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ABSTRACT

The electrochemical behaviour of high temperature Li-Al/LiCl, KC1/

cobalt oxide cells was investigated.

Powder X-ray diffraction techniques were used for the qualitative
analysis of the phases generated during charge and discharge of the

cells.

At an operating temperature of 420 ©C, maximum discharge capacities of
up to 546 mA-h/g of cobalt oxide were recorded during the early
charge/discharge cycles. Cell performance deteriorated with further

cycling due to:

a) an instability of the cobalt oxides in the electrolyte and

b) dispersion of the discharge product, Li,0 into the electrolyte.

During discharge, Co30y was reduced via Co0 to Co metal. If excess
Lio0 was added to the cathodes, Co0 was oxidized to Co304 on charging
and further oxidation of Co304 oave rise to an unstable compound with
postulated formula LipyCo20344 for x » 0. Co0 was the most stable
cobalt oxide phase in the molten LiCl, KCl electrolyte.

An 1investigation of the chemical and electrochemical .lithiation of
Co30y at ambient temperature was also carried out. A compositional
range of 0'< x < 2 has been established for Li,Co304. Powder X-ray
diffraction data of Li,Co30y indicate that the [Coy )0y subarray of
the spinel structure remains intact. The A-site Co%+ ions are dis-
placed.to empty octahedral positions to give a rocksalt phase LiCo30y -
at x = 1: the Li+ ions in excess of x = 1 are located in tetrahedral

sites.



CHAPTER 1
INTRODUCTION
1.1 SUMMARY

In this chapter the history of battery research is briefly reviewed.
Existing electrochemical systems are discussed, the emphasis being
placed on battery systems which have electric vehicle and electrical
energyvstorage applications. A number of the more promising battery
systems are described and a section is devoted to a review of the
development of secondary high temperature cells. A discussion of
ambient temperature lithium cells for low power applications follows
and the structures of several transition metal oxides that have
received considerable interest as cathode materials for these cells
are described. The spinel and rocksalt structures are discussed in
some detail and their relevance to "solid solution" electrodes stress-
ed. Finally, the investigation of lithium/cobalt oxide cells is

Jjustified.



1.2 GENERAL

Until 15 years ago, the battery market was dominated by the recharge-
able or secondary lead-acid battery and the primary, disposable zinc-
carbon (Leclanché) dry cell. Since then there has been an intense
international effort to- develoe alternative battery systems with
improved electrochemical parameters, such as energy ‘density,' power
generating capability, cycle life, active- and sheif—life etc. This
renewed interest in battery research has been brought about by three
main factors. Firstly, the 'oil crisis' of the 1970's precipitated a
search for alternative forms of energy to those based on fossil fuels
for electric vehicle propulsion and off-peak electrical energy
storage. Both these applications require secondary batteries which
provide a high current drain in the mA/cm® and even A/cm? range.
Secondly, the expanding microelectronics industry has necessitated the
development of miniaturized batteries which require a much lower cur-
rent drain e.g. in the'uA/cm2 range. Thirdly, the NASA space program-
mes have required high integrity power sources which has led to the

development and optimization of alternative battery systems.

Although the revival in interest in electric.vehicles arose mainly out
of concern over atmospheric pollution caused by petroleum-powered
vehicles, it was the '0il Crisis' of 1973, reminding the World that
fossil fuels are exhaustible, which enhanced this interest and
Strengthened the case for electric vehicles [1,2,3]. In 1977 the West
German Institute.for Geophysics and Raw Materials carried out a study
[4] which concluded that world fossil fuel resources would be exhaust-
ed by 2080 and it is now obvious that shortages of liquid fuels will
be one of the most serious energy problems facing the world during the
next few decades. It will be possible to alleviate this problem to
some degree by developing smaller, more efficient vehicles and by pro-
ducing synthetic fuels from coal or biomass and reducing non-essential
travel. However, none of these offers a real or long-term solution to
the problem [5].



The other important application envisioned for sécondary batteries is
that of a storage medium for load-levelling in electric power genera-
ting plants [5,6,7,8]. Advanced batteries could enable electric
energy to be stored during off-peak demand to smooth the generating
load [7,8].

With the ‘rapid expansion of the microelectronics industry in recent
years, there has been considerable  interest in the development of
miniaturized batteries, particularly lithium batteries [9]. Most of
the currently available systems are primary batteries that are pre-
sently being used for a rumber of applications, which include cardiac
pacemakers, inertial navigation systems, watches and calculator power
sources. Many of these batteries also play a host of military roles,
for example, in munitions fusing and portable communications. It is
therefore not surprising that the military demand for batteries has

strongly influenced research in this field.

