stable solvent for both Lig 31Cs and
Lig.sCo0, electrodes is to partially or totally displace traditional carbonate solvents with a
series of new fluorinated carboxylic acid solvents. Using DSC, Yamaki et al. [94, 95]
found that methyl difluoroacetate (MFA) has the highest thermal stability in this series of
fluorinated carboxylic acids for both LiCs and LixCoO; electrodes. They also showed that
the single solvent MFA electrolyte shows higher cycling efficiency for lithium metal than
LiPF¢ EC/DMC, while the addition of MFA to EC/DMC could also improve the cycling
efficiency of cells. XPS studies by Yamaki [95] showed that the formation of lithium
acetate, which can not dissolve in the MFA solvent, effectively stabilizes both electrodes
and improves thermal stability at elevated temperature.

Arai [96, 97] found that some methyl fluorinated ethers (MFE), such as CH3-O-

C4Fy, are inflammable and have no flash point. The addition of fluorinated solvents into

12



electrolyte will definitely increase the thermal stability of positive electrode materials
because the solvents will not be easily combusted by O, released from the decomposition
of the charged positive electrode. A graphite/LiCoO, 18650 cylindrical cell with 1.0 M
LiBETI (LiN[SO,C,Fs],) in MFE/EMC (ethyl methyl carbonate) (4:1 by volume) passed
the nail penetration test without thermal runaway. The nail penetration test is one of the
thermal abuse tests for lithium-ion batteries that will be described in Chapter 2.

The capacity of a graphite/LiCoO, 18650 cell with MFE based electrolyte,
however, quickly faded from 1500 mA h to around only 250 mA h, compared to above
90% capacity retention of the cells with EC/EMC based electrolyte [97]. Further studies
found that the low cyclability of graphite/LiCoO, 18650 cells containing MFE was due to
the large resistance of the SEI on graphite in LIBETI MFE/EMC electrolyte. The addition
of EC can significantly improve the cyclability of the cell because of a better SEI film is
produced, however it is still apparently worse than the SEI produced by LiPFs EC/EMC
electrolyte.

It is believed that a breakthrough in finding a thermally stable fluorinated solvent,
which has equivalent electrochemical properties for both graphite and LiCoO, electrodes
as an EC based solvent, will bring electric vehicles (EVs) or hybrid electric vehicles
(HEVs) into the market.

1.3.5 Binder

A binder is used to hold the electrode particles together and to the current
collector. The choice of binder perturbs the interface between the electrode and the
electrolyte so that the choice of binder may affect the safety of lithium-ion batteries. In
this report, the thermal stability of LigsiCs containing several different binders with
electrolyte will be compared.

The first binder is ethylene propylene diene terpolymer (EPDM) obtained from
Moli Energy Ltd. In the experiment, only 2% EPDM binder was added to the electrode.
EPDM does not absorb any electrolyte (not swelled) and hence too much of it in the
electrode mixture will cause the particles to be completely coated by this plastic which

will prevent any electrochemical activity [35]. The EPDM binder is not used

13



commercially today by any manufacturer but it is a material that is significantly different
from any of the other binders used, so it is worthy of study.

The other binder is polyvinylidene difluoride (PVDF), which is commonly used
by LIB manufacturers. In contrast to EPDM, PVDF binder can be plasticized by
electrolytes. Maleki et al. [98, 99] studied the stability of carbon-based negative
electrodes with PVDF in electrolyte using ARC and he attributed the exothermic signal
from 210°C to 300°C mainly to the reaction between PVDF binder and LiyCs. Maleki
also showed that if 8% phenol-formaldehyde (PF) binder was used in the negative
electrode mixture instead of PVDF, the released heat of the negative electrode (240 J g™)
was nearly one-fifth of that of the PVDF electrode (1182 J g™).

In order to understand the effects of binders on thermal stability, MCMB
negative electrodes with 1, 2, 4, 7, or 14% PVDF, 2% EPDM binder, or no binder were
prepared and charged below 25 mV vs. lithium metal. The thermal stability of these

electrodes was then compared using ARC.

1.3.6 Separator

A microporous separator is used to avoid the direct contact between the negative
and positive electrodes while still allowing the lithium ions to pass easily. Currently, two
major types of separators are used, polyethylene and polypropylene. The two polymers
differ in their melting temperature (130°C and 150°C, respectively). When the melting
point of the polymer is reached, the micropores in the separator melt and close,
effectively stopping current flow. The lithium-ion cell can no longer operate due to the

discontinuation of ion flow from one electrode to the other.

1.4 Introduction to the thermal stability of lithium-ion batteries

Strict safety guidelines have been developed for lithium ion batteries in order to
protect consumers. In normal use, lithium-ion batteries are safe. However, under
conditions of thermal (heating), mechanical (crushing), or electrical (short-circuit,
overcharge) abuse, the charged electrodes of the lithium-ion battery, such as the Lig21Cs
negative electrode [85, 100, 101] and the Lig sCoO; positive electrode [8, 9, 86, 102], can
react with organic solvents like EC, DEC, DMC, and PC, etc. at high temperature and
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release heat. Under conditions of extreme abuse, this can result in cells emitting smoke or

flame. Hence, in practical applications, the abuse tolerance of lithium-ion batteries in the

charged state needs to be characterized.

The common abuse tests are described below:

(a) Oven test: this test simply involves placing the cell in a high temperature isothermal
oven while its temperature is monitored. For consumer batteries, an oven temperature
of 150°C is used.

(b) Short-circuit test: a low resistance (less than 5 mQ) is connected across the terminals
of the cell. The cell may be preheated. In this test, a high current flows through the
battery generating heat within it. A typical 18650-size cell has an internal resistance
of 50 mQ, so most of the power is dissipated within the cell itself.

(c) Overcharge test: A constant current is forced through the cell until it reaches a
limiting voltage near 10 V. Heat is generated by electrochemical reactions associated
with decomposition of the cell electrolyte and by current flowing through the cell.

(d) Nail test: A nail is forced through a charged cell at a specified rate (such as 10 cm s
!Y. When the nail penetrates the cell, the cell is internally shorted by the nail. Heat is
then generated by current flowing through the cell, and by current flowing through
the nail. This produces an internal local hot spot in the cell.

(e) Crush test: A round bar is used to press down on the charged cell until a short-circuit
initiates. Heat is generated within the cell due to the discharge, and locally at the
points where electrode pairs are physically shorted.

The oven test and the overcharge test can be more severe since additional energy
is added to the cell. The nail and crush tests are more difficult to pass if overcharged cells
are used. The nail, crush, and short-circuit tests are somewhat similar, but have
significant differences. In these three tests, heat is generated by a rapid discharge of the
cell. The short-circuit test allows the cell to discharge uniformly throughout the volume
of the cell. The nail and crush tests create local hot spots in the cell.

Oven test results are generally quite reproducible. The oven tests of two
commercially available lithium-ion cells are shown as an example to explain the oven test

in detail.
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1.4.1 Oven test
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Figure 1.4 A thermocouple was attached to surface of an 18650-size cell charged to 4.2 V

in (a). The cell then was put into a constant temperature oven.

An oven exposure test on a commercially available lithium-ion cell was
previously done in Jeff Dahn’s laboratory, in accordance with UL 1642 standards [103].
An 18650-size lithium-ion cell was fully charged to 4.2 V at a low rate of C/100 (100
hours for full charge). A thermocouple was strapped tightly to a region of the cell where
part of the label (0.5 cm x 0.5 cm) had been removed with a sharp blade. The point of
contact between the thermocouple and the cell was covered by alumina wool as shown in
Figure 1.4a. The cell with attached thermocouple was then put into the center of a
constant temperature oven shown in the schematic in Figure 1.4b. MCMB/1.0 M LiPFs
EC:DEC/LiCo0O, 18650 size cells were obtained from Moli Energy Ltd. (Canada). The
heating profile of the cell (temperature vs. time) was studied The result is shown in
Figure 1.5 [52]. In order to qualify as a safe cell according to the UL 1642 standard, the
cell must survive a ten-minute exposure at 150°C without going into thermal runaway.
Thermal runaway is the point where the exothermic reactions run out of control and result

in the cell emitting smoke or flame.
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Figure 1.5 shows that the cell began to self-heat because of the internal
exothermic reactions as its temperature approached the 150°C oven temperature. The
pressure buildup was sufficient to open the cell’s pressure vent, causing a slight decrease
in temperature, but this was not sufficient to stop the exothermic reactions. Then the cell
proceeded into thermal runaway and ended with the cell venting with flames. This cell is
not safe because it went into thermal runway about 11 minutes after it was placed in the
150°C oven. However, according to the UL 1642 standard, this is a safe cell since it did
not go into runaway during the first 10 minutes after reaching 150°C.

Another oven test result for a MCMB/1.0 M LiPFs EC:DEC/LiMn,04 18650-size
cell from Moli Energy Ltd. is shown in Figure 1.6 [52]. After the charged cell was put
into a 150°C oven, there was an initial self-heating event that caused the cell temperature
to increase above the 150°C oven temperature. The cell temperature then gradually
decreased to the oven temperature because the small amount of heat generated by the
exothermic reactions within the cell was efficiently transferred away. This cell is safe
according to UL 1642.
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Figure 1.5 Measured oven exposure data for a commercial 18650-size cell [52].

Reprinted with permission from the author.
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Figure 1.6 Oven exposure data for a MCMB/LiMn;0; cell with 1.0 M LiPFs
EC/DEC (1:2 by volume) electrolyte [52]. Reprinted with permission from the author.

The difference between the oven-test results in Figures 1.5 and 1.6 are mainly due
to the different positive electrode materials used (LiCoO; in Figure 1.5 and LiMnyO; in
Figure 1.6). Charged LiMnyO4 has higher thermal stability than charged LiCoO; in
lithium-ion batteries.

It is not convenient for university researchers to compare the thermal stability of
different electrode materials, such as LiCoO, and LiMnyO,, using the oven-test on
prototype 18650-size cells. Fortunately, the thermal stability of different electrode
materials can be simply compared using calorimetry in the laboratory and only a few

grams of electrode materials are needed to prepare samples for thermal tests.

1.4.2 Thermal tests for lithium-ion battery electrode materials in the laboratory
Lithium-ion battery researchers have used sensitive techniques such as thermal
gravimetric analysis (TGA) and accelerating rate calorimetry (ARC) to test the thermal

stability of the components of lithium-ion cells.
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1.4.2.1 Thermal Gravimetric Analysis (TGA)

In a TGA measurement, the mass of a sample is measured as a function of
temperature. A TGA study [48] on the stability of three cathode candidates (LiNiO;,
LixCoO,, and LiyMn;0O4) demonstrated that upon heating in an inert atmosphere, the
onset temperature for oxygen release (weight loss) was in the order of LixNiO,<
LiyCo0,< LiyMny04. This indicates that LiyMnO4 presents higher thermal stability than
the other two positive electrode materials because of its higher decomposition
temperature. In order to precisely characterize the thermal reactivity between electrode
materials and added electrolytes, a calorimeter is need, such as an accelerating rate

calorimeter (ARC). -

1.4.2.2 Accelerating Rate Calorimeter (ARC)

Heater
Heated Jacket
Test-cell Temp Top Zone Temp
Sensor Sensor
Side Zone Bottom Zone

Temp Sensaor Temp Sensor

Figure 1.7 Schematic of an Accelerating Rate Calorimeter (ARC).

A simple schematic diagram of an Accelerating Rate Calorimeter is shown in
Figure 1.7. One temperature sensor (a thermocouple) is attached to the surface of the
sample holder to monitor the temperature of the sample with time. Heaters and sensors
and a feedback circuit ensure the sample and jacket temperatures are very close. If the
sample holder is heated by the heat released from internal reactions, a difference between
the sample and jacket temperatures is detected. The heaters in the jacket then heat the
jacket so it has the same temperature as the sample. Hence, there is no heat flow between

the sample holder and the jacket. The sample holder is therefore maintained under
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adiabatic conditions and it self-heats due to the exothermic reactions occurring within it.
The temperature of the sample (T) is measured versus time (t) and the self-heating rate

(dT/dt) vs. T is usually plotted.

Cover of the
Heated Jacket

Blast shell insulator around
Heated Jacket

Figure 1.8 A picture of the ARC when the blast shell is open.

Figure 1.8 shows a picture of an ARC with its outside blast shell open. The blast
shell is added mainly for safety protection because the ARC is usually used to study the
thermal instability of explosives [104]. When the cover is lifted up, there is a
thermocouple (type N) suspended in the center of the jacket and an ARC sample tube is
hooked on the tip of the thermocouple as shown in Figure 1.9. There are heaters and
thermocouples located in the top, bottom, and side zones around the jacket, which can not

be seen in this picture.
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Thermocouple ARC sample tube

Heated Jacket Insulator around
Heated Jacket

Figure 1.9 An ARC sample tube hooked on the tip of the sample thermocouple in the

center cavity of the jacket.

The’ ARC sample holder was made from a 6.35 mm (0.250”) outer diameter
stainless steel (type 304) seamless tube having a wall thickness of 0.015 mm (0.006”)
(MicroGroup, Medway, Mass.). The stainless steel tubing was cut into 39.1 mm (1.5407)
long pieces shown in Figure 1.10a. A Canadian dime is shown in Figure 1.10 to indicate
the size of stainless steel tubing. The sample tubing was sonicated in acetone solution two
times for cleaning and then dried in a 100°C oven overnight. One end of the tubing was
flattened and then welded inside an argon filled glove box using Tungsten Inert Gas
(TIG) welding with a Miller Maxstar 91 ARC welder, equipped with a Snap Start II high
frequency ARC starter. A small piece of stainless steel foil was attached to the surface of
the tubing for hooking the thermal sensor in the ARC experiment. The sample holder (b)
in Figure 1.10 was obtained. A known amount of electrode material, such as Lig;Ce or

Lig5C00,, and solvent or electrolyte was then added to the tube (b) in an argon-filled
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glove box. The other end of the tube was clamped and welded shut with the sample held
in a large copper block as a heat sink [105]. TIG welding was performed under a flow of
argon and essentially melted the end of the tube together. Then the sample holder in
Figure 1.10c was ready for the ARC experiment.

* Figure 1.10 ARC tubes for ARC experiments.

Accelerating Rate Calorimetry of the decomposition of di-t-butyl peroxide
(DTBP) is used as a simple example of typical ARC results. DTBP was chosen for the
first ARC experiment because it is widely studied as a cetane improver in diesel fuels and
thus its chemical decomposition has been studied extensively [106]. Various kinetic
parameters, E, (activation energy) and y (reaction frequency), have been characterized
depending on the method used for studies but all have concluded a first-order
decomposition mechanism for DTBP {107, 108]. The self-heating rate versus temperature
of DTBP was fitted to extract the kinetic parameters of its thermal decomposition. The
resulting kinetic parameters were then compared with literature results to test the

accuracy of the ARC measurement. The result will be shown later in this section.
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Figure 1.11 ARC curves of 50 mg DTBP started at 90°C. Temperature vs. time in panel

(a) and self-heating rate (SHR) vs. temperature in panel (b).

Figure 1.11a shows the temperature (T) versus time (t) for 50 mg of DTBP heated
in the ARC. Figure 1.11b shows the self-heating rate (dT/dt) versus temperature (T). In
this experiment, the starting temperature was set to be 90°C, the slope sensitivity was
0.03°C/min, the stop temperature was 350°C, the searching time was 10 minutes, and the
temperature step was 10°C. When the ARC experiment started, the computer-controlled
heater shown in Figure 1.9 heated both jacket and sample holder up to the starting
temperature of 90°C. Once the temperature of the sample reached 90°C, the computer
measured the self-heating rate (SHR) of the sample using the temperature sensor
attached. If the SHR of the sample holder at this temperature is lower than the slope
sensitivity of 0.03°C/min during the 10 minutes search time, the heater heats up the jacket
and sample a further 10°C to 100°C. When the temperature of the jacket and the sample
holder reaches 100°C, the computer measured the SHR again. If the SHR is larger than

0.03°C/min, the computer tracks the exothermic reactions versus time and temperature

23



under adiabatic conditions. This process continues until the stop temperature (usually
350°C) is reached.

In this ARC experiment, when the sample was heated to 110°C, the SHR from
the exothermic decomposition of di-t-butyl peroxide (DTBP) was about 0.06°C/min
(higher than 0.03°C/min) as shown in Figure 1.11b. Then the computer started to track
the exothermic reaction until the depletion of the DTBP reactant inside the holder at
around 197°C. During the tracking process from 110°C to 197°C, the heater heated the
jacket to maintain adiabatic conditions (no heat flow to or from the sample).

The tubes before and after the ARC experiment in Figure 1.11 are shown in
Figure 1.12a and c, respectively. After the ARC experiment, both ends of the ARC tube
expanded (Figure 1.12c) because of the high pressure caused by the decomposition
reaction of DTBP at high temperature. The data in Figure 1.11b show two downward
spikes near 130°C, which correspond to the sequential expansion of the two ends of the
sample tube. This expansion leads to instantaneous cooling, and a brief lowering of the
self-heating rate. Another DTBP sample was run and stopped at 130°C, which is exactly
between the two temperatures where the spikes occurred. After cooling, this ARC tubing
was taken out of the ARC and is shown in Figure 1.12b, where only one end of the tubing
has expanded after the first spike. Therefore, in the ARC experiments reported here, the

downward spikes correspond to the sequential expansion of the ends of the tubing.

@ ) ©

Figure 1.12 ARC tube (a) before ARC, (b) in the middle of the ARC experiment around
130°C (between the two spikes in Figure 1.11b), and (c) after ARC.
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Simple calculations were conducted to simulate the ARC profile of reacting or
decomposing samples. For a first order reaction, such as DTBP decomposition, the

reaction rate is proportional to the amount of the remaining reactant,

da
— =k(1~ [1-6]
= (1-a),

[1-7]

E
k =y exp(——=%),
k,T
where o is the fractional degree of conversion of the reactant, do/dt is the reaction rate, &

is the Arrhenius rate constant, yis the pre-exponential factor, E, is the reaction activation
energy, kp is the Boltzmann constant, and t is the reaction time (minutes). Here it is
assumed that yis temperature-independent.

In an ARC experiment, the self-heating rate (SHR) is given by

ar __h da
dt Cp, dt > [1-8]

where h (J) is the total heat which can be evolved by the sample due to the reaction and
Crot (J K'l) is the total heat capacity of the reactants and the sample holder. h/Cry is the
temperature rise (AT) from the onset temperature to the end of the exothermic reaction.
Combining equations [1-6], [1-7], and [1-8], gives,
dr h -

E
—_— e 2)(1-a). [1-9]
@ C, xp( kT 1-a)

Based on formula [1-9], the ARC result of DTBP decomposition in Figure 1.11b
was fitted to extract the activation energy (E,). The fitted curve is indicated by a dashed
line in Figure 1.13.
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Figure 1.13 Self-heating rate versus temperature for 50 mg of DTBP (solid line) and the

fitted result (dashed line) where o= 0.001, y = 4.9x10" min™, E, = 132 kI mol™, AT =

87 K.

From the best-fit to the ARC curve, the activation energy E, was determined to be
about 132+10 kJ mol” and reaction frequency (y) is around 4.9x10" min™, which are
close to literature values [105, 107, 108] (E, is between 125 and 150 kJ mol” and Y
ranges from 10" to 10'® min™). This strongly suggests that ARC can be used to
accurately characterize exotherms from the thermal reaction of samples inside ARC
tubes. In this thesis, a known amount of charged negative or positive electrode materials,
such as 100 mg of Ligg;Cs or LigsCo0O,, and a known amount of solvent or electrolyte
was added to the ARC tube to study their thermal reactivity.

The temperature rise (AT) of the ARC result in Figure 1.13 is approximately 87
K. The specific heat capacities of ARC tube and DTBP are about 0.46 J K'g'and2.37
K g [108], respectively. The masses of ARC tube and DTBP used in this ARC test are
abouf 0.95 g and 0.05 g, respectively. The total heat capacity (Ctoy) of the ARC sample
tube is calculated to be 0.95 x 0.46 (J K1) +0.05 x 2.3 (J K™') = 0.55 J K. Therefore, the
heat (AH) released from the decomposition of DTBP is calculated to be 960 J g, which
is close to 916 + 12% J g”' measured by DSC in reference [105].
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Usually, three parameters are used to quantify the thermal stability of samples
studied. The first one is the onset temperature, which is the starting temperature where
the sample SHR becomes higher than the slope sensitivity set point. The higher the onset
temperature, the safer the sample inside the ARC tubing. The second important parameter
is the total temperature rise, AT, which is related to h, the total heat released from the
reaction of the sample, by AT = h/Cro. Usually a lower AT means a smaller total heat
released and therefore represents a safer sample. The last parameter is the SHR at a
certain temperature. A lower SHR for the sample at the same temperature means slower

heat release indicating a safer sample.

1.4.3 Prediction of oven test behavior of full lithium-ion cells from ARC results

As described above, the oven and ARC tests are two different techniques for
assessing thermal-stability of lithium-ion batteries. The oven test is used to measure the
thermal stability of full lithium-ion cells whereas ARC is used to measure the thermal
reactivity between a single electrode material, such as the Lig3:1Cs negative electrode or
the Lig sCoO; positive electrode, and solvents or electrolytes.

In this thesis, the thermal stability of both Lig$;Cs and Lig sCoO; electrodes in two
different electrolytes, LiPFs and LiBOB in EC/DEC, was studied using ARC. A
qualitative prediction was then made for the oven test behavior of graphite/LiCoO,
18650-size cells, with LiPFs or LiBOB based electrolyte. This prediction later was
verified by oven test experiments of such cells obtained from Moli Energy Ltd. and is

reported in Chapter 3 of this thesis.

1.5 Scope of this thesis

Single electrode material (Lig$1Cs or LigsCoO;) tests by ARC correlated well
with oven tests of full-size lithium ion cells (described in Chapter 3). Therefore, it was
concluded that ARC is an excellent technique to study the thermal stability of electrode
materials in LIBs. The thermal stability of different negative and positive electrode
materials in various solvents and electrolytes was characterized in order to identify

battery systems with high thermal stability.

27



In Chapter 4, the thermal stability of three negative electrode materials with
different lithium binding energies (Lip3;Cs 0.1 €V, Li7Ti5012 1.55 eV, and LigsVO, 2.45
eV vs. Li metal) in EC/DEC solvent and in LiPF¢/LiBOB based electrolytes were
compared. The steps in the thermal reactions were explored.

Chapter 5 focuses on the thermal-stability investigations of two existing positive
electrode materials (spinel LiMn;O4 and olivine LiFePQOy) that are more thermally stable
than LiCoO,. The reasons for their high thermal stability are discussed. From the research
results in Chapter 5, two battery systems with high thermal stability stand out, C or
LisTisO,,/LiBOB EC:DEC/LiFePOy,.

Chapter 6 describes studies on the synthesis, structure, electrochemical properties,
and thermal stability of a new class of positive electrode materials the Li[Ni;,Mn;]0; ¢
LiCoQ; e Li[Li;;3Mny;3]O; pseudoternary system, based on the four described guidelines.
A simple Li[Ni;pMn;,]O, o LiCoO, binary system, which can be expressed as
Li[(Ni;sMny;)xCo1x]O2, was chosen to be studied first. In Section 6.1, a series of
Li[(NiysMny2)xCo1x]02 (x = 0.2, 0.4, 0.7, 0.9, and 1) samples were synthesized and their
electrochemical properties and thermal stabilities are investigated. The best positive
electrode candidates in terms of rate capability and thermal stability were found to be
Li[(Nij2Mny2)Co14]02 with 0.4 <x <0.7

Section 6.2 describes another binary system, Li[Ni;,Mn;;]O; e Li[Li;sMny3]0,,
which can be expressed as Li[(Ni;pMnp)(LiysMnyshx]02 (0 < x < 1). Three
Li[(NijpMnyp)x(LiysMngs)i1<]O; samples (x = 1/6, 1/2, and 5/6) were synthesized at
900°C. The electrochemical properties and thermal stabilities of the samples were
studied.

Based on the results on the two binary systems (Sections 6.1 and 6.2), nine
different compositions in the Li[Ni;pMn;p]O; e LiCoO, e Li[LijsMny;3]0, pseudo
ternary system were chosen for further study. Positive electrode candidates with high
capacity (over 200 mA h g"), excellent cycling performance (about 97% capacity
retention for 70 cycles between 2.5 V and 4.6 V at C/6) and good thermal stability
(higher thermal stability than LiCoO,) were found in this pseudoternary system, as
described in Section 6.3.

Conclusions and suggestions for future work are presented in Chapter 7.

28



Chapter 2. Experimental section

This section explains the synthesis of electrode materials, electrode preparation,
cell construction, and sample rinsing, as well as the experimental techniques used like X-
ray diffraction (XRD), scanning electron microscopy (SEM), and BET surface area

analysis.

2.1 Synthesis of electrode materials
Synthesis of negative electrode materials [LisTisO1; and VO, (B)] and new

layered positive electrode materials will be described in this section.

2.1.1 LisTisOq2
LisTisO1, was prepared by heating a mixture of TiO; (99%+, Sigma) and a
stoichoimetric amount of LiOH e H,O (98%+, Aldrich) at 800°C for 4 hours in air. A 5%
molar excess of Li was used to compensate for the possible loss of Li during the heating
process. The involved reaction is
5TiO, + 4LiOH ¢ H,0 — LisTis0;, + 6H20. [2-1]
The synthesized LisTisO), sample was characterized by SEM, BET, and XRD, which

will be described in Section 4.1.

2.1.2VO0; (B)

VO, (B) is a particular phase of VO, having the space group C2/m (*12), which
can be obtained from the decomposition of NH4;VO; under an argon atmosphere at 350°C
for 20 hours. The corresponding reaction is [109]:

6NH4VO; — 6VO, (B) + 6H,O + 4NH3 + Na. [2-2]
The synthesized VO, (B) sample was characterized by SEM, BET, and XRD, which will

be described in Section 4.2.
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2.1.3 New positive electrode materials in the xLi[Ni;»,Mn;,]0; e yLiCoO;
zLi[Li;sMn,;3]0; pseudoternary system (x +y +z=1)

Based on the four guidelines for developing novel layered cathodes [Section
1.3.2], layered compounds in the xLi[NijpMn;p]O; o yLiCoO; e zLi[LijsMny;s]0;
pseudoternary system, which can be expressed as Li[(NijxMnin)xCoy(LiysMny3),]0,,
were synthesized. These compounds have a similar layered structure to LiCoO;, shown in
Figure 1.3 in Chapter 1. There is a mixture of Li, Ni, Co, and Mn cations in the transition
‘metal layer. ‘

LiOH-H,0 (98%+, Aldrich), CoSO47TH>0 (99%+, Sigma), NiSO4-6H,O (98%,
Alpha Aesar), and MnSO4H,0 (Fisher Scientific) were used as starting materials.
M(OH), (M is a mixture of Ni, Co, and Mn transition metals) was prepared by
coprecipitation as described by the first step of the “mixed hydroxide” method [24]. A
100 ml aqueous solution of the transition metal sulfates (MSOy4 total concentration equal
to 1.0 M) was dripped into 250 ml of a stirred solution of 1.0 M LiOH, using an
electronic metering pump (LMI, Milton Roy), with a constant speed and stroke leading to
1 hour of co-precipitation. The pH was controlled to be approximately 14 by maintaining
constant LiOH concentration during the co-precipitation process. This should cause the
precipitation of M(OH), (M = Ni, Co, and Mn) with a homogeneous cation distribution.
The beaker containing the starting transition metal sulfate solution and the pump tubes
were washed with distilled water for 15 min to ensure that all the transition metal sulfates
were added to the LiOH solution. The precipitate was filtered out and washed five times
with additional distilled water to remove the residual salts (LiOH, SO42' ions, or formed
Li;SO4). The precipitate was dried in a 120°C oven overnight and ground for 5 minutes
in an automatic grinder. Then, the dried precipitate was mixed with a stoichoimetric
amount of LiOH-H,0 and ground for approximately 15 min. After grinding, pellets about
5 mm thick were pressed and fired in alumina crucibles in air by the following heating
procedure.

First, the pellets were heated to 750°C at a rate of 4°C/min and then soaked at that
temperature for 2 hours. The pellets then were heated to 900°C, 1000°C, or 1100°C, as

desired, at 4°C/min and soaked for 3 hours. After that, the pellets were cooled to room
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temperature at 4°C/min and the pellets were ground into powder. The resulting powder

then was passed through a 50-pum sieve.

2.2 Electrode preparation for ARC or electrochemical tests
2.2.1 Electrodes with PVDF binder
2.2.1.1 Thin film electrodes for electrochemical tests

Thin film electrodes were made to test their electrochemical properties. In almost
all the cells for electrochemical testing, electrodes with PVDF binder were made. The
process of making the thin film electrodes is described below.

About 500 mg of the active electrode material, such as MCMB, LiCoO;, or
LiFePOQ,, was mixed with 40 mg Super-S carbon black (MMM Carbon, Belgium), 400
mg of 10% polyvinylidene difluoride (PVDF) solution in n-methyl pyrroldinone (NMP),
and 750 mg of NMP in a 5 ml vial. Five small stainless steel balls were put into this vial.
The vial was shaken intensely by hand until a homogeneous electrode slurry was
obtained, which takes approximately 20 mins. The slurry was poured onto the electrode
substrate, copper foil for the negative electrode or aluminum foil for the positive
electrode, then a 0.28 mm (0.011”) notch bar was used to spread the slurry in a uniform
layer. The electrode was then dried in a 100°C oven overnight. Usually the mass loading

of the active material was around 8 mg cm™.

2.2.1.2 Pellet electrodes for ARC

One ARC experiment requires approximately 100 mg of active electrode
material. It is therefore impractical to use the thin film electrodes for ARC experiments.
Usually, the mass of a pellet electrode used for the ARC is a few hundred milligrams. A
few grams of active electrode material were mixed with 7% by mass, each of Super S
carbon black, PVDF (10% in NMP), and excess NMP to make a slurry, following the
same procedures as in 2.2.1.1. After drying the electrode slurry at 120°C overnight, the
electrode powder was slightly ground in a mortar and then passed through a 300 pm
sieve. A certain amount of electrode powder was then placed in a stainless steel die to
which 13.8 Mpa (2000 psi) was applied to produce an approximately 1 mm thick pellet

electrode.
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Figure 2.1a shows a picture of a positive electrode pellet. A 2325-size coin cell
[23 mm diameter and 2.5 mm thickness, Figure 2.1b] was constructed using the positive
electrode pellet and a MCMB pellet sized to balance the capacity of both electrodes.
After being treated electrochemically, this positive electrode was used for an ARC test.
The cell construction and ARC sample preparation will be introduced in Sections 2.3 and
24.

Positive V) 232-ize . 'ARC te
electrode pellet coin cell

Figure 2.1 Pictures of a positive electrode pellet (a), 2325-size coin cell (b), and an ARC
tube (c).

The amount of positive electrode material and MCMB used in the pellets
depends on the charging capacity of the positive electrode material, which varies with the
material itself and the charging voltage. For example, if 700 mg of LiCoO;
Li[(Nig.sMng 5)02C00.3]02, and LiFePOj electrodes are charged to 42 V,4.2V,and 3.8 V
vs. Li metal, respectively, the amounts of MCMB used were around 280 mg, 280 mg, and
320 mg to balance the capacity of both electrodes. Assuming a first charge (lithiation)
capacity of 350 mA h g for MCMB and capacities of 140, 140 and 160 mA h g for

LiCo0O; at 4,2 V, Li[(Nip sMng 5)02C003]O; at 4.2 V and LiFePOy at 3.8 V, these masses
lead to coulometrically balanced cells.
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2.2.2 Pellet electrodes with EPDM binder

Some MCMB-based pellet electrodes were built with 2% ethylene propylene |
diene terpolymer (EPDM) in order to study the thermal behavior of the MCMB electrode
with different binders, such as EPDM or PVDF. A solution of 2% EPDM in cyclohexane
was prepared. The electrode slurry was prepared by combining, by mass, 7% Super S
carbon black, 2% EPDM (2% EPDM in cyclohexane), MCMB, and excess cyclohexane
solvent. After the slurry was well mixed, the slurry was spread into a shallow 20 cm x 30,
cm glass tray, which was heated by a hot plate. The temperature of the hot plate was set
to 85°C, which is higher than the boiling point of cyclohexane (80°C). During drying, the
slurry was stirred using a glass rod. In about half an hour the electrode mixture was dry.
After drying the electrode mixture completely in an oven at 70°C overnight, the electrode
mixture was lightly ground in a mortar. The powder was then passed through a 300 pm

sieve and pressed into pellet electrodes as described in 2.2.1.2.

2.2.3 Powder electrodes without binder

In order to compare the thermal stability of MCMB with and without binder,
MCMB electrodes were also prepared without binder. These electrodes contained 7%
Super S carbon black and 93% MCMB. Additional pressure was applied to the electrodes
and the lithium foil to ensure good electric contact between the small MCMB particles.

The cell construction for electrodes without binder will be described in Section 2.3.3.
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2.3 Cell construction for different electrodes

2.3.1 Cell construction for thin-film electrodes

Casing Top (Negative Terminal)

Gasket

Stainless Steel Spring

Stainless Steel Spacer

Lithium Metal
Counter/Reference Electrode

Separator

Working Electrode

Casing Bottom (Positive Terminal)

Figure 2.2 Construction of 2325 lithium coin cell used for electrochemical testing.

The electrochemical cells were assembled from the parts shown in Figure 2.2 in
an argon-filled glove box. The 2325 cell [shown in Figure 2.1b] had stainless steel top
and bottom casings. The prepared electrode was placed in the center of the bottom casing
and the desired electrolyte, usually 1.0 M LiPFs EC/DEC (1:2, vol:vol, Mitsubishi
Chemicals) was added. A polypropylene separator (Celgard 2502, Celanese) was placed
above the electrode. Then the negative film electrode was put on the top of the separator.
The negative film electrode used depended on the particular cell type. For example, if a
single electrode was investigated, a lithium foil electrode (125 um thick, 1.3 cm diameter,
FMC) was usually used as a reference. A stainless steel spacer and spring were added to
maintain pressure on the electrode stack. The cell top, on which there is a polypropylene

gasket, was then placed and the cell was crimped shut, sealing the electrodes from the
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environment. When the electrochemical cells were removed from the argon-filled glove

box, stainless steel tabs were welded onto the two sides of the cells for electrical contact.

2.3.2 Cell construction for pellet electrodes

Casing Top (Negative Terminal)

Gasket

Stainless Steel Spacer

Stainless Steel Mesh

Lithium Metal (4 pieces)
Counter/Reference Electrode

Separator (2)
Working Electrode

Casing Bottom (Positive Terminal)

Figure 2.3 Construction of 2325 lithium coin cell with MCMB pellet electrode [52].

Reprinted with permission from the author.

The construction for cells with pellet negative or positive electrodes is different.
For negative MCMB pellet electrodes, the cell assembly procedure is simply shown in
Figure 2.3. The pellet electrode was placed in the center of the bottom casing with
enough LiPFs EC/DEC electrolyte to wet the pellet electrode completely. A stainless
steel mesh (1 mm mesh, 125 pm thick) was added on top of four pieces of 125 pm thick
lithium foil to maintain electrical contact with all of the lithium foils. Then a stainless
steel spacer was then added above the mesh to provide pressure on the electrodes of the
cell. Finally, the cell top, with the polypropylene gasket, was attached and the cell was

crimped shut to seal it from the outside environment.
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The cells with the MCMB pellet electrodes were fully discharged to below 25
mV versus lithium metal and allowed to equilibrate for one week or more. Then the cells
were transferred to the glove box for ARC sample preparation, which is described in
Section 2.4.

For the positive pellet electrode, the assembly procedure is shown in Figure 2.4.
This is almost the same as the ARC negative electrode assembly, except that a MCMB
pellet was used as the counter electrode instead of lithium foil and no stainless steel mesh
and spacer were used.

The positive pellet electrodes were charged to different voltages based on the

type of active material or experimental design.

Casing Top (Negative Terminal)

Gasket

MCMB pellet Electrode

Separator (3 pieces)

Positive Electrode material pellet

Casing Bottom (Positive Terminal)

Figure 2.4 Construction of 2325 lithium coin cell with a positive electrode material.

2.3.3 Cell construction for MCMB powder electrode without binder

The cell construction for a MCMB powder electrode without binder is shown in
Figure 2.5. Four lithium foils (125 um thick and 1.5 cm diameter of each) were put into
the center of the casing bottom. 1.0 M LiPFs EC/DEC electrolyte was added to wet the
lithium electrode and then one polypropylene separator was placed on top of the lithium

electrode. A plastic sleeve was placed on the top of the separator and then around 0.9 g
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MCMB powder with 7% Super S carbon black was put into the plastic sleeve. Enough
1.0 M LiPF¢ EC/DEC was added again to wet the MCMB powder electrode. Then a
stainless steel plate and spring were added to apply pressure to the powder. Finally, the
cell top, a piece of stainless steel, was placed and three screws were used to tighten the

cell.

Casing Top with Three
Plastic Screws

Stainless Steel Spring
Stainless Steel Plate

MCMB powder (0.9 g)
Plastic Sleeve

Separator
Lithium Metal (4 pieces)

Casing Bottom with
Rubber Oring

Figure 2.5 Construction of lithium cell with MCMB powder electrode without binder.

The MCMB powder electrode was discharged by connecting the positive and
negative ends of the cell with a 100 Q resistor until the voltage of the cell dropped below
100 mV. Then the cell was shorted directly for five days until the open circuit cell
voltage was below 25 mV. Finally, the cell was transferred into the glove box and the
lithiated MCMB was recovered and rinsed with DMC.

2.4 Rinsing procedure for electrodes to be studied by ARC

MacNeil er al. [50] developed a rinsing procedure to remove the original
electrolyte, usually LiPFs EC/DEC, from the charged LiCoO; positive electrode and the
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same rinsing method was used in this thesis. The XRD patterns of charged LiCoO, before
and after the rinsing procedure are virtually identical. ARC studies of both rinsed and
unrinsed samples show similar results [50, 52]. This demonstrates that the rinsing
procedure changes neither the bulk structure nor the thermal behavior of charged LiCoO,.