A battery converts the chemical enerqy that is stored in the electrode
materials directly into electrical energy. As a battery digcharges,
electrons released from the anode, where an oxidation reaction occurs,
are transferred via the external vcurrent to the cathode which is
reduced. Mobile 1ions 1in the electfolyte transfer the positive or
negative charge from one electrode to the other thus completing the
electrical circuit (Figure 1.1). The generation of energy can be
requlated by controlling the rate at which the electrochemical
reaction occurs, 1i.e. by controlling the rate at which electrons are
released to the external circuit. In a secondéry battery the electro-
chemical reaction is reversible and the battery can be recharged.
However, primary batteries, such as the Leclanché dry cell, are dis-
carded after use. Such "disposable" batteries are costly and the hunt
is now on for alternative materials that can be used in sécondary bat -

teries for both low- and high-power applications.

The requirements for each battery application are samewhat different.
" In all cases a battery is required with a high specific eneray density
(Watt-houf/kg of battery mass), but in the case of electric vehicles,

an additional requirement is high specific power (Watt/kg of battery
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mass). High specific energy is necessary for compact energy storage,
whereas a high specific power is dictated by the need for a vehicle to
have acceptable acceleration and top speed. The Chapman report [10]
suggests that batteries for electric vehicles with energy densities
greater than about 80 Watt-hour/kg are required to give the vehicle a
range of between 200 and 250 km. There are many vérying proposals as
to the requirements necessary for a vehicle to be acceptable to the
public, but those proposed by Arthur D Little, Inc. for 6 common types
of vehicle (Table 1.1) are aenerally taken to be realistic for trans-
port applications in most developed countries [11]. From Table 1.1 it
can be seen that city cars,‘vans and buses require energy and power
densities in the region of 50-180 Watt-hour/kg and 60-130 watt/ka
(peak) respectively. The private family car requires a battery of high
specific power (~ 200 watt/kqg peak) to provide sufficient acceleration
and hill-climbing capability, and a high specific energy (>150 watt-
hour/kg) to give the vehicle a practical range of about 200-300 km.



TABLE 1.1

Specifications for electric car power sources

t Small City | Delivery | Delivery | City | Family
utility | car van trudk Bus car
car
Energy dersity (Wh/kg) 36-70 § 50-100 | 60-120 60-100 -y 60-180 { 150-300
Pedk power cersity (W/g) 60-80 70-110 | 80-130- 60-120 | 60-90 140-250
Cycle life 1 000 deep discharge cycles

Among the factors affecting the specific energy are electronegativity
and equivalent weight. The elements having the lowest electro-
negativity are those of groups IA and IIA of the periodic table, viz.
the alkali and alkaline-earth metals. These elements are the most
suitable for use as anodes since, as indicated by their low electro-
negativities, they surrender their electrons more readily than other
elements. The elements with the highest electronegativities are found
in groups. VIA and VIIA, viz. the chélcogens and the halogens. These
elements have the greatest affinity for electrons and are therefore
most suitable for use as cathodes. This large difference in electro-
negativities provides a relatively large cell voltage. However, since
low equivalent weight is also a prerequisite for high specific energy,
the elements occurring early in the periodic table are the most
desirable [12,13].

Specific power is improved by minimizing the electronic and electroly-
tic resistances of the cell and by operating the cell at elevated

temperatures, which increases the exchange-current density [1,12,13].

More than thirty electrochemical systems have been suggested as poten-
tial candidates for electric vehicle bafteries, but many of these can
be eliminated on account of the large quantities of rare materials
which they require. The remaining fifteen to twenty systems each pos-

sess.major barriers to commercialization and only a few of the battery



candidates show some promise of being successfully developed and com-
mercialized [5]. Most elecfric passenger vehicles being tested today
operate on the lead-acid eystem, but even with great improvemente in.
~ both battery performance and vehicle design, the lead-acid powered
vehicles will not provide the privete driver with the speed, accelera-~
tion and range that he has come to accept from petroleum powered -

vehlcles.

1.3 "REVIEW OF EXISTING ELECTRDGHEMICAL.SYSTEMSﬁ‘

= b

1.3.1 quh Energy Dens1ty/H1gh Power. Dens1ty Systems for: Electric

Veh1cles and Energy Storaqe o
‘At present, a great deal of international reeeerch is beinq carried
-out on a fairly”lerge number  of electrocnemical systeme.».A summary of
likely performance figures of some of 'the moSt commonly studled
systeme is given in Figure 1.2 [14]. It is 1mportant to note that

none get within a factor or two of the internal combustlon engine.