The recovered negative electrode (pellet or powder) was lightly ground and then
rinsed four times using DMC by MacNeil’s rinsing method [50, 87]. The waste DMC
solution for each rinse was stored in a 3 ml vial. These four vials with waste DMC
solution were dried and the white residue in the four vials weighed approximately 50, 16,
5, and 2 mg respectively. The residue is believed to be LiPFs and EC. This implies that
the original electrolyte (LiPF¢ EC/DEC) can be predominantly removed from the
electrode material after rinsing four times with DMC. XRD patterns of lithiated MCMB
before and after rinsing (Figure 2.6) show that rinsing did not change the XRD pattern of
Liy.81Ce.

v T L T v T
3000 | () Fresh Lig.1Cs
i with 7% PVDF
2000 ;
- 1
{
1000 |
z s
g 3000 ———————————
k= I : (b) Lig_81Cs after rinse
= 2000 with 7% PVDF
[}
1000 E
t

0 3 i i 3 i . 1 1
20 22 24 26 28 30
Scattering Angle (deg.)
Figure 2.6 XRD patterns of lithiated MCMB (Lig.31Cs) with 7% PVDF binder before (a)
and after the rinsing procedure (b).
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2.5 Other techniques
2.5.1 Electrochemical Test System

Cells were tested using a computer controlled constant-current charger system
obtained from Moli Energy Ltd. (1990). The temperature of the cells can be adjusted and
is 30.0 £ 0.1°C unless specified. The current used for the electrochemical testing was
selected based on the active mass and type of material in the electrodes, which will be

described for each specific experiment.

2.5.2 Scanning Electron Microscopy (SEM)
Two scanning electron microscopes, a JSM-35CF from JEOL Ltd. and a S-4700
from Hitachi, were used to study the morphology of different electrode materials.

2.5.3 Powder X-ray Diffraction

Powder X-ray diffraction is the main technique used to identify the crystalline
structure of each sample under study in this thesis. A Siemens D500 diffractometer
equipped with a copper target X-ray tube and a diffracted beam monochromator was used
for the diffraction measurements. The emitted X-rays utilized were the Cu Kot (A =
1.54051 A) and Cu K> (A = 1.54433 A). The divergence and anti-scatter slits used were
set both at 0.5°, while the receiving slit was set at 0.2 mm, which gives an instrument
resolution of about 0.15°. The X-ray tube was powered to 40 kV at 30 mA.

Two different kinds of samples were prepared for XRD measurements: (1) newly
synthesized electrode materials to identify their structure and lattice constants and (2)
samples before and after ARC measurements in order to study the steps of the reaction
between electrode materials and electrolytes or solvents. Different sample holders were
used for the two different types of samples.

The holder for the new electrode material samples was typically made in-house
from a stainless steel plate. The sample was put in a well in the center. Occasionally,
when there was insufficient powder to fill the well, a zero-background holder was used.
The zero-background holder was made by fixing a single crystal of silicon cleaved to
expose the (510) face to a stainless steel backplate. The (510) plane of silicon has a

geometrical structure factor of zero and therefore does not scatter X-rays to the detector.
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Small quantities of powder (around 5 ~ 10 mg) were adhered to this surface by applying
2 or 3 drops of acetone solution. The holder was then agitated to evenly spread the
attached powder. After drying, the powder remains lightly adhered to the surface of the
XRD holder.

,@, s o

Figure 2.7 XRD sample holder for air and moisture sensitive samples.

The second type of samples is charged electrode materials before/after ARC
measurement. After cooling to room temperature, the ARC sample tubes were taken into
a helium-filled glove box and the sample inside ARC tube was recovered. The samples
were possibly air and moisture sensitive so that a specially designed air-sensitive sample
holder shown in Figure 2.7 was used to prevent air exposure during the diffraction
measurement [110]. A layer of aluminized mylar was sealed to the semi-circular frame. A
small amount of sample was placed on a zero-background silicon wafer and a few drops
of DMC solution were used to spread the sample uniformly on the silicon wafer. During
an XRD measurement, X-rays can pass through the mylar layer to reach the sample but
air cannot. The XRD sample holders were then placed into the diffractometer mount such

that the surface of the sample holder is coincident with the goniometer center.

2.5.3.1 Rietveld Refinement

Diffraction patterns were fitted using Rietveld’s refinement method to extract
important physical parameters of a measured sample, such as lattice constants (g, b, and
¢), atom positions, and so on [23, 111]. In this method the results of a step-scan X-ray

diffraction measurement are fit by the function below,
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Y. =Y, +ZZGik1k’ [2-3]
&

where Y. is the intensity calculated at point i in the diffraction pattern, Yy, is the
background intensity, Gy is a normalized peak profile function, an Iy is the intensity of
the k™ Bragg reflection. The second summation is carried out over all reflections, k,
contributing to the point i in the pattern and the first summation is carried out over all of
the phases, &, present in the sample.

The calculated XRD peak shape adopts a pseudo-Voigt function, which has a
Lorentzian component and Gaussian component. The fit attempts to minimize the

goodness of fitting parameter, v

2_ 1 ¥, -¥.)’ [2-4]
AP o

ic

The Bragg agreement factor (Rpragg) is calculated as:

I, —1
RBragg = Z|Zl:co I““—k ke . [2-5]

0
In the two equations above, the subscripts o and c refer to the observed and calculated

quantities, respectively, I is the integrated intensity of the k™ reflection, Y; is the
magnitude of the i point in the pattern, N is the number of points in the profile, and P is
the number of parameters in the fit. The parameter Rprge is usually used to evaluate
whether the fit is reasonable or not.

The diffraction pattern of samples containing several phases can also be fitted by
Rietveld’s refinement method. This method was used to identify co-existing phases in
samples after ARC experiments and extract the lattice constants of the phases (Chapter
6). In order to show the validity of this multi-phase Rietveld refinement method, one
experiment was designed as follows. About 1.5 g of LiCoO; (obtained from Moli Energy
Ltd., Canada) was ground with 1.0 g of Si (Aldrich) for about 15 minutes. The XRD
pattern of the mixed sample was taken and is shown in Figure 2.8 along with the two-
phase Rietveld refinement results [phase (I) LiCoO; and phase (II) Si]. The Rpyagg factors
for the refinements of LiCoQO; and Si phases are 3.7 and 6.0, respectively. Table 2.1

compares the lattice constants of LiCoO, and Si from the refinements and from the
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literature. The results in Figure 2.8 and Table 2.1 strongly show the validity of the multi-

phase Rietveld refinement method to identify co-existing phases in mixed phase samples.
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Figure 2.8 XRD pattern and the corresponding two-phase Rietveld refinement of the
LiCoO; (phase I) and Si (phase II) sample.

Table 2.1 Comparison of lattice constants of LiCoO, and Si phases from two-phase

Rietveld refinements and from the literature.

Phases | Lattice constant from XRD refinement | Lattice constant from references
LiCoO, a=b=28175A c=14.0572A | a=b=28168A; c=14.0544 A
| Reference [23]
‘Si a=b=c= 543314 a=b=c=54307A
Reference [112]
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2.5.4 Surface Area Measurement

Single-point Brunauer-Emmett-Teller (BET) surface area measurements were
performed on electrode materials using a Micromeritics Flowsorb II 2300 surface area
analyzer. In this thesis, single-point BET surface area measurements were conducted to
measure the surface area of electrode materials. The amount of N, gas from a mixture of
N, in He (3:7 by volume) adsorbed as a monolayer of atoms at 77 K on the surface of the
sample is a measure of its surface area. Before testing, the sample was placed in a U-
shaped glass tube, weighed, and degassed at 150°C under a Ny/He gas mixture for about
1.5 ~ 2 hours. The glass tube was then immersed in liquid N, for adsorption and after
that, in a beaker filled with tap water for desorption at room temperature. The adsorption
or desorption was considered complete when the change of the BET result was less than
0.02 m® g”'. Usually, the surface area difference between adsorption and desorption is
smaller than 0.1 m”. The final surface area result was taken from the desorption data of

the single-point BET measurement.
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Chapter 3. Baseline studies of the thermal stability of LiCoO,/MCMB

cells

Today, most lithium-ion battery producers still use MCMB and LiCoO, as
negative and positive electrode materials, respectively. This chapter focuses on thermal-
stability studies of single electrodes, charged MCMB (Lig31Cs) and LiCoO, (LigsC00,)
using ARC, and full 18650-size cells (LiCoO,/MCMB) by the oven test. For a particular
set of electrode materials and electrolyte, the ARC and the oven test results are in good
agreement. It is concluded that ARC is an excellent technique to study the thermal

stability of single electrode materials in LIBs.

3.1 ARC studies
3.1.1MCMB

The effects of the cell components, such as the binder, solvent, and salt, on the
thermal stability of the MCMB negative electrode were studied using ARC and XRD and
are described in this section. A SEM image of the MCMB (Moli Energy Ltd.) used is
shown in Figure 3.1. The average particle size of the MCMB is approximately 20 pm.

Figure 3.1 A SEM image of the MCMB sample used (average particle size of
about 20 pm).
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3.1.1.1 Lithium intercalated graphite

Figure 3.2 shows diagrams of the staged phases of Li intercalated graphite.
Stage-n order is a sequence of n graphite sheets and one lithium-intercalated layer. Stage-
1 order is fully lithiated graphite and the corresponding compound is LiC¢. Stage-2 order
is half-lithiated graphite and the corresponding compound is LiCj».

Lithium atom intercalated

Graph/ite sheet between graphite sheets

B A
A

B A A A

A , A A

A

A i A

B A A

A A A A

Graphite Stage 3 Stage 2 Stage 1

Figure 3.2 A schematic diagram of the staged phases of Li intercalated graphite. “A” and
“B” represent graphite sheets. Sheet “B” shifts relative to the adjacent sheet, “A”, by a
distance of (3)'ma in the [010] reciprocal lattice direction. a is the in-plane graphite

lattice constant.

Figure 3.3 shows XRD patterns taken of (a) MCMB, (b) fresh Li.1Cs and (c)
rinsed Ligg;Cs with 2% EPDM binder. Panel (a) shows that the (002) Bragg peak of
MCMB is at approximately 26.5°. The XRD pattern for fully lithiated MCMB in panel
(b) contains a peak at 24.25°, which corresponds to the stage-1 phase (LiC¢), and a
shoulder at around 25.25°. This XRD shoulder corresponds to small regions of stage-2
phase (LiCiy), which form because some adjacent graphene sheets cannot accommodate
Li due to turbostratic misalignment [113].

The diffraction pattern of rinsed Lig $1Cs (2% EPDM) is shown in Figure 3.3c. By

comparison to Figure 3.3b the diffraction pattern of Ligg1Cs remains unchanged during
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rinsing. Thus it is believed that the DMC rinsing procedure does not change the bulk

structure and hence the lithium content, x, of LixCs.

The lithium content in the samples described by Figure 3.3¢ can be estimated
from the intensity of the XRD peaks. The fitting of the both XRD peaks (LiCq and LiC;

phases) in Figure 3.3c is shown in Figure 3.4. It is assumed that the amounts of LiCs and

LiC;, are proportional to their corresponding peak areas. The calculated x in Li,Cg is

about 0.81. The lithium content can also be obtained by the following equation,

x=1-1,

[3-1]

where r is probability of a turbostratic shift between adjacent graphene layers of MCMB,

which is about 0.19 for this sample of MCMB [113].

400 1 M T 1 T | T
 (a). Undischarged | :
MCMB !
200} , : i
— i ! :
ﬂ ! !
c o T T T :_ T :' J
g " (b). Fresh Lip.81Cs : :
O 2000F ywith2%EPDM ) | T
> : :
= 1000 | H -
7)) 1 1
c ! Yo
QO T T T Y T T
e L (c). Lip,g1Cg after rinsd :
= 2000} with2% EPDM ! o
! 1
1000 E i -
~ T L N e st
22 24 26 28

Figure 3.3 XRD patterns of (a) MCMB and (b) Lip8;Cs with 2% EPDM before or (c)
after the DMC rinse.
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Figure 3.4 Fitting the Bragg peaks from the LiC and LiC); phases in the XRD pattern of

rinsed Lio.g 1C6.

3.1.1.2 Reactivity of Ligs;Cs with EPDM and PVDF binders

Figure 3.5a shows the self-heating rate (SHR) of 200 mg of rinsed Ligs:1Ce
containing 2% EPDM versus temperature. The sample was initially heated to 90°C before
the search for exothermic behaviour began. Almost no heat was released by this sample
in the temperature range between 90°C and 350°C. This means that Lip ;Cs does not react
significantly with EPDM binder in this temperature range.

Figure 3.5b shows the self-heating rate versus temperature of 50 mg of rinsed
Lig 31Cs (2% EPDM) mixed with 35 mg PVDF binder. The sample was initially heated to
90°C prior to searching for exothermic behaviour. The SHR in panel b between 250°C
and 302°C is due to the exothermic reaction between Ligg1Cs and PVDF binder. Since
PVDF contains F and EPDM does not, it is likely that a reaction to produce LiF as a
product occurs. The temperature rise, AT, for this reaction is around 52 K. The he:at, h,
released from this reaction is given by

h= AT * Crot, [3-2]
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where Cr is the total heat capacity of the entire sample (Ligg;Cs, PVDF binder, plus
stainless steel ARC tube). For the ARC sample in Figure 3.5b, the total heat capacity is

calculated as

Cpy = IZc,m,. = 1.0§‘§<—mlic + 0.46;;—(—0.93 g+ 1'1;?’"1""”’ [3-3]
where my;c is the mass of LiggCs in grams in this ARC experiment, Mpyqr is the mass of
PVDF binder in grams in the ARC tube, and 0.93 g is the mass of the stainless steel ARC
tube. A specific heat of 1.0 J K™' g was used for Ligg;Cs, 1.1 K g for PVDF binder,
and 0.46 T K™' g! for stainless steel [114, 117]. Therefore the total heat (h) of the reaction
is calculated to be 26.8 J. The LiosiCs electrode contains 2% EPDM and 7% Super S
carbon black. Therefore the heat (AH) of the reaction between Ligs;Cs and PVDF per
gram of Lig 3;Cs is given by,
AH = h/mass of Lig 3;Cs, [3-4]
which is about 590 J g™'. Using a similar calculation, the heat (AH) per gram of lithium is
approximately 8080 J g™
Du Pasquier ef al. [115] suggested a possible reaction mechanism between lithium
and PVDF as follows:
—CH;-CF,)7 +nLi— nLiF + €CH=CFJ); +n/2H,. [3-5]
There is excess PVDF compared to that needed for a stoichiometric reaction for the
Sample described by Figure 3.5b. The heat (AH) observed by Du Pasquier was 1220 J g™,
approximately two times that obtained from Figure 3.5b. This difference will be
discussed later.
Panel 3.5¢ shows the SHR of 3.0 mg of lithium metal mixed with 30 mg of
PVDF. For the experiment described by Figure 3.5b, the amount of lithium contained in
the LipgiCs sample was about 3.3 mg. The temperature rise (AT) in Figure 3.5¢ is
approximately 50 K, which is similar to the temperature rise of 52 K in Figure 3.5b. The
heat capacity of lithium metal is 3.5 J K™ g [114, 117]. The calculated heat (AH) for the
reaction of lithium metal with PVDF is approximately 7600 J g"1 of lithium, which is
clqse to the heat (AH) of 8080 J g'1 of lithium for the reaction between Lig 3;Cg and PVDF

shown in Figure 3.5b.
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Figure 3.5 Self-heating rate versus temperature for 200 mg Lip 31Cs with 2% EPDM
binder (a), 50 mg Lio 31Cs (2% EPDM) with 35 mg PVDF (b), 3 mg lithium metal with 30
mg PVDF (c), and 6 mg lithium metal with 60 mg PVDF (d). All the experiments were
started at 90°C.

Figure 3.5d shows the self-heating rate versus temperature of 6 mg lithium metal
reacting with 60 mg PVDF heated to 90°C. The amount of lithium metal used in the
experiment reported in Figure 3.5d is twice the 3 mg lithium used in Figure 3.5c. The
heat (AH) released from the reaction between lithium and PVDF in Figure 3.5d should be
twice the heat released from the sample described in Figure 3.5¢c. It is assumed that the
total heat capacities (Cror) are the same for the samples described in Figures 3.5¢ and d
because the majority of the heat capacity comes from the 0.93 g ARC tube. Therefore, the
temperature rise (AT) in Figure 3.5d should be approximately 100 K, which is twice the
temperature rise in Figure 3.5¢c. The detectable exothermic reaction in Figure 3.5d started
at 260°C and should finish at 360°C. This experiment was stopped at 350°C, the highest
temperature suggesfed for the ARC, where the reaction of lithium with binder had
unfortunately not yet finished.

49



3.1.1.3 Reactions between Lig3;Cs and solvents or electrolytes

The reaction between the LiggCs negative electrode and DMC, DEC, EC, or
EC/DEC solvents before and after the addition of LiPFs salt were compared using ARC.
The effects of the concentration of LiPF¢ and LiBOB in EC/DEC solvent on the thermal
stability of LigsiCs were also studied. The reaction between LiPF¢/LiBOB EC/DEC
mixed electrolytes and Ligg)Ce are also discussed in this section. For the experiments
here, the Lig 3;Cs negative electrode contained 7% PVDF and 7% Super S carbon black.

Figure 3.6 shows the self-heating rate versus temperature of 100 mg of rinsed
Lig s1Cg reacting with 100 mg of the different solvents, DMC, DEC, EC, or the EC/DEC
mixture, as well as LiPF ¢-based electrolytes in each solvent. The data for the solvent are
given by the dashed lines and for the LiPF¢-containing electrolyte by the solid lines.
DMC shows the lowest thermal stability with respect to LiggiCe of all the solvents. A
SHR of 0.6°C/min for the reaction between Lig 3;Cs and DMC was measured at a starting
temperature of 90°C. This means that an exothermic signal existed at lower temperatures
than 90°C. Another ARC sample, the same as the sample in Figure 3.6a, was run with a
starting temperature of 40°C. It was found that the detectable onset temperature for the
reaction of Lig g;Ce with DMC was 50°C.
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The SHR of Ligg;C¢ with DMC in Figure 3.6a or DEC in Figure 3.6b increases
quickly with temperature and both samples went into thermal runaway even at low
temperatures around 135°C. However, EC can effectively stabilize the protective
passivating film on Lig 3;Cs and higher thermal stability was achieved as shown in Figure
3.6¢. Figure 3.6 also shows that the addition of LiPFs salt into EC or DEC solvent
decreased the thermal stability of LiggCs in the range from 90°C to 120°C probably
because of the decomposition of LiPFs as follows [81]:

LiPF¢(solvated) — LiF(s) + PFs(solvated). [3-6]

The product, PFs, is a strong Lewis acid that can react easily with organic solvents such
as EC, PC, etc., releasing heat. Therefore, the addition of the salt into the solvents
decreased the thermal stability of Ligg;Ces in the lower temperature range. With the
increase of temperature, more and more LiF is probably incorporated in the SEI on Li,Cs,
which effectively inhibits the reactivity of LixCs. Hence, the thermal stability of Lios1Cs
improved with the addition of LiPFg salt into these solvents in the higher temperature
region from approximately 130°C to 300°C (Figure 3.6). |

Two ARC experiments involving 100 mg Lip 3;Cs mixed with 100 mg EC/DEC
were run. One of these was the same sample as in Figure 3.6d. The experiments were
stopped at 243°C and 253°C, respectively. One experiment was therefore stopped before
the thermal runaway shown in Figure 3.6d and the other was stopped after the thermal
runaway. After cooling, both ARC tubes were transferred to an argon-filled glove box.
The ARC tubes were opened and the samples inside the ARC tubes were recovered. XRD
patterns for both samples are shown in Figures 3.7a and b. Figure 3.7a shows the
existence of the stage-2 phase together with some stage-1 phase and delithiated MCMB.
For this sample, x in LixCs is calculated to be about 0.5. About half of the lithium in
Lig51Cs was consumed due to the reaction between Lig31Cs and EC/DEC to apparently
produce Li-alkyl carbonate [30, 116], which cannot be detected by XRD. Figure 3.7b
shows that the products of Ligs;Cs heated with EC/DEC after the thermal runaway are
mainly delithiated MCMB and Li,COs.

The corresponding reaction of Ligg1Cs with EC/DEC described in Figure 3.6d at

elevated temperature can therefore be divided into two main processes (Figure 3.8):
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(1). Between 90 and 243°C, Ligp3Cs reacts with EC/DEC to form Li
alkylcarbonate and LixCs where x<0.81;

(2). Above 243°C, LiyCs, Li alkylcarbonate, and EC/DEC react to produce
Li,CO;3 and ethylene.
It is interesting to note that once LiCO3 forms, thermal runaway apparently begins. The
overal]l thermal reaction between Lig g;Cs with EC/DEC can be given by (using EC as an
example):

2Li + C3H403 = CoHy + LixCOs, [3-7]

where the Li deintercalates from the carbon to react with the solvent [116}].
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Figure 3.7 XRD patterns of Lig s1C¢ ARC samples after reacting with EC/DEC solvent
stopped at 243°C (a) or 253°C after the thermal runaway (b) and with 1.0 M LiPFs
EC/DEC electrolyte stopped at 243°C (c).

Figure 3.7c shows the XRD pattern of the products from the reaction of Lig1Cs
with 1.0 M LiPF¢ EC/DEC stopped at 243°C. This data should be compared with Figure
3.7a where the products of the reaction of Lig3:Cs with EC/DEC at the same temperature
are shown. Figure 3.7c shows the existence of LiF. The addition of the LiPFg salt changes

52



the reaction path of Ligg,Cs and apparently produces a surface film dominated by LiF
rather than Li alkylcarbonate at temperatures below 240°C. This apparently increases the

thermal stability of Lig 3;C¢ in electrolyte compared to solvent.
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Figure 3.8 Proposed reaction sequence between Lig 31Cs and EC/DEC solvent during the

temperature range between 90 and 260°C correlated to ARC results.

In order to characterize the enthalpy (AH) of reaction [3-7], one needs to measure
the temperature change that corresponds to the entire reaction between Lips1Cs and
EC/DEC. In Figure 3.8, a large part of reaction was not monitored because of the thermal
runaway. Therefore, further samples were prepared with smaller amounts of reactants. In
one test, 50 mg of both Lipg;Cs and EC/DEC was used and in another, 35 mg of both
Lig81Cs and EC/DEC was used. The ARC results are shown in Figure 3.9. Thermal
runaway still occurred for the 50 mg sample in Figure 3.9a. However, the entire exotherm
could be measured for the 35 mg sample as shown in Figure 3.9b. The temperature rise
(AT)), as indicated by the sum of the four temperature rises indicated by the arrows in

Figure 3.9b, for this reaction is about 137 K. The beat, h;, released from this reaction is
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calculated as 71 J using the method described in Section 3.1.1.2. The enthalpy change of
the reaction, therefore, is approximately -215 kJ mol™! of lithium.

The heat of reaction can be estimated using tabulated enthalpy of formations for
EC (AH{ = -683 kJ mol™), DEC (AH{ = -681 kJ mol™), Li,CO3 (AH{ = -1216 kJ mol™)
and ethylene (AHP = +52 kJ mol™) [117]. For reaction [3-7], AH® is found to be
approximately -240 kJ mol™ of Li. Of course, the reaction under study does not occur
under standard conditions of either temperature or pressure. Nevertheless, the agreement

between experiment and the theoretical estimate is within 15%.
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Figure 3.9 SHR vs. T of 50 mg of Lig 8;Cs reacting with 50 mg of EC/DEC in panel (a)
and 35 mg of Lig g Ce reacting with 35 mg of EC/DEC (b). The ARC sample was initially
heated to 90°C.

54



100

T v ! Y ; ¥ Y v T v T v
10 F (2). EC/DEC solvent only J / XRD 3
1 1
0.1 3

T T Y T ¥ T T
= 10§ (). 0.25m LiPFg EC/DEC 1
£ 1 aT2 (————: ?
G 041 1
e 10 ! ’
e . Mt -
£ [ @ 0SMUPFGECIDEC j
b= AT ¢« / 3
T 0.1 1
10 — T ' Y y T y T ' T N 1 ™3
(d). 1.0 M LiPFg EC/DEC | 3
1 ATg < 4‘-\{/'—'-"—_—\/]
o LB : 3
0.1 s P 4 1 i N 1 Y i e .!

160 200 240 280 320
Temperature (°C)

|
120
Figure 3.10 Self-heating rate versus temperature for 100 mg of Lig.§1Cs with the same

amount of EC/DEC (a) or 0.25 M (b), 0.5 M (c), or 1.0 M LiPF¢ EC/DEC electrolyte (d),
heated initially to 90°C.

In order to learn more about the effects of LiPF; salt in EC/DEC solvent on the
thermal stability of LiggCs, the concentration of LiPFs EC/DEC was varied between 0
and 1.0 M and correspbnding ARC results measured. Figure 3.10 shows these results. As
the concentration of LiPFs in EC/DEC increased from 0.25 M, 0.5 M, to 1.0 M, the
temperature rise (AT) for the first peak in the ARC response of Lig 31Cs in LiPFe EC/DEC
increased from approximately AT, = 59 K (b), ATz = 100 K (c), to ATy = 154 K (d),
respectively. The first ARC peak in Figure 3.10 is probably due to the exothermic
reaction between Lig3:Cs and PFs (resulting from LiPFe) so that the temperature rise for
the first peak is approximately proportional to the initial concentration of LiPFs salt in
EC/DEC solvent.
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Figure 3.11 Self-heating rate versus temperature for 100 mg of Lig 3;Cs with 25 (panel a)
or 50 mg (panel b) of 1.0 M LiPFs EC/DEC in solid line. Self-heating rate versus
temperature for 100 mg of Lig 3;Cs with 100 mg of 0.25 M and 0.5 M LiPFs EC/DEC

shown in (a) and (b), respectively, in the dashed line for comparison.

ARC experiments on 100 mg of Lig 3;C¢ heated with either 25 mg or 50 mg of 1.0
M LiPFs EC/DEC were conducted to study the reaction sequence between Ligs1Cs and
PFs (Figure 3.10). The results are shown in Figures 3.11a and b as the solid lines. The
dashed lines show similar results but for 100 mg of Ligg;Cs reacting with 100 mg of
either 0.25 M or 0.5 M LiPF¢ EC/DEC, taken from Figures 3.10b and c, for comparison.
Figure 3.11a clearly shows that the temperature rise (ATs) of the first ARC peak for 100
mg of Liy 31Cs reacting with either 25 mg of 1.0 M LiPF¢ EC/DEC (solid line) or 100 mg
of 0.25 M LiPF¢ EC/DEC (dashed line) is about 59 K in both cases. This is simply
because 25 mg of 1.0 M LiPFs EC/DEC and 100 mg of 0.25 M LiPFs EC/DEC contain
similar amounts of LiPF¢ salt, which thermally reacts with Ligs;Cs releasing a similar

amount of heat. Similarly, the ARC temperature rises (AT¢) for 100 mg of Lig$Cs with
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50 mg of 1.0 M LiPF¢ EC/DEC or 100 mg of 0.5 M LiPF are both about 100 K as shown
in Figure 3.11b.

It is interesting to observe from Figures 3.10 and 3.11 that the SHR of Ligg;Cs in
LiPFs EC/DEC electrolyte significantly increases after the reaction between Lig g;Cs and
PFs completes. The XRD patterns of the samples after completion of the ARC

experiments described in Figure 3.10 were measured.
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Figure 3.12 XRD patterns of Lig 3;Cs ARC samples after reacting with EC/DEC solvent

and different concentrations of LiPF4 in EC/DEC shown in Figure 3.10. Figure 3.12a is
the same as Figure 3.7b.

Figures 3.12b, ¢, d, and e show the XRD patterns of the products from the
reactions between Ligg;Cs and LiPFg EC/DEC with different concentrations (0.25 M, 0.5
M, and 1.0 M, respectively) after ARC tests. Figure 3.12a shows the XRD patterns of the
products from the reaction between Lig 8;Cs and EC/DEC solvent at 253°C, which is the
same as the XRD pattern in Figure 3.7b. The main products from the reaction between
Lig3,Cs and LiPF¢ EC/DEC are LiF, Li;CO;, and C. This suggests that, after reacting
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with PFs, LiyCs thermally reacts with EC/DEC to produce Li;CO3;. More Li,CO; is
produced in 0.25 M LiPFs EC/DEC (Figure 3.12b) than in 0.5 M or 1.0 M LiPF;
EC/DEC (Figures 3.12c and d). The masses of LiPFs EC/DEC electrolyte used in the
ARC tests in Figure 3.11 are the same (around 100 mg). The LiPFs EC/DEC electrolyte
with a higher concentration (such as 1.0 M in Figure 3.10d) contains a larger amount of
LiPF4 salt, which releases more PFs that reacts with LigsiCs. Therefore, in a higher
concentration of LiPFs EC/DEC electrolyte, less LiggiCs is left to react with EC/DEC
producing Li;CO;. The observations suggest a step-wise reaction sequence between
Lig.31Cs and LiPF¢ EC/DEC electrolyte described as follows.

(1) Ligg;Cs starts reacting with PFs to produce LiF as shown in Figure 3.12. The LiF
incorporates into the SEI on Li,Cs forming a passivating film on LixCs, which effectively
inhibits the reactivity of Li,Cs.

(2) After the depletion of PFs, the remaining LixCs reacts with EC/DEC producing
Li,CO; (Figure 3.12).

In Figure 3.11, it is observed that the SHR of the Ligg;Cs sample remains constant
or even decreases with temperature during its reaction with PFs. It is possibly because, as
the temperature increases, more LiF is produced and the passivating film containing LiF
becomes thicker, which inhibits the further reaction between Li,Cs and electrolyte. After
depletion of PFs, the Li in LixCg diffuses through the passivating film and then thermally
reacts with EC/DEC forming Li,CO; (Figure 3.12).

Figure 3.13 shows the self-heating rate versus temperature for Liy31Ce in different
concentrations of LiBOB EC/DEC heated initially to 90°C. As the LiBOB concentration
increases the onset temperature shows a corresponding increase, from 100°C for 0 M to
about 200°C for 0.8 M LiBOB. Apparently, a more stable passivating film is formed on
Lig31Ce in higher concentrations of LiBOB EC/DEC [118]. In fact, the addition of only
0.2 M LiBOB in EC/DEC can greatly improve the thermal stability of Lig.81Ce.
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Figure 3.13 Self-heating rate versus temperature for 100 mg of Lig5:Cs with the same
amount of EC/DEC (a) or 0.2 M (b), 0.4 M (c), or 0.8 M LiBOB EC/DEC electrolyte (d),
heated initially to 90°C.

- Figure 3.14 shows the SHR versus temperature for samples of Ligs1Cs immersed
in 1.0 M LiPFs EC/DEC and in 0.8 M LiBOB EC/DEC, where the samples were first
forced to 120°C at 10°C/min before the exotherms were monitored. The sample with the
LiPFs electrolyte has sustained rapid self-heating that carries on, without delay, into the
next exotherm, while the LiBOB sample does not. This experiment clearly shows the
safety advantage of the LiBOB salt over LiPFs in EC/DEC solvents for the lithiated
MCMB negative electrode.
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Figure 3.14 Comparison of the self-heating rate versus temperature of approximately 100
mg lithiated MCMB in two different electrolytes. In this case the samples were forced to
120°C at 10°C/min before the exotherms were monitored: (a) 100 mg LiPFs EC/DEC,
and (b) 100 mg LiBOB EC/DEC.

Since the LiPFg salt can increase the thermal stability of the LigsCoQO; positive
electrode but LiBOB cannot [86] and a small amount of LiBOB in EC/DEC, such as 0.2
M, can effectively stabilize the Lig;Cs negative electrode, ARC experiments on Liy.81Ce
in LiPF¢/LiBOB EC/DEC mixed electrolytes were conducted. Figure 3.15 shows the self-
heating rate versus temperature of Ligs;Cs in different compositions of LiPF¢/LiBOB
EC/DEC mixed electrolytes. As the LiPFs concentration decreases from 1.0 M (a), 0.75
M (b), 0.5 M (c) to 0.25 M (d), the temperature increase (AT) of the first peak in the ARC
response, mainly attributed to the reaction of LiggCs with PFs, decreased from 154 K,
119K, 74 K, to 23 K, respectively. These results suggest that an optimization of mixed
LiPF¢/LiBOB electrolytes focused on the safety of LiCoO/MCMB cells would be
worthwhile.
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Figure 3.15 Self-heating rate versus temperature for 100 mg Lig 31Cq (7% PVDF) with
100 mg LiPF¢/LiBOB EC/DEC mixed electrolytes heated initially to 90°C.

3.1.1.4 Effects of binder on the thermal stability of LigsiCs in LiPF; EC/DEC
electrolyte

Figure 3.16 shows the self-heating rate of 100 mg Lio 31Cs containing 2% binder,
(PVDF in panel a and EPDM in panel b) reacting with 100 mg 1.0 M LiPFs EC/DEC
initially heated to 90°C. The ARC curves in panels a and b are similar because the heat
evolved arises mainly from the thermal reaction between Lig 31Cs and electrolyte. A small
amount of binder in Ligg;Cs (such as 2%) does not apparently significantly affect the
thermal behavior of the negative electrode in LiPFs EC/DEC electrolyte.
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Figure 3.16 Self-heating rate versus temperature for 100 mg Lig 8:1Ce with 2% PVDF (a)
or 2% EPDM (b) heated in 100 mg 1.0 M LiPFgs EC/DEC electrolyte.

Figure 3.17 shows the XRD patterns collected after the experiment indicated in
Figure 3.16a. Figure 3.17a shows the XRD pattern for the 100 mg of Lips1Cs sample
containing 2% PVDF heated with 1.0 M LiPFg EC/DEC till 250°C. Figure 3.17b shows
the XRD pattern for Lig$Cs containing 2% PVDF after the ARC run to 350°C. Figure
3.17a shows the Bragg peaks from delithiated MCMB as the majority peak with a small
amount of Stage-2 LiCj, and Stage-1 LiCe. Figure 3.17b shows only Bragg peaks for
delithiated MCMB and no LiCg or LiC». The lithium content in the samples described by
Figure 3.17a and b were calculated to be x = 0.25 and x = 0, respectively.

At a temperature of about 250°C, Lig.81Cs starts to react with PVDF (Figure 3.5b)
but not with EPDM (Figure 3.5a). The self-heating rate versus temperature of Lip81Cs
with 2% PVDF binder (Figure 3.16a) and 2% EPDM binder (Figure 3.16b) as well as the
electrolyte are similar above 250°C. This suggests that the SHR signals in Figure 3.16a
above 250°C arise mostly from the reaction of LiysCs with LiPFs EC/DEC electrolyte,
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not with PVDF. Du Pasquier ef al. [115] apparently incorrectly attributed the exothermic
peaks in the DSC of LiggsCs with LiPFs EC:DMC (vol:vol = 2:1) electrolyte at above
250°C to the reaction between Lig gsCs with PVDEF. Therefore, the heat (AH) of 1220 J g!
for the reaction of LiggsCs with PVDF proposed by Du Pasquier et al. is probably

incorrect.
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Figure 3.17 XRD patterns of ARC samples stopped at 247°C (a) or 350°C (b) for 100 mg
Ligs1Cs reacted with 100 mg 1.0 M LiPFs EC/DEC electrolyte heated initially to 90°C.

Figure 3.18 shows the self-heating rate of 100 mg LiggCs electrode material
containing various amount of PVDF binder from 1% (a), 2% (b), 3.5% (c), 7% (d), to
14% (e) reacting with 100 mg 1.0 M LiPFs EC/DEC initially heated to 90°C. The shapes
of the ARC curves for these samples are similar. This suggests that PVDF plays a minor
role in the self-heating of the Ligs;Cs electrode in 1.0 M LiPFs electrolyte, in contrast to
literature reports [115].
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Figure 3.18 Self-heating rate versus temperature for 100 mg of Liy 3;Cs containing 1%
(), 2% (b), 3.5% (c), 7% (d), and 14% PVDF (e) heated with 100 mg 1.0 M LiPF;
EC/DEC electrolyte.

3.1.2 LiCoO;,

At this time, LiCoO; is the most successfully commercialized positive electrode
material in LIBs and still is extensively used by most LIB manufacturers. The thermal
stability of charged LiCoO, with different particle sizes (approximately 0.8 pm, 2 pm,
and 5 pm) was compared using ARC. The thermal reaction sequence between LigsCoO;
and EC/DEC was characterized by ARC combined with XRD. Since electrolyte
containing the new salt LiBOB shows much higher thermal stability than LiPFs-based
electrolyte for Lig g1Cs negative electrode material, the thermal stability of Lig5CoO, was
studied in both LiPF or LiBOB-based electrolytes.
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3.1.2.1 SEM images of LiCoO; with different particle size

Figure 3.19 shows SEM images of the three different types of LiCoO; used in this
study. The particle sizes are approximately 0.8 pm, 2 um, and 5 pum, respectively. These
samples are named LiCoO, (1), LiCoO; (2) and LiCoO; (3), respectively [samples (1)
and (2) obtained from FMC Corp. and sample (3) from Moli Energy Ltd.]. The BET

surface areas of these samples are 0.71, 0.36, and 0.10 m? g'l, respectively.

LiCoO; (1) LiCoO; (2) LiCoO; (3)

Figure 3.19 SEM pictures of three LiCoO; materials with different particle sizes

(diameters of approximately 0.8 pm, 2 pm, and 5 um, respectively).

3.1.2.2 Binder

Figure 3.20 shows the self-heating rate versus temperature of 200 mg rinsed
LigsCo0, with 7% PVDF binder. The mini-exothermic self-heating reactions at 180°C
and 280°C are probably due to the reaction of LigsCoO with a small amount of residual
LiPF¢ EC/DEC electrolyte soaked into the PVDF binder. The ARC test of LipsCo0O; in
Figure 3.20 suggests that Lio sCoO, does not react significantly with PVDF.

3.1.2.3 Effects of particle size of LiCoO; on its thermal stability

Figure 3.21 shows the SHR vs. temperature (T) for 100 mg of the three LigsCoO;,
samples heated in 100 mg of EC/DEC solvent. The ARC measurement of LipsCo0; in
panel (a) was stopped at 213°C because of the high possibility that the ARC tube
containing the 0.8 um LigsCoO, would explode at high temperature. Sample Lip5Co0;
(1) in panel (a) has the lowest onset temperature (1 10°C) and shows the worst thermal
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stability among the three samples. Samples LipsCoO; (2) and LigsCoO; (3) have the

same onset temperature of 150°C and show similar self-heating behavior.

Figure 3.20 Self-heating rate versus temperature of 200 mg rinsed Lig sCoO, heated
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Figure 3.21 Self-heating rate versus temperature for the three Lig sCoO, samples reacting

with EC/DEC solvent heated initially to 110°C.
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Figure 3.22 shows the self-heating rate vs. temperature for 100 mg of the three
LipsCoO, samples heated with the same mass of 1.0 M LiPFs EC/DEC electrolyte. The
samples were first heated to 110°C in the ARC before a search for exothermic behavior
began. Again, LigsCoO; sample (1), with a particle size of approximately 0.8 pm, shows
the worst thermal stability with LiPFs EC/DEC electrolyte. In the temperature range
between 170 and 210°C, the self-heating rate for LipsCoO, sample (2) is about double

that of Lig.sC00; (3), presumably because of its smaller particle size.
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Figure 3.22 Self-heating rate versus temperature for the three Lio sCoO; samples with 1.0

M LiPFs EC/DEC heated initially to 110°C.

3.1.2.4 Changes to the mass ratio of charged Liy5CoO; and EC/DEC solvent.
Typically approximately 100 mg LiysCoO, mixed with 100 mg EC/DEC solvent
or electrolyte was used in the ARC experiments. The maximum amount of oxygen
released from the decomposition of 100 mg LipsCoO; is about 0.1/(2x94.5) mole when
Lig sCo0O; is completely reduced to Co metal by the following reaction [84, 86]:
2 LigsCo0; — LiCo0O;, + Co + 0. [3-8]
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100 mg EC (CsH;003) or 100 mg DEC (C3H405) can consume at most 0.1x6/118 mole or
0.1x2.5/88 mole of O,, respectively, at high temperature. The combustion reactions are
as follows:

2 CsH;¢0;3 + 12 O > 10 CO; + 10 H20 and [3-9]

2 C3H;03 +5 0y — 6 CO, +4 HyO. [3-10]

By comparing the amount of oxygen released from 100 mg of Lip sCo0O; and that
needed to react with 100 mg of EC or DEC, there is excess EC/DEC solvent compared to
that needed to reduce LipsCoO; to Co metal in the ARC experiments. When the mass of
LigsCo0O, is maintained at 100 mg and the amount of EC/DEC solvent increases from
100 mg, 150 mg, to 200 mg, the total heat released from the combustion reactions, A,
should be the same, because the amount of LigsCoO; (the source of oxygen) does not
change. Therefore, an increase in the amount of solvent should reduce the temperature
rise, AT, of the reaction process. The temperature rise for a single reaction process is
given by

AT =h/Crqy, [3-11]
where Cre is the total heat capacity of the entire sample (electrode material, solvent, plus

stainless steel ARC tube). The total heat capacity for the ARC sample is

J J J
Cp, = };c,.m,. = 1.0§Emm, +0.46———0.93g+1.5-——1-<—mm,, [3-12]

gk g

where m,., is the mass of cathode in grams in the ARC tube, and my, is the mass of
solvent or electrolyte in grams in the ARC tube, and 0.93 g is the mass of the stainless
steel ARC tube. A specific heat of 1.0J K! g'l was used for LigsCo0, [119-121], 1.5 T K~
! ! for EC/DEC solvent {117], and 0.46 J K™ ¢! for stainless steel [114].

Figure 3.23 shows the self-heating rate vs. temperature for 100 mg Lig sCoO; (1)
with 100 mg (a), 150 mg (b), and 200 mg EC/DEC solvent (c) initially heated to 110°C.
The temperature rises, AT11 for 100 mg EC/DEC, AT}, for 150 mg EC/DEC, and ATi3 for
200 mg EC/DEC, are 103 K, 92 K, and 78 K, respectively as indicated in Figure 3.23.
The total heat capacities for the three ARC samples are approximately 0.68 J K1 0757
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K™ and 0.83 J K|, respectively. The total heats for these three ARC runs are given by
equation [3-11] and turn out to be close, 70 J, 69 J, and 65 J, respectively.
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Figure 3.23 Self-heating rate versus temperature for 100 mg of Lip5C00; (1) in 100 mg

(), 150 mg (b), or 200 mg EC/DEC solvent (c) heated initially to 1 10°C

Figure 3.24 shows the self-heating rate versus temperature for 100 mg LipsCo0;
(3) with different amounts of EC/DEC solvent initially heated to 110°C. The onset
temperatures for all three ARC runs are 150°C. The temperature rises for the first two
exothermic processes decrease from about approximately 103°C to 93°C to 81°C when
the mass of EC/DEC solvent used increases from 100 mg (a), to 150 mg (b), to 200 mg
(c). These results are very close to the results shown in Figure 3.23.

In order to identify the reaction process between LigsCoO, and EC/DEC, another
ARC experiment as shown in Figure 3.24a was performed and stopped at approximately
253°C at which point the first two reaction processes had finished. Then, this sample and
the sample that had self-heated to 350°C were recovered and their XRD patterns were

taken. Figure 3.25a shows that the main products from the reaction between Ligs5Co0O;
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and EC/DEC solvent for the reaction stopped at 253°C are LiCoO; and CoO. This result
is in agreement with MacNeil and Dahn’s [84] ARC studies, which indicated that the first
two peaks in the self-heating rate versus temperature response are from combustion of
solvent with oxygen from the reduction of LigsCoO; to Co304 and then to CoO at
elevated temperature. The reactions are (EC for example):

30Lig sCo0; + 2C;3H403 = 15LiCo0; + 5C0304 + 6CO, + 4H,0,  [3-13]

10C0304 + 2C3H403 — 30Co0 + 6CO, + 4H,0. [3-14]

With the presence of sufficient reducing agent, EC/DEC solvent, the CoO can
then be reduced to Co metal as shown in Figure 3.24b. The reaction is:

10Co0 + 2C;3H403 — 10Co + 6CO; + 4H;0. [3-15]
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Figure 3.24 Self-heating rate versus temperature for 100 mg LipsCoO2 (3) in 100 mg (a),
150 mg (b), or 200 mg EC/DEC solvent (c) heated initially to 110°C.
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Figure 3.25 XRDs of ARC samples stopped at 253°C or 350°C for 100 mg LipsCoO2 (3)
reacted with 100 mg EC/DEC solvent heated initially to 110°C.

The temperature increases, AT4, AT}s, and AT, for the three reaction processes
described by equations [3-13], [3-14], and [3-15] are approximately 69K, 34 K, and 68 K,
respectively, as shown in Figure 3.24a. The heat capacity of the ARC sample tube
containing 100 mg LipsCoO; cathode material, 100 mg EC/DEC, and 930 mg stainless
steel is about 0.68 J K', as mentioned before. The XRD result in Figure 3.25 suggests
that there is excess solvent in this ARC tube because Co metal is formed at 350°C.
Therefore, the heats released in these three reaction processes are about 0.68 x 69 J, 0.68
x 34 J, and 0.68 x 68 J, respectively. The amount of active LigsCoO; in 100 mg of
electrode material is 100 x (1.00-0.14) mg, to account for the presence of binder (7% by
weight) and carbon black (7% by weight). Therefore, the exothermic heats based on the
cathode weight for the three processes are approximately 550 J g?,2707g",and 5401 g
t respectively. The total heat released from the three steps together (from LipsCoO; to
Co metal) is calculated to be 1360 J g™ of LigsC0O;, 142 kJ mol™ of Lis sCoO, or 284 kI
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mol” of O, combusted. This value is pretty close to MacNeil and Dahn’s result who
obtained 11601450 J g’1 of Lig5Co0, [84]. Yamaki et al. [5] obtained the exothermic
heat of reduction of Lig sC0o0; in 1.0 M LiPF¢ EC/DEC electrolyte and found 1000+£250 J
gl by DSC. It is not clear whether this result corresponds only to reactions [3-13] and
[3-14] above, or to all of the reactions from [3-13] to [3-15]. Nevertheless, it is close to

the results shown above for either case.

3.1.2.5 Effects of salts on the thermal stability of LipsCo00;

Figure 3.26 shows the self-heating rate versus temperature of LigsCoO; (1) in
EC/DEC solvent or in the electrolytes, 1.0 M LiPFs EC/DEC or 0.8 M LiBOB EC/DEC.
In the low temperature range from approximately 110°C to 160°C, the addition of LiPFg
salt decreases the reactivity of LigsCoO, compared to EC/DEC solvent only. This
suppression of reactivity is caused by the polymerization of ethylene carbonate solvent by
HF from the decomposition of LiPFg on the surface of LigsCoQ,, which improves the
stability of LigsCoO; at elevated temperature [84, 86]. There is no corresponding
suppression in the case of LiBOB EC/DEC. This result is perhaps a consequence of the
high stability of LiBOB in this temperature range.

Figure 3.27 shows the self-heating rate versus temperature for Lip5CoO, (3) in
EC/DEC solvent or in EC/DEC containing the different salts, LiPFs and LiBOB, heated
to 110°C. The reactivity of Liy sCoO, (3) with EC/DEC is observed to be inhibited by the
addition of salt LiPFg at elevated temperature, which is in agreement with reference [60].
LiBOB EC/DEC exhibits worse stability with LipsCoO, than LiPFs EC/DEC, or even
EC/DEC only. This result is demonstrated by the lowest detectable onset temperature of
120°C for Li5sCo0; reacting with LiBOB EC/DEC.
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Figure 3.26 Self-heating rate versus temperature for 100 mg of Lio sCoO; (1) reacting

with the same amount of EC/DEC, 1.0 M LiPFs EC/DEC or 0.8 M LiBOB EC/DEC
heated initially to 110°C.
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Figure 3.27 Self-heating rate versus temperature for 100 mg of Lig sCoO; (3) in 100 mg
of EC/DEC or EC/DEC containing the salts, LiPFs and LiBOB, heated initially to 110°C.
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Figure 3.28 compares the self-heating rate versus temperature of LigsCoO; (3) in
the electrolytes, LiPFs EC/DEC and LiBOB EC/DEC, or in EC/DEC solvent. These
experiments were made by first heating the sample initially to a higher temperature of
150°C. The exotherm for the sample with LIBOB EC/DEC electrolyte is well underway
at 150°C since the initial self-heating rate is approximately 0.7°C/min. For the sample
with EC/DEC solvent, the self-heating rate is only 0.07°C/min at 150°C. Therefore, it is
concluded that LigsCoO; has lower stability in LiBOB EC/DEC than in LiPFs EC/DEC
or in EC/DEC solvent, whether forced to 110°C or to a higher temperature of 150°C.
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'Figure 3.28 Self-heating rate versus temperature for 100 mg of LiCoO (3) in the same
amount of EC/DEC or EC/DEC containing the salts, LiPFg and LiBOB, heated initially to
150°C.

3.1.3 Prediction of oven test behavior of full cells (graphite/LiCo0Q;) based on ARC

results on Lig 3;Cg and LigsC00;

The thermal stabilities of charged MCMB (Lig31Cs) and LiCoO (Lig5Co0,) in
LiPF¢ and LiBOB based electrolytes, were compared in this chapter using ARC. For the
Liog:1Cs negative electrode material, LiBOB EC/DEC shows much higher thermal
stability than LiPFs based electrolyte, with no significant thermal reaction between
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Lip31Cs and LiBOB EC/DEC electrolyte until 170°C compared to a 90°C ARC onset
temperature in LiPFs EC/DEC (Figure 3.10). For LigsCoO; [sample (3), Spm size]
positive electrode material, however, LiBOB EC/DEC shows a lower ARC onset
temperature of 120°C compared with a 170°C onset temperature in LiPFs based
electrolyte (Figure 3.26).

From the ARC studies, the following predictions are made about the oven test
behavior of graphite/LiPFs or LiBOB EC:DEC/LiCoO, 18650-size cells, charged to 4.2
V (where Lig 31Cs and Lig sCoO, are obtained):

(1). In an oven with a constant T (130°C ~ 150°C), an 18650 cell with LiPFg
EC/DEC electrolyte will release a significant amount of heat in the low temperature
range (90°C to 120°C) from the thermal reaction between Lips;Ce with LiPFg based
electrolyte. An 18650 cell with LiBOB based electrolyte, however, will not show any
significant exotherm over this temperature range because there are no exotherms from the
reactions between both Ligg;Cs and LipsCoO; electrodes and LiBOB EC/DEC below
120°C.

(2). At high temperature (T=130°C), an 18650 cell with LiBOB based electrolyte
will show higher thermal reactivity than a cell with LiPFs EC/DEC because LiBOB
EC/DEC is much more thermally reactive than LiPFs EC/DEC for the LigsCoO;
electrode.

The oven test results obtained on 18650 cells with LiPFs or LiBOB based

electrolytes are shown in Section 3.2.

3.2 Oven tests on Lithium-ion cells (graphite/LiCoO5)

A number of 18650-size cells were obtained from E-One/Moli Energy Ltd.
(Canada). The negative and positive electrode materials were MCMB (20 pm particle
size) and LiCoO, (5 pm), respectively, the same materials used in the ARC
measurements in Section 3.1. Four different electrolytes were adopted in these cells, 1.0
M LiPF¢ EC/DEC, 0.6 M LiBOB EC/DEC and two mixed electrolytes, 0.3 M LiBOB +
0.5 M LiPF¢ EC/DEC and 0.2 M LiBOB + 0.67 M LiPFs EC/DEC. Before oven testing,
the cells were charged to 4.2 V using a low charging rate of C/100. Two different oven
temperatures were chosen, 140°C and 130°C.
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3.2.1 140°C oven test

Figure 3.29 shows temperature versus time profiles for MCMB/LiCoO, 18650
cells (4.2 V) containing 1.0 M LiPFs EC/DEC and 0.6 M LiBOB EC/DEC placed into a
140°C oven. There are two data sets shown for each situation, which demonstrate the
excellent repeatability of the test. Figure 3.29 shows that the cells with LiBOB
electrolyte (dashed line) heat more slowly to the oven temperature than do the cells with
LiPFs electrolyte (solid line), but then the former go into thermal runaway. In the low
temperature region (below 130°C), the heat production is dominated by the negative
electrode/electrolyte reaction and the LiBOB cells show less heat production, as expected
from the ARC results. In the high temperature region (above 130°C) the positive
electrode/electrolyte reaction becomes important (as shown by Figure 3.29) and the
LiBOB cells show larger heat production that leads to thermal runaway.
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Figure 3.29 Temperature vs. time for 18650 Li-ion cells (4.2 V) in the 140°C

oven test. Data for four cells are shown, two with 1.0 M LiPF¢ EC/DEC electrolyte and

two with 0.6 M LiBOB EC/DEC electrolyte.

100

The impact of the positive and negative electrode reactions can be better separated

if the oven test result is plotted as dT/dt versus T. Based on Newton's law of cooling
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[122, 123], for a sample at temperature T, without internal heat generation, placed in an
oven at temperature, T,, it is expected that
dT/dt =6f (T, - T), [3-16]

where f is the surface heat transfer coefficient and & is a constant. 3 is related to the mass,
surface area, and specific heat capacity of the 18650-size cell. This assumes a uniform
temperature within the sample placed in the oven, which implies a high thermal
conductivity of the sample. Figure 3.30 shows experimental results for dT/dt versus T for
a solid stainless steel cylinder machined to be the same size as an 18650 cell, placed in a
140°C oven. dT/dt decreases linearly to zero at the oven temperature as expected based
on equation [3-16]. By contrast, if there were heat production within the cylinder, then

equation [3-16] would not be perfectly obeyed.
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Figure 3.30 Heating rate, dT/dt vs. temperature, T, for a stainless steel cylinder placed in

a 140°C oven to demonstrate the validity of Newton’s law.
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Figure 3.31 The data of Figure 3.29 replotted as dT/dt vs. T. The dashed line indicates a

cell with no internally generated heat.

Figure 3.31 shows the data in Figure 3.29 replotted as dT/dt versus T for the
18650 cells containing LiBOB and LiPFs electrolytes. The straight short-dashed line in
Figure 3.31 was drawn from the data near 70°C, where no heat production is occurring
based on ARC measurements, to the oven temperature and represents the path these cells
would follow if there were no internal heat generation at all. By comparing the data sets
to this line, one can easily observe:
(1). The cell containing LiPFs electrolyte generates heat between about 80 and 120°C
because the self-heating rate is larger than that expected based on Newton's law. This is
due to the negative electrode/electrolyte reaction as clearly shown in Figure 3.15. This
observation is in good agreement with the prediction (1) in Section 3.1.3;
(2). The cell containing LiBOB electrolyte generates almost no heat between 80 and
120°C because the self-heating rate matches that of Newton's law. This is expected based
on the lack of negative electrode/electrolyte reactivity (Figure 3.15) and positive
electrode/electrolyte reactivity (Figure 3.27) in this temperature range, which agrees well
with prediction (1) in Section 3.1.3;
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(3). The cell containing LiBOB electrolyte generates substantial heat above 130°C and
this is exactly where the positive electrode/electrolyte reaction begins powerfully as
shown in Figure 3.27. This proves prediction (2) described in Section 3.1.3.

It is very clear that the oven test results of the 18650 cells are qualitatively
predicted from the thermal stability measurements of single electrode materials, Lig g1Cs
or Lig5Co0,, with electrolytes using ARC. This clearly shows that ARC is an excellent
technique to study the thermal stability of electrode materials used in LIBs.

ARC results in Section 3.1.1.3 showed that LiBOB electrolyte presents higher
thermal stability than LiPFs electrolyte for LipsiCs but lower thermal stability for
LipsCoO,. We then consider whether there are possible advantages to adding a small
amounts of LiBOB into LiPF¢ EC/DEC, a mixed electrolyte, from a safety standpoint.
Figure 3.15 compares the SHR vs. T for LigsiCe reacting with EC/DEC based
electrolytes containing 1.0 M LiPFe, 0.75 M LiPF¢ + 0.2 M LiBOB, 0.5 M LiPF¢ + 0.4 M
LiBOB and 0.8 M LiBOB as measured using the ARC. The addition of LiBOB clearly
and dramatically slows the reactivity of the negative electrode in the 80 - 170°C

temperature range.
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Figure 3.32 Temperature vs. time for 18650 Li-ion cells (4.2 V) in the 140°C oven test.
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Data for six cells are shown, with the electrolytes indicated in the legend.
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Figure 3.32 shows oven exposure tests (140°C) for 18650 cells (4.2 V) with 0.6 M
LiBOB EC/DEC, 1.0 M LiPF¢ EC/DEC, or mixed electrolytes, 0.3 M LiBOB + 0.5 M
LiPFs EC/DEC and 0.2 M LiBOB + 0.67 M LiPFg EC/DEC as indicated. As expected,
the additionvof LiBOB slows the heating rate below the oven temperature due to a
decrease in negative electrode/electrolyte reactivity. However, as the LiBOB
concentration increases from 0.2, 0.3, to 0.6 M in LiPFs EC/DEC, the cell temperature
increases faster at high temperatures (T >140°C) due to an increase in the thermal

reactivity between the Lip sCoO; electrode and LiBOB based electrolyte.

3.2.2 130°C oven test

Figure 3.33 shows oven exposure tests (130°C) for 18650 cells (4.2 V) containing
0.6 M LiBOB EC/DEC, 1.0 M LiPF¢ EC/DEC, or mixed electrolyte, 0.3 M LiBOB + 0.5
M LiPFs EC/DEC and 0.2 M LiBOB + 0.67 M LiPFs EC/DEC. Figure 3.34 shows plots
of dT/dt vs. T for the oven test results of the cells with LiBOB and LiPFs based
electrolyte shown in Figure 3.33. The results in Figure 3.33 and 3.34 mirror those in
Figure 3.32 and 3.31, respectively. That is, the LiBOB cell generated very little heat
below 130°C due to the low rate of the negative electrode/electrolyte reactions and the
LiPFs cell shows heat generation in the 80 - 130°C range due to the negative
electrode/electrolyte reactions. The LiBOB cell shows substantial heat generation above
130°C due to the onset of the positive electrode/electrolyte reactions. These results
clearly prove the predictions based on ARC studies of Lip3;Ce and Lip2Co0; in LiPFg or
LiBOB based electrolytes.

80



09—

o~ «‘: -‘:::;{:..:.:5:.:3.”‘“."
g) o S e . o o
~ 130} .
2
-
®
|
4]
o
& 120} 130°C oven test of full cells with -
() 0.6 M LiBOB
e Y A 0.3 M LiIBOB + 0.5 M LiPFg
- —— —0.2MLIBOB +0.67 M LiPFg 1
— - — 1.0 M LiPF,
110 1 L ] i

0 0.5 1 1.5 2
Time (hours)

Figure 3.33 Temperature vs. time for 18650 cells (4.2 V) in the 130°C oven test.
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cell with no internally generated heat.
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The oven test results for 18650 Li-ion cells clearly show that ARC measurements
of the thermal stability of single electrode materials can be used to successfully
qualitatively understand the oven test behavior of full size lithium-ion cells. This gives
us confidence to use the ARC technique to study the thermal stability of different
negative and positive electrodes. The results will be reported from Chapter 4 to Chapter
6.
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Chapter 4 Thermal stability studies on negative electrode materials with

different lithium binding energies

The thermal stability of three different negative electrode materials with different
lithium binding energies was compared using ARC. The lithium binding energies for
Lio1Cs, Li7TisO12 [124, 125], and LigsVO2 (B) [126, 127] are 0.1 €V, 1.55 eV, and 2.45
eV versus lithium metal, respectively, as shown in Figure 4.1. ARC combined with XRD
was used to explore the reaction mechanism of these negative electrode materials in
EC/DEC solvent or in different electrolytes and study the impact of changes to the
lithium binding energy on thermal stability. The reactions between Lig31Cs and solvents
or electrolytes were shown in Chapier 3. This chapter reports the ARC studies of
Li;Tis0;2 and LigsVO, (B). The thermal stability of Ligs1Ce, Li;TisO12, and LigsVO, (B)

is compared.

5eV
4 eV +— LiCo0O2
3eV
«— Linsv02
2eV
44— Li7TiaO12
eV
0eV «— LiMetal +— LiXCe

Figure 4.1 Binding energies of lithium atoms in various lithium compounds versus

lithium metal.

Figure 4.2 shows the potential (V) versus specific capacity (mA h g™) for LVVO,
(B), LisTis01,, or MCMB coin cells during the first cycle. Figure 4.2a was obtained from
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reference [126], where LiPFs PC/EC (1:1 by volume) was used as electrolyte. The
discharge occurs at approximately 0.1 V, 1.55 V, and 2.5 V vs. Li for MCMB, LisTi5012,
and VO, (B) electrodes, respectively. At the end of the discharge process, fully lithiated
Lio31Cs, Li7TisOys, and Lig5VO; phases are formed.

3 v | ’ 1 A §
21 @.vor®) .
1 » .
3 d T Y T N !
= (b). Li4Ti5012
s, _
A\
g | )
Ho— -
> -
3 ¥ 1 M ] v ]
2'_ (c). MCMB
1 &-_———_ﬂ: ]
0 «d A [ 3 ry -
0 100 200 300

Spectific capacity (mA h g‘1)
Figure 4.2 The potential (V) versus specific capacity (mA h gh) for Li/VO, (B),

Li/Li4Ti5012, and Li/MCMB coin cells during the first cycle.

4.1 LiyTisOn2
LisTisOq2 is called a “zero-strain insertion material” because its lattice constants
do not change appreciably during insertion of lithium at 1.55 V vs. Li. The reaction is
1/3 LigTisOpp + Li* + & — 1/3 LisTisO1a. [4-1]
Ohzuku et al. [125] cycled LisTisOy vs. Li in 1.0 M LiClO4 EC/DEC (1:1 by volume)
electrolyte at a current density of 0.17 mA cm™ and found almost no capacity loss after
100 cycles. Ohzuku attributed the excellent capacity retention of LisTisOy; to its zero

insertion strain and suggested it could be used as a negative electrode in safe and long-
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life rechargeable batteries. Nakahara et al. [128] showed that LisTisO1, with a primary
particle size of 0.7 um attained a capacity of 165 mA h g”! when charged and discharged
at a 1C rate and retained 99% of its initial capacity after 100 cycles. Although the
cycling of LisTisO1, has been well studied, there has been little published on the
reactivity of Li;TisO;, with electrolyte at elevated temperature.

A LiyTisOj; sample was synthesized by the method described in Section 2.1.1.
Figure 4.3 shows a SEM image of the synthesized LisTisO} sample indicating an average
particle size around 0.3 pm. The specific surface area determined by single point BET

was approximately 3.1 m® g,

Figure 4.3 SEM micrograph of synthesized LisTisO12 having a particle size of
approximately 0.3 pm.

For the ARC measurements, 150 mg of Li;TisO; was used instead of 100 mg
(100 mg of LigpgiCs was usually used in ARC experiments) based on the following
considerations. The theoretical specific capacity is 175 mA h g for LisTisOy, and
0.81*372 mA h g’ = 301 mA h g for MCMB (r = 0.19 and 372 mA h g’ for graphite).
In order to maintain the same number of moles of lithium as in 100 mg of Lig31Cs, the
amount of Li;TisO;2 used in the ARC sample should be 100*301/175 mg = 172 mg. An
amount of 150 mg Li;TisO;, was used in this thesis.

Figure 4.4 shows the SHR vs. T for 150 mg of Li;TisO12 reacting with 100 mg of
EC/DEC solvent in panel (a), 100 mg of 0.8 M LiBOB EC/DEC in panel (b) and 1.0 M
LiPFs EC/DEC in panel (c). The ARC samples were initially heated to 90°C, as indicated
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by the solid lines or to 160°C by the dashed lines. XRD patterns of Li;TisO, taken after
the ARC experiment are shown in Figure 4.5. Li7TisO1, reacts with EC/DEC, producing

Li4Ti5042 and Li;COj3. The main reaction can be expressed as (in the case of EC):

2Li;Ti50; + 3C3H403 — 3CHy + 3Li1,CO;5 + 2L14TisOq5. [4-2]
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Figure 4.4 The self-heating rate versus temperature of 150 mg of Li;TisO1. reacting with
100 mg of EC/DEC in panel (a), 100 mg 0.8 M LiBOB EC/DEC (b), and 100 mg of 1.0
M LiPFs EC/DEC (c). The samples for the ARC experiments were initially heated to
90°C (solid lines) or forced to a higher temperature of 160°C (dashed lines).

This is similar to the thermal reaction of Ligs;Cs with EC/DEC solvent described
by reaction [3-6] in Chapter 3. The temperature rise (AT;) shown in Figure 4.4a is about
130 K and hence the enthalpy of reaction [4-2] is approximately —110 kJ mol” of Li that
reacts. This is much less than the enthalpy of reaction between Lig$;Cs and EC/DEC (-
215 kJ mol™! of Li), presumably because the Li atoms in Li;TisOp, are at a lower

chemical potential (by around 1.5 eV or 144 kJ mol") than the Li atoms in Ligg;Cs. This
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suggests that the exotherm released from the reaction of a negative electrode material
with EC/DEC solvent is related to the binding energy of Li in this material in the charged
state. Theoretically, negative electrode materials with a higher lithium binding energy
will release a smaller amount of heat during reaction with EC/DEC solvent. This is
because: (1) the material with a higher lithium binding energy has a lower lithium atom
chemical potential; (2) the main products after the reaction between negative electrodes
and EC/DEC are mainly Li;CO; and C,Hy; and (3) the heat released is related to the
enthalpy difference between the reactants and products. As shown above, this is the case
for Lipg1Cs (0.1 eV Li binding energy) and Li;TisOq2 (1.55 eV) electrodes. Thermal
studies of another negative electrode material, LigsVO, (B) with a Li binding energy of
2.45 eV, will be presented in Section 4.2.

The SHR vs. T for 150 mg of Li;TisO;; reacting with 100 mg of 0.8 M LiBOB
EC/DEC in Figure 4.4b shows a temperature rise around 130 K that is close to AT, due to
the reaction with EC/DEC in Figure 4.4a. The products after Li;TisOj, reacts with
LiBOB EC/DEC are also LisTisO12 and Li;COj3 as indicated in Figure 4.5b. The LiF
existing in Figures 4.5a and b is believed to come from the original LiPFs EC/DEC
electrolyte during preparation of ARC samples, which apparently was swollen in the
PVDF binder and could not be removed completely by the rinsing procedure.

The SHR vs. T for 150 mg of Li;TisO, reacting with 100 mg of 1.0 M LiPFs
EC/DEC is shown in Figure 4.4c. There are some weak exothermic signals between
110°C to 210°C for Li;TisOj, initially heated to 90°C (solid line) in LiPF¢ EC/DEC. In
order to explore the impact of these “mini-exotherms”, an ARC sample of Li;TisO12 in
LiPF¢ EC/DEC was initially forced to 160°C and then the resulting exotherm was
followed as indicated by the dashed line in Figure 4.4c. The “mini-exotherms” in the
dashed curve of Figure 4.4c basically add up to create a new ARC peak when the sample
is forced to a starting temperature of 160°C.

The addition of LiPFg to the EC/DEC solvent slows the reaction of both negative
electrode materials as shown by comparison of Figures 4.4a and c. The XRD pattern in
Figure 4.5¢ shows the main products LiF, Li2CO3 and LisTisO;, with a small amount of
TiO, after the reaction between Li;TisOy, and LiPFg EC/DEC. LiF is believed to come

from the reaction between deintercalated Li with PFs and of course from the
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decomposition of LiPFs as well. The small amount of TiO, possibly comes from the
reaction between LisTisO; after Li-detercalation and LiPF¢ EC/DEC electrolyte, which
corresponds to region C indicated in Figure 4.4c. The proposed reaction mechanism for
the production of TiO, will be later tested by a designed experiment.

vLi2CO3 xLUIF  oTiOp Other peaks fromLigTisO42

® 3 3

-
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Figure 4.5 XRD patterns of the products of Li;TisO12 after reacting with EC/DEC in
panel (a), LiBOB EC/DEC (b), and LiPFs EC/DEC (¢) at 350°C in ARC measurements
as shown in Figure 4.4.

In order to understand how Li;TisO; reacts with LiPFs EC/DEC to produce LiF,
it is worth considering the number of moles of the possible reactants in the samples as
" listed in Table 4.1. It is believed that LiPFs decomposes according to LiPFg — LiF + PFs
and then the PFs reacts first with the available lithium to make LiF and other products.
This LiF on the surface of the electrode particles slows down the reaction. If this is the
case, Table 4.1 shows that about 47% of the available Li in Li;TisOy, can react with
fluorine to make LiF. The exotherms in Figure 4.4c have been divided into two regions
marked on Figure 4.4c. The region, A, is where the intercalated Li reacts with F from

PFs and the region, B, is where the intercalated Li reacts with the solvents producing
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Li,CO; as shown in Figure 4.5c. Notice that region A in Figure 4.4¢ represents about
50% of the temperature rise, suggesting it could correspond to the fluorine reaction. As
shown later in this section, the temperature rise of region A depends on the amount of
LiPFs in the ARC tube, strongly suggesting that region A corresponds to the reaction of
Li with F from PFs. Either the molarity or the mass of electrolyte added to the ARC tube

can adjust the amount of LiPFs.

Table 4.1 Number of moles of reactants in the ARC samples used.

Material and amount Number of moles of | Number of moles of
reactive species reactive atom or group
100 mg Lig 31Cs composite 8.9 x 10 mol Li 8.9 x 10 mol Li
(7% PVDF binder)
35 mg Lig 3;Cs composite 3.3 x 10” mol Li 3.3 x 10™ mol Li
(2% EPDM binder)
150 mg Li;TisO;2 composite | 8.1 x 10 mol Li reacting | 8.1 x 10 mol Li
(7% PVDF) to form LiyTisOpp
100 mg EC/DEC 9.6 x 107 mol total of EC | 9.6 x 10™ mol COs
and DEC
35 mg EC/DEC 3.4 x 107 mol total of EC | 3.4 x 10™ mol CO;
and DEC
100 mg 1.0 M LiPFg EC/DEC | 7.7 x 107 mol PFs from | 3.8 x 10™ mol F (from PFs)
LiPF¢ —» PFs + LiF
100 mg 0.5 M LiPF¢ EC/DEC | 4.5x 107 mol PFs from | 2.3 x 10™ mol F (from PFs)
LiPFs — PFs + LiF
50 mg 1.0 M LiPFg EC/DEC | 3.9x 107 mol PF; from 1.9x 10" mol F (from PFs)
LiPF¢ — PFs + LiF

An ARC experiment involving 150 mg of Li;TisO1; reacting with 100 mg of 0.5
M LiPFs EC/DEC was run and the result is shown in Figure 4.6a. The sample was
initially forced to 160°C, compared to the results for the same electrode material in 100
mg of 1.0 M LiPFs in Figure 4.6b. The latter curve is the same as the dashed line in
Figure 4.4c. The results clearly show that as the amount of LiPF¢, and hence resulting
PFs, in the sample is reduced, so is the temperature rise associated with region A.
Correspondingly, the size of region B is increased in Figure 4.6a, because more lithium is
available to react with the solvents once the PFs is used up. Table 4.2 gives the

temperature rises in the regions A and B for the two experiments. The temperature rise in
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region A decreased by about a factor of two, from 66 K to 38 K when the electrolyte
molarity was decreased by a factor of two, suggesting that region A is caused by the
reaction between PFs and intercalated Li. Finally, notice that Table 4.1 predicts that
about 1/2 and 1/4 of the intercalated Li, respectively, could react with the PFs generated
from the LiPF¢ in 1.0 M and 0.5 M electrolyte. The results in Figure 4.6 provide clear
evidence that the intercalated lithium first reacts with F from PFs, and then with the

solvents, once all the available PFs has been used up.

100 g - . v , - . - ]
(a) 150 mg LIy Tis042 with 100 mg 0.5 M LIPFg EC/DEC
10

1 r—-A——»r—B—j
AN

{b) 150 mg Li7Ti5042 with 100 mg 1.0 M LIPFg EC/DEC

N

o
-2

dT/dt (°C/min)
= 3
(=] o

o
-

100 150 200 250 300 350
Temperature (°C)

Figure 4.6 Self-heating rate versus temperature for 150 mg of Li;Tis012 reacting with 100
mg 0.5 M LiPF¢ EC/DEC in panel (a) or 100 mg 1.0 M LiPFs EC/DEC in panel (b) both
forced to 160°C.

Table 4.2 Temperature rises in the reaction between 150 mg Li;TisO12 and 100 mg 1.0 M
LiPF¢ EC/DEC or 100 mg 0.5 M LiPFs EC/DEC.

Electrolyte AT - region A AT - region B Sum: ATA+ATg
Molarity (M) X) K) &)
0.5 38.3 92.2 130.5
1.0 66.0 65.0 131.0
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The XRD pattern of Li;TisOj, after its reaction with 100 mg of 0.5 M LiPF,
EC/DEC is shown in Figure 4.7. The Bragg peaks from Li;COj3 in Figure 4.7 are more
pronounced than in Figure 4.5c, where the reaction was with 100 mg of 1.0 M LiPFs
EC/DEC electrolyte. This can be explained using Table 4.1. The amount of PFs in 100
mg of 0.5 M and 1.0 M LiPFs EC/DEC in Table 4.1 is about 4.5 x 10 mol and 7.7 x 107
mol, which will consume approximately 28% and 47% of the available Li in 150 mg
Li7T1501o, respéctively. The remaining available Li then reacts with EC/DEC solvent to
produce lithium alkyl carbonate, and then lithium carbonate. In the latter case, there is
insufficient lithium to drive the reaction to Li;CO;. However, in the former case, with
only 100 mg of 0.5 M LiPFs EC/DEC electrolyte, there is enough lithium to convert most

of the solvent to Li,COj; and hence it is easily observed in Figure 4.7.
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Figure 4.7 XRD patterns of the products of the reaction of 150 mg of Li;TisOq2 with 100

mg of 0.5 M LiPF¢ EC/DEC electrolyte.

In order to identify the reaction route for TiO, formation, another two ARC
experiments were designed: (1) LisTisO;, (uncharged) with EC/DEC; and (2) LisTisO12
(uncharged) with LiPFs EC/DEC shown in Figures 4.8a and b, respectively. The ARC
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result of Li;TisOy, reacting with LiPFs EC/DEC was added in panel (¢) for comparison.
The XRD patterns of all the three ARC samples are plotted in Figures 4.9a, b, and c,
respectively. There is almost no exotherm in the SHR vs. T of LisTisOy reacting with
EC/DEC (Figure 4.8a) indicating that uncharged LisTisO; is thermally stable as expected
and can not react with EC/DEC (Figure 4.9a). However, the SHR vs. T of LisTisO,
reacting with LiPFs EC/DEC electrolyte shows an exotherm starting from 320°C.
Substantial amounts of TiO; and LiF are observed in Figure 4.9b. Clearly, the PFs from
the decomposition of LiPFg is capable of extracting Li from LisTisO; to make LiF. TiO,
is a natural decomposition product because Ti can not be oxidized beyond the +4
oxidation state in which it is already formed in LisTisOj,. This reaction process

corresf)onds to the region C in Figure 4.4c.
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Figure 4.8 Self-heating rate versus temperature of 150 mg of uncharged LisTisO12 with
100 mg EC/DEC in panel (a), or 100 mg of 1.0 M LiPFs EC/DEC (b). Figure 4.8c shows
the SHR vs. T for 150 mg of Li;TisO;» reacting with 100 mg of 1.0 M LiPF¢ EC/DEC.
The ARC samples were initially heated to 90°C.
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Figure 4.9 XRD patterns of the products of LisTisO; after reacting with EC/DEC in
panel (a) or LiPFs EC/DEC (b) at 350°C. Figure 4.9¢ shows the XRD patterns of the
products from the reaction between Li;TisO12 and LiPFg EC/DEC at 350°C. The ARC

data are shown in Figure 4.8.

4.2 LigsVO; (B)

LipsVO, (B) was chosen as the third negative electrode material to study the
effects of lithium binding energy. The reasons for this choice are listed below:

(1). The lithium binding energy of LigsVO; (B) is around 2.45 eV vs. lithium
metal, which is significantly different from the lithium binding energy of Li;TisO12, 1.55
eV.

(2). The discharge curve of VO, (B) at 2.45 V is flat showing a two-phase region
between VO, (B) and LigsVO, (B).

(3). The synthesis of VO, (B) is relatively simple. VO, (B) can be obtained from
the decomposition of NH4VO; under an argon atmosphere at 350°C, which is described

in Section 2.1.2.

LigsVO; (B) was obtained by discharging VO, (B) at 2.45 V vs. Li metal as

follows:
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2V0, (B) + Li' + & = 2Lig5VO; (B). [4-3]
LigsVO, (B) adopts the monoclinic structure (Space group C2/m, #12) shown in Figure
4.10. It is a three-dimensional array of corner-shared VOg octahedral [129, 130].

Figure 4.10 The Lig sVO, (B) structure (Space group C2/m, #12). It is based on a three-

dimensional array of corner-shared VOg octahedra. (““e” represents lithium atoms).

3N X

Figure 4.11 SEM micrograph of VO, (B) having an average particle size about 5 pm.

A SEM micrograph of synthesized VO, (B) shown in Figure 4.11 indicates an

average particle size around 5 pm. The BET surface area of VO, (B) is around 8.9 m? g’
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XRD patterns of synthesized VO, (B) and the fitted curve using Rietveld refinement are

shown in Figure 4.12. The refinement results are shown in Table 4.3.
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Figure 4.12 X-ray diffraction (XRD) pattern of the synthesized VO, (B) sample and the

fit using Rietveld refinement.

Table 4.3 Lattice constants and atom positions for the synthesized VO, (B) sample from
the XRD refinement. The space group used for the refinement was C2/m (*12). The

Bragg R-factor is listed.
Synthesized VO, (B) sample
B =106.97°
a(A) b(A) ¢ (A)
12.0673(3) 3.6892(2) 6.4212(2)
X y z
Vi 0.8036(6) 0 0.7369(2)
V, 0.9023(3) 0 0.3102(5)
Oy 0.8640(7) 0 0.9953(7)
0, 0.7334(1) 0 0.3410(9)
O3 0.9390(3) 0 0.6459(8)
O4 0.6310(6) 0 0.6970(8)

Starting atomic coordinates for VO, (B) were taken from reference [131].
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LigsVO; (B) was obtained and its XRD pattern is shown in Figure 4.13b. The
XRD pattern of VO, (B) is shown in Figure 4.13a for comparison. The theoretical
capacity of VO, (B) was calculated to be 161 mA h g from reaction [4-3], which is close
to the capacity of LisTisO52 (175 mA h g'l). In the ARC measurements, therefore, 150
mg of LigsVO, (B) was used to maintain a similar amount of Li to the Lig:1Cs and

Li7Ti5012 samples.
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Figure 4.13 The XRD pattern of LigsVO; (B) in panel (b). The XRD pattern of

VO, (B) is shown in Figure 4.13a for comparison.

Figure 4.14 shows the SHR vs. T for 150 mg of LigsVO; (B) reacting with 100
mg EC/DEC solvent in panel (a), 100 mg of 1.0 M LiPFs EC/DEC (b) and 100 mg of 0.8
M LiBOB EC/DEC (c). The ARC sample was initially heated to 90°C as indicated by a
solid line or to 160°C as indicated by a dashed line. XRD patterns of LigsVO, (B) taken
after the ARC experiment at 350°C are shown in Figure 4.15. The main products from
LipsVO; (B) reacting with EC/DEC shown in Figure 4.15a or LIBOB EC/DEC in Figure
4.15b are ’Li2C03 and V,03. It is easy to understand that Li;CO3; comes from
deintercalated Li reacting with EC/DEC at high temperature producing Li,CO;:
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4Lig5VO, (B) + C3H403 — CyHy + LixCO;3 +4V0;, (B). [4-4]
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Figure 4.14 The self-heating rate versus temperature of 150 mg of Lig sVO; (B) reacting
with 100 mg of EC/DEC panel (a), 100 mg of 0.8 M LiBOB EC/DEC (b), and100 mg of
1.0 M LiPFs EC/DEC (c). The ARC experiments were initially heated to 90°C (solid
lines) or forced to a higher temperature of 160°C (dashed lines).

It is possible that the VO, (B) produced in reaction [4-4] decomposes into V703
(shown in Figure 4.15) and O, that combusts the EC/DEC solvent, releasing further heat
in the ARC measurements, as seen in Figure 4.14. The thermal reaction of LigsVO, (B)
in LiBOB EC/DEC (Figure 4.14c¢) obviously contains two processes, one from 220°C to
280°C the other one from 290°C to 340°C. Two ARC samples in Figure 4.14c were
stopped at 280°C and 340°C, respectively. XRD patterns of the two samples are shown in
Figures 4.16b and c. The XRD pattern of VO, (B) is shown in panel (a) for comparison.
The main products from the reaction of LigsVO; (B) with LiBOB EC/DEC before 280°C
[process (1)] are VO, (B) and Li,CO;3 shown in Figure 4.16b, which strongly support the
reaction mechanism [4-4]. In process (2) from 290°C to 340°C, the main product is V20;
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shown in Figure 4.16c. Therefore, the thermal reaction in process (2) is as follows (EC
for example):
20V0, (B) + 2C3H403 — 6CO; + 4H,0 + 10V,0s. [4-5]

The temperature rises for processes (1) and (2), shown in Figure 4.17, are
approximately 60 K (AT;) and 42 K (AT)), respectively. Hence the enthalpy of reaction
[4-4] in process (1) is approximately —54 kJ mol™ of Li, which is much lower than the
enthalpy of Li7Ti50u or Lijg1Cs thermally reacting with EC/DEC to produce Li,COs, -
110 kJ mol™ and - 215 kJ mol™ of Li, respectively. These results show that the negative
electrode materials with higher lithium binding energy (lower chemical potential of Li)

release a smaller amount of heat during reaction with EC/DEC solvent.
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Figure 4.15 XRD patterns of the products of LigsVO; (B) after reacting with EC/DEC in
panel (a), LIBOB EC/DEC (b), and LiPF¢ EC/DEC (c¢) at 350°C in ARC measurements
as shown in Figure 4.14.
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Figure 4.16 The XRD patterns of the products from the reactions between LigsVO; (B)

and LiBOB EC/DEC electrolyte in ARC measurements stopped at 280°C in panel (b) or
340°C in panel (c). The ARC results are shown in Figure 4.14¢c. The XRD pattern of VO
(B) is added into Figure 4.16a for comparison.
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Figure 4.17 The two processes involved in the reaction between VO, (B) and LiBOB
EC/DEC electrolytes in the ARC measurements (Figure 4.14c¢).
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4.3 Thermal stability-comparison of Lig1Cg, Li;TisO12, and LigsVO; (B)
Lig81C¢, Li7Tis013, and Lig5VO, (B) have Li binding energies of 0.1 eV, 1.55 eV,

and 2.45 eV, respectively. Their thermal stability is compared in this section.

4.3.1 EC/DEC solvent

Figure 4.18 shows the SHR vs. T of Lig 31Cs, Li7TisO12, and Lig sVO; (B) reacting
with EC/DEC solvent initially heated to 90°C (solid line). The ARC onset temperature
for Ligg1Cs, Li7Ti5012, and LigsVO; (B) in EC/DEC is approximately 100°C, 130°C, and
230°C, respectively. This suggests that Lip sVO, (B) with a high Li binding energy (2.45
eV) has much higher thermal stability than Lig 31Cs (0.1 V) and Li7Ti5Oy2 (1.55 €V).
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Figure 4.18 The self-heating rate vs. temperature for 100 mg of EC/DEC reacting with
100 mg of Liy §;C¢ in panel (a), 150 mg of Li;TisO2 (b), or LigsVO; (B) in panel (c)
shown in solid lines. The dashed line in Figure 4.18a shows the SHR vs. T of 100 mg of
Lig 81Cs reacting with 100 mg of 1.0 M LiPF¢ EC/DEC.
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The temperature rises (AT) for the ARC tests are used to compare the heat
released from the reactions between Lijg;Cs, Li7TisO12, or LigsVO, (B) and EC/DEC
producing Li;CO; and deintercalated materials [C, LisTisOp, and VO, (B)]. The
temperature rise for the adiabatic reaction of 150 mg of Li;TisO;, with 100 mg of
EC/DEC is approximately 140 + 16 K (AT4) shown in Figure 4.18b. The temperature rise
(ATs) from the reaction of LipsVO, (B) with EC/DEC (Figure 4.18¢c) includes two
process, (1) pfoduction of LipCO; together with VO, (B) and (2) O, from the
decomposition of VO, (B) combusting EC/DEC. The temperature rise due to the Li from
Li-intercalated anodes reacting with EC/DEC solvent is to be compared. Therefore,
temperature rise AT; (65 + 10 K) in Figure 4.17, is used, which corresponds to process
(1) [equation 4-4] of the reaction between LipsVO; (B) and EC/DEC.

The temperature rise for the adiabétic reaction of LiggCs with EC/DEC is
unknown because the ARC went into thermal runaway. Therefore, an ARC curve for 100
mg of Ligg;Cs reacting with 100 mg of 1.0 M LiPFg EC/DEC was added to Figure 4.18a
and indicated with a dashed line. Its temperaturé rise (ATs) is approximately 285 £ 20 K.

Actually, the temperature rise for 100 mg of LiggiCe reacting with 100 mg of
EC/DEC can be calculated. Figure 3.9 in Chapter 3 shows that the temperature rise for
the adiabatic reaction of 35 mg of Lips;Cs with 35 mg of EC/DEC is around 137 K. The
heat capacity of the 930 mg ARC tube together with 35 mg of Lip$1Cs and EC/DEC is
calculated to be 0.515 J K. The released heat is 137*0.515 J = 70.5 J. 100 mg of
Lig.51Cs reacting with EC/DEC will release a heat of 70.5¥100/35 J = 200 J. Similarly,
the heat capacity of an ARC tube together with 100 mg of Liy31Cs and the same amount
of EC/DEC is around 0.678 J K'!. Therefore, the temperature rise for the adiabatic
reaction of 100 mg of Lig.Cs with 100 mg of EC/DEC should be around 200/0.678 K =
295 K. This value agrees with the range of 285 + 20 K, which was estimated from Figure
4.18a.

Therefore, the temperature rises for adiabatic reaction of 100 mg of Ligs1Cs, 150
mg of Li;TisO12, and 150 mg of Lip sVO, (B) with EC/DEC are around 285 * 20K, 140
16 K, and 65 + 10 K, respectively. The corresponding thermal reaction can be concluded
as (EC as example):

2LiA + C3H403 — 2A + LipCO;3 + CoHy, [4-6]
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where A represents electrode materials before lithiation, such as C, LisTisO,, and VO,
(B). The released heat (AH) is approximately 215 + 16 kJ, 110 £ 13 kJ, and 54 + 8 kJ per
mol of Li for Lig 3;Cs, LisTi5012, and Lig sVO; electrodes, respectively.

Figure 4.19 shows the potential (vs. Li) of charged negative electrode materials
versus the heat released, AH (per mole of Li), for Ligs:1Cs, Li7T15012, and LigsVO, (B)
materials in the adiabatic reaction with EC/DEC solvent. There is a linear relationship
between the pofential and the heat. The curve intercepts with the y-axis at around 3.3 V.
This means that if the potential of a Li-intercalated electrode material is higher than 3.3 V
vs. Li, this material will not thermally react with EC/DEC to release any heat under
350°C. In practice, this is right. For example, LiFePOy, LiCoO;, and LiMn;04 have an
average lithium binding energy of 3.5 V, 42 V, and 4.1 V, respectively. They are all
thermally stable in EC/DEC solvent.
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Figure 4.19 The potential (vs. Li) of charged negative electrode materials versus the heat
released, AH (per mole of Li), for Lig 31Cs, LisTisO12, and LiosVO2 (B) materials reacting
with EC/DEC in the ARC measurements (Figure 4.18).
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4.3.2 LiPF¢ and LiBOB based electrolyte

Figure 4.20 shows the SHR vs. T of Lig81Cs, Li7T15012, and LipsVO, (B) reacting
with LiPF¢ EC/DEC electrolyte initially heated to 90°C. LipsVO; (B) clearly shows
higher thermal stability than Lig 81Cs and Li;TisO12.
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Figure 4.20 The SHR vs. T for 100 mg of 1.0 M LiPFs EC/DEC reacting with 100 mg of
Lig 31Cs, 150 mg of Li;TisO15, and Ligs VO, (B) shown in panels a, b, and ¢, respectively.
The ARC samples were initially heated to 90°C (solid lines) or forced to a higher
temperature of 120°C (dashed line in panel a) or 160°C (dashed lines in panels b and c).

The SHR vs. T for the three negative electrodes in LiBOB EC/DEC are shown in
Figure 4.21. ARC samples initially heated to 90°C are indicated with solid lines. The
dashed lines indicate samples initially heated to 120°C for Lig8:1Cs in panel (a) and 160°C
for Li;TisOpp (b) and LipsVO, (B) (¢). LiBOB EC/DEC clearly shows thermal
advantages for Ligg1Cs over LiPFs EC/DEC that were described in Chapter 3. However,
when the lithium binding energy of the negative electrode material increases, the thermal

advantage of LiBOB over LiPF; is not significant any more. For example, the thermal

103



reactions of Li;TisOy, or LigsVO, (B) in LiPFs or LiBOB based electrolytes start from
similar temperatures as shown in Figures 4.20 and 4.21. This suggests that when the
lithium binding energy of negative electrode material increases to some extent, their
thermal stability cannot be significantly improved by changing salt. The thermal-stability
results for Lig §1Cs, Li7TisO12, Lig 5sVO; (B) are compared in Table 4.4
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Figure 4.21 The SHR vs. T of 100 mg of 0.8 M LiBOB EC/DEC reacting with 100 mg of
Lig1Cé, 150 mg of Li;TisOy,, and Lig sVO; (B) shown in panels a, b, and c, respectively.
The ARC samples were initially heated to 90°C (solid lines) or forced to a higher
temperature of 120°C (dashed line in panel a) or 160°C (dashed lines in panels b and c).
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Table 4.4 Comparison of three different negative electrode materials, MCMB, Li4TisO13,
and VO, (B) with different lithium binding energies.

Negative electrode materials MCMB L14Ti5042 VO, (B)
Particle size (um) 25 03 5
BET surface area (m” g”) 0.8 3.1 8.9
Li binding energy (eV) vs. Li 0.1 1.55 2.45
metal
Discharged state Lig21Ce Li7Ti5s012 LipsVO;
Theoretical discharge capacity 310 175 160
(mAhg™
Mass in ARC in mg (discharged
anode material : solvent or 100:100 150:100 150:100
electrolyte) ‘
Onset T with EC/DEC (°C) 100 130 230
) ) Around 295 from 65+10
Temperature rise with EC/DEC 35/35 in Figure 140 + 16 only process
(AT, K) 3.9 (1)
Products after ARC to 350°C with MCMB + Li2C03 L14Ti50 12+ V203 +
EC/DEC by XRD Li,CO; Li;COs
Onset T with 1.0 M LiPFg 80 220 220
EC/DEC (°C)
Temperature rise with 1.0 M 280 150 65 only
LiPF¢ EC/DEC (AT, K) process (1)
LisTisOra,
Products after ARC to 350°C with LiF + MCMB TiO,, LiF, and | V,03 + LiF
1.0 M LiPFs EC/DEC Li,CO; + Li,CO3
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Chapter 5 Existing alternate positive electrode materials (LiMn,04 and

LiFePO,)

LiMn,04 and LiFePQ, are very attractive positive electrode materials for large
batteries used in E-bike, EV and HEV applications mainly because of their high thermal
stability. LiMn;O,4 adopts the spinel structure (Space group Fd3m, #227) shown in Figure
5.1. It is made up of a cubic close-packed oxygen array with three-dimensional array of
edge-shared MﬁOg octahedra [132]. LiFePO4 adopts an olivine structure shown in Figure
5.2 (Space group Pnma, #62) with a hexagonally-closed packed oxygen array where there
are corner-shared FeOg octahedra and PO; tetrahedra. The lithium atom binding energies
of LiMn,04 and LiFePQy are approximately 4.1 eV and 3.5 eV vs. Li metal [133, 134].

Figure 5.3 shows the potential (V) versus specific capacity (mA h g for
Li/LiMn,O4 and Li/LiFePO, coin cells during the first cycle. The first charge process
happens at approximately 4.1 V and 3.5 V vs. Li for the LiMn;O4 and LiFePO4
electrodes, respectively. In this chapter, the thermal stabilities of charged LiMn,O4 and
LiFePOy are studied and their reaction sequences are characterized by ARC and XRD.

Figure 5.1 The LiMn,0y4 spinel structure (Space group Fd3m, #227). It is based on a cubic
close-packed oxygen array with edge-shared MnOg octahedra (“e” represents lithium

atoms).
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Figure 5.2 The LiFePOy olivine structure (Space group Pnma, #62) It is based on a

hexagonal-close packed oxygen array with corner-shared FeOg octahedra and PO,

tetrahedra (“®” represents lithium atoms).
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Figure 5.3 The potential (V) versus specific capacity (mA h g™) for Li/LiMn,O4 and
Li/LiFePOj4 coin cells during the first cycle.
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5.1 LiMn;0, with the spinel structure

It has been shown that adding excess lithium to the octahedral site of the LiMn,;04
with the spinel structure helps maintain capacity for many cycles [133, 135]. The amount
of excess lithium is represented with x in the formula Li;+xMnyO4 [or written as
Lite(LixMnyx)octO4, where Tet and Oct designate the tetrahedral and octahedral sites in
the spinel structure]. Adding too much excess Li, x, reduces the capacity of the electrode
because the amount of lithium which can be removed during the charging process is only
1-3x per formula unit, which can be calculated as below. For the material with a formula
of Li;+xMny.xO4, the average oxidation state (V,y) of the Mn cation is:

Vav = [2%4-(1+x)]/(2-x) = (7T-x)/(2-X). [5-1]
When LijxMny.xOj4 is fully charged, the Mn cation is oxidized to +4 and the amount of
lithium, n, that can be removed during the charge process is calculated to be:
n = (4-Va) x(2-x). [5-2]

Solving [5-1] and [5-2] gives n = 1-3x. References 133 and 135 show that Li;+xMny.,O4
samples with x~0.05 give a reasonable discharge capacity around 120 mA h g” and good
cyclability.

A LijsxMny4O4 (x = 0.05) sample was obtained from Chemetals Inc. (USA).
Li; 0sMnj 0504 is simply written as LiMn,O4 in the later sections of this chapter for
convenience. Figure 5.4 shows a SEM micrograph of the LiMn,;O4 sample indicating that
it has an average particle size of approximately 10 pm. The BET surface area of the
LiMn,O, sample was measured to be 0.6 m’ g, Figure 5.5 shows the X-ray diffraction
(XRD) pattern and corresponding Rietveld refinement of the LiMn,O, sample.

A-MnO, was obtained by charging LiMn;Oj4 to 4.4 V vs. Li metal as follows:

¥ LiMnyOg = % Li” + A-MnO; + Y €. [5-3]

The theoretical capacity of LiMnyOy4 is about 148 mA h g calculated from reaction [5-
3]. Considering that there is 5% excess lithium in the Mn site in LiMn, Oy, the theoretical
capacity of this sample is around 148x(1-3x5%) = 126 mA h g'. The fully delithiated
LiMn,O; with the spinel structure should be written as Lij-3x)(LixMny«)Os [or
Lisx(LixMnz.x)O4]. Therefore, delithiated Li; gsMnj 9504 will be Lig 15(Lig.0sMn; 95)O4. The
Rietveld refinement results for LiMnyO;4 before and after charge are shown in Table 5.1.
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Figure 5.4 SEM micrograph of LiMn,04 having a particle size of approximately 10 pm.
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Figure 5.5 X-ray diffraction (XRD) pattern and the corresponding Rietveld refinement of
the LiMn,0O4 sample.

The lattice constant of Lig js(LigosMnj 95)O4 obtained from LiMnyOy4 charged to
4.4 V vs. Li is about 8.06 A, in good agreement with literature values of 8.07 A for fully
charged LiMn,O4 (x = 0.05) reported by Yang et al. [136]. The fully charged LiMn,;O4 (x
= (.05) adopts the same structure as A-MnO,, which is the fully delithiated phase of
LiMn,04 (x = 0). In the later sections of this chapter, the fully charged LiMnO4 (x =

0.05) phase is written as A-MnO, for convenience.
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Table 5.1. Lattice constants of LiMn,O4 before and after charging to 4.4 V vs. Li. The
space group used for this refinement was Fd3m (#227). The Bragg R-factors are listed.

L1 0sMn 9504 Lij osMny 9504 charged to 4.4 V vs. Li
Lig.15[Lio.0sMnj.95]04
a (A) 8.2321(9) 8.0626(5)
O position 0.2599(6), 0.2599(6), 0.2599(6) 0.2526(7), 0.2526(7), 0.2526(7)
RBragg 2.5 % 4.2 %

5.1.1 Reaction sequence in EC/DEC
Figure 5.6 shows the SHR vs. T for 100 mg of A-MnO, sample initially heated to

110°C. A detectable exothermic reaction began at approximately 230°C and stopped at
around 252°C. The temperature rise (AT) is about 22 K. The XRD pattern of the A-MnO,
sample after the ARC measurement is shown in Figure 5.7b. [Figure 5.7a shows the XRD
pattern of A-MnO, for comparison]. The A-MnO, phase transforms into the B-MnO,
phase during the ARC experiment as shown in Figure 5.7b. This phase transformation
starts at approximately 230°C, which is in good agreement with reference [137].

1 [ v ] v 1 ¥ S
ARC of 100 mg charged spinel (A-MnO2) only
£
E
o
5
4 XRD
; 01 here -
200 220 240 260 280

Temperature (°C)
Figure 5.6 Self-heating rate versus temperature for 100 mg of A-MnQ; initially heated to
110°C.
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Figure 5.7 X-ray diffraction (XRD) pattern of A-MnO in panel (a) for comparison. Panel

X

(b) shows the XRD pattern of A-MnO, after the ARC measurement up to 260°C.

The heat, h, released during the phase transition from A-MnO, to 3-MnO, can be
calculated. The total heat capacity of the entire sample (electrode material plus stainless
steel ARC tube) is about 0.53 J K. Hence, his 22 K x 0.53 J K =11.6 J. The A-MnO,
sample contained 7% by weight of each of PVDF binder and Super S carbon black by
mass. The heat released during the phase transition from A-MnO; to B-MnO, shown in
reaction [5-4] is 12+1 kJ mol™:

A-MnO; — B-MnO,. (AH = 1241 kJ mol™) [5-4]

Figure 5.8a shows the SHR vs. T for 100 mg of A-MnO, reacting with 100 mg of
EC/DEC initially heated to 110°C (solid line). The exothermic reaction between A-MnO;
and EC/DEC starts at 190°C, which is higher than the 150°C onset temperature of 100
mg LigsCo0O; (5 um particle size, 4.2 V) in EC/DEC. This confirms that A-MnO; has a
higher thermal stability than Lig 5CoO;.

The experiment described in Figure 5.8a went into thermal runaway at around

220°C. In order to obtain the complete ARC curve of A-MnO, reacting with EC/DEC
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solvent, both the amounts of A-MnQO, and EC/DEC solvent were decreased to 20 mg and
the resulting ARC curve is shown as Figure 5.8b (solid line). The experiment proceeded
till 350°C even though no significant exotherms were detected. The temperature rise AT,
in Figure 5.8b is about 39 K. The main exotherm between charged LiMn,QO4, LiNiO,,
and LiCoO; electrodes reacting with EC/DEC solvent comes from the combustion of
solvent by O released from the cathode during decomposition [5, 84, 86]. Even if all the
oxygen in 20 nig of A-MnO; could be released during heating in the ARC experiment, 20
mg of EC/DEC is still in excess for the combustion reaction with the released O, by a
simple calculation [86]. This suggests that the combustion reaction in the ARC
experiments in Figure 5.8b is complete. If the amount of A-MnQ; is decreased from 20
mg to 15 mg and the amount of EC/DEC is maintained the same, the temperature rise,
AT, should decrease by approximately one fourth. This expectation assumes that the total

heat is proportional to the amount of A-MnO, and the total heat capacity does not change

significantly.
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100 mg EC/DEC
0.1
E T v T ' T v v v T T T
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Figure 5.8 ARC curves (solid line) and fits (dashed line) for 100 mg of A-MnO; reacting
with 100 mg EC/DEC in panel (a), 20 mg of A-MnO, with 20 mg EC/DEC (b), and 15
mg of A-MnO; with 20 mg EC/DEC (c).
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Figure 5.8c shows the SHR vs. T for 15 mg of A-MnO, heated with 20 mg of
EC/DEC. The temperature rise in Figure 5.8¢ is about 30 K, which is close to 75% of the
temperature rise, 39 K, of the ARC experiment in Figure 5.8b. The exotherm in Figure
5.8c displays a heat of approximately 14.2 J or 96 kJ mol™” of A-MnO,.
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Figure 5.9 X-ray diffraction (XRD) patterns of ARC samples of 15 mg of A-MnO, with
20 mg EC/DEC stopped at 220°C in panel (a) and 20 mg of A-MnO, with 20 mg EC/DEC

stopped at 350°C in panel (b).

The XRD patterns of the products after the adiabatic reaction stopped at 220°C
(Figure 5.8c) and at 350°C (Figure 5.8b) were taken and are shown in Figures 5.9a and b,
respectively. Figure 5.9a shows that A-MnO; reacts with EC/DEC producing Mn3O4 at
220°C. At 350°C, the products are the mixtures of three phases, Mn3Os, MnCO; and
MnO, as shown in Figure 5.9b. Therefore, reaction sequences between A-MnO; dnd
EC/DEC are described as follow (EC as example):

Process (1) from 180°C to 220°:

15X-MnO; + 2C3H403 — SMn304 + 6CO, + 4H30, [5-5]
and (2) above 220°C:

Mnz04 + C3H403 = MnCO3 + MnO + CO; + H,0. [5-6]
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Reaction [5-6] has not been balanced here since the ratio between MnCO3 and MnO in
the final product is unknown. The heat released during the second process is
insignificant, (AT »~ 3 K) as indicated by the solid line above 220°C in Figure 5.8b. In
process (1) the temperature rise, AT, in Figure 5.8¢, is approximately 30 K. Around 4.9 x
10 mol of O, was released from the decomposition 15 mg of A-MnQ,, which quickly
combusts EC/DEC as indicated by reaction [5-5]. The released heat, therefore, is
calculated to bé approximately 290 kJ per mole of O, for process (1).

In Chapter 3, the thermal reaction between LigsCoO, and EC/DEC was clearly
described. LigsCoO; follows a step-wise decomposition reaction to Co304, CoO, and
finally Co metal while releasing O,, which reacts immediately with EC/DEC. The
resulting exotherm is about 142 kJ mol™! of Lig sCoO, or 284 kJ mol™ of O, that combusts
EC/DEC. By comparing the thermal reaction between Lig sCoO; or A-MnO; and EC/DEC
solvent, two main conclusions are drawn:

(1). A-MnO, shows higher thermal stability than LigsCo0Os,. The heat of the
reaction when A-MnO, reacts with EC/DEC is approximately 96 kJ mol™ of A-MnO,.
The analogous heat for LipsCoO, is about 142 kJ mol™.

(2). The heat released from the reaction between EC/DEC solvent and A-MnO, or
LigsCoO, depends on the amount of O, supplied by decomposition of the electrode
materials in the presence of EC/DEC. This heat is approximately 280 ~ 290 kJ mol™” of
O, for both electrodes. |

5.1.2 Reaction kinetics

ARC has been used to obtain the kinetic parameters, such as the activation energy
(Ea, kI mol ™) and the reaction frequency (y, min™) for simple reactions [128]. MacNeil e
al. [138] studied the reactions between LigsCoO, and EC/DEC solvent and obtained the
kinetic parameters (E, = 124 kJ mol” and y = 1.48x10" min). The same method was
used here to try to fit the ARC curves of A-MnO; reacting with EC/DEC in the first

process [5-5] and to probe its reaction kinetics.

5.1.2.1 Activation energy (E,)
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The reaction order for reaction [5-5] is unknown. It is common to write:

2 kD) f@. [5-7]

where t is the time, T is the temperature, and o is the fractional degree of conversion of
reactants (0<a<1), k(T) is the rate constant, and f(a) represents the reaction model.

Combining equations [1-7] and [1-8], gives,

ar

== AT *y* e 55D £( ), [5-8]
t
Taking the natural logarithm ot both sides gives
dr E
In(—) =In[AT *y * e -
n( dt) n| y* f(a)] kT [5-9]

Hence, a plot of the natural logarithm of the initial self-heating rate (i. e. when a = 0)
versus 1/T (an Arrhenius plot) has a slope related to the activation energy, E,, of the
process. Figure 5.10 shows the initial SHR (°C/min) vs. 1000/T for 20 mg A-MnO;
reacting with the same amount of EC/DEC initially heated to different temperatures,
180°C, 200°C, 210°C, and 220°C, respectively. E, was found to be approximately 143 kJ

mol™..
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Figure 5.10 Self-heating rate vs. 1000/T (in K') of 20 mg of A-MnO; reacting with 20
mg EC/DEC initially forced to d’ifferent temperature, 180°C, 200°C, 210°C, and 220°C,

respectively. The initial points of the experiments (g ~0) are indicated with black circles.
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5.1.2.2 Fitting ARC curves using E,

In Section 1.4.2, a first order reaction model was used to successfully fit the ARC
curve of DTBP decomposition. The kinetic parameters, reaction frequency (y) and
activation energy (E,), for this reaction were extracted. In order to fit the ARC result for
A-MnO, reacting with EC/DEC, the reaction model, f{at), needs to be determined.

Several typical reaction models for thermal decomposition of solid materials are
listed in Table 5.2. Model (1) is the first order reaction model. Avrami-Erofeev (A-E)
models (2, 3, and 4) have been successfully used in kinetic analyses of many solid phase
decomposition reactions, phase transformations, and for the recrystallization of alloys
[139]. In A-E models, it is assumed that nucleus formation process is the rate-
determining step during the solid phase reactions [139]. The nucleation process involves
conversion of a small volume of reactant into a stable particle of product and continued
reaction (growth) occurs preferentially at the interfacial zone of contact between these
two phases. Sites for the initiation of reaction are widely regarded as occurring
exclusively at reactant surfaces [139]. The different exponent, p, applied to the (-In(1-a))
term in models (2), (3), and (4) represents the nucleation process occurring in one, two,

and three dimensions [139].

Table 5.2 Several typical reaction models for thermal decomposition of solids [139].

No. | Reaction model do/dt = ka™(1-0)"(-In(1-00))°
. m n p

1 First order k(1-ar) 0 1 0

2 Avrami-Erofeev (1) k(1-0)(-In(1-a))"? 0 1 Ya

3 Avrami-Erofeev (II) k(1-c))(-In(1-a))*? 0 1 2/3

4 Avrami-Erofeev (III) k(1-00)(-In(1 -(X.))SM 0 1 3/4

5 Autocatalytic k(X.( 1- a) 1 1 0

6 Full model k am(l - a)n(‘ln(l . a))p - - -
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For example, A-E models (Table 5.2) have been widely used in kinetic studies of
the thermal decomposition of transition metal oxalates [140-142]. Malecka er al. [143]
successfully used the A-E model (p = 0.5) to fit the decomposition of CoC;04 in TGA
experiments in a helium atmosphere (finally producing Co metal around 400°C). Later in
2003, Malecka et al. [144] studied the thermal decomposition of MnC,04 in a helium
atmosphere and fitted the result with an A-E model (p = 0.47) (the final product was
MnO).

It is very interesting to note that the final product from the thermal decomposition
of CoC;0y4 is pure Co metal but MnO for MnC,04. This difference is possibly attributed
to the difference in bond strength between the transition metals and oxygen (listed in
Table 5.3). The bond energy between Mn and O in MnO is around 402 kJ mol™, which is
higher than the bond energy between Co and O (around 384 kJ mol™) [114]. Actually the
decomposition process of MC;04 (M is a transition metal, such as Mn, Co, Ni, etc) can
be divided into two steps as follows:

Process (1): MC,04 - MO + CO + CO; and [5-10]

Process (2): MO + CO > M + COa. [5-11]

The occurrence of process (2) depends on the ability of CO here to reduce MO to M. For
example, MC;04 (M = Ti, Cr, or Mn in the first row of the transition metal in the periodic
table) thermally decompose to produce MO in an inert gas atmosphere. Their M-O bond
energies are relatively high (672 kJ mol™ for Ti-O, 429 kJ mol™ for Cr-O, and 402 kJ
mol”! for Mn-O bond, see Table 5.3) and the thermal decomposition of the oxalates stops
after process (1). By contrast, MC;04 (M = Co, Ni, or Cu) thermally decomposes into M
metal in inert gas. Their M-O bond energies are only 384 kJ mol™ for Co, 382 kJ mol™
for Ni, and 269 kJ mol™ for Cu.

Table 5.3 The energies (D93, kJ mol ™) of the chemical bonds in diatomic molecules of
transition metal oxides (MO) at 298 K [114].

Bond | Sc-O | Ti-O | V-O | Cr-O | Mn-O | Fe-O | Co-O | Ni-O | Cu-O
energy

DCgs | 681 672 626 429 402 390 384 382 269
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In the ARC experiments, LipsCoO, and A-MnO; electrodes were reduced by
EC/DEC solvent instead of CO producing Co metal and MnO (together with MnCOs and
Mn304), respectively, which are similar to the thermal decomposition reactions of
CoC,04 and MnC,04. Based on the similar reduction reactions, it is possible that the A-E
model can also be used to analyze the adiabatic reactions of LipsCoO, and A-MnO,
electrodes with EC/DEC solvents.

In 2001., MacNeil et al. successfully fitted the SHR vs. T for Lip5Co0O; reacting
with EC/DEC solvent using an A-E model [145], an autocatalytic model [138], and a
general reaction model listed in Table 5.2. In this section, the SHR vs. T (Figure 5.8b) for
20 mg of A-MnO, reacting with 20 mg of EC/DEC was fitted using models 2-6 in Table
5.2. The best fit was achieved by minimizing the goodness of fit parameter, 2, which is

defined here as follows:

= 1 i[dT/dtexp ~dr/at T
N4 dT / dt,,, ’

[5-12]

where dT/dte, and dT/dtc represent the experimental and calculated self-heating rate
(SHR), respectively. The best fit curves are plotted in Figures 5.11b, ¢, d, e, and f for the
A-E models (2), (3), and (4), the autocatalytic model (5), and the full model (6),
respectively, listed in Table 5.2. The fitting results are shown in Table 5.4. Obviously, the
fit using the full model with m = 0.75, n = 1.49, and p = 0.52 shows the lowest x> and
therefore the best fit is achieved. The full model for the best fitting is
(o) = ko® P (1-00) 4 (-In(1-0)) 2. [5-13]

Then this model was used to simultaneously fit the three ARC curves plotted in Figure
5.8. The fit results are listed in Table 5.5 and best-fit ARC curves are plotted in Figure
5.8 with dashed lines. The ARC results in Figures 5.8b and 5.8c were described well and
both reactions were complete. The adiabatic reaction between 100 mg of A-MnO; and
100 mg of EC/DEC proceeded to thermal runaway and the calculated cﬁrve predicted this
trend.
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Table 5.4 Fitting the ARC results for 20 mg of A-MnO; reacting with 20 mg of EC/DEC

solvent using the models described in Table 5.2.

Model y(x10°min) o m n P %
Model 2 1.80 0.001 0 1 A 0.42
Model 3 | 1.74 0.001 0 1 2/3 0.61
Model 4 1.75 0.01 0 1 3/4 0.49
Model 5 3.09 0.01 1 1 0 0.17
Model 6 4.28 0.02 075 149 0.52 0.06

(full model)
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Figure 5.11a The self-heating rate versus temperature for 20 mg A-MnO, reacting with 20
mg of EC/DEC. Figures 5.11b, ¢, d, ¢, and f show the best fit SHR vs. T curves
calculated using the reaction models 2, 3, 4, 5, and 6 in Table 5.4, respectively.
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Table 5.5 Fitting the ARC results for different amounts of A-MnOj reacting with
EC/DEC (shown in Figure 5.8) using model 6 described in Table 5.2.

y=4.28x10" min™; m =0.75; n = 1.49; p=0.52
ARC iment
experiments AT (K) % ZZ
(1) 15 mg of A-MnO, + 20 28 0.02 0.19
mg of EC/DEC
(2) 20 mg of A-MnO, + 20 36 0.02 0.06
mg of EC/DEC
(3) 100 mg of A-MnO, + 110 0.01 2.62
100 mg of EC/DEC

The extracted kinetic parameters from the ARC results are very useful
information. Hatchard er al. [51] used the kinetic parameters for the thermal reactions
between LigsCoO, or LiggCe with EC/DEC to build up a mathematical model of oven
exposure tests for lithium-ion cells. This model predicts the oven-test behavior of
MCMB/LiCo0; cells very well. A similar model could now be built for the oven test for
MCMB/LiMn,0; cells. The oven tests in Figures 1.5 and 1.6 show that MCMB/LiMn;04
cells have higher thermal stability than MCMB/LiCoO; cells. It is simply because the
charged LiMnyOy4 (A-MnQO;) has higher thermal stability than Lip sCoOs.

5.1.3 Thermal stability in LiPF¢ or LiBOB based electrolyte

Figure 5.12 shows the SHR vs. T for 100 mg of A-MnO, reacting with the same
amount of 1.0 M LiPFs EC/DEC (solid line) or 0.8 M LiBOB EC/DEC (dashed line).
Figure 5.12 clearly shows that A-MnO; exhibits higher thermal stability in LiPFe¢-based
electrolyte than in LiBOB EC/DEC and the onset temperatures are about 160°C and
120°C, respectively. By comparing the ARC curves with solid lines in Figure 5.8a and
Figure 5.12, it was observed that the addition of LiPF¢ into EC/DEC solvent decreases
the thermal stability of A-MnO,. This is believed to be a result of the instability of LiPFs

during the heating process at around 160°C.
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Figure 5.12 Self-heating rate versus temperature for 100 mg of A-MnO, reacting with the
same amount of 1.0 M LiPFs EC/DEC (solid line) or 0.8 M LiBOB EC/DEC electrolyte
(dashed line) initially heated to 110°C.

A-MnO, starts to react with LIBOB EC/DEC electrolyte at around 120°C (dashed
line in Figure 5.12). Figure 3.27 also shows that the exothermic reaction between
LipsCo0; and LiBOB EC/DEC starts at 120°C. The adiabatic reaction between 100 mg
of Lig sNiO, and the same amount of 0.8 M LiBOB EC/DEC was measured (not shown
here). The exothermic reaction starts at 120°C ~ 130°C. The addition of LiBOB into
EC/DEC reduces the thermal stability of A-MnO,, LigsC00,, and LigsNiO, electrodes.
The reason for this still is unknown.

The adiabatic reaction of 100 mg of 0.8 M LiBOB EC/DEC was measured and is
shown in Figure 5.13, which is plotted as T (°C) vs. t (minute) (similar to Figure 1.11a).
Figure 5.13 shows that there is no exothermic signal during the heating of LiBOB
EC/DEC electrolyte up to 350°C. There is no obvious reason that the addition of LiBOB
into EC/DEC should decrease the thermal stability of charged lithium transition metal

oxide electrode materials.
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Figure 5.13 Heat-wait-search results [temperature (°C) versus time (minutes)] for 100 mg
of 0.8 M LiBOB EC/DEC initially heated to 90°C. A dashed circle indicates an

endothermic region.
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5.2 Olivine LiFePO4

LiFePO,4, which has an olivine structure, is an attractive positive electrode
material for LIBs because of its higher stability and low cost. LiFePOy (triphylite) is a
mineral that exists in nature. Pure LiFePOy is an insulator, which has a relatively low
electrical conductivity between 107 ~ 10® S em™. Carbon-coated LiFePOy4 can have a
conductivity up to 10* S cm™ [64].

Three different kinds of carbon-coated LiFePO, with different particle size were
obtained from Hydro-Quebec, Canada. Figure 5.14 shows SEM micrographs of the three
LiFePQ,4 samples indicating that they have primary particle sizes of about 3 pm, 7 pm
and 15 um, respectively. The specific surface areas determined by single point BET of
the three LiFePQ4 samples are 23.9 m? g", 17.2 m? g‘l, and 10.8 m? g’l, respectively.
There are smaller particles in each of the samples on the surface of the larger particles. In
order to study the composition of these small particles and the uniformity of the carbon
coated on LiFePQy, a few energy dispersive spectroscopy (EDS) dot maps of LiFePO4 (3
um-size sample) were taken and are shown in Figure 5.15. Figure 5.15a shows the SEM
image of a particle having many small particles around 0.1 pm dotted on its surface. The
EDS dot maps for C, Fe, O, and P are shown in Figures 5.15b, ¢, d, and e, respectively.
The SEM image and the dot maps of C, Fe, O, and P are similar. This suggests that the
small particles shown in panel (a) are LiFePOy4 and that the carbon is evenly coated on
LiFePOy,

(L)

(a) LiFePO4 (3 pm) (b) LiFePOy4 (7 um) (c) LiFePO4 (15 pm)

Figure 5.14 SEM micrographs of three carbon-coated LiFePO4 samples having different
particle sizes. From the images it can be observed that the diameters of the primary

particles are approximately 3, 7, and 15 pm, respectively.
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Figure 5.15a The SEM image of a particle having many small particles around 0.1 pm
dotted on its surface. The EDS dot maps for C, Fe, O, and P are shown in Figures 5.15b,
¢, d, and e, respectively. The SEM image and the dot maps of C, Fe, O, and P are similar.

5.2.1 Charged LiFePO, (FePOy4)
FePOy was obtained by charging LiFePOy4 to 3.8 V vs. Li metal as follows:
LiFeO4 — Li" + FePOy4 + €. [5-14]
The theoretical capacity of LiFePOjs is approximately 170 mA h g" calculated from
reaction [5-14].
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Figure 5.16 shows the XRD pattern of LiFePO, (15 um) without binder charged
to 3.8 V vs. Li metal (in the special cell for powder electrodes shown in Figure 2.5) and
its Rietveld refinement as an olivine-type FePOy single phase. [The XRD pattern and
refinement of the starting LiFePO4 material (15 pm) are not shown here]. The lattice
constants and atom positions for LiFePO4 (15 pm) before and after delithiation are given
in Table 5.6 and agree well with those in reference [146]. Figure 5.16 shows that the
delithiation is élmost complete, even though a powdered electrode without binder was
used in the special cell. There are impurity peaks at about 25.7°, 29.5°, and 35.6°, which
are in the positions of some of the strongest Bragg peaks of the LiFePOj starting material.
A small amount of LiFePO, impurity in the predominantly FePO4 phase is not believed to

influence the accelerating rate calorimeter results that follow.
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Figure 5.16 XRD pattern of LiFePO4 (15 pm) charged in the special cell (Figure 2.5)
without binder to 3.8 V vs. Li metal and its single-phase Rietveld refinement using the

FePOQy structure given in Table 5.6.
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Table 5.6 Lattice constants and atom positions for 15 pm particle size LiFePO4 and the
same material charged to 3.8 V (FePOy) vs. Li/Li". The electrochemical cell used to
charge the LiFePO, is shown in Figure 2.5 and there was no binder used in the LiFePO4
electrode (see text). The space group used for the refinement was Pnma (*62). The Bragg

R-factors are listed.

LiF ePO4 FGPO4

a(R) b(A) c(A) a(h) b(A) c(A)

1033793) 6.0112(2)  4.6973(2) | 9.8177(2) 5.7901(2) 4.7810(2)

X y y4 X y Z
Li 0 0 0 - - -
Fe  028123) % 0.9716(7) | 02737(3) Y 0.9511(7)
P 0.0956(7) Y 0.4179(6) | 0.0933(8) % 0.3999(5)
0, 00974(11) Y 0.7403(8) | 0.1165(5) % 0.7085(9)
0, 04534(5) % 0.2056(10) | 0.4465(9) Y 0.1676(7)
0,  0.1621(4)  0.0534(8) 0.2861(12) | 0.1640(5)  0.0455(6) 0.2490(6)
Rprogs  32% 3.7%

Starting atomic coordinates for LiFePO, and FePO4 were taken from reference [146].

5.2.2 Thermal stability

Figures 5.17a, b and ¢ show the self-heating rate (SHR) versus temperature for
100 mg of delithiated LiFePO, (7% PVDF binder) having particle sizes of 3,7, and 15
um heated with 100 mg of EC/DEC solvent, respectively. All three charged LiFePO,
samples show high thermal stability with EC/DEC solvent and their onset temperatures
for exothermic reaction are greater than 300°C. This is about 150°C higher than the
onset temperature of LigsCoO, (5 pm size) reacting with EC/DEC [84, 86]. As the
primary particle size of LiFePOy increases from 3 pm to 15 pm, the self-heating rate at
the same temperature decreases. However, the shape of the self-heating rate versus
temperature curves for the three samples is almost the same. The self-heating process for
the three ARC measurements seems to include two processes, one between 300°C and
320°C and the other starting at 320°C. The latter process did not finish by 350°C, the

suggested upper-limit temperature of ARC, at which these experiments were stopped.
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Figure 5.17 Self-heating rate versus temperature for 100 mg of delithiated LiFePO4 (7%
PVDF binder) having a primary particle size of 3 pm in panel (a), 7 um (b) and 15 pm
(c), respectively, heated with 100 mg of EC/DEC solvent. Panel (d) shows the self-
heating rate versus temperature for 100 mg of delithiated LiFePO4 (15 p.m) without
binder heated with EC/DEC solvent.

There is a possibility that one of the two processes observed in Figures 5.17a, b,
and ¢ could be caused by the PVDF binder. Figure 5.17d shows the results of an
identical experiment made on a sample of the 15-pm delithiated LiFePO, without binder.
The self-heating rate versus temperature profile in Figure 5.17d contains only the first
reaction process. This suggests that the second reaction process only occurs in the
presence of PVDF binder and may be caused by it in some way. After the ARC
experiments in Figures 5.17a, b, and ¢, the ARC samples were opened in an argon filled
glove box and XRD patterns were taken with the samples protected from air. In each
case the XRD patterns [not shown] changed radically from that shown in Figure 5.16 to a
pattern that may represent a new phase of FePOy. The first exothermic process may

therefore be associated with the heat released in this solid-solid phase transformation.

127



Figures 5.18a, b, and c show the SHR vs. T of 100 mg of charged LiFePO4 (3 pum,
7 um and 15 pm) incorporating 7% PVDF binder, respectively, heated with 100 mg of
1.0 M LiPFs EC/DEC (solid line) or 100 mg of 0.8 M LiBOB EC/DEC electrolyte
(dashed line). Compared to Figure 5.17, with the addition of LiPFs to EC/DEC solvent,
the thermal stability of delithiated FePO,; becomes worse and the onset temperature is
approximately 190°C for all three LiFePO, materials. The effect of the particle size of
LiFePO4 on its thermal stability in electrolyte is imperceptible, in contrast to LigsCoO,
[86]. The exothermic signal for charged LiFePO, reacting with LiPFs EC/DEC between
190 and 235°C is not present when only EC/DEC solvent is used [Figure 5.17],
suggesting that this exotherm is caused by the LiPFs salt. In order to investigate this,
Figure 5.18d shows the self-heating rate versus temperature for 100 mg of 1.0 M LiPF¢
EC/DEC, without FePO,4. The self-heating rate versus temperature in Figure 5.18d is
similar to, but not identical to, those in Figures 5.18a, b, and ¢ for FePO4 in 1.0 M LiPF¢
EC/DEC, suggesting that FePO4 may play some role.

Figures 5.18 a, b, and ¢ show that the self-heating rate versus temperature profiles
for the three LiFePO4 samples reacting with 0.8 M LiBOB EC/DEC electrolyte are
similar. The exothermic signal between 240 and 290°C probably results from a LiBOB-
related reaction, since this reaction is not present when LiBOB is not included (Figure
5.17). Compared to LiPF¢-based electrolyte, LiBOB-based electrolyte shows higher
thermal stability with charged LiFePQ,. This result is in agreement with reference [60].
Finally, a 100 mg sample of 0.8 M LiBOB EC/DEC alone was heated in the ARC to see
whether the exothermic signal between 240 and 290°C would be observed. This
experiment showed no detectable reactivity (Figure 5.13) throughout the entire
temperature range investigated (100 - 350°C). This suggests that the reactivity observed
between LiBOB electrolyte and FePOy4 does involve the FePOj.

The results in Figures 5.17 and Figure 5.18 show that the thermal stability of
delithiated LiFePQ, in EC/DEC solvent or in electrolyte is not substantially affected by
its particle size. However, the situation is totally different for Lig sCo0, as described in
Section 3.1.2. This difference can be explained from the different reaction mechanism
between delithiated FePQy or Lig sCoO, with solvents or electrolytes. In EC/DEC solvent,
for example, the small exotherm of FePO, (Figure 5.17) is caused by a phase transition
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that is not affected by the surface area of FePO,. Therefore, the thermal stabilities for the
FePO4 samples with different particle sizes (3 um, 7 pm, and 15 pm) are similar in
EC/DEC solvent (Figure 5.17). The thermal reaction of LipsCoO; can be described as a
combustion reaction between O, from the decomposition of the LipsCoO, sample and
EC/DEC. The reaction happens on the surface of LigsCoO, sample. A LigsCoO, sample
with a smaller particle size will have a shorter O, diffusion path and a larger area of
contact with EC/DEC solvent. This obviously causes higher reactivity of LigsCoO, with
smaller particle size in EC/DEC. The thermal-stability measurement of LipsCoO;
samples with different particle sizes (0.8 pm, 2 pm, and 5 pm) in Section 3.1.2 supports

this explanation.
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Figure 5.18 Self-heating rate versus temperature of 100 mg of charged LiFePO4 (3 pm, 7
pm, and 15 pum) containing 7% PVDF binder, respectively, heated with 100 mg of 1.0 M
LiPF¢ EC/DEC (solid line) or 100 mg of 0.8 M LiBOB EC/DEC electrolyte (dashed line).
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Table 5.7 Comparison of three positive electrode materials, LiCoO,, LiMn;04, and

LiFePO4.
Positive electrode materials LiCoO;, LiMny,O4 LiFePO,
Sample (3) Sample (3)
Particle size (um) 5 20 15
BET surface area (m” g) 0.1 0.6 10.8
Voltage charged (V vs. Li metal) 4.2 4.4 3.8
Discharged state ~ Lip5Co0, A-MnO, FePO,
Theoretical discharge capacity 140 148 170
(mAhg”)
Mass in ARC in mg (discharged
cathode material : solvent or 100:100 100:100 100:100
electrolyte)
Onset T with EC/DEC (°C) 150 190 300
Temperature rise with EC/DEC Thermal
(AT, K) 190£10 runaway, Around 20
calculated to
be (90£10)
Mn30y4, Possibly a new
Products after ARC with EC/DEC | Co metal and MnCO; and phase of
by XRD LiCo0O, MnO FePO,
' _ . Combustion of | Combustion of Phase
Main exothermic reaction EC/DEC by O, | EC/DEC by O, | transition (?)
Heat (kJ per mol of cathode) Around 142 Around 96 Around 15
Heat (kJ per mol of O,) Around 284 Around 290
Onset T with 1.0 M LiPFs 160 ~170 160 ~170 Around 190
EC/DEC (°C)
Onset T with 0.8 M LiBOB 120 120 240
EC/DEC (°C)
Thermal stability affected by Yes Yes (7) No
particle size
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Prior studies in Section 3.1.1 showed that the reactivity of charged MCMB
(Lip81Cs) with LiBOB-based electrolytes is substantially reduced compared to LiPFe-
based electrolytes. Therefore, one Li-ion battery system that will have very high
tolerance to thermal or electrical abuse is suggested here. LiFePO4/LiBOB
EC:DEC/graphite cells will be very safe.

5.3 Thermal-stability comparisons of LiMn;04 and LiFePO4 with LiCoO;

The thermal stabilities of LiMnyOy, LiFePOy, and LiCoO; are compared in Table
5.7. LiMn,O4 shows a higher thermal stability than LiCoO, [sample (3) in Chapter 3 with
an average particle size of 5 um]. The thermal reaction between charged LiMnyO4 (M-
MnO,) and EC/DEC starts from 190°C, compared to 150°C for Lip5sCoO, in EC/DEC
(Section 3.1.2). Charged LiFePOy (FePOy) shows the highest thermal stability among the
three electrode materials, showing no obvious SHR signal until 300°C in EC/DEC

solvent.
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Chapter 6. Layered positive electrode materials in the pseudoternary

system, XLi[Ni;,Mn;,]O; e yLiCoO; e zLi[Li;sMny3]0; (x +y +z=1)
The purpose of this chapter is to explore positive electrode materials in the
xLi[Nig sMng s]O, e yLiCoO; e zLi[Li;;3Mny;3}02 pseudoternary system (Figure 6.1), to
find materials with high capacity, good cycling performance, and high thermal stability.
Due to the complexity of this ternary system, the Li[NigsMngs]O, ¢ LiCoO, binary
system was chosen as the starting point. This binary system lies on the bottom axis in the

pseudoternary system shown in Figure 6.1.

LifLiq/sMng/s]02
0.1

| 1
Li[Niq/2Mnq/2102 1 LiCoO2

Figure 6.1 The compositions of studied Li[(Ni sMng 5)xC01x]O2 samples (x = 0.2, 0.4,
0.7, 0.9, and 1) indicated with “diamonds”.

6.1 Li[(Nig sMng.5)yC01.x]O; (binary system between Li[Nip.sMngs]O; and LiCoQ3)

The layered materials, Li[(NiosMng 5)xCo1x]02 (0 < x <I), pioneered by Ohzuku
[25] and Lu et al. [24] in 2001, are attractive positive electrode materials for lithium-ion
batteries because of their high capacity, good capacity retention, high rate capability, and
also excellent high temperature stability.
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In Section 6.1.1, a series of Lif(NigsMng 5)xCo1«]02 (x = 0.2, 0.4, 0.7, 0.9, and 1)
samples synthesized at 900°C are studied. The synthesis method is described in Section
2.1.3. The compositions of the samples are indicated by “diamonds” in Figure 6.1. The
electrochemical properties of the five synthesized samples were tested in coin cells
against a Li foil counter electrode. Furthermore, the thermal stability of
Li[(Nip sMng 5)xC01x]O2 (x = 0.2, 0.4, 0.7, 0.9, and 1) samples after charging to 4.2 V or
4.4V vs. Li was compared with 5 um-size LiCoO, [sample (3) in Section 3.1.2].

In section 6.1.2, studies of Li[(NigsMngs)2Co00s]O2 (x = 0.2) samples
synthesized at different temperatures (900°C, 1000°C, and 1100°C) are reported. The
results suggest that samples synthesized at 900°C are the best in terms of electrochemical
properties and thermal stability.

Section 6.1.3 focuses on the structure, electrochemical properties, and thermal-
stability of Li[(NipsMngs)o4Co06]O2 (x = 0.4) samples synthesized at 900°C but by
different synthesis methods. In Section 6.1.4, the thermal reaction sequence between
charged Li[(Nig sMnyg 5)xC01x]O2 samples and EC/DEC solvent is studied. The reason for
the thermal-stability improvement of Li[(Nig sMnyg 5)xC01.4]JO2 (0.2 < x <1) samples over

LiCoQ, is discussed.

6.1.1 Li[(NigsMny5)xC014]0; (x = 0.2, 0.4, 0.7, 0.9, and 1) samples
6.1.1.1 Sample characterization by SEM, BET, and XRD

Figures 6.2b, c, d, e, and f show SEM micrographs of the Li[(NiysMng5)xCo1.x]O2
(x=0.2, 0.4, 0.7, 0.9, and 1) samples synthesized at 900°C, respectively. The samples
have similar primary particle sizes of approximately 0.3 pm. The SEM micrograph of
the LiCoO, sample [5-pm size, the same sample as LiCoO, (3) in Section 3.1.2] is
included in Figure 6.2a for comparison. The specific surface areas determined by single
point BET of the LiCoO, and Li[(NipsMngs)xCo1x]O2 (x = 0.2, 0.4, 0.7, 0.9, and 1)
samples are approximately 0.1 m’g’,5.7m? g, 4.4 m’ gl 3.5m?g?, 3.6 m? g’l, and 3.3

m? g’l, respectively.
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Figure 6.2 SEM micrographs of synthesized Li[(N i0.sMng 5)xC01.x]O; samples (x = 0.2,
0.4, 0.7, 0.9, and 1). From the images the average particle size of the LiCoO; (sample 3 in

Section 3.1.2) is approximately 5 pm in panel (a) and the primary particle size of
Li[(Nig sMnyg 5)xC01x]O> samples is about 0.3 pm.

Figure 6.3 shows the XRD patterns of Lif(NigsMng5)xCo1xJO2 samples (x = 0.2,
0.4, 0.7, 0.9, and 1) synthesized at 900°C. There are no impurity peaks in the patterns that
can be observed. The sharp XRD peaks indicate the high crystallinity of the synthesized
samples. The best-fit lattice constants, a (A), ¢ (A), and the ¢/a ratio, versus Co content,

(1-x), in Li[(Nip sMny 5)xCo1x]O; are shown in Figure 6.4. As the concentration of Coin
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the transition metal layer increases from 0 (x = 1), to 0.8 (x = 0.2), there is a decrease in
both the a and ¢ axes but an increase in the ¢/a ratio in Figure 6.4. These results are in

good agreement with reference [23].
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Figure 6.3 X-ray diffraction (XRD) patterns of Li[(Nig sMno 5)xCo1x]O, samples
(x=0.2,0.4,0.7,0.9, and 1).

Figure 6.5 shows the amount of Ni in the lithium layer versus Co content, (1-x), in
Li[(NigsMngs5)xCo1x]02 (x = 0.2, 0.4, 0.7, 0.9, and 1) as determined by Rietveld
refinement. Since the radius of the Ni** cation (0.69 A) is close to that of Li* (0.76 A), a
small amount of Ni may occupy the 3a Li site. If this happens, it is assumed that the same
amount of displaced Li occupies the 3b Ni site. Figure 6.5 shows that as the Co content
increases from 0 (x = 1) to 0.8 (x = 0.2), the percentage of Ni in the Li layer decreases
from approximately 9% to about 0.75%, in agreement with other published work [23].
The reduction in the number of Ni atoms in the Li layer with Co content has a substantial
effect on the electrochemical properties of the electrode material that will be described in

Section 6.1.1.2.
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Figure 6.4 The lattice constants, a (&), ¢ (), and the ¢/a ratio, in Li[(NigsMng 5)xCo1]O2

samples as the Co content, 1-x, increases.
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Figure 6.5 Fraction of lithium sites in the lithium layer of Li[(Nig.sMng 5)xCo1.x]O2

occupied by transition metal atoms as a function of Co content, 1-x.
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6.1.1.2 Electrochemical properties

Eberman et al [80] studied the change of Li diffusion coefficient in
Li[(Nig.sMno5)xCo01.x]O2 with x by the galvanostatic intermittent titration test (GITT).
They found that, from x = 0.2 to x = 0.5, the diffusion coefficient is of the same order as
in LiCo0,, 10° cm? s!. When x increases from 0.5 to 1, the lithium diffusion coefficient
falls rapidly to approximately 10" em? s (x = 0.76) and 10" em? 5T (x = 1). The
decrease of lithium diffusion coefficient with x is believed to be related to the increase in
the fraction of transition metal atoms (mainly Ni) in the lithium layer described in Section

6.1.1.1. Transition metal atoms in the Li layer apparently block the Li diffusion pathway.
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Figure 6.6 Capacity retained (%) as a function of Co content, 1-x, of
Li[(NigsMng 5)xC01x]0> samples at different rates (4C, 3C, 2C, or C) [79]. Reprinted

with permission from the authors.

The decrease of Li diffusion coefficient in positive electrode materials is usually
believed to lead to a decrease in rate capability. Chen et al. [79] studied the relation
between charge-discharge rate capability of Li[(Nig.sMnyg 5)xC01.x]JO2 and Co content, 1-x,
shown in Figure 6.6. Figure 6.6 shows the capacity retained (%) versus Co content in
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Li[Ni,Co,.2,Mn,]O, samples cycled between 2.5 and 4.4 V at four different rates, C, 2C,
3C, and 4C. It was found that when a small amount of Co was substituted for Ni and Mn,
the rate capability improved greatly. For example, before the addition of Co, the
discharge capacity of Li[NipsMngs]O2 (x = 1) at 4C was below 10% of that at C/7. With
the addition of only 10% Co in the transition metal layer, the discharge capacity of
Li[(Nig.sMnps5)e.9C00.1]02 (x = 0.9) at 4C improved to 65% of the discharge capacity at
C/7. They also observed that the impact of Co content on the rate performance became
less obvious when more Co (> 0.25) was substituted for Ni and Mn. This observation of
rate capability change with Co content in the transition metal layer of Li{(Nig.sMng.5)xCo;.
+]JO; correlates well with the change of Li diffusion coefficient with Co content [80].
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Figure 6.7 The differential capacity (dQ/dV) vs. potential (V) of
Li/Li[(Nip sMng 5)xC0;.x]O> cells cycling between 2.5 and 4.4 V at a rate of C/20.
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Figure 6.7 shows the differential capacity (dQ/dV) vs. potential (V) for
Li/Li[(Nig.sMng 5)xC01x]02 (x = 0.2, 0.4, 0.7, 0.9, and 1) cells cycling between 2.5 V and
4.4V at a C/20 rate. The voltage change which occurred when the current switched from
charge to discharge at the upper cutoff potential was observed to slightly increase from
13 mV, 15mV, 23 mV, 33 mV, to 35 mV for the cells with samples of x increasing from
0.2, 0.4, 0.7, 0.9, to 1, respectively. These observations suggest that higher Co content
samples (lowef value of x) show higher rate capability, which agrees well with Chen’s

measurements in Figure 6.6.
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Figure 6.8 Potential (V) versus capacity (mA h g™") curves for the 1% cycle of the cells

with Li[(Nig.sMng 5)xC01+]02 (x = 0.2, 0.4, 0.7, 0.9, and 1) samples synthesized at 900°C.

Figure 6.8 shows the potential (V) versus capacity (mA h g’y curves for the 1%
cycle of the cells with Li[(NigsMngs)xCo1x]02 (x = 0.2, 0.4, 0.7, 0.9, and 1) samples
synthesized at 900°C. The data was generated from the cells in Figure 6.7. The charge
and discharge curves when x is 0.2 (Figure 6.8a) and 0.4 (Figure 6.8b) almost overlap.
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This suggests high rate capability for these two samples with a high Co content of 80%
and 60%, respectively. When the Co content decreases to 0.3 (x = 0.7 in Figure 6.8¢c), 0.1
(Figure 6.8d), and 0 (Figure 6.8¢), the voltage gap between the charge and discharge
curves becomes larger indicating poorer rate capability.

Figure 6.9 shows the discharge capacity (mA h g’l) versus cycle number (2.5 V -
4.4 V, C/4) for the Li[(NigsMngs)xCo1x]O> (x = 0.2, 0.4, 0.7, 0.9, and 1) samples. All
five samples show good capacity retention (over 80%) for 200 cycles. The samples of
Li[(Nip.sMng 5)xC01x]O2 with x = 0.2 and 0.4 show a capacity retention of over 85% for
200 cycles at C/4.

The results from Figures 6.6 to 6.9 clearly show the importance of maintaining
the high Co content (1-x) in Li[(Nig.sMngs)xC014]O3 to achieve high rate capability and
good cycling performance of Li[(Nig sMng 5)xC01x]O2 samples.

Discharge capacity (mA h gl

0 40 80 120 160 200
Cycling number

Figure 6.9 Discharge capacity (mA h g") versus cycle number (2.5 V-4.4V, C/4) for

the Li[(Nig.sMng 5)xCo1x]02 (x = 0.2, 0.4, 0.7, 0.9, and 1) samples. Data from two cells

are shown in each panel.

140



6.1.1.3 Thermal stability

Figure 6.10 shows the self-heating rate (SHR) versus temperature for the series of
positive electrode materials, Li[(NigpsMngs)Co1x]0z (x = 0.2, 0.4, 0.7, 0.9, and 1)
reacting with EC/DEC solvent. Results are shown for samples charged to 4.2 V (solid
lines) or 4.4 V (dashed lines). Results for LiCoO, charged to 4.2 and 4.4 V are also

included for comparison. The LiCoO,, obtained from E-One/Moli Energy Ltd., has an

average particle size of 5 pm and is the most stable LiCoO, sample that has been

measured in Jeff Dahn’s lab (Section 3.1.2). In the ARC experiments, 100 mg of charged

electrode material and 100 mg of EC/DEC were added to the sample tubes.
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Figure 6.10 Self-heating rate versus temperature for 100 mg of Li[(Nip sMnyg 5)xCo1x]O2
(x=0.2,0.4,0.7,0.9, and 1) charged to 4.2 V (solid lines) or 4.4 V vs. Li (dashed lines)
heated with 100 mg of EC/DEC solvent. Samples were initially heated to 110°C before

exotherm searching began.
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Figures 6.10a and b clearly show that a sustained exothermic reaction between
charged Li[(NigsMngs)xCo014]02 with x = 0.2 (4.2 V) and EC/DEC solvent starts at
170°C, which is 20°C higher than the onset temperature of the reaction between
LipsCo0; (4.2 V) and EC/DEC. Furthermore, the self-heating rate of all the
Li[(Nip sMng 5)xC01x]O> samples is much lower than the self-heating rate of LiysCo0O, at
all temperatures less than 220°C. As the Co concentration (1-x) decreases from 80% in
Figure 6.10b to 60% in Figure 6.10c¢, the onset temperature increases to 190°C and the
main exothermic peak shifis to higher temperatures. Figures 6.10c, d, e, and f show that
the main exothermic peak for samples charged to both 4.2 and 4.4 V having x = 0.4, 0.7,
09 and 1 are about the same. This means that the thermal stability of
Li[(Nig.sMng 5)xC01x]02 (x = 0.4, Co content < 0.6) does not significantly improve with
the further increase of the Ni and Mn concentration, x, in the transition metal layer.

Figure 6.11 shows the self-heating rate (SHR) versus temperature of 100 mg of
Li[(Nig sMng 5)xCo1.x]Oz (x = 0.2, 0.4, 0.7, 0.9, and 1) samples charged to 4.2 V reacting
with 30 mg of 1.0 M LiPF¢ EC/DEC electrolyte. In commercial lithium ion cells, such as
18650-size cells, the mass ratio of electrode material vs. electrolyte used is about 10:3. In
this ARC measurement, therefore, the ratio of charged positive electrode material to
electrolyte was chosen to be 100 mg:30 mg. Figure 6.11a shows that the LigpsCo0O>
sample starts to react exothermically with 1.0 M LiPFs EC/DEC electrolyte at about
140°C and displays thermal runaway at approximately 240°C. However, for
Lig.s[(Nig.sMng 5)02C005]O2 (x = 0.2) the onset temperature is about 170°C as shown in
Figure 6.11b. Furthermore, the self-heating rate (SHR) in Figure 6.11b is lower than
0.15°C/min until 230°C, while the SHR of LigsCoO, reacting with LiPF¢ EC/DEC
approaches 0.2°C/min at only 150°C. It is clear that Lif(Nip sMng.5)2C008]O02 (x = 0.2,
4.2 V) shows thermal advantages over LiCoO; (4.2 V) in LiPFs EC/DEC electrolyte.
When x increases to 0.4 and above, the main exothermic peak in the ARC response
(Figures 6.11c, d, e, and f) shifts to a higher temperature compared to the main
exothermic peak in Figure 6.11b and therefore higher thermal stability is achieved.
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Figure 6.11 Self-heating rate versus temperature for 100 mg of Li[(NiosMnyg.5)xC01.x]O2
(x=0.2,0.4,0.7,0.9, and 1) charged to 4.2 V vs. Li heated with 30 mg of 1.0 M LiPFs

EC/DEC electrolyte. Samples were initially heated to 110°C before exotherm searching
began.

In summary, Li[(Nig.sMng 5)xCo1x]O2 samples in the range of 0.2 < x < 0.7 give
good rate capability and safety. This is because the rate capability and diffusion
coefficient decreases with x (but is about constant for x < 0.7) and the safety increases
with x (but is constant for x > 0.4). The Li[(NipsMngs)2C00s]O2 (x = 0.2) sample
charged to 4.2 V still shows much higher thermal stability than LissC0O;.

The effects of synthesis temperature on the electrochemical properties and
thermal stability of Li[(NigsMngs)o2C003]02 (x = 0.2) samples are discussed in next

section.
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6.1.2 Li[(NigsMng 5)02C09.5] Oz samples at 900°C, 1000°C, and 1100°C

Li[(Nip sMng s)02C008]02 (x = 0.2) samples were synthesized at different
temperatures, 900°C, 1000°C, and 1100°C. The synthesis method was described in
Section 2.1.3.

6.1.2.1 Sample characterization by SEM, BET, and XRD

Figure 6.12 shows SEM micrographs of the Li[(NigsMngs)o2Co0s]O2 samples
synthesized at different temperatures. Figure 6.12 shows that Li[(Nig sMng 5)p2C00.3]O2
samples synthesized at 900°C, 1000°C, and 1100°C have primary particle sizes of about
0.2 pm, 0.8 pm, and 8 pm, respectively. The specific surface areas determined by single
point BET of the Li[(Nig.sMng5)02C003]O, samples made at 900°C, 1000°, and 1100°C

were 5.7m”> g’ 1.6 m’ g'l, and 0.9 m? g respectively.

S4700 7.0kV & Tmm x’ iy 54700 7.0kV € 2mm x15 Ok SE1L)

(a) 900°C (0.2 pym) (b) 1000°C (0.8 pm) (c) 1100°C (8 ym)

Figure 6.12 SEM micrographs of Li[(Nio.sMny5)2C00.3]O2 samples synthesized at 900°C
(a), 1000°C (b), and 1100°C (c). The primary particle sizes are approximately 0.2 pm,
0.8 um, and 8 um, respectively.

XRD diffraction patterns of Li[(NigsMngs)o2Coog]O2 synthesized at 900°C,
1000°C, and 1100°C were measured and are shown in Figure 6.13. There are no obvious
impurity peaks. As the synthesis temperature increases from 900°C to 1100°C, the XRD
peaks of Li[(NigsMng 5)0.2C00.8]O2 become sharper. This suggests that more crystalline
samples were obtainedv at higher synthesis temperatures, as expected.
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Figure 6.13 X-ray diffraction (XRD) patterns of Li[(Nig.sMnyg.5)02C005]O; synthesized at

900°C (a), 1000°C (b), and 1100°C (c).
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Figure 6.14 XRD pattern of Li[(Nip sMng 5)o2C005]O; synthesized at 900°C and fitted

pattern using Rietveld refinement.
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Figure 6.14 shows the Rietveld refinement for Li[(NigsMngs)o2C0035]O2
synthesized at 900°C. The Rietveld refinement results for Li[(NigpsMnygs)02C003]02
synthesized at 900°C, 1000°C, and 1100°C are shown in Table 6.1. The lattice constants
(a and ¢) of Li[(NigsMnps)p2C008]O2 both increase slightly with synthesis temperature
but the atomic percentage of transition metal atoms in the Li layer (u in Table 6.1) is
around 0.7% ~ 0.8% for all three samples.

Table 6.1. Lattice constants of Lif(Nig.sMng 5)02C00 3] Oz synthesized at different
temperatures (900°C, 1000°C, or 1100°C). The space group used for this refinement was
R-3m (# 166). “u” represents the atomic percentage of transition metal atoms in the Li

atom layers. The Bragg R-factors are listed.

Li[Nig ;Cog sMny;]O, synthesized at different temperature
900°C 1000°C 1100°C
a(d) 2.8276(8) 2.8296(7) 2.8312(4)
¢ (A) 14.1187(11) 14.1226(5) 14.1301(7)
O position 0,0,0.2412(4) 0,0,0.2401(9) 0,0,0.2337(10)
u 0.78% 0.70% 0.87%
Rarage 2.5% 2.7% 3.5%

6.1.2.2 Electrochemical properties

Figure 6.15 shows the differential capacity vs. potential for Li/
Li[(Nig.sMng 5)02C005]0: cells cycling between 2.5 V and 4.4 V at a C/20 rate. Three
cells were made for each positive electrode sample to test the reproducibility of the
electrochemical measurements. The data from the three cells were almost identical and
only results for one cell of each sample are shown in Figure 6.15. As the synthesis
temperature increases from 900°C in panel (a), to 1000°C in panel (b), and to 1100°C in
panel (c), the difference between the potential of the peak in differential capacity
measured during charge and discharge increases from 20 mV, to 30 mV, and to 40 mV,
respectively. In addition, the voltage change which occurred when the current switched
from charge to discharge at the upper cutoff potential increases from 13 mV to 25 mV to
32 mV for the cells with samples synthesized at 900°C, 1000°C, and 1100°C,
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respectively. These observations suggest that high temperature heating reduces the rate

capability of the samples, probably due to increased primary particle size.

T [| L} L ] ) ] T [) ¥ ] L] ]

(a). 900°C

400

<

v i ¢ | M L d ¢ 4 ¥ ¥ ¥

400 - (1). 1000°C -

dQ/dV (mAh g V)
o

400 e
400 (c). 1100°C ]
ol i
a0f . N
3.2 34 3.6 3.8 4 4.2 4.4 4.6

Voltage (V)
Figure 6.15 Differential capacity (dQ/dV) vs. potential (V) for Li/
Li[(Nig sMng 5)02C00 8]0 synthesized at 900°C, 1000°C, and 1100°C.

A close examination of Figure 6.15 shows that the capacity below 3.8 V is
reduced as the synthesis temperature is increased. It was shown in reference [23] that the
capacity below 3.8 V is caused by the oxidation of Ni?* in this compound. Figure 6.16
shows a comparison of dQ/dV vs. V for Li[(Nio.sMno5)xCo1.xJO2 samples (x = 0.025,
0.05, and 0.1) and LiCoO; in the low potential region on a expanded scale. The shaded
regions represent the difference in the second charge process between the
Li/Li[(Nig sMng 5)xC0;x]O> cell and Li/LiCoO; cell. With the increase of Ni content (x/2)
from 0.0125, 0.025, to 0.05 in Li[(Nio.sMngs)xC01.x]O2, the shaded area in Figure 6.16
increases approximately from 11, 19, to 28 mA h g Therefore, the shaded region is
believed to be caused by the oxidation of Ni%" in the Li[(Nig.sMnyg 5)xC01x]O02 (x = 0.025,
0.05, 0.1) samples. The lower capacity (below 3.8 V) of the Li[(Nio.sMng 5)02C00.5]02 (x
= (.2) samples with a higher synthesis temperature, such as 1100°C in Figure 6.15, is
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probably due to a lower Ni*" concentration at the surface of the sample. By charge
neutrality, the concentration of Mn*" at the surface is also probably lower and hence the
surface is probably Co-rich. An uneven distribution of cations (Ni**, Co’*, and Mn*") in
the Li[(Nig.sMngs)p2Co5]0, sample made at high synthesis temperatures (1000°C and
1100°C) should therefore impact their thermal stability, which will be addressed later.
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Figure 6.16 Differential capacity (dQ/dV) vs. potential (V) for
Li/Li[(Nig.sMng 5)xC01.x]O2 cells with x = 0.025, 0.05, and 0.1 (dashed line) and
Li/LiCoO; cell (solid line). The shaded region is the capacity due to the addition of Ni

atoms [23]. Reprinted with permission from the authors.

Figure 6.17 shows the discharge capacity versus cycle number (2.5 V - 44V,
C/4) for the Li[(NipsMng s)2Co00s]O2 samples prepared at different temperatures. The
results are for the same cells used to produce the dQ/dV vs. V measurements in Figure

6.15. Li[(NipsMngs)o2C005]O, synthesized at 900°C shows the highest discharge
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capacity of about 170 mA h g’ and the best capacity retention. About 85% of the initial

capacity remained after 200 cycles.
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Figure 6.17 Capacity (mA h g'l) vs. cycle number for Li/Li[(Nip.sMng 5)92Cog 3]O> cells
(electrode material synthesized at 900°C, 1000°C, and 1100°C ). Data for two cells are

shown in each panel.

Figure 6.18 shows the potential (V) versus capacity (mA h g™ curves for the cells
with Li[(Nig.sMng 5)02C00g]O2 prepared at different temperatures. The dashed and solid
lines show the potential versus capacity for the 1% and 175" cycle, respectively. The cell
with Li[(NipsMngs)o2Co0s]O; synthesized at 900°C has the largest capacity and the
smallest charge-discharge polarization during both the 1 and 175" cycles. The results in
Figures 6.17 and 6.18 indicate that the Li[(Nig.sMngs)o2C008]O2 sample synthesized at
900°C has a larger specific capacity, better rate capability, and better capacity retention
than the samples synthesized at 1000°C or 1100°C.

The Li[(NipsMnyg5)2Co005]0, sample synthesized at 1100°C shows the lowest
capacity around 160 mA h g during the first charging process. This may have been
caused by partial lithium loss when the sample was fired at 1100°C.
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Figure 6.18 Voltage (V) vs. capacity (mA h g'l) for Li[(Nig sMng 5)02C00 5}02 (900°C,
1000°C, and 1100°C) charged to 4.4 V for the 1¥ (solid) and 17 5% cycles (dashed line).

The cells were charged and discharged using a nominal C/4 rate.

6.1.2.3 Thermal stability

Figure 6.19 shows the SHR vs. T for 100 mg of Li[(NigsMny 5)0.2C003]O02 (900°C,
1000°C, and 1100°C) charged to 4.2 V (solid line) or 4.4 V (dashed line) reacting with
100 mg of 1.0 M LiPFs EC/DEC electrolyte initially heated to 110°C.
Li[(Nig.sMng 5)02C008]02 (4.2 V) prepared at 900°C in panel (a) shows the highest
thermal stability and no substantial exothermic signal until 210°C, compared with the
onset temperature of 150°C for LigsCoO; (5 pum) charged to 4.2 V vs. Li metal in
EC/DEC solvent. All three samples of Li[(Nig sMngs)02C003]O, charged to 4.4 V vs. Li
show an ARC onset temperature around 130°C in EC/DEC solvent.

150



10 '(a). §00°é:

& s -’
\ §

\ "“‘_,1.:
\ NE N

10 ] v 1
{b). 1000°C

dT/dt (°C/min)
o
=3 —
’s\
AN
%
A
h)
A
¥
2
] ¥ ]
)
4
k)
Ay
E _\;_, o
3
,(
. “'~.\\ o

10F .10 __o-omes,
".-r"'“ N
1 ’ld‘ \"“\\
0.1 /
s 1 M 1 L 1 " Lyt

120 160 200 240 280 320
Temperature (°C)

Figure 6.19 Self-heating rate versus temperature of 100 mg of Li[(Nig sMng 5)02C00.8]02
(900°C, 1000°C, and 1100°C) charged to 4.2 V (solid line) or 4.4 V (dashed line) heated
with 100 mg of 1.0 M LiPFs EC/DEC electrolyte initially to 110°C.

The results in Figure 6.19 are very surprising, because the surface area of the
samples decreases from about 5.7 m? g t0 0.9 m? g as the samples are heated from
900°C to 1100°C. Because the reaction between the solid and the electrolyte proceeds at
the solid surface it is natural to expect smaller self-heating rates for smaller surfaces of
equal reactivity, such as a thermal-stability increase for LiCoO, samples as the particle
size increases in Section 3.1.2. The fact that the 1100°C sample reacts most strongly
suggests that its surface is much more reactive than that of the 900°C sample. This could
happen if the surface was Co-rich, because the reactivity of LiCoO, charged to 4.2 V
with EC/DEC is much stronger than that of Li[(Nig sMnyg 5)02Co00.8]Ox.

The change of lattice constants with heat-treatment temperature shown in Table
6.1 is consistent with a Co-rich surface. Reference [23] shows that both a and ¢ increase
as the Ni and Mn contents in Li[(Nig sMng 5)xC01x]O2 increase. The rate of change of a
with x is about 0.02 A per 0.2 change in x and the change in ¢ with x is about 0.05 A per

0.2 change in x. The results in Table 6.1 for both ¢ and c are consistent with an increase
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in x in the bulk of the crystallites of 0.05 between 900 and 1100°C. Presumably the
excess Co could be present at the surfaces of the particles and be responsible for the poor
safety of the higher temperature samples. This agrees with the discussion surrounding
Figures 6.15 and 6.16 presented several pages ago.

In summary, the Li[(NigsMngs)o2C00s]O, sample synthesized at 900°C shows
better electrochemical properties (higher rate capability and better cycling performance)
and higher thermal stability than the samples synthesized at higher temperatures of
1000°C and 1100°C. In next section, four different synthesis methods were used to
synthesize Li[(NipsMnps)04Co06]O2 (x = 0.4) samples at 900°C. The electrochemical
properties and thermal stability of the synthesized Li[(NigsMnyg 5)p4C006]O2 samples are
studied.

6.1.3 Li[(Nip.sMng.5)0.4C09,6]O2 (x = 0.4) by four different synthesis routes

The results in Section 6.1.1 suggest that Li[(NipsMngs).4Coos]O2 (x = 0.4)
synthesized at 900°C by the co-precipitation method has good rate capability and high
thermal stability (even when charged to 4.4 V). 3M Corp. (USA), the industrial partner of
the author’s group, is believed to be commercializing this cathode candidate for use in
LIBs.

The most comxhon way to synthesize Li[(NigsMng )0 4C006]O; is to begin with a
(Nig.sMng 5)0.4Co06(OH), co-precipitate precursor having atomically mixed Ni, Co and
Mn atoms and then fire with a Li salt, as described in Section 2.1.3. It may be the case
that a particular desired precursor composition is not commercially available and an
alternative synthesis strategy could be explored. For example, Li[(Nip sMnyg 5)0.4C00.6]02
samples could be attempted from a mixture of 0.4 moles of NipsMngs(OH); and 0.6
moles of Co(OH), if these precursors were readily available. There is no guarantee that
this procedure would yield comparable materials, however.

This section focuses on the effects of different, yet related, synthesis routes for
Li[(Nip.sMng 5)04C006]O2 on its structure, electrochemical properties and thermal
stability. Four different synthesis routes were used to prepare Li[(Nig.sMno 5)0.4C00.6]O2.
The structure, electrochemical performance and thermal stability of the synthesized
samples were characterized by XRD, cycling behavior, and ARC, respectively.
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6.1.3.1 Four different synthesis methods

Four different methods were used to synthesize Li[(NigsMng s)o4Cog6]O2
samples:
Method (I): The ground (NipsMngs)4Coos(OH), co-precipitate was mixed with
LiOH-H,O in a 1:1.03 molar ratio (3% excess lithium). The mixture was then fired in air
using the same heating profile described in Section 2.1 to achieve
Li[(Nio sMng 5)5.4C00.6]02 (D).
Method (II): the same synthesis method as method (I) was used except that Li;CO;3
instead of LiOH-H,0 was used to make Li[(NigsMng 5)0.4C00,6]O2 (II).
Method (III): The precursor used was not (NigsMngs)osCooe(OH), but instead
(Nip.sMng 5)0.832C00.168(OH), co-precipitate, which was obtained from Ilion Co. (New
Zealand). The (NigsMngs)os32C00168(OH), co-precipitate was mixed with a
stoichoimetric amount of LiOH-H,0 (3% excess amount) and Co(OH), calculated to
make Li[(NigsMng 5)04Co06]02. The Co(OH), precursor was precipitated by adding a
CoS0, solution to a LiOH solution as described in the experimental section. The heating
process used was the same as used in Method (I). This sample is called
Li[(Nig sMny 5)0.4C00.6]02 (IID).
Method (IV): The same procedure was used as in Method (III) except that Li;CO3; was
used as the lithium source instead of LiOH-H,O. The synthesized sample is called

Lif(Nig.sMng.5)0.4C006]02 (IV).

6.1.3.2 Sample characterization by SEM, BET, and XRD

Figures 6.20a, b, ¢, and d show SEM micrographs of the Li[(Nig.sMnyg 5)0.4C00.6]02
samples synthesized by methods (I), (II), (IID, and (IV), respectively.
Li[(Nig.sMng 5)9 4C00,6]O> samples (I) and (II) have a similar average particle size of
approximately 0.2 pm. The average particle size of samples (III) and (IV) is around 0.4 ~
0.5 um. The BET surface areas are approximately 4.4 m?
2.7 m® g'l, respectively, for Li[(Nip.sMng 5)0.4Co0,]O2 samples (I), (1), (III), and (Iv).

The XRD patterns of the Li[(NigsMngs)04C006]O2 samples synthesized by the

four different methods were measured and are shown in Figures 6.21 and 6.22. Figure

g'l, 43 m? g", 2.5 m’ g'l, and

6.22 gives an expanded view of the high scattering angle region so that differences in
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sample crystallinity can be examined. The XRD patterns appear similar and there are no
obvious impurity peaks. However, the Bragg peaks for samples I and II are narrower
than those for samples III and IV in Figure 6.22 (this is especially evident for the peak at
83°). This indicates that the former samples are more crystalline, even though they have
a smaller particle size (See Figure 6.20). It was believed that the particles in samples III
and IV probably have a distribution in their Co contents, due to their synthesis method.
Since the lattice constant of Li[(Nig sMng 5)xCo1.x]O2 depends on x, any spread in Co
content would lead to a broadening of high-angle Bragg peaks, as observed. The
Rietveld refinement results of the XRD patterns are listed in Table 6.2. The lattice
constants, a and ¢, are similar for the four Li[(NigpsMngs)4Co006]O2 samples. The
percentage of the Li site occupied by Ni atoms is approximately 1.4%, 1.3%, 1.2%, and
1.8%, respectively, for samples (I), (II), (III), and (IV).

{a) amole (N

) m

{b) sample (II}

%29, 3 ﬁ

(c) sample (III (d) sample (IV)
Figure 6.20 SEM micrographs of Li[(Ni¢.sMng s)o.4Coo.6]O2 samples (D), (I), (I1I), and
(IV). From the images the average particle size is approximately 0.2-0.3 pm for samples
(1) and (II) and around 0.4-0.5 pm for samples (III) and (IV).
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Figure 6.21 X-ray diffraction (XRD) patterns of Li[(Nip sMny 5)04C00.6]O2 samples in the

low scattering angle region from 15° to 50° to show the absence of impurities.
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Figure 6.22 X-ray diffraction (XRD) patterns of Li[(Nio.sMng.s)o4C006]O2 samples in the
high scattering angle region from 75° to 90° to compare the widths of the Bragg peaks.
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Table 6.2. Lattice constants and atom positions for the four Li[(Nip sMng.s)0.4C00.6]O02
samples from the single-phase Rietveld refinement of the XRD patterns. The space group
used for the refinement was R-3m ( 166). “u” represents the percentage of the Li sites

occupied by transition metal atoms. The Bragg R-factors are listed.

samples a(A) c(A) O position u Rprage
@ 7840003) 14.16739)  0,0,0241009)  1.4% 3.6%
{In 2.8414(5) 14.1682(4) 0, 0,0.2393(8) 1.3% 3.3%
(1) 2.8410(3) 14.1685(7)  0,0,023923)  1.2% 2.9%
(IV) 2.8411(7) 14,1660(6) 0, 0, 0.2416(9) 1.8% 3.0%

6.1.3.3 Electrochemical properties
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Figure 6.23 The differential capacity (dQ/dV) vs. potential (V) of Li/
Li[(Nip.sMng 5)0.4C00.6]02 cells cycled between 2.5 V and 4.4 V at a rate of C/20.

Figure 6.23 shows the differential capacity vs. potential for Li/
Li[(Nip sMng 5)0.4C00,6]O2 cells cycling between 2.5 V and 44 V at a C/20 rate. The
voltage changes that occurred when the current switched from charge to discharge at the

upper cutoff potential are about 15 mV, 15 mV, 18 mV, and 20 mV, respectively, for
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samples (I), (II), (III), and (IV). This suggests that samples (I) and (II) have less
impedance than samples (III) and (IV). This may be due to their smaller particle size.
Furthermore, Figure 6.23 shows subtle differences in the differential capacities of the
samples. Samples I and II have more capacity at lower potential than do samples III and
IV. It has been shown previously that this capacity develops at small x in
Li[(Nig sMny 5)xC01x]O2 due to the added NiZ* [23]. The fact that this capacity is less
pronounced in samples III and IV again points to potential problems in cation
homogeneity.

Figure 6.24 shows the potential (V) versus capacity (mA h g™ curves for the cells
having Li[(Nig.sMng 5).4C096]O2 electrodes. The cells are the same ones used to produce
dQ/dV vs. V graphs in Figure 6.23. Apart from some small differences in irreversible
capacity, the voltage profiles in Figure 6.24 for the 4 samples are almost
indistinguishable. ~ This shows the importance of careful differential capacity
measurements like those in Figure 6.23. Each of the samples has almost the same

reversible capacity.
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Figure 6.24 The potential (V) vs. capacity (mA h g'l) of LI/Li[(Nig sMng 5)04C00,6]O: cells
cycled between 2.5 V and 4.4 V at a rate of C/20.
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Figure 6.25 shows the discharge capacity versus cycle number (2.5 V — 4.4 V,
C/4) for the Li{(NigsMnys)o4Coo]O2 samples. Data for two cells of each sample are
shown here. Figure 6.25a shows that the cell with Li[(NigsMng.5)0.4C006]0, sample (1)
has the best capacity retention. Almost 90% of the initial capacity remained after 200
cycles. The results in Figures 6.23, 6.24, and 6.25 indicate that Li[(Nio sMng 5)p4Co00.6]O-

sample (I) has lower impedance and higher capacity retention than the other samples.

160 ZWOWWWOOOOG

-

o cell1

(a). sample (1) L 4 ¢ cell2

1 v 4 M J ' ¥ ' ) * 1 M 1 v 1

900«300
$O00HTH0e08 O‘O‘O’@Mo‘o’o‘ﬂ‘o%‘o’o‘o‘o’o‘o’o*&o $
» {b). sample (II) -

-
0 O O
OOO

Wmmmmmmmmmxowm

L {c). sample (III)

o]
o

160 To‘mw.o.o -

80 (d). sample (IV)

0 20 40 60 80 100 120 140 160 180
Cycling number

Discharge capacity (mA hg™)
3
o

Figure 6.25 Capacity (mA h g) vs. cycle number for the Li/Li[(Nip sMng 5)04C00.6]02

cells made from the four samples.

6.1.3.4 Thermal stability

Figure 6.26 shows the self-heating rate (SHR) versus temperature (T) for 100 mg
of Li[(Nig sMng 5)04C06]O2 charged to 4.2 V reacting with 100 mg of EC/DEC solvent.
The sample was initially heated to 110°C before exotherm searching began. Comparative
results for charged LiCoO, [sample (3) with 5 um particle size, 4.2 V vs. Li] reacting
with EC/DEC solvent are shown in Figure 6.26a. Figure 6.26 clearly shows that all four
Li[(Nip.sMng 5)0.4C006]O2 samples start reacting exothermally with EC/DEC at a higher
temperature than LiCoO,;, which reacts significantly with EC/DEC at 150°C.
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Li[(Nig.sMnyg 5)0.4C00.6]O2 samples (I) and (II) synthesized from (NigsMng s)o.4Coo.s(OH),
do not react significantly with EC/DEC until 220°C. These results are in good agreement
with the data shown in Section 6.1.1. The SHR vs. T profiles for
Li[(Nio.sMno 5)0.4C00,6]02 samples (IIT) and (IV), made from (Nio.sMno 5)o.232C00.168(OH)2
and Co(OH),, reacting with EC/DEC shown in Figures 6.26d and 6.26e are very similar
and their ARC onset temperatures in EC/DEC are around 170°C ~ 180°C.
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Figure 6.26 Self-heating rate (SHR) versus temperature (T) for 100 mg
Li[(Nig sMng 5)0.4C00 6]O2 samples charged to 4.2 V heated with 100 mg of EC/DEC
solvent. The SHR vs. T of LiCoO; charged to 4.2 V reacting with EC/DEC has been

added in panel (a) for comparison. Samples were initially heated to 110°C before

exotherm searching began.

Figure 6.27 shows the SHR vs. T of 100 mg of the Li[(Nig.sMng 5)04C00.6]O2 and
LiCoO, samples charged to 4.2 V reacting with 30 mg of 1.0 M LiPFs EC/DEC
electrolyte. The ARC samples were initially heated to 110°C.  The four
Li[(Nig.sMng 5)0.4C006]O2 samples show much higher thermal stability than LiCoO, in
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LiPF¢ EC/DEC electrolyte. Li[(NigsMngs)94Co06]O2 samples (I) and (II) show similar
thermal stability in LiPFs-based electrolyte as shown in Figures 6.27b and c, respectively,
and they start reacting significantly with electrolyte above 200°C.
Li[(NipsMng 5)0.4C0g 6102 samples (III) and (IV) start thermally reacting with electrolyte
at a relatively lower temperature of around 170°C ~ 180°C and both samples proceed to

thermal runaway later at around 280°C.
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Figure 6.27 Self-heating rate (SHR) versus temperature for 100 mg of LiCoO; and

Li[(Nig.sMng 5)0 4C00,6]O2 samples charged to 4.2 V vs. Li heated with 30 mg of 1.0 M
LiPF¢ EC/DEC electrolyte. Samples were initially heated to 110°C before exotherm

searching began.

The ARC results’ in Figures 626 and 6.27 clearly show that
Li[(NigsMngs)04Co0]O2 samples synthesized from (NipsMngs)o4Coos(OH), co-
precipitate have superior thermal stability in EC/DEC solvent or LiPFs¢ EC/DEC
electrolyte than the samples synthesized from (Nip.sMng 5)0.832C00.16s(OH), co-precipitate
and Co(OH),. This is believed to be related to the Co distribution on the surface and bulk
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of the Li[(NigsMngs)o4C006]O2 samples. The (NiosMng;s)o4Coos(OH), precursor was
synthesized by the co-precipitation method and presumably has an even Co distribution.
Therefore, Li[(NigsMngs)4CooslO, samples (I) and (II) synthesized by firing
(NigsMng s)94Coo(OH), with LiOH/LiCO3; presumably also have an even Co
distribution. However, in order to achieve the targeted Li[(Nip.sMny s)o4Cop ¢]O, samples
from (Nio_sMno_s)o,meo,163(OH)2 heated with Co(OH),, Co atoms have to diffuse into
the (Nig.sMnp 5)0.832C00.168(OH), bulk material and a Co concentration difference between
the surface and bulk may exist. Evidence for this can be found in the width of the Bragg
peaks for this sample. A higher Co concentration on the surface of the
Li[(Nip.sMng5)0.4C00,6]O2 sample (which touches the electrolyte) will certainly decrease
its thermal stability, given that the thermal stability of Li[(NipsMng 5)}xCo1.xJO2 decreases
as x decreases. This can explain why Li[(NipsMng 5)04C006]O2 samples (I) and (II) show
higher thermal stability than samples (IIT) and (IV) in both EC/DEC solvent or in LiPF¢
based electrolyte.

In summary, Li[(NipsMngs)4Cooe]O, samples synthesized by firing
(Nip.sMng 5)04Co0.6(OH), co-precipitate with LiOH or Li,CO; at 900°C exhibit good
crystallinity, good cycling performance, and high thermal stability in both EC/DEC
solvent and LiPF¢-based electrolyte.

Based on the results in Sections 6.1.1, 6.1.2, and 6.1.3, two conclusions can be
made:

(1). The Li[(NipsMngs)xCoix]O, samples (0.4<x<0.7) synthesized by firing
(Nig.sMnyg 5)xCo1.x(OH), co-precipitate with LiOH at 900°C have high lithium diffusion
coefficient (comparable to LiCoQ,), good rate capability, and high thermal stability
(much higher than LiCoO,). The materials within this range are very promising positive
electrode materials to be used in the next generation of lithium-ion batteries.

(2). An even distribution of Ni, Co, and Mn cations in the transition metal layer of
Li[(Nig.sMng 5)xC01.4]O2 samples is the key peint to produce high-quality samples with
excellent electrochemical properties and high thermal stability. The Li[(Nip sMng 5)xCo.
]O» samples (x<0.4) synthesized at a high temperature of 1000°C or 1100°C or fired
from (Nip sMnyg s)o832C00.16s(OH), and Co(OH), co-precipitates at 900°C (x = 0.4) show
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relatively poor thermal stability. This is probably due to a Co-rich surface for the
synthesized samples.

In Section 6.1.4, the thermal reaction sequence between charged
Li[(Nip sMng 5)xC01x]O2 samples (4.2 V vs. Li) with EC/DEC solvent is explored. The
reason for the safety improvement of Li[(NigsMng 5)xCo01x]O2 (0<x<1) over LiCoO; is

discussed as well.

6.1.4 Thermal reaction sequence of charged Li[(NipsMngs)xCo014]O; samples (4.2 V)
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Figure 6.28 SHR vs. T for 50 mg of Li[(NigsMng 5)xCo1.4]O2 (x = 0.4, 0.7, 0.9, and 1)
charged to 4.2 V heated with 50 mg of EC/DEC solvent. There are two ARC
measurements for each sample, one stopped at 290°C (solid line) and the other one at
350°C (dashed line).

The ARC curves of Li[(NigsMngs)xCo1.x]O2 samples with EC/DEC shown in
Figure 6.10 contain several reaction steps which combine together to give an overall
ARC response. In order to separate the individual reaction processes, the amount of both
Li[(Nig.sMng 5),C015]02 and EC/DEC was decreased from 100 mg to 50 mg in ARC

measurements and the data is shown in Figure 6.28. Two ARC measurements were
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conducted for each sample with x = 0.4, 0.7, 0.9, or 1 in Li[(NigsMng5)xC0;x]O>. One
ARC measurement for each sample was stopped at 290°C (solid line) and the other one at
350°C (dashed line). 350°C is the highest safe temperature for the ARC. Even at 350°C
thermal reactions were still continuing in the ARC tubes.

XRD patterns of the products of the reaction between the Li[(Nig sMng 5)xCo1x]O2
(x=04,0.7,0.9, and 1, 4.2 V) samples and EC/DEC to 290°C are shown in Figures 6.29
and 6.30. The main products are [LigM,.q]O with a rock-salt structure (M indicates metal
jons, most likely Li*, Mn*", Co™, and Ni*") together with MnCO3 and M'CO; (M’
represents a Co and Ni mixture) in Figure 6.29. Figure 6.30 gives an expanded view of
the scattering angle region from 40° to 65° to more clearly show the Bragg peak shift of
[LigM1-lO with different metal compositions.
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Figure 6.29 XRD patterns of Li[(NipsMng5)xCo1x]02 (x = 0.4, 0.7, 0.9, and 1) charged to
4.2 V after reacting with EC/DEC to 290°C in the ARC as shown by the solid line in
Figure 6.28.
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Figure 6.30 Expanded view of the XRD patterns in Figure 6.29.

MnCO3, CoCO3, and NiCO; adopt the same structure (R-3c, #167). Their lattice
constants (a and ¢, A) are shown in Table 6.3. The lattice constants, a and ¢, of CoCOj3
and NiCO; [147] are very similar and their XRD patterns are hard to distinguish.
Therefore, a formula of M*CO3 was used to represent the XRD peaks for (Ni-Co)COs in
Figure 6.29. In the Rietveld profile refinements, Co will be used to replace M* since Co
and Ni are adjacent elements in the periodic table and they have similar X-ray scattering
factors. The possibility of the existence of NiCO3 or CoCOs or co-existence of both

compounds will be discussed later.

Table 6.3. Lattice constant (a and ¢, A) for MnCQ3;, CoCQ3, and NiCOj. The space group

is R-3¢ (*167).
Compounds a(A) c (A)
MnCO; 4790 15.694
CoCO; 4.659 14.957
NiCO;3 4.609 14.737
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Figure 6.31 Rietveld profile fitting to the XRD pattern (Figure 6.29a) of the products
from the reaction between Li [(N i0.5sMng 5)0.4C00.6]O; and EC/DEC at 290°C. Five phases
are needed to describe this pattern. They are M metal (I), [LigM;.4]O (II), LiF (III),
MnCO; (IV), and M COs (V).

Diff.

The Bragg peaks for M"CO; and MnCO; in Figure 6.29a are relatively weak. In
order to obtain strong evidence for the existence of M’CO; and other phases, multi-phase
Rietveld refinements of the XRD data were made and are shown in Figure 6.31. Only two
Rietveld refinement results (Figures 6.29a and 6.29d) are shown here to save space.
Figure 6.31 shows the refinement results for the data of Figure 6.29a. Five phases are
needed to describe the experimental pattern. They are M metal (I), [LigM;.qJO (II), LiF
{1, MnCO; (IV), and M'CO; (V). The lattice constants, atom positions, and site
occupation fractions, etc. for M metal (I) and [LigM;4]O (IT) phases are listed in Table
6.4a. The other phases such as LiF, MnCOs3, and M'CO; are not included in Table 6.4
simply because their lattice constants and atom positions are fixed and well defined in

literature [147]. The refinement results in Figure 6.31 and Table 6.4a strongly support the
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existence of a [LigMi.q]O rock-salt phase together with a small amount of MnCOs;,
M’ CO;, M, and LiF in the products of the reaction between Li[(NigsMng s)o4Cop6]O2
(4.2 V) and EC/DEC in the ARC at 290°C.

Figure 6.32 shows the Rietveld refinement results for the XRD data in Figure
6.29d. Four phases are included in this refinement: M metal (I), [LigM;.4]O (II), LiF (III),
and MnCO3; (IV). The M"CO; phase was not included because there are apparently no
XRD peaks from M'COs in Figure 6.29d. The best refinement result is listed in Table
6.4d. Table 6.4 shows that the lattice constant, a, of the [LigM;4]O rock-salt phase
increases from 4.2689(2) A, 4.2776(6) A, 4.2881(2) A, to 4.2964(3) A as x in
Li[(Nig sMng 5)xCo;x]O; increases from 0.4, 0.7, 0.9, to 1. This agrees well with the XRD
peak shifts of the [LigM;4]O phase shown in Figure 6.30.
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Figure 6.32 Rietveld profile fitting to the XRD pattern (Figure 6.29d) of the products
from the reaction between Li[NigsMng 5]O, and EC/DEC at 290°C. Four phases are
needed to describe this pattern. They are M metal (I), [LigM;q]JO (II), LiF (III), and

MnCO; (IV).
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Table 6.4 Lattice constants and atom positions for the products of the reactions between

Li[(Nig.sMno 5)xC01x]02 (x = 0.4, 0.7, 0.9, and 1) samples and EC/DEC in ARC

experiments stopped at 290°C [shown in Figure 6.29]. Multi-phase Rietveld refinement

was used. The space group used for the refinements is Fm3m (*225) for [LigM4]O rock-

salt and M phases. “M” represents mixed transition metals (Ni, Co, and Mn). The Bragg

R-factors are listed.

XRD
curves in Phases Lattice constant Atom position Fractional | Rpmgg
Figure (a, A) occupation | factor
6.29
M a=3.5300(5) | M:(0,0,0) 1 4.3%
(@)
[LigM1.4]O | a=4.2689(2) | M:(0.5,0.5,0.5) 0.8155(1) 3.5%
0:(0,0,0) 1
M a=3.5326(2) | M:(0,0,0) 1 3.0%
(b)
[LigMiq]O | a=4.2776(6) | M:(0.5,0.5,0.5) 0.8021(4) 4.1%
0:(0,0,0 1
M a=3.5462(3) | M:(0,0,0) 1 4.5%
©
[LigM;.4]O | a=4.2881(2) |M:(0.5,0.5,0.5) 0.8242(3) 3.3%
0:(0,0,0) 1
M a=3.5286(3) | M:(0,0,0) 1 2.0%
(d)
[LigM14]O | a=4.2964(3) | M:(0.5,0.5,0.5) 0.7848(5) 1.4%
0:(0,0,0) 1

Figure 6.33 shows XRD patterns of the products from the reaction between
Li[(NipsMng 5)xCo1x]02 (x = 0.4, 0.7, 0.9, and 1, 4.2 V) and EC/DEC after ARC tests
stopped at 350°C (dashed lines in Figure 6.28). It is clear that [LigM;.q]O has been
reduced to M metal and Li;CO; as the temperature increases from 290°C to 350°C. A

fraction of [LigM;.4]O remains at 350°C because the thermal reaction between [LigM1.4]O

and EC/DEC was still incomplete at 350°C as shown in Figure 6.28 (dashed lines).
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Figure 6.33 XRD patterns of Li[(Nip.sMng 5)xCo1]O2 (x = 0.4, 0.7, 0.9, and 1) charged to
4.2 V after reacting with EC/DEC to 350°C as shown by the dashed lines in Figure 6.28.

Multi-phase Rietveld refinements of the four XRD curves in Figure 6.33 were
performed and the results are listed in Table 6.5. The refinement results for the data in
Figures 6.33a and 6.33d were selected to be shown in Figures 6.34 and 6.35, respectively.v
There are clear five phases coexisting in Figure 6.34, M metal (I), [Li;M;4]O (II), LiF
(1I), MnCO;3 (IV), and M'CO; (V) (The Li;CO; phase was not included in the XRD
refinements in order to decrease the complexity of the multi-phase refinements). The
peak splitting between MnCO; and M’CO; at a scattering angle around 32° becomes
more pronounced than in Figure 6.31 for the same Li[(NiopsMngs)04C006]O2 (4.2 V)
sample stopped at only 290°C. This simply suggests that, as the temperature increases
from 290°C to 350°C in ARC experiments, more crystalline M’'CO; and MnCO; are

produced.
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Figure 6.34 Rietveld profile fitting to the XRD pattern (Figure 6.33a) of the products
from the reaction between Li[(Nig sMng )9 4C00.6]O2 and EC/DEC at 350°C. Five phases

are needed to describe this pattern. They are M metal (I), [LigM1-4]O (II), LiF (II),
MnCO;3 (IV), and M"CO; (V).
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Figure 6.35 Rietveld profile fitting to the XRD pattern (Figure 6.33d) of the products
from the reaction between Li[Nip sMng s]O, and EC/DEC at 350°C. Four phases are
needed to describe this pattern. They are M metal (I), [LigM;-g]O (II), LiF (III), and

MnCO; (IV).
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Table 6.5 Lattice constants and atom positions for the products of the reactions between

Li[(Nig.sMng 5)xC01x]02 (x = 0.4, 0.7, 0.9, and 1) samples and EC/DEC in ARC

experiments stopped at 350°C (shown in Figure 6.33). Multi-phase Rietveld refinement

was used. The space group used for the refinements is Fm3m (*225) for [LigM1.4]O rock-

salt and M phases. “M” represents mixed transition metals (Ni, Co, and Mn). The Bragg

R-factors are listed.

XRD
curves in Phases Lattice constant Atom position Fractional | Rprag
Figure (a, A occupation | factor
6.33
M a=3.5413(2) |M:(0,0,0) 1 0.6%
@
x=0.4 | [LigM;gJO | a=4.2666(4) | M:(05,0.5,0.5) 0.7375(2) 1.9%
- 0:(0,0,0) 1
M a=3.5331(7) | M:(0,0,0) 1 2.5%
(b) »
x=0.7 | [LigM1qlO | a=42661(1) |M:(0.5,05,0.5) 0.7702(9) 1.8%
0:(0,0,0) 1
M a=3.5293(5) | M:(0,0,0) 1 2.8%
(c)
x=09 | [LigM14]O | a=4.2670(2) |M:(0.5,05,0.5) 0.7750(4) 2.5%
0:(0,0,0) 1
M a=3.5308(3) | M:(0,0,0) 1 3.0%
)
x=1 [LigM14]O | a=4.2728(6) | M:(0.5,0.5,0.5) 0.7728(2) 1.8%
0:(0,0,0) 1

In order to explore the reaction sequence between Li[(NigpsMngs)o4Co6]O; and

EC/DEC between 200°C and 290°C, we conducted another two ARC tests on 50 mg of
Li[(Nip.sMng 5)0.4C006]02 (x = 0.4, 4.2 V) reacting with 50 mg of EC/DEC, stopping the
tests at 242°C and 252°C, respectively. The results obtained are shown in Figures 6.36a

and b. The ARC measurements of the samples (x = 0.4, 4.2 V) stopped at 290°C and

350°C have been included as panels ¢ and d respectively, for comparison. These four

ARC measurements for the same sample clearly show the good reproducibility of the

ARC data. No other research group in the world can produce ARC data of this quality.
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Figure 6.36 SHR vs. T for 50 mg of Li[(Nig.sMnq.5)04C006]02 (x = 0.4) charged to 4.2V
heated with 50 mg of EC/DEC solvent.

¢ Lixl(Nig 5Mng.5)0.4C00.6102 ¢ [LipM1.pl304 spinel O [LipM1-plO

A MnCO3 v M*CO3 v [LigM1.glO oM
20l (a). Stop at242¢ o ¢ ]
(1) -actafiainteaine e i tecsts Wieerest Vst mnitie]
w L ' ' ' —c y y ]
*g 2l © (b). Stop at 252°C  © o ]
8 - n«l-umhumn | | “‘1!'* !) \A :
E 0F T ? T v Ty ! T .
.g 20 W
3 - A .
c 0 4
| 1 ' 1] R ¥ [} .- T T
80| ({d). .‘étop at Si% c i
0 , " X , .
20 30 40 50 60
Scattering angle (deg.)

Figure 6.37 XRD patterns of Li[(Nio.sMno.5)0.4C00.6]O2 charged to 4.2 V after reacting
with EC/DEC. ARC measurements are shown in Figure 6.36.
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The XRD patterns for the reaction products of Lif(NigsMnyg 5)04C00 6102 (x = 0.4,
4.2 V) with EC/DEC heated to different temperatures are shown in Figure 6.37. The four
XRD curves in Figure 6.37 were refined using the multi-phase Rietveld refinement
program and the results are listed in Table 6.6. The fit to the XRD curve in Figure 6.37a
is shown in Figure 6.38 (The fitted XRD curves in Figures 6.37c and d were already
shown in Figures 6.31 and 6.34, respectively). There are two main phases, [Li;M;.p}304
spinel phase (I) and the original Li;MO, layered-structure phase (III) together with a
small amount of LiF [II] (Figure 6.38).

T v 1 4 ¥

30} Lig.5[(Nig sMng 5)0.4C00.6 102 T
(x=0.4) at 242°C

i * | Peak position

D 20 x  Experiment
= .
8 Fit
[ =
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0 ? .
| (0 | I I | Il
) | | |
8 i : (III): , : t , I: l: : ] : l:ll !
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_8 i " } i 1
20 40 60

Scattering angle (degree)
Figure 6.38 Rietveld profile fitting to the XRD pattern (Figure 6.37a) of the products
from the reaction between Li[(Nig sMng 5)p 4C00,6]O2 and EC/DEC at 242°C. Three phases
are needed to describe this pattern. They are [Li,M;5]304 (I), LiF (II), and Li,MO, (I1I).
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Table 6.6 Lattice constants and atom positions for the products of reactions between

Li[(Nig.sMnyg 5)9.4C00 6102 and EC/DEC in ARC experiments stopped at different

temperatures (shown in Figure 6.37). Multi-phase Rietveld refinement was used. The

space groups used for the refinements were R-3m (*166) for the LixMO, phase and Fd3m
(*227) for the [Li,M;.,}s04 spinel, Fm3m (*225) for [Li,M;.;]O rock-salt and M phases.
“M” represents mixed transition metals (Ni, Co, and Mn). The Bragg R-factors are listed.

XRD
curves Phases Lattice constant Atom position Fractional | Rprag
in A occupation | factor
Figure
6.37
[LipM1.p]304 | a=8.2215(4) M;: (0.125, 0.125, 0.5445(5) 6.5%
0.125)
(a) M,: (0.5, 0.5,0.5) 1.4554(5)
stopped 0: (0.25469, 0.25469, | 4
at 0.25469)
242°C
Li,MO, a=2.8551(2) M: (0.5, 0.5, 0.5) 1 6.8%
¢ =14.2525(7) 0:(0,0,0) 2
Li,MO; a=2.8588(2) M: (0.5, 0.5, 0.5) 1 2.7%
(b) ¢ = 14.2939(5) 0:(0,0,0) 2
stopped
at [LipM1.5]O | a=4.2573(6) M: (0.5, 0.5, 0.5) 0.7655(6) 4.5%
252°C 0:(0,0,0) 1
() M a = 3.5300(5) M: (0,0, 0) 1 4.3%
stopped
at [LigM14]O | a=4.2689(2) M: (0.5, 0.5, 0.5) 0.8155(1) 3.5%
290°C 0:(0,0,0) 1
(d) M a=3.5413(2) M: (0,0, 0) 1 0.6%
stopped
at [LigM14]O | a=4.2666(4) M: (0.5, 0.5, 0.5) 0.7375(2) 1.9%
350°C 0:(0,0,0) 1

Therefore, the thermal reaction sequence for Li[(NipsMngs)o4Co06]02 (x = 0.4,
4.2 V) and EC/DEC can be described as follows. Li[(Nig.sMng 5)0.4C00.6]O2 (4.2 V) starts
to lose O, at approximately 220°C in the presence of EC/DEC, generating [Li,M.p}304
spinel phase. This reaction step is similar to the reaction sequence that LiCoO; (4.2 V)
follows. LigsCoO, thermally first decomposes into Co3O4 spinel in the presence of
EC/DEC [84, 52]. However, the reaction of LigsCoO, with EC/DEC starts at a much
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lower temperature of approximately 150°C (Section 3.1.2). From 242°C to 252°C, a
second thermal process occurs where [LipM;p]30s spinel continuously reacts with
EC/DEC producing [Li,M;;]O (rock-salt structure), which is similar with the thermal
reaction of Co304 with EC/DEC generating CoO rock-salt [84, 86].

A third process happens between 252°C and 290°C. Mn, Ni, and Co cations move
out of the spinel framework forming MnCOs, M*CO;; and [LigM;.¢]O rock-salt (Figure
6.29a). In the last process above, [LigM;4]O is reduced to M metal by EC/DEC. This is
not surprising because EC/DEC is able to reduce LigsCo0O; to Co metal [84, 86].

The most significant  difference  between  the  reactions  of
Lio.s[(Nig.sMng 5)0.4C00 6]O2 and Lig sCoO, with EC/DEC is that the original LixMO, with
the layered structure was completely consumed at 290°C (Figure 6.37c) but there is some
LiCoO, left after the reaction between Li sCo0; and EC/DEC at 350°C (Figure 3.25).

The four-process reaction sequence between Li[(Nio.sMng 5)0.4Co00.6]O2 (4.2V) and
EC/DEC can be summarized as follows (Note: The reactions below are not balanced
since p and q are not known):

Process (1): Lix[(Nig sMng 5)0.4C00]02 + EC/DEC — [Li;M; ;304 + CO, + H20. [6-1]

(2): [LipMi5104 + EC/DEC — [LipMi,,]O + CO, + H;0. [6-2]

(3): [Li;Mi]O + EC/DEC —> [LigM;.¢JO + MnCO3/M'CO;3 + CO, + HyO.
[6-3]

(4): [LizMi.4]0 + EC/DEC — M + CO, + H;0. [6-4]

The heat (h) released from the thermal reaction between Li[(Nig sMno 5)0.4C00.6]O2
(4.2V) and EC/DEC is calculated using the same method described in Section 2.1:

h = Crot x AT, (6-3]
where AT is the temperature rise in the ARC measurement and Cro is the total heat
capacity of the entire sample (electrode material, solvent, plus stainless steel ARC tube).
A specific heat of 1.0 J K! g’1 was used for Li[(Nip sMny s)9.4C006]O02 (4.2 V).

ATy shown in Figure 6.36d is approximately 70 K, which corresponds to the
transformation of Li[(NipsMny 5)0.4C006]02 (4.2 V) to the [Li;M,,]O phase. The reaction
in the ARC measurement in Figure 6.36d is almost complete at 350°C. AT is found to be
approximately 50 K, corresponding to the reaction of [Li;M,JO with EC/DEC to form M
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metal. Cro is calculated to be 0.55 ] K!. The heat released during each of the two
processes, h; and h,, were approximately 38 J and 27 J, respectively. The amount of
active Li[(Niole’l()_s)()ACOO.ﬁ]Oz (4.2 V) in 50 mg of electrode material is 50x(1.00-0.14)
mg, accounting for the presence of the binder (7% by weight) and carbon black (7% by
weight). Therefore, the exothermic heats based on the positive electrode weight for the
two processes are approximately 895 J g and 640 J g”. These data are slightly larger
than the heat released during the analogous two processes of LipsCoO, reacting with
EC/DEC, 8201 g'1 from the reaction from Lig sC0oO, to CoO rock-salt and 540 J g’l from
the further reaction to Co metal [84, 86]. The small difference may result from surface
area effects as the synthesized Li[(NigsMngs)04C006]O2 has a particle size of only 0.2
pum compared to the 5 um particle size of LiCoO,.

The ARC results show that a similar amount of heat is released when either
Li[(Nio sMng s)0 4Cop6]O2 or LiCoO, (both charged to 4.2 V vs. Li) completely react with
EC/DEC solvent. The improved thermal stability of charged Li[(NipsMng.s)04Co00.6]O2
over LiCoO, is evidenced by the higher transformation temperature of the
Li[(Nig sMnp 5)0.4C006]02 (4.2V) layered compound to the [Li;M;5]304 spinel starting
from around 220°C compared with 150°C for the transformation of Lig sCoO; to Co304 in
the presence of EC/DEC solvent. References [11, 52, 148, 149] showed that partial
substitution of Ni with Co to form LiNiyCouxO2 improves the thermal stability of
LiNiO,, although it is still much worse than LiCoO,. This strongly suggests that it is the
presence of Mn*" in Li[(Nig.sMno5)04C006]O2 (4.2V) that is responsible for the improved
thermal stability of Li[(Nig sMng 5)0.4C006]O> relative to LiCoO;.

Guilmard and Delmas [150, 151] studied the decomposition mechanisms of
LigsNi; 205, LigsNiggeMng 1602, and Lig sNig9Mng 0, layered cathodes using TGA-MS
under an argon atmosphere. The three cathodes underwent similar phase transitions from
a layered phase at the beginning, through a pseudo-spinel phase, finally to a MO (M
indicating metal ions) rock-salt phase, which is similar to the reaction sequence between
Li[(Nip.sMng 5)0 4C00.6]O2 and EC/DEC. However, the final phase transition from rock-
salt compounds to pure metal (Co or Ni) was not observed in Guilmard® studies. This is
because they conducted their experiments in an inert atmosphere, where EC/DEC (a

reducing agent) is absent. Guilmard found that both LiosNiggoMng 1602, and
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Lip.sNigeMng 10, layered compounds start changing to a pseduo-spinel phase at around
240°C in TGA, compared to a 200°C phase transition temperature for LigsNij 0202
transforming to [LiNi 04]O4 spinel [150, 151]. This suggests that Mn substitution for Ni
in LiNiO; causes a decrease in the kinetics of the transformation to the pseudo-spinel
phase, which inhibits the rate of O,-release and hence increases the thermal stability.

The XRD patterns (Figure 6.33) of the products from the reactions between
Li[(Nig sMnyg 5)xC01x]O, samples and EC/DEC at 350°C show that the XRD peaks for
M'CO; M = Co and Ni mixture) at around 32.5° are pronounced for the samples with x
= 0.4 and 0.7 (Figures 6.33a and b). The Co content, 1-x, is 0.6 and 0.3 in these two
cases. However, when x equals 0.9 (Figure 6.33c, 10% Co) or 1 (Figure 6.33d, no Co),
there is no XRD evidence for the existence of M COs. This suggests that M"CO; is
simply CoCOj3. The refinement results in Figure 6.34 show that the lattice constants, a
and ¢, of M'CO; are 4.697 A and 15.196 A, respectively, which are closer to the lattice
constants of CoCQ; as listed in Table 6.3. This also suggests that M’CO; is more likely
CoCOs.

The free energies of formation (AG¢®) of the transition metal carbonates, MnCOs,
CoCO3, and NiCOs, are compared in Table 6.7 [114, 117]. The carbonates are believed to
come from the reaction between MO and CO; at high temperatures and pressures in the
ARC experiments. Therefore, AG¢* for MO is also included in Table 6.7. The free-energy
differences (AGy) between MnCO; and MnO or between CoCO; and CoO are both
around —460 kJ mol™, which is significantly lower than AGr between NiCO; and NiO
(approximately —400 kJ mol™). This suggests that MnCO3 and CoCOj3 are more likely to
be produced from MO and CO, than NiCO; at standard conditions (1 atmosphere and
25°C). Although the ARC experiments were conducted at high pressure and high
temperature, the free energy of formation comparisons still show the relative sequence to
form MCOs. This also suggests that M’COs is probably CoCOs.

Further work is needed to fully understand the reasons for the increased thermal
stability of Li[(Nip sMnyg 5)xCo1x]O2 (x = 0.4) samples over LiCoO; .
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Table 6.7 The standard free energies of formation (AG¢”) of MCO3; and MO compounds

and their differences (AGy) from references [114, 117]. M represents the transition metals

(Mn, Co, and Ni).
Free energy, AG, kJ mol! AGs = (AG)mco3~(AGP )Mo
M MO MCO; kJ mol™!
Mn -363 -817 -454
Co -254 =713 -459
Ni : =212 -612 -400

6.2 Li[(Nij2Mny)x(Li;sMnz3)1x]O2 samples, the Li[Ni;»Mn;2]0; o LifLiy;sMn;3]0;
binary system

In the last section, a series of samples in the Li[Ni;sMn;»]O; ¢ LiCoO; binary
system were synthesized and their electrochemical properties and thermal stability were
studied. The results suggested that Li[(Nij2Mn;)xCo014]O2 (0.4 < x < 0.7) samples have
high specific discharge capacity around 170 mA h g' (44 V) and excellent thermal
stability (much higher than LiCoOy). '

This section focuses on another binary system, Li[NijpMnjplO; e
Li[Li;sMny3]0;, which is the left edge of the Li[NijpMni,]O, e LiCoO, e
Li[Li;sMn,;]0; pseudoternary system (shown in Figure 6.39).

The samples in the Li[Ni;»Mn;,]O, o Li[Li;sMny3]O; binary can be written as
Li[(NiiaMnyp)x(LiisMngs)1x]02 (0 < x < 1). The Li[(NiipMnin)(LiisMny3)1x]02
samples adopt the same layered-structure as LiCoO, (Section 1.3.2) and were pioneered
by Lu and Dahn in 2001 [67]. Later on, the Li[(NijoMnyn)(LiisMnas)i<JO2 materials
attracted much attention mainly because they can deliver a high discharge capacity over
220 mA h g’ [67, 70]. The Li[(Nii2Mnip)x(LiisMny;3)1x]O2 samples all displayed a
plateau at about 4.5 V vs. lithium metal during the first charge, which was believed to
correspond to oxygen loss concomitant with Li extraction [67, 70, 77]. Subsequent to
this plateau, the materials can reversibly cycle over 220 mA h g’ (almost one Li atom per

formula unit) between 2.0 V and 4.6 V.
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Figure 6.39 The compositions of Li[(Nij2Mnyn)x(LiisMnzs)1x]02 (x = 1/6, 1/2, and 5/6)

studied compounds indicated with “diamonds™.

However, so far, there is only one report of the thermal stability of
Li[(NijpMnyp)x(LiisMms)1x]O2 (x = 5/6) samples. Lu et al [24] reported DSC
experiments on charged electrode materials and found that the reaction between charged
Li[(NipMnyn)x(LisMnps)1x]02 (x = 5/6) and electrolyte moved to lower temperature as
the charging potential increased. Thermal stability measurements at high potentials are
very important in order to assess whether the high capacity (over 220 mA h g™) available
in these materials can be harnessed in practical cells that must also pass numerous abuse
tests.

In this section, the thermal stability of charged Li[(NijxMnip)(LiisMnzs)1x]02
(x = 1/6, 1/2, and 5/6) samples synthesized at 900°C is characterized using ARC in
EC/DEC and LiPFs based electrolyte. (The compositions of these three samples are

indicated with “diamonds” in Figure 6.39.)
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6.2.1 Sample characterizations by SEM, BET, and XRD

Figure 6.40 shows the SEM micrographs of the Li[(Ni; M p)(LiysMnys)1.x]02
(x = 1/6, 1/2, 5/6 and 1) samples. These four samples have a small primary particle size
of approximately 0.2 um. The specific surface areas determined by single point BET of
the Li[(NijpaMmp)x(LiiaMnys)14]02 (x = 1/6, 1/2, 5/6 and 1) samples are approximately
3.6,3.9,3.5,and 3.3 m? g™ respectively.

1 um

= (U~ 70)

(a). x=1/6 (b). x=1/2

)

(c). x = 5I6 {(d). x=1
Figure 6.40 SEM micrographs of Li[(NijaMnyp)x(LiysMnos)1x]02 (x = 1/6, 1/2, 5/6 and

1) samples. From the images the average primary particle size of these four samples is

approximately 0.2 pm.

The XRD patterns of the Li[(NiinMnyn)x(LiisMns)14]02 (x = 1/6, 1/2, and 5/6)
samples synthesized at 900°C were measured and are shown in Figures 6.41a, b, and ¢
respectively. The small XRD peaks at around 21, 22, 24, and 28° in Figure 6.41a clearly
show the superlattice ordering of Li and Mn in the predominantly transition-metal layer,

which is in good agreement with reference [67]. As x increases from 1/6 in panel a to 5/6
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in panel c, the width of the XRD peaks of the samples becomes larger and the samples

become less crystalline.
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Figure 6.41 The X-ray diffraction (XRD) patterns of the Li[(Ni; My )x(LisMnys)1x]O2
(x = 1/6, 1/2, and 5/6) samples shown in panels (a), (b), and (c), respectively.

An interesting thing happened when the Li[(NiipMnin)(LiisMnzs)1x]O; pellet
electrode was charged to 4.8 V vs. Li in a coin cell constructed as shown in Figure 2.4.
The specific charging capacity of Li[(NiinMnip)x(LiiaMm3)14]O2 to 4.8 V vs. Li is
approximately 350 mA h g (x=1/6), 310 mA hg" (x=1/2), and 250 mA h g" (x = 5/6)
[24, 70]. For the coin type cells used to prepare samples (4.8 V) for ARC measurements,
the electrode masses were 500 mg of Li[(NijsMnin)x(LiisMna3)14]O2 and 500 mg, 440
mg, and 360 mg of MCMB to coulometrically balance cells with
Li[(NioMny)x(LisMng3)1x]02 positive electrodes having x = 1/6, 1/2, and 5/6,
respectively. Coin cells with 500 mg positive electrodes of Li[(Nii2Mnip)x(LiisMnas)i-
xJO2 with x = 1/6 and x = 1/2 vented after about 85 and 110 hours, respectively, of

charging at 1 mA because of pressure buildup due to O; release during the plateau around
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45 V vs. Li [24]. These cells were redesigned and the electrode mass of
Li[(NiyaMnyp)«(LiisMnas)ix]O2 with x = 1/6 and x = 1/2 was decreased to 300 mg. The
amount of MCMB was adjusted to coulometrically balance the cells. The redesigned
cells did not open during the charging process to 4.8 V. When cells successfully charged
to 4.8 V were slowly pried open in the argon-filled glove box, the cell lid suddenly
popped off with a pinging sound due to the pressure buildup. This did not occur for the
cells charged to 4.45 V, before the oxygen-release plateau. These observations strongly
support oxygen-release during the 4.5 V plateau during the first charge of
Li[(NiyzMny2)x(LiisMnos)1x]02 [24, 70].

6.2.2 Electrochemical properties

| L L N L L L

400 i (a). x=1/6

da/dv (mAhg'v?)

3 4 4 i 5 4 | 3 § P ] 2 i i 4 i i | P
26 28 3 32343638 4 4244 4.6 4.8
Voltage (V)

Figure 6.42 The differential capacity [dQ/dV (mA h g V)] versus potential (V) of
Li[(Ni;2Mnyp)x(Li1sMnys3)1x]O2 with x = 1/6 in panel (a), 1/2 in (b), and 5/6 in (c) from

2.5V ~ 4.8 V measured at a rate of C/30 (about 10 mA g™).

Figure 6.42 shows the differential capacity vs. potential for the first cycle of Li/
Li[(Nisznyz)x(Li1/3Mn2/3)1.x]02 cells cycling between 2.5 V and 4.8 V at a C/30 rate.
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The “black arrow” in Figure 6.42 shows the potential at the beginning of the oxygen-
release plateau during the first charge process. The oxygen-release plateau begins at
approximately 4.5, 4.45 and 4.4 V for samples with x = 1/6, 1/2 and 5/6, respectively.

Figure 6.43 shows the potential (V) versus capacity (mA h g’ curves for the 1%
cycle of the cells with Li[(NijpMnin)x(LiisMnz3)1xJO2 samples (x = 1/6, 1/2, and 5/6)
synthesized at 900°C. The data was generated from the cells described by Figure 6.42.
The voltage plateau for O, release started when the capacity of the
Li[(NizMnip)x(LiisMny)1x]O2 sample reached 50 mA h g [x = 1/6 in panel (a)], 100
mA h g’ [x = 1/2 in panel (b)], and 150 mA h g [x = 5/6 in panel (c)].
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Figure 6.43 Potential (V) versus capacity (mA h g™ for the 1 cycle of the cells with
Li[(Ni1/2Mn1/2)x(Li1/3Mn2;3)1.x]02 samples (X = 1/6, 1/2, and 5/6)

Figures 6.44a, b, and ¢ show the discharge capacity versus cycle number (2.5 V ~
4.6 V, C/6) for the Li[(Ni1/2Mn1/2)x(Li1/3Mn2/3)1-x]02 samples with x = 1/6, 1/2 and 5/6,
respectively. The results are for the same cells used to produce the dQ/dV vs. V

measurements in Figure 6.42. Data for two cells are shown in each panel to illustrate the
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reproducibility of the electrochemical measurements. The three samples all show good
capacity retention during cycling. The sample with x = 5/6 shown in Figure 6.44c shows
high discharge capacity of approximately 195 mA h g after 100 cycles and about 95%
capacity retention at C/6. This capacity is about 30 ~40 mA h g™ higher than the layered
compounds, Li[(Ni;pMn;2)xCo1x]O2 (x = 0.2, 0.4, 0.7, 0.9, and 1) charged to 4.4 V vs. Li
[23, 76, 152, 153].
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Figure 6.44 The discharge capacity (mA h gh versus cycle number of
Li[(NiyaMnyn)x(LiysMngs)1x]O2 with x = 1/6 in panel (a), 1/2 in (b), and 5/6 in (c).
Cells were charged and discharged between 2.5 V and 4.6 V at a rate of C/6.

6.2.3 Thermal stability

Figure 6.45 shows SHR vs. T for samples of Li[(NijoMnin)x(LiyzMnys)1x]O2
charged before the oxygen-release plateau [4.5 V (x = 1/6),4.45 V (x =1/2), and 4.4 V (x
= 5/6)] reacting with EC/DEC solvent in Figure 6.45a, b, and c, respectively. Figure
6.45d shows the SHR vs. T for the sample with x = 1, Li[]Mn;,Nii]O,, charged to 4.4 V
vs. Li reacting with EC/DEC solvent for comparison. The sample with x = 1/6 shows the

lowest thermal stability among the four samples in EC/DEC and significant self-heating

184



starts around 150°C. As x increases from 1/6 to 5/6, the main exothermic peak shifts to
higher temperature and higher thermal stability is obtained.
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Figure 6.45 Self-heating rate (SHR) versus temperature (T) for 100 mg of
Li[(NiyaMnyp)x(LiisMngs)1.x]O, samples charged to 4.5 V (x = 1/6), 4.45 V (x = 1/2),
and 4.4 V (x = 5/6) reacting with 100 mg of EC/DEC solvent. Figure 6.45d shows the

SHR vs. T of Li[Ni;sMn;»]O; charged to 4.4 V vs. Li reacting with EC/DEC for

comparison. All samples were initially heated to 110 °C

Figure 6.46 shows the SHR vs. T for 100 mg of Li[(NijpMny2)x(LiisMnys)ix}O2
(x = 1/6, 1/2, and 5/6) samples charged to 4.8 V vs. Li reacting with 100 mg of EC/DEC
(solid lines) or 30 mg of 1.0 M LiPFs EC/DEC electrolyte (dashed lines), shown in panels
(b), (¢), and (d), respectively. The ARC samples were initially heated to 110°C. All three
samples charged to 4.8 V show relatively poor thermal stability and they all react
significantly ~with EC/DEC above 130°C. The thermal stability of
Li[(NiyoMnyn)x(LiysMngs)14]O2  samples charged to 4.8 V is worse than
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Li[(NijpMny2)xC014]02 (x = 0.2, 0.4, 0.7, 0.9, and 1) charged to either 4.2 Vor4.4 V vs.
Li (Section 6.1.1).
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Figure 6.46 Self-heating rate (SHR) versus temperature (T) of 100 mg of
Li[(NijaMnyp)x(LiisMnas)ix]O2 charged to 4.8 V vs. Li reacting with 100 mg of
EC/DEC solvent (solid line) or 30 mg of 1.0 M LiPFs EC/DEC electrolyte (dashed line)
shown in panels (b), (¢), (d), and (e). Figure 6.46a shows the SHR vs. T of LiCoO»
(sample 1 in Section 3.1.2 with a particle size of about 0.8 pm) charged to 4.2 V vs. Li
reacting with EC/DEC (solid line) or 1.0 M LiPF¢ EC/DEC (dashed line) for comparison.
The ARC samples were all initially heated to 110°C.

The relatively poor thermal stability of Li[(NijaMniz)x(Lis 3Mnyi)14]JO2 samples
charged across the oXygen—release plateau may limit their application as positive
electrode materials in lithium-ion batteries, although this series of compounds delivers a
high specific capacity up to 225 mA h g’1 2.5V ~ 4.8V at C/6). However, the reactivity
of 0.8 pm LiCoO; (4.2 V) in Section 3.1.2 was found to be quite poor. Figure 6.46a
shows that the onset temperature for the reaction of 0.8 pm LiCoO; charged to 4.2 V with
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EC/DEC or electrolyte is not so different from the onset temperature of 0.2 um
Li[(NizMnyp)x(LilsMngs)14]O; charged to 4.8 V. This suggests that larger particle size
Lif(Ni;2Mny)x(LiisMnps)1x]O2 will have higher onset temperature and better thermal
stability, just like large particle size LiCoO,. Therefore, efforts should focus on
increasing the particle size of Li[(NiinMny2)«(LiisMnas)14]O; to improve safety, while

maintaining specific capacity and rate capability.

6.3 x Li[Ni;2Mn;;]O; ¢ y LiCoO; e z Li[Li;sMn3]O; pseudoternary system ( x +y

+z=1)

In Sections 6.1 and 6.2, positive electrode materials in two binary systems, X
Li[Ni;pMn;]O, ¢ y LiCoO; and x Li[NijpMnip]O; o z Li[Li;sMny5]0,, were
synthesized and studied. In this section, the positive electrode materials in the x
Li[MnyNi;2]O;  y LiCoO; e z Li[LiysMny3]O, pseudoternary system were studied.
The results show that Li[(NigsMng s)xCoy(Li;sMnys),]O2 samples having a composition
between 1/6 < z < 1/3 and 1/12 < y < 1/4 show high discharge capacity (approximately
200 mA h g between 2.5 — 4.6 V at C/6) and excellent cycling performance (above 97%
capacity retention for 80 cycles). In addition, these samples charged to 4.8 V show less
reactivity with LiPFs EC/DEC electrolyte than LiCoO, [sample (3) in Section 3.1.2, 5.0
um particle size)] charged to only 4.2 V.

6.3.1 Introduction

Recently, a number of researchers have been studying positive electrode materials
in the pseudoternary system x Li[Ni;sMny»]O; e y LiCoO; e z Li[LijsMna3]02 (x +y +
z = 1) in the hope of finding the optimum materials with excellent electrochemical
properties and high thermal stability. Figure 6.47 shows the compositions of materials
studied by a number of researchers in the recent literature. Zhang et al. [154] studied
materials in the x Li[Ni;,Mn;]0; e y LiCoO; e z Li[Li;sMny3]O; system with x = 0.6
and y + z = 0.4. They reported electrochemical and structural results, but no safety-
related results. The compositions studied by Zhang et al. are indicated in Figure 6.47.
Johnson et al. [155] and Park ef al. [156] studied materials in the x Li[NijpMn;2]02 o y
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LiCoQ, e z Li[Li;;sMny;3]0; system with y = 0 (compositions indicated in Figure 6.47).
They did not report safety-related results. Park et al. [73] studied materials in the x
Li[Ni;pMn;;,]O; e y LiCoO, e z LifLi;3sMny3]O, system with x = 0 but did not report
safety-related results. Yu ef al [157] reported results on a material in the x
Li[Ni;pMn;2]0; e y LiCoO; e z Li[Li;sMny;3]O; system with x = 0.64, y = 0 and z =
0.36, but no safety-related results were provided. Sun et al. [158] and Shin ef al. {159]
studied materials in the x Li[Ni;,Mn;5]O; e y LiCoO; e z LifLi;;3Mny;3]O; system with z
= 0 but did not report safety-related results. Kim et al. [160, 161] studied materials with
z = 0.3 and x + y = 0.7, but did not report safety related results. Kang and Amine [71]
studied the material with x = 1/2, y = 0 and z = 1/2, but did not report any safety related
results. It is astonishing to us that numerous researchers can propose electrode materials
as possibly viable without doing safety-related studies. Only previous work in Dahn’s
lab [77] on materials with x + z = 1 and y = 0, that were carefully characterized
structurally and electrochemically in [70], reports safety-related characteristics of
materials in fhe x Li[Mny,Ni;]O; e y LiCoO; e z Li[Li;3sMny3]0; system. Safety related

studies of materials in the pseudoternary system are badly lacking.
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Figure 6.47 Solid solution samples with compositions in the LiCoO; ¢ Li[Mn;;Nii2] O e
Li[Li;sMn3]O; ternary system described in references [70, 77, 154-161]. Lines a, b,
and ¢ represent the binary system between Li[Mn;;Ni2]O2 and Li[Li;sMny;]O; phases.
This axis has been included three times to help distinguish the large number of data. The
compositions indicated with a “#” are from reference [154] by Zhang et al.
Compositions indicated by a “[1” are from reference [160] by Kim ef al. Compositions
indicated by a “¢” are from reference [161] by Kim ef al. “O” from reference [71] by
Kang et al. “A” from [158] by Sun ef al. “x” from [156] by Park et al. “¥” from {159]
by Shin ez al. “+” from Yu et al. [157], “X” from Johnson et al. [155], “®” from Park ef
al. [73]. The compositions indicated by “<” and “A” are from previous work [70 and
77} of Jeff Dahn’s lab.

The goal in this section is to characterize a series of samples in the x
Li[Ni;2Mn;]0;  y LiCoO; e z Li[Li;sMnyz]O; system (x + y + z = 1) for their
electrochemical properties (specific capacity, rate capability, capacity retention) and their

thermal reactivity with electrolyte in the charged state. In order to decide which

189



compositions might be most attractive for study, a review of the electrochemical

properties reported in references [70, 77, 154-161] was made.
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Figure 6.48 Discharge capacity (mA h g'l, first discharge cycle) of layered compounds
with different compositions described in references [70, 77, 154-161]. Different potential
limits for cycling were used by the various authors as indicated below. “#72.5-4.6 V
from [154] by Zhang et al. “[1”2.5 - 4.6 V from [160] by Kim et al. “¢72.5-4.6V
from [161] by Kim ef al. “O” 2.0 -4.6 V from [71] by Kang ef al. “A” 2.5 -4.6 V from
[158] by Sun ef al. “%” 2.0 - 4.8 V from [156] by Park et al. “¥” 2.0 - 4.6 V from [169]
by Shin ef al. “+72.5 - 4.8 V from Yu et al. [157], “X” 2.0 - 5.0 V from Johnson et al.
[155], “®72.0 — 4.8 V from Park et al. [73]. The compositions indicated by “#:” and
“A” (2.5 - 4.8 V) are from previous work [70 and 77] of Jeff Dahn’s lab.

Figure 6.48 shows the reversible specific capacity measured for materials charged
through the 4.5 V plateau associated with oxygen loss and then cycled between about 2.5
and 4.6 V (details are in the caption to Figure 6.48). Figure 6.49 shows the capacity
retention in % for materials cycled repeatedly between about 2.5 and 4.6 V for about 50
cycles (details are in the caption of Figure 6.49). The results in Figures 6.48 and 6.49

show that materials with the highest specific capacity, best capacity retention and best
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safety (2.5 - 4.6 V) could be found in the area with y < 0.6 and z < 0.4. Work by
Eberman et al. [80] and Chen ef al. [79] on materials with z = 0 suggests that materials
with y near 0 will have poor rate capability. Work by MacNeil and Dahn [23] and by
Jiang and Dahn [75, 76] in Section 6.1 on materials with z = 0 suggests that safety will be
compromised if the Co content, y, is made too large. Therefore, samples with the
compositions indicated by the triangles in Figure 6.50 were chosen for synthesis and their
electrochemical and safety-related properties were studied. The data points indicated by
the circles are the subject of previous work described in Sections 6.1 and 6.2 where

electrochemical and safety-related properties were reported [75-77].
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Figure 6.49 Percent capacity retention over a specified number of cycles of solid solution
electrode materials with the compositions indicated. “#” 2.5 - 4.6 V, 70 cycles from
[154] by Zhang et al. “[1” 2.5 - 4.6 V, 15 cycles from [160] by Kim et al. “¢” 2.5 -4.6
V, 35 cycles from [161] by Kim et al. “O” 2.0 - 4.6 V, 65 cycles from [71] by Kang ef
al. “A”2.5-4.6V, 10 cycles from [158] by Sun e al. “*” 2.0 - 4.8 V, 50 cycles from
[156] by Park et al. “¥> 2.0 - 4.6 V, 50 cycles from [159] by Shin et al., “+72.5-4.8 V,
10 cycles from Yu et al. [157], “%X™ 2.0 - 5.0 V, 10 cycles from Johnson et al. [155], “®”
2.0 -4.8V, 20 cycles from Park et al. [73]. The compositions indicated by “<” and
“A” (2.5 - 4.8 V) are from the previous work [70, 77] of Jeff Dahn’s lab.
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Figure 6.50 The composition of the x Li{Mn;,Nii»]O; e y LiCoO; e z Li[Li;sMny;]0,

(x + y +z = 1) samples studied in this section of this thesis are indicated by triangles.
Two rows of samples, one with z = 1/6 and one with z = 1/3 were evaluated. The circles

on the left and bottom edges of this ternary system show the composition of samples

described in references [75-77] for comparison.

In this section, x Li[Ni;pxMn;]O; e y LiCoO; ® z Li[LijsMnyp]0; (x +y+z=1)
materials with z = 1/6 and 1/3 and y = 0, 1/12, 1/6, 1/4 and 5/12 (also z = 1/3, y = 2/3),
fired at two different temperatures, 900°C or 1000°C, are studied. The synthesis method
is described in Section 2.1.3. The effects of the composition on the particle size, lattice
constants, cation mixing, electrochemical properties, and thermal stability of the x
Li[Ni;oMn;2]O; o y LiCoO, e z Li[LijsMnys]02 ( x + y + z = 1) positive electrode
materials were studied. The structure, electrochemical performance and thermal stability
of the synthesized samples were characterized by XRD, electrochemical studies in two-

electrode coin cells, and ARC, respectively.
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6.3.2 Li[(Ni2Mni.2)xCoy(Li;sMnys3),]O2 samples (z = 1/6 and 1/3)
6.3.2.1 Sample characterization by SEM and XRD

900°C 1000°C

Figure 6.51 SEM micrographs of x Li[Mn;,Nij2]0; e y LiCoO; e 1/3 Li[Li1sMny;3]02 x
+ y = 2/3) solid solution samples synthesized at 900°C with Co content, y, increasing
from 1/12 in panel (a), 1/6 (c), 1/4 (¢), 5/12 (g), to 2/3 (i). SEM micrographs of the
samples with the same composition fired at 1000°C are shown in the right hand column

for comparison.
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Figure 6.51 shows SEM micrographs of the x Li[Ni;,Mn;;]0; ¢ y LiCoO; e z
Li[Li;sMnys]0; (x + y + z = 1) samples with z = 1/3. The five micrographs in the left
column of Figure 6.51 (panels a, c, e, g, and i) are for samples heated to 900°C and
clearly show an average particle size of around 0.3 um for samples with y (Co content) =
1/12, 1/6, 1/4, 5/12, and 2/3, respectively. The particle size of the samples synthesized at
1000°C increased significantly to about 0.5 pm, 0.7 pm, 0.8 pm, 1 um, to 2 pum for Co
contents, y, of 1/12, 1/6, %, 5/12, and 2/3, respectively, as shown in the right column of
micrographs in Figure 6.51. This suggests that the particle size of x Li[Ni;pMn;]Oz e y
LiCo0O; e z Li[L1;sMny;3]0; (x + y + z = 1) samples can be changed by the Co content, y,

and the synthesis temperature.
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Figure 6.52 X-ray diffraction (XRD) patterns of x Li{Mn;;,Niy,]O; e y LiCoO, e 1/3
Li[Li;sMny]0; (x + y = 2/3) samples (1000°C) with different Co content, y = 1/12, 1/6,
Y4, 5/12, and 2/3 in the low scattering angle region from 15° to 50° show the absence of

any impurities.
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Figure 6.53 X-ray Diffraction (XRD) patterns of x Li[Mn;;Nij2]O2 o ¥ LiCoOy e 173
Li[Li;sMny5]0; (x + y = 2/3) samples (1000°C) with different Co content, y = 1/12, 1/6,
v4, 5/12, and 2/3 in the high scattering angle region from 75° to 90° show the increase in

crystallinity with Co content, y.

The XRD patterns of the x Li[NijxMnip]O; o y LiCoO; o 2 Li[Li;sMnys]02 (x +
y+z=1) samples withz=1/3 and y = 1/12, 1/6, %, 5/12, and 2/3 synthesized at 1000°C
were measured and are shown in Figures 6.52 and 6.53. Figure 6.53 gives an expanded
view of the high scattering angle region so that differences in sample crystallinity can be
examined. There are no discernable Bragg peaks from impurities in any of these
samples. It is very clear that the Bragg peak indicated with dashed line in Figure 6.53
shifts to higher scattering angle as the Co content, y, increases. Furthermore, that Bragg
peak and the one to its left in Figure 6.53 become sharper and the K 1/Kq splitting
becomes clearer as the Co content increases. This indicates that the

Li[(Ni;sMny0)xCoy(LiisMnys)13]02 (x + y = 2/3) samples are more crystalline at higher
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Co content. This result is consistent with the larger particle size of the samples with
higher Co content shown in Figure 6.51.

The Rietveld refinement results of the XRD patterns in Figures 6.52 and 6.53 are
listed in Table 6.8. The lattice constants, a (&), ¢ (&), and c/a, versus Co content (y) in
the x Li[(NijoMny2)xCoy(LisMnys)i13]02 (x + y = 2/3) samples synthesized at 900°C or
1000°C are shown in Figure 6.54. As the Co content increases, the Jattice constants @ and
¢ decrease but ¢/a increases, similar to the effects of Co content on the lattice constant of
Li[(Nij2Mn;)xCo1x]O2 samples synthesized at 900°C [75, 76]. The effect of different
synthesis temperatures of 900°C or 1000°C on the lattice constants is slight. Figure 6.55
shows that the addition of Co significantly decreases the fraction of Li-sites occupied by
transition metal atoms, most likely Ni, for samples synthesized both at 900°C and
1000°C. The percent of the Li sites occupied by transition metal atoms is about 5.3% for
Li[(NiiaMny)712Co1n12(LiysMnes) 15102 (900°C) and only 1.2% for
Li[(NijaMny2)14Cosna(LiisMnas)i13]02 (900°C). A larger fraction of transition metal
atoms in the Li layer at low Co content will presumably block lithium diffusion paths and

hence impact the rate capability [79, 80].

Table 6.8 Lattice constants and atom positions of x LifMn;,Ni;2]O;  y LiCoO; e 1/3
Li[Li;sMnys}0; (x + y = 2/3) samples with different Co content (y = 1/12, 1/6, 1/4, and
5/12) synthesized at 900°C or 1000°C from the Rietveld refinement of the XRD patterns.
The space group used for the refinement was R-3m (*166). “u” represents the percentage
of the Li site occupied by transition metal atoms (presumably Ni). The Bragg R-factors

are listed.

sample T a(A) c(A) O position u Rirage

y=1/12 | 900°C | 2.8669(0) 14.2654(0) 0,0,02442(4) 53% 3.5%
1000°C | 2.8681(0) 14.2740(0)  0,0,0.2432(0) 4.1%  3.2%

0
y=1/6 | 900°C | 2.8621(0) 14.2527(0) 0,0,02432(9) 3.1% 3.3%
1000°C | 2.8621(3) 14.2597(2)  0,0,0.2433(1)  3.5%  3.0%
y=1/4 | 900°C | 2.8558(1) 14.2382(4) 0,0,02425(6) 1.8%  2.8%
0,0

0,0

0,0

1000°C | 2.8562(0) 14.2410(0)  0,0,0.2427(6) 1.9%  2.3%
y=5/12 | 900°C | 28415(3) 14.1942(8) 0,0,02414(6) 12% 2.5%
1000°C | 2.8416(3) 14.1973(2)  0,0,024052) 13%  2.6%
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Figure 6.54 The lattice constants, a (&), ¢ (A), and the ¢/a ratio in x Li[Mn;oNi12]O2 o y
LiCoO;  1/3 Li[Li;sMny3]02 (x + y = 2/3) solid solution samples (900°C or 1000°C) as

the Co content, y, increases.
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Figure 6.55 Fraction of lithium sites in the lithium layer of x Li[Mn;Ni2]O; e y LiCoO;
e 1/3 Li[Li;sMnys]0; (x + y = 2/3) samples (900°C or 1000°C) occupied by transition

metal atoms as a function of Co content, y.
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6.3.2.2 Electrochemical properties and thermal stability

The rate capability of the Li[(NijoMnin)xCoy(LiisMnys)1n]02 (x + y = 2/3)
samples was tested using the signature discharge method [162] as illustrated in Figure
6.56. A coin cell using the synthesized sample as the positive electrode and Li metal as
the negative electrode was cycled at a specific rate, for example C/4. When the cell
potential reached the upper cutoff potential, for example 4.6 V in Figure 6.56, the cell
was then discharged at a 2C rate to the low cutoff potential around 2.5 V. The cell was
then left open circuit for 30 minutes as indicated by the dashed lines in Figure 6.56 until
the next discharge process at half of the original discharge current, C rate. The cell was
sequentially discharged in this way until the last discharge rate was C/16. After that, the
cell was charged and discharged again at a normal rate of C/4. A signature discharge test

was performed every 20 cycles during extended cycle life testing at C/4.

5 L ) ¥ f
wnnmene Charging
e DigCharging
~~~~~ Open circuit
- 4 .
2 Cr2
% Cl4
> 3 o\ -
proond i \g
3 S\
C/8 o/16
2 .
100 102 104 106

Time (h)
Figure 6.56 Signature discharge method to test the rate capability of positive electrode
materials. After charging to the high cut-off voltage, the electrode was discharged at a
high rate of 2C (solid line) followed by a half an hour open circuit (dashed line). The
electrode was then discharged at one half of the original current, C rate. This discharge

sequence was repeated a total of 5 times until the discharge rate decreased to C/16.
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Figure 6.57 Capacity (mA h g) vs. cycle number for the x Li[Mny;,Ni;2]O; ¢ y LiCoO;
e 1/3 Li[Li;sMnys3]0; (x + y = 2/3) samples (1000°C) with y = 1/12, 1/6, 1/4, 5/12, and
2/3. The cells were cycled between 2.5 V and 4.3 V at C/4. Every 20 cycles, the cell was

programmed to proceed to the signature discharge test to measure the rate capability.

Figure 6.57 shows the discharge capacity versus cycle number (2.5 V — 4.3 V,
C/4) for the Li[(NijpMnyp)xCoy(LiisMnys)13]02 (x + y = 2/3) samples synthesized at
1000°C. Two nominally identical cells of each electrode material were tested and gave
almost indistinguishable results. All five samples described by Figure 6.57 exhibit
excellent cycling performance, above 97% capacity retained after 110 cycles. The first
signature discharge test occurs at cycle 24, and the capacity attained during each of the
sequential current steps is plotted, all at cycle 24. Most important is the capacity attained
at a 2C discharge rate, which is the point with the largest capacity. The capacity attained
at 2C is less than the capacity attained at C/4, during the stable cycling of the cell, but it
approaches the C/4 capacity as the Co content, y, increases (from panel a to panel e in
Figure 6.57). In fact, the 2C rate capacity and the C/4 rate capacity of the cell having an
electrode with y = 2/3 and z = 1/3, are almost the same. Furthermore, all of the five
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samples do not show any dependence of the rate capability on cycle number because the
2C rate capacity is roughly constant during each signature discharge measurement which
strongly suggests that the cell resistance does not significantly increase during the cycles
indicated.

Figure 6.58 shows the capacity delivered (in % of C/4 capacity) as a function of
discharge rate for the Li[(NijoMnyn)xCoy(LiinMny3)i5j02 (x + y = 2/3) samples as
measured during the cycle 24 signature discharge measurement in Figure 6.57. This

clearly shows the increase in rate capability when the Co content, y, is increased.
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Figure 6.58 Capacity (%) retained as a function of discharge rate for x Li[Mn;,Ni;2]O; e
y LiCoO; e 1/3 Li[Li;sMny;]0; (x + y = 2/3) samples (1000°C) from the first signature
discharge test in Figure 6.57. These samples have not been charged through the oxygen

release plateau.

Samples of Li[(Ni;xMn;)xCoy(Li1sMnan)i6]O2 (x + y = 5/6, z = 1/6) were also
synthesized at two different temperatures (900°C and 1000°C). As for the samples
having z = 1/3, described in Figures 6.58, the particle size, sample crystallinity and rate
capability (charged to 4.3V) increases with Co content, y, for the samples with z = 1/6.

All the four samples with z = 1/6 show excellent cycling performance and above 95%
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capacity retention during 110 cycles between 2.5 and 4.3 V at C/4. The results are not
shown here to save space.

In order to obtain high discharge capacity, the nine
Li[(Ni12Mny2)xCoy(Li1sMnys),]02 (x + y + z = 1) samples were charged to 4.8 V across
the O, loss plateau [70, 77]. Figure 6.59 shows the potential (V) versus capacity (mA h
g'l) curves for the cells having electrodes of Li[(Ni;psMnjn)xCoy(LiisMny3)13]02 (x +y =
2/3) (heated to 900°C) measured at a rate of C/30. There is a plateau due to the
simultaneous removal of lithium and oxygen starting at approximately 4.4 V. After the
O, loss during the first charge, the Li[(NijoMn;p)Coy(LiisMnyp)is]O2 (x + y = 2/3)
electrodes show a large reversible discharge capacity as large as 230 mA h g?. With the
increase of Co content from y = 1/12 in Figure 6.59a to 2/3 in Figure 6.5%e, the
irreversible capacity increases slightly from about 40 mA h g” to around 80 mA h g,

The reason for this behavior is unknown.
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Figure 6.59 The potential (V) vs. specific capacity (mA h g’ of Li/{x Li[MnyoNi;]O; o
y LiCoO; e 1/3 Li[Li;sMny3]0; (x + y = 2/3) (900°C)} cells charged and discharged

between 2.5 and 4.8 V at a rate of C/30.
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Figure 6.60 shows the differential capacity vs. potential for Li/{
Li[(NiizMny0)xCoy(LiisMnmp)13]02 (x + y = 2/3) (heated to 900°C)} cells generated
from the data in Figure 6.59. There are two major peaks in differential capacity above 4.3
V that occur during the first charge process, one between 4.3 V and 4.5 V and the other
around 4.7 V. When Li[(Ni;,Mn2)xCoy(LiisMnys)13]02 (x + y = 2/3) electrodes were
charged to 4.8 V, the O, loss process was apparently completed. The reasons for the
changes in differential capacity with Co content, y, are still unclear. It is possible that
samples with small Ni content (small x) might form the O1 phase [163], like LiCoO,,
when all available lithium is removed. This could lead to an extra peak in differential

capacity as observed for LiCoO; at the highest potentials [163].
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Figure 6.60 The differential capacity (dQ/dV) vs. potential (V) of Li/{x Li[Mn;,Ni;2]O>
e y LiCoO; e 1/3 Li[Li;sMny;3]O2 (x + y = 2/3) (900°C)} cells charged and discharged
between 2.5 and 4.8 V at a rate of C/30.

Figure 6.61 shows the discharge capacity versus cycle number (2.5 V — 4.6 V,
C/6) for the Li[(NiioMnyn)xCoyf(LiisMnas)i15]0; (x + y = 2/3) (heated to 900°C) samples
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after 2 initial cycles between 2.5 V and 4.8 V at C/30. The cells described by Figure 6.61
are the same cells used to produce the data in Figures 6.59 and 6.60. All cells were given
a signature discharge test at the 25th, 46th and 67th cycles starting with a 2C rate as
described in Figure 6.56 to test the rate capability of the samples. The samples of
Li[(Ni12Mny2)xCoy(LiisMnas)15]02 (x + y = 2/3) (heated to 900°C) with y = 1/12 in
Figure 6.61a, y = 1/6 in Figure 6.61b, y = % in Figure 6.61c, and y = 5/12 in Figure 6.61d
show a discharge capacity of about 200 mA h g at C/6 and excellent capacity retention
of up to 97% over 70 cycles.
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Figure 6.61 Capacity (mA h g!) vs. cycle number for the Li/{
Li[(NiinMny)Coy(LiysMnos)15]0; (x +y = 2/3) (900°C);} cells cycled between 25V
and 4.6 V at C/6 after traversal of the O,-loss plateau. The cells used to produce this data
are the same as the cells described in Figures 6.59 and 6.60.

Figure 6.62 shows the capacity retained (% of C/4) by
Li[(Ni;2Mny2)xCoy(Li1sMnan)in]O2 (x + y = 2/3) (900°C) electrodes at different rates,
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2C, C, C/2, and C/4. The data was generated from the first signature discharge test at
cycle 25 in Figure 6.61. The rate capability does not increase significantly with Co
content, y, after the samples have been charged through the O, loss plateau, in contrast to
the significant increase of rate capability with Co content for the same electrodes charged
only to 4.3 V as shown in Figure 6.58. All the electrode compositions described by
Figure 6.62 show about 60% capacity at a 2C rate. A comparison of Figures 6.58 and
6.62 indicates that the rate capability was seriously impacted after the O, loss process
which occurs during the 4.5 V plateau in the first charge. It is possible that a fraction of
transition metal atoms move into the Li layer after the O, loss process, which will reduce
the Li diffusion constant hence the rate capability as well. Careful X-ray diffraction work

is needed to confirm this and could be the focus of future work.
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Figure 6.62 Capacity (%) retained as a function of discharge rate for
Li[(Ni;oMny2)xCoy(LisMnos)13]02 (x + y = 2/3) samples (900°C) from the first
signature discharge test in Figure 6.61. These samples have been charged through the

oxygen release plateau.
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Apart from the relatively low rate capability after O, loss,
Li[(NiipMny2)xCoy(LiisMngs) 15102 (x + y = 2/3) (900°C) electrodes show very high
discharge capacity up to 200 mA h g at a C/6 rate between 2.5 and 4.6 V and have
excellent capacity retention of about 96% after 80 cycles. The capacity retention of the
sample with y = 2/3 in Figure 6.61e is substantially worse. It will be very important and
interesting to characterize the thermal reactivity of the samples charged to 4.8 V with
EC/DEC solvent or LiPF¢-based electrolyte.

Figure 6.63 shows the self-heating rate (SHR) versus temperature (T) of 100 mg
of Li[(Ni1aMny 2)xCoy(Li1sMnya)15]02 (x + y = 2/3) (900°C) electrodes charged to 4.8 V
vs. Li metal reacting with 100 mg of EC/DEC solvent (solid line) or 30 mg of 1.0 M
LiPFs EC/DEC (dashed line). The samples were initially heated to 110°C before
exotherm searching began. In commercial lithium ion cells, such as 18650-size cells, the
mass ratio of electrode material vs. electrolyte used is about 10:3. In this ARC
measurement, therefore, the ratio of charged positive electrode material to electrolyte was
chosen to be 100 mg30 mg. The  charged samples of
Li[(Ni;pMn2)xCoy(LiisMnas)in}Os (x + y = 2/3) (900°C) show high reactivity with
EC/DEC solvent. The sample with y = 1/12 described by Figure 6.63a reacts with
EC/DEC (solid line) and exhibits a SHR around 0.5°C/min at 110°C which slowly
decreases to 0.15°C/min at around 135°C then increases to thermal runaway at 185°C.
As the Co content, y, increases from 1/12 in Figure 6.63a to 2/3 in Figure 6.63e, the
charged samples clearly show a higher SHR at 110°C, and proceed to thermal runaway at
a lower temperature when reacting with EC/DEC (solid lines). This obviously suggests
that adding Co decreases the thermal stability of Li[(Ni;,Mn;p)<Coy(Li1sMny3)13]02 (X
+ y = 2/3) (900°C) samples. Figure 6.63 shows that adding LiPF¢ salt into EC/DEC
solvent significantly increases the thermal stability of
Lif(NijaMn;2)xCoy(LiisMnzs)i15]02 (x + y = 2/3) (900°C) samples charged to 4.8 V,
which is in good agreement with reference [77] where the same effect is noted for
LiCoQ,. Still, the effect of increased Co content, y, is to reduce the thermal stability,

even in the presence of LiPFg.
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Figure 6.63 Self-heating rate (SHR) versus temperature (T) for 100 mg of
Li[(NiyaMny;)xCoy(LiysMnzs)i15]02 (x + y = 2/3) samples (900°C) charged to 4.8 V vs.
Li heated with 100 mg'of EC/DEC solvent (solid line) or 30 mg of 1.0 M LiPF¢ EC/DEC

(dashed line). Samples were initially heated to 110°C before exotherm searching began.

Figure 6.64 shows the comparison of the self-heating rate versus temperature of
Li[(NioMny2)xCoy(LiisMmes)15]02 (x + y = 2/3) samples synthesized at 900°C vs.
1000°C in the solid and dashed line, respectively, reacting with 30 mg of 1.0 M LiPFs
EC/DEC électrolyte. The self-heating rate versus temperature of charged LiCoO;
[sample (3), 5 pm particle size, 4.2 V)] with LiPFs EC/DEC was added in Figure 6.64a
for comparison and is shown by the heavy line [75, 76]. The samples with y = 1/12 and y
= 1/6 synthesized at 1000°C show excellent thermal stability in LiPF¢-based electrolyte
as indicated by dashed lines in Figures 6.64a and b, respectively. The onset temperatures
for significant reaction in both samples is approximately 160°C, which is about 20°C
higher than the onset temperature of LiCoO, charged to only 4.2 V. The samples
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synthesized at 1000°C clearly show higher thermal stability in LiPF¢-based electrolyte
than the samples made at 900°C. This is because the samples synthesized at 1000°C
have larger particle size than the samples made at 900°C (shown clearly in Figure 6.51)

and hence have a smaller surface area in contact with the electrolyte [86].
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Figure 6.64 Self-heating rate (SHR) versus temperature (T) for 100 mg of
Li[(Ni;oMny)xCoy(LiisMny3)15]02 (x + y = 2/3) samples charged to 4.8 V heated with
30 mg of 1.0 M LiPFs EC/DEC (solid line - 900°C and dashed line - 1000°C). The SHR
vs. T of LiCoO; charged to 4.2 V reacting with 1.0 M LiPFs EC/DEC has been added to

panel a for comparison (bold line).

In order to compare the thermal-stability of the samples more conveniently, a
parameter proportional to the average self-heating rate between 110°C and 180°C of 100
mg of charged electrode material in the presence of 30 mg of 1.0 M LiPFs EC:DEC
electrolyte was developed. The average positive electrode self-heating rate between
110°C and 180°C is important in determining the response of charged Li-ion cells to oven

exposure and short circuit tests. The area, S, between the self-heating rate versus
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temperature curve and the x-axis was measured for all the samples. The area, S, is shown
shaded in Figure 6.65 for a representative data set plotted on logarithmic and linear
scales. S was calculated from the graph plotted on the linear scale as in Figure 6.65b. S
has units of K* min™. The average SHR could be calculated as S/70 (K min’"), but S is
simply reported here. Samples with small values of S will show less reactivity and hence
yield safer Li-ion cells than samples with large values of S. By including the value of S
for LiCoO; (5 pm particles) charged to 4.2 V for comparison, the samples that should
yield safer Li-ion cells than those using large particle LiCoO, can be identified.
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Figure 6.65 The area under the self-heating rate versus temperature curve between 1 10°C
and 180°C is indicated by the shaded region. Panel a is plotted on a logarithmic vertical
scale, like Figure 6.64. Panel b is plotted on a linear vertical scale. The parameter, "SY,

is the area of the shaded region in panel b.

The electrochemical and thermal properties of the
Li[(NiyoMny2)xCoy(LiisMmos)is]O2 (x + y = 5/6) samples with y = 1/12, 1/6, Y, and
5/12 synthesized at 900°C and 1000°C, were also tested as described above. The raw data
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is not shown here to save space. However, the data for these samples is included in the
summary figures to be described now. Figure 6.66 shows the specific discharge capacity
of Li[(NijzMnyz)cCoy(LiisMnys),]O2 (x + y + z = 1) samples synthesized at 900°C or
1000°C between 2.5 and 4.6 V at C/30 after charging through the O, loss plateau. There
are results for 9 different compositions and 18 different samples (each composition
heated to 2 temperatures) displayed in this ternary system. Each different composition is
indicated by a black dot. For example, the top row of black dots closer to the
Li[Li;sMny5]0; comer of the Gibbs triangle  represents the  of
Li[(NijoMny2)xCoy(LiisMnas)1]02 (x +y = 2/3) samples with y = 1/12, 1/6, Y4, 5/12, or
2/3. The data listed above and below the black dots represents the specific discharge
capacity from 2.5 V to 4.6 V at C/30 for the samples synthesized at 900°C and 1000°C,
respectively. All 9 samples synthesized at 900°C exhibit discharge capacities up to 230
mA h g”. The samples fired at 1000°C show slightly lower discharge capacity than the

samples with the same composition fired at 900°C. The cause of this is not understood

yet.
LifLiqzaMn2/3]02
205
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/- 260208210, %8 18¢ e 1000°C

230/°208202193 . 198 = 900°C

// 190181180 165 «— 1000°C

Li[Mng gNig 5]02 LiCo03

Figure 6.66 Specific discharge capacity (mA h g1 of Li[(Ni;sMny2)xCoy(Li1sMnps3),]02
(x +y+z=1) samples (z = 1/6 or 1/3) synthesized at 900°C or 1000°C cycled from 2.5
to 4.6 V vs. Li at C/30.

209



Figure 6.67 shows the specific discharge capacity between 2.5 and 4.6 V of all the
synthesized Li[(Nij2Mny)xCoy(LiisMny3),]0z (x + y + z = 1) samples at a higher rate of
C/6 instead of C/30 as shown in Figure 6.66. The samples with z = 1/3 synthesized at
900°C show a high discharge capacity near 210 mA h g” in good agreement with the
results from [161] by Kim et al. indicated by the “0J” points in Figure 6.48. When the
synthesis temperature increases to 1000°C, the discharge capacity of these samples
decreases to approximately 190 mA h g, Samples with attractive capacity have been
highlighted by a dashed box.
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Figure 6.67. Specific discharge capacity (mA h g™) of
Li[(Ni1sMny2)xCoy(LiisMngs),]O; (x +y + z = 1) samples (z = 1/6 or 1/3) synthesized at
900°C or 1000°C cycled from 2.5 to 4.6 V vs. Li at C/6.

Figure 6.68 shows the percent capacity retention of  the
Li[(NijsMnjn)xCoy(LiisMnzn) ]JOr (x +y +2=1) samples cycled between 2.5 and 4.6 V
at C/6 after 70 cycles. The samples within the same dashed box as indicated in Figure
6.68 show excellent cycling performance, above 97% capacity retention over 70 cycles at
C/6. The samples with high Co content have relatively poor cycling performance

especially for the samples heated to 1000°C.
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Figure 6.68 The percent capacity retention (%) of the Li[(Nii2Mn)2)xCoy(Li1sMn23);]02
(x +y +z=1) solid solution samples cycled between 2.5 and 4.6 V at C/6 for 70 cycles.

Figure 6.69 shows the thermal stability comparisons by plotting S (described in
Figure 6.65b) versus composition of the samples. To reiterate, S, is the area under the
self-heating rate versus temperature curve between 110 and 180°C for 100 mg of
electrode material heated in the presence of 30 mg of 1.0 M LiPFs EC/DEC. The
Li[(Nij2Mni2)xCoy(LiisMnys),]02 (x + y + z = 1) samples were charged to 4.8 V before
testing, while samples indicated along the left and bottom axis of Figure 6.69 were
charged to 4.8 V and 4.2 V, respectively (The latter results were calculated from the data
presented in Sections 6.1 and 6.2 and in references [77] and [76]). The variation of S
with x, y and z in x Li[(Nij2Mnjp)xCoy(LiisMn2s),]JO2 (x +y + z = 1) samples charged
to 4.8 V shows several trends. First, S increases as the LiCoO, content, y, increases at
fixed Li[LijsMny3]O; content, z. Second, for the samples charged to 4.8 V, S increases
as the Li[Li;sMny;3] O, content, z, increases at fixed values of the LiCoO; content, y. The
samples within the dashed box in Figure 6.69 show an average value of S of about 9 K?

min™, which is still much better than LiCoO; charged to 4.2 V only.
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Figure 6.69 Thermal reactivity, S, (described in Figure 6.65) of
Li[(NijsMny2)xCoy(LiisMny5),]O; (x + y + z = 1) samples made at 900°C or 1000°C
charged to 4.8 V reacting with 1.0 M LiPFs EC/DEC. The values of S obtained in earlier
ARC studies of Li[(NijsMnjn)x(LijsMnos)1«]02 (x = 1/6, 1/2, and 5/6) charged to 4.8 V
[77] and Li[(Nip sMng 5)xCo14]O; (x = 0.2, 0.4, 0.7, 0.9, and 1) and LiCoO, charged 4.2 V
[76] reacting with 1.0 M LiPF¢ EC/DEC were added for comparison.

The rate capability (2.5 - 4.6 V) of the Li[(Nij2Mnyn)xCoy(LiisMn3),JO2 (X + 'y
+z = 1) samples is compared in Figure 6.70. The numbers indicated in Figure 6.70 are
the percentage of the C/4 capacity retained at a 2C discharge rate. The rate capability of
the samples is relatively low, approximately 65% discharge capacity retained at 2C.
There is no obvious trend to better rate capability with composition after the samples are

charged through the oxygen release plateau.

In summary, the Li[(NijpMnyp)xCoy(LiisMnys),JO2 (x + y + z = 1) samples
within the dashed box in Figures 6.66-6.70 (1/6 <z < 1/3 and 1/12 <y < %) show a high
discharge capacity near 200 mA h g'l, excellent cycling performance (above 97%
capacity retention at C/6 over 70 cycles between 2.5 and 4.6 V), and good thermal
stability, much safer than LiCoO, (5 pm size) charged to 4.2 V in LiPF¢ EC/DEC
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electrolyte. One reason to use compositions with values of y near 1/4 may be the
increased particle size that these compositions show (Figure 6.51) that can lead to
materials with higher tap density. Positive electrode materials selected from within the
dashed box in Figures 6.66-6.70 are probably acceptable for energy cells used in cell
phones, laptops, and so on, provided methods to deal with the released oxygen [77]

during the first charge above 4.5 V can be developed for practical cells.

LifLiqs3Mng/3]02

Li[Mng,gNio 5102 LiCoO2

Figure 6.70 The percentage of C/4 discharge capacity obtained at a 2C discharge for Li/{
Li[(NiiaMnp)xCoy(LisMnos) JO2 (x +y +z= 1)} cells cycled between 2.5 and 4.6 V
' after O, loss.
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Chapter 7 Conclusions and future work

The thermal stability of lithium-ion cells has been attracted attention recently for
two major reasons. (1). Attempts to make large-size cells used in power tools, E-bikes
and EVs. Large cells have lower surface area to volume ratios and hence heat dissipation
is more problematic than 18650 cells. Safety problems, therefore, for large cells are more
serious. (2). Next generation high-capacity electrodes (both negative and positive
electrodes) will increase the energy density of lithium-ion cells meaning even an 18650-
size cell may face safety concerns.

This thesis presented studies of the thermal stability of electrode materials (both
negative and positive electrodes) in electrolytes to understand their reactivity. A search
for new positive electrode materials with high thermal stability was made. Cell

chemistries expected to have high tolerance to thermal abuse were suggested.

7.1 Conclusions

Lithiated MCMB (Ligg;Cs) starts to react with EC/DEC solvent at 100°C to
produce Li alkylcarbonate first at low temperature and Li;COj3 at around 250°C. The heat
released from the complete reaction between Lip31Cs and EC/DEC was calculated to be
approximately 215 kJ mol™! of lithium. Adding LiPF¢ salt into EC/DEC improves the
thermal stability of Ligg;Cs as shown by ARC measurements. This is because Lip81Cs
reacts with PFs (from the thermal decomposition of LiPFg) producing LiF that is
incorporated into the SEI on Lig 3;C to slow the reaction of Lig.g1C¢ with electrolyte. The
thermal stability of Ligg;Cs is improved if the electrolyte salt is changed from LiPFs to
LiBOB. Lig ;C¢ does not significantly react with LIBOB EC/DEC until 170°C, compared
to a 90°C onset temperature in LiPF¢-based electrolyte.

LigsCo0, (LiCoO, charged to 4.2 V vs. Li) proceeds in a step-wise thermal
reaction in EC/DEC solvent. Lig sCoO, transforms into Co304 (spinel phase), then to CoO
(rock-salt phase), finally to Co metal at elevated temperatures. O, is liberated in the three
stepwise reactions and combusts EC/DEC solvent releasing heat. LiCoO; samples with
larger particle size show higher thermal stability. LiCoO, with a particle size around 5
um starts reacting significantly with EC/DEC solvent at 150°C, compared to a 110°C
onset temperature for LiCoO, (0.8 pum) in EC/DEC. The addition of LiPFs salt into
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EC/DEC solvent reduces the reactivity of Lip sC0QO,. Unlike the Li 3;C¢ anode, Lig sCoO,
is more reactive in LiBOB electrolyte than in LiPFs electrolyte. The thermal reaction
between Lig sCo0; and LiBOB EC/DEC begins at approximately 120°C.

Since LiBOB EC/DEC shows higher thermal stability for LipgCs but lower
stability for LigsCoO; than LiPF¢ based electrolyte, it is interesting to compare the oven-
test results of C/LiCoO; cells (18650-size) in LiPF¢ or LiBOB based electrolytes. It was
found that: (1) 18650 cells containing LiBOB electrolyte generate almost no heat
between 80 and 120°C. This is because of the lack of negative electrode
(Lig.81Ce)/electrolyte reactivity and positive electrode (Lig5Co0O3) /electrolyte reactivity in
this temperature range from ARC results; (2) 18650 cells containing LiPFs electrolyte
generate heat between about 80 and 120°C because of the negative electrode/electrolyte
reaction as shown by ARC; and (3) 18650 cells containing LiBOB electrolyte generate
substantial heat above 130°C and this is exactly where the positive electrode/electrolyte
reaction begins powerfully in ARC tests. The good agreement between the ARC results
and the oven test shows that ARC is an excellent technique to study the thermal stability
of single electrode materials in electrolyte.

ARC was used to compare the thermal stability of negative electrodes with
different lithium binding energies, Li;TisO12 (1.55 eV) and LigsVO; (B) (245 eV) as
well as Ligg1Cs (0.1 V). All three electrode materials similarly react with EC/DEC to
form Li;CO; and the heat released decreases with the lithium binding energy of the
material. The released heat was measured to be 215 kJ mol™ of Li for LiggCs, 110 kJ
mol™ of Li for Li;TisOy2, and 54 kJ mol™ for LigsVO,; (B). Negative electrode materials
with higher lithium binding energy have higher thermal stability in EC/DEC solvent.

The thermal stability of two well-known, alternative positive electrode materials,
LiMn,O, and LiFePO, were studied, since they have higher thermal stability than
LiCoO,. Charged LiMn;04 (A-MnO,) starts to react with EC/DEC at around 190°C. The
main product from the reaction between A-MnO, and EC/DEC is Mn3O4. The heat from
this reaction was calculated to be around 96 kJ mol”! of A-MnO,, which is much lower
than 142 kJ mol™! (of Lig sCo00;) from the reaction of LigsCoO, with EC/DEC. However,
both A-MnQ, and Lig sCoO, show a similar amount of heat, approximately 280 ~ 290 kJ
mol” of oxygen combusted. Furthermore, the SHR vs. T data of A-MnO, reacting with
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EC/DEC was fitted with an Avrami-Erofeev model and the kinetic triplet (E,, v, and
reaction model) was extracted.

Charged LiFePO4 (FePO4) shows much higher thermal stability in EC/DEC
solvent than LiysCoO; and A-MnO,. FePO; begins generating heat in EC/DEC at about
300°C and, unlike LigsCoO, the thermal stability of FePO4 is almost constant as the
particle size decreases from 15 pm to 3 pm. Charged FePO, appears to have a solid-state
phase—transitioﬁ at around 300°C and the heat released from this reaction does not depend
on the area of contact between FePO, and EC/DEC at all. Therefore, it is believed that
FePOy does not react with EC/DEC so that the particle size of FePOq does not affect its
thermal stability. LIBOB EC/DEC shows much higher thermal stability for FePO4 than
LiPF¢ EC/DEC electrolyte. So far, LiFePO, is the only positive electrode material that
shows higher thermal stability in LiBOB based electrolyte than LiPF¢ EC/DEC.
Therefore, two battery systems expected to have high tolerance to thermal abuse were
suggested, graphite/LiBOB EC:DEC/LiFePOy and LisTisO1./LiBOB EC:DEC/LiFePOs.

The pseudoternary system, xLi[NijxMn;2]O2 ¢ yLiCoO, e zLi[Li;sMnps}O2 (x +
y + z = 1), was explored for positive electrode materials with large capacity and high
thermal stability. The positive electrode materials in this pseudoternary system have
attracted much attention recently because of their excellent electrochemical properties.
However, the high thermal stability, the most striking advantage of these materials over
LiCo0,, has been almost “neglected” by mbst other researchers. The careful and
complete characterization of the positive electrode materials in the xLi[Ni;2Mn;2]O; e
yLiCoQ, e zLi[Li;sMny3]0; (x + y + z = 1) pseudoternary system in morphology,
structure, electrochemical properties, and thermal stability is one of the biggest
contributions of this thesis.

The xLi[Ni;zMn;2]O; e (1-x)LiCoO, binary system (can be written as
Li[(NijoMny2)<Co1x]O2 with 0 < x <1), was first studied. The rate capability and Li
diffusion coefficient of Li[(NijzMn;n)<Co1x]O, samples increases with Co content, 1-x
(but are about constant for x < 0.7) and the safety increases with x (but is about constant
for x > 0.4). Therefore, samples with 0.4 < x < 0.7 have high discharge capacity (around
170 mA h g between 2.5 V and 4.4 V), good cycling performance (up to nearly 90%
capacity retention after 200 cycles at C/4), high rate capability (comparable to LiCo0,),
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and high thermal stability (much higher than LiCoO,). Two positive electrode candidates,
Li[(NijpMnip)o4Co06]02 (x = 0.4) and Li[(NijpMnin)3C015]J02 (x = 2/3), are being
commercialized by 3M Corp. (USA), the industrial partner of Jeff Dahn’s lab. Sanyo
(Japan), one of the biggest lithium ion battery producers, has already used
Li[(Ni12Mny2)xC01x]02 (x = 2/3) materials to improve the specific capacity and thermal
stability of commercial cells [164]. It is probably worth noting that 3M’s entire business

in positive electrode materials is based on inventions made at Dalhousie University.

Samples in the xLi[Ni;pMn;]O2 o (1-x)LifLi;sMny3]O, binary system show a
high capacity, over 200 mA h g, after an O, loss process occurring during the first
charge at approximately 4.5 V vs. Li and acceptable thermal stability. The impact of
adding cobalt to this binary system was studied. Results show xLi[Ni;»,Mn;,}O, e
yLiCoO; e zLi[Li;sMnys]0; (x +y + z = 1) samples with 1/12 <y <1/4 and 1/6 s z <
1/3 have a high discharge capacity near 200 mA h g' (2.5 ~ 4.6 V at C/6), excellent
cycling performance (above 97% capacity retention for 70 cycles) and are much safer
than LiCoO; (Sum size) charged to 4.2 V in LiPFs EC/DEC electrolyte. The particle size
of the Li[(NijpMnin)xCoy(LiisMnas)1xy]O2 samples increase with Co content, x. One
reason to use compositions with values of y near % may be the increased particle size that
can lead to materials with higher tap density. Positive electrode materials selected from
the composition range above are probably acceptable for energy cell used in cells phones,

laptops, and so on.

7.2 Future work

The long-term goal of this research is to understand reactions between cell
components, such as solvents, salts, electrolytes, negative electrodes and positive
electrodes at elevated temperatures. This knowledge will guide us in the search for
battery systems with high thermal stability. There still remains a large amount of work to
do.
(1). Solvents. The solvents now used in the commercial lithium ion cells are mainly alkyl
carbonates, such as EC, DEC, PC, DMC, EMC, and so on. Thermal‘problems during

abuse conditions are caused by the exothermic reactions between charged electrode
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materials and electrolytes as described in this thesis. Charged positive electrodes, such as
Li,C003, LixMnOQ;, etc. are reduced by EC/DEC and combustion of the solvents occurs.
Alkyl carbonate solvents have high flammability. For instance, DMC, DEC, and EMC
have a low flash points of approximately 18°C, 33°C, and 23°C, respectively [96, 97].
One idea for safer cells is to use solvents with no flash point (NFP) or nonflammable
electrolytes [165].

Some methyl fluorinated ethers (MFE) and trimethyl phosphate (TMP) have been
added into commonly-used solvents (EC, DEC, etc) as flame retardants to decrease
flammability and even make nonflammable electrolytes [165]. The thermal stability of
different positive electrode materials in such nonflammable electrolytes can be quickly
and accurately characterized by ARC experiments. The thermal stability of negative
electrode materials in such nonflammable electrolytes needs to be studied as well.

(2) Lithium salts. The lithium salt in a lithium-ion cell plays a large role in the

electrochemical properties and thermal stability. LiPFe is still the only successfully
commercialized salt in lithium ion cells. By itself, LiPFg is not a stable salt and it starts to
decompose to LiF and PFs at approximately 70°C. However, the addition of LiPFs into
EC/DEC increases the thermal stability of both Lig g;Ce and Lip sCoO; electrodes. LIBETI
[LiN(SO.CF,CF3),] is a very stable salt and does not decompose until 320°C in TGA.
However, the addition of LiBETI into EC/DEC seriously lowers the safety of LixCe
[166]. An ARC experiment on 100 mg of Ligs1Ce in 100 mg of 1.0 M LiBETI electrolyte
went to thermal runaway at round 180°C [166]. LiBOB is a stable salt and does not
decompose until 300°C in TGA experiments in inert gas. There is a clear irreversible
voltage plateau at around 1.8 V vs. Li when graphite reacts with Li in LiBOB EC/DEC
electrolyte due to SEI formation, which apparently inhibits the reactivity of Lio.51Cs with
EC/DEC. These results suggest the formation of a stable SEI on Lig:1Cs is a key to
improve the thermal stability of the Lio.8:Ce electrode. Although the addition LiBOB into
EC/DEC improves the thermal stability of Liys;Cs, it increases the reactivity of positive
electrodes, such as LigpsCo0O2, A-MnO,, and Lig s[(NigsMnos)02C008]02 [60] (except
LiFePOy). The reaction mechanism between positive electrode materials and LiBOB
based electrolytes needs further investigation. New salts are desired to improve the

thermal stability of both negative and positive electrode materials.
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The addition of LiPF¢ into EC/DEC decreases the thermal stability of A-MnO,,
FePO4, and Ligs[(NipsMngs}xCo1x]O2 (0.4 < x < 1). These charged electrodes do not
significantly react with EC/DEC until 190°C or even higher temperature. The addition of
LiPF; reduces their thermal stability simply because LiPFs EC/DEC begins exothermic
decomposition reactions in a similar temperature range. A new salt is needed to increase
the thermal stability of these “safe” cathodes to an even higher level.

A breakthrough in lithium-ion batteries possibly will be a new electrolyte (new
salt + solvent with flame retardant additive) that enables safer and larger batteries for EV
and HEV applications.

3. Negative electrode materials. Metal alloys (such as SiSn) give high specific capacity

up to 3500 mA h g, compared to a theoretical capacity of 372 mA h g"! for graphite. The
thermal stability of such metal alloy electrodes needed to be characterized. Based on
thermal-stability studies of negative electrode materials with different lithium binding
energies, it was concluded that materials with higher lithium binding energy have higher
thermal stability. Metal alloys have an average lithium binding energy around 0.3~1.0 V
vs. Li, which is higher than Lig §;Ce (around 0.1 V). Therefore, provided surface areas can
be made small, lithiated metal alloys should have a slightly higher thermal stability than
Lip.31Cs in solvents or electrolytes.

4. Positive electrode materials. In this thesis, it was shown that the thermal-stability of the

three charged positive electrode materials varies as, Li[NigsMngsjO; 2 LiCoO2 2
Li[Ni;Co1x]O2 (0 < x < 1). This strongly suggests that it is the presence of Mn that is
responsible for the much higher thermal stability of Li[(Nip.sMnp5)xCo1x]O2 (0.4 < x <1)
over LiCoO,. This may be caused by the higher bond enthalpies for Mn-O than for Co-O
and Ni-O (listed in Table 5.3). This could make the release of O, more difficult, which
would increase the thermal stability of the positive electrode materials containing Mn,
such as LiMn,O4 and Li[(Nig sMng 5)xC01x}02 (0.4 <x <1).

The capacity leap if metal alloys are used as negative electrode materials in
lithium-ion cells gives further urgency in the search for high-capacity positive electrodes
in order to balance the capacities of the electrodes in the cells.
Li[(Nig.sMng s)xCoy(Li1sMny5),J02 (x + y + z = 1) samples having a composition
between 1/6 < z < 1/3 and 1/12 < y < % show a discharge capacity over 200 mA h gl
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which is about 50% higher than LiCoO; (around 140 mA h g”, 42 V). However, this
improvement is not enough compared to the high capacity of metal alloys, up to 3500 mA
hg'.

The general route to attaining the highest capacity of a positive electrode material
is to utilize all the possible oxidation states of a compound during the reaction with Li.
Tarascon proposed nanoparticles of transition metal oxides (MO, where M is Co, Ni, Cu,
or Fe) as negative electrode materials [167, 168]. During the charge/discharge process,
the following reaction occurs:

2Li" +2¢ + MO < Li;O + M. [7-1]

Such materials show a high specific capacity of up to 700 mA h g"'g and good cyclability
(nearly 100% capacity retention after 100 cycles). The output voltage of reaction [7-1]
can be improved by using metal fluorides (MF) instead of MO [169, 170]. Badway and
Amatucci [169, 171, 172] cycled carbon-metal-fluoride-nanocomposites containing FeF;
and achieved a high capacity of up to 237 mA h g’ between 2.5 V and 4.5 V. Such
materials after charging are believed to be very safe, since there will be no oxygen
released at high temperatures. It will be interesting to check this out.
5. Full lithium-ion cells. This thesis shows that Lig g;Cs, Li7TisO12, and FePOj electrodes
present high thermal stability in LiBOB based electrolyte. Therefore, full lithium-ion
cells, graphite or LisTisO1»/LiBOB EC:DEC/LiFePQy,, should have high tolerance to

thermal abuse. It will be very exciting to do abuse tests of such cells.
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