The most'promising eleotrochemioal systemsjfor the near term (10-15

years) include:

i) Lead-acid
ii)  Nickel-zinc

iii) Nickel-iron

These systems are already in use, or are close to commercialization.
Battery . systéms which show some prom1se, but which still require a
great deal oF research and developmental work include such systems

‘as:

i)  zinc-chlorine
ii)  sodium=-sulphur

|iii)  lithium-metal sulphide

Current oerformanoe figures qu “these systems are summarized 1in
Table 1.2. ' ' o
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Figure 1.2 : '
This figure was presented by General Motors at the Electric
Vehicle Conference in Philadelphia (October 1978)

1.3.1.1 Lead-acid battery

The lead-acid battery has been used for electric traction for over a
hundred years and is the most widely used secondary electrochemical
system today [3,5]. The lead-acid cell in the charged state consists

of a lead (Pb) anode, a lead dioxide (Pb02) cathode and an electrolyte
solution of sulphuric acid {7]. The overall cell reaction is:



T ti. te

Candidate electric vehicle batteries

Battery Current performance
System Electrolyte Temp. Open- Energy Energy Power Cycle Depth of
(ec) circuit density density {Peak) Life discharge
voltage (theoretical)
V) (Watt-hour/kg) | (Watt-hour/kg) | (Watt/kg) (%)
Lead-acid H,S0,, 20-30 2,05 17 22% 50 700+ 90
Lead-acid H,S0,, 20-30 2,05 17 30% 50-100 500+ 60
(improved) ' ‘
Ni-Zn KOH 20-30 1,706 321 66%* 150+ 400+x%x 65
Ni-Zn KOH 20-30 . 1,706 321 45-65%* - 1 200+ -
(vibrocel) .
Ni-fFe KOH 20-30 1,370 267 55%* 50-100 1 500+ 90
In-Cl y+6H p InCl1, 50 2,12 465 110-151+++ 88-132+++ 400+ -
Na-S B-Al 04 300-375 | 1,76-2,08 664 180+ 220+++ 300+ 60
Li/Al-FeS, LiC1-KC1 400-450 1,8 625 T0%% %%k 50%** 250+ 50
(eutectic)
Li/Al-FeS LiC1-KCl 400-450 1,6 869 40-60%** - 600+ 50
(eutectic)

* At 1-hour rate
** At 2-hour rate

**%Cell only

H+projected figures

Cycle life depends on a number of factors, including depth of discharge, rate of charge and discharge, temperature and
amount of over-charge. This information is rarely provided in full, but lifetimes given in Table 1.2 are for batteries

and cells operating under deep discharge cycleé required in electric vehicle applications.



discharge -
Pb + 2H250y + Pb0y ==—=——o==2 PbSOy, + 2H0 + PbSO,
: charge

During the reaction, the electrodes remain solid, because lead, lead
dioxide and lead sulphate are all relatively insoluble in sulphuric
acid [1].

The lead-acid system has an open-circuit potential of approximately
2,05 V and a theoretical energy density of 171 Watt-hour/kg [1,5,13]
(see Table 1.2). However, at present the energy densities actually
achieved from conventional lead-acid batteries are around 22, 29 and
34 Watt-hour/kg at the 1-, 2- and.5—h0ur rates, respectively, i.e. the

achievable energy density is dependent upon the discharge rate.
There are however, a number of drawbacks to the lead-acid system:

i) low energy density,
ii) slow recharging time,
iii) corrosion of the grid structure supperting the active mate-
rial,
iv) the need for careful maintenance of the electrolyte; water
must be added to make up that lost by electrolysis, and self-

discharge reactions.

The development of 'advanced' lead-acid batteries would in fact

require one or more major technolegical break-throughs [5].

1.3.1.2 Nickel-zinc battery

Nickel-zinc batteries have been greatly improved over the last few
years.-and as a result, this system has emergéd as one of the leading
contenders for transbortation applications in the near-term. However,
before nickel-zinc batteries can become commercially viable, they must
be able to provide a considerably greater number of charge-discharge
cycles. This appears to be the only remaining major problem to their

successful development [5].
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In the nickel-zinc system, zinc acts as the anode, the nickel'cathode
is in the form of NiOOH and the electrolyte is typically 30-35% KOH

[1,5]. The overall cell reaction is:

discharge

2 NiOOH + Hy0 + Zn ===—=—==> 2Ni(0OH), + Zn0
charge

This system has an open-circuit potential of 1,706 V and a theoretical
energy density of 321 Watt-hours/kg [1,13] (see Table 1.2). Batteries
have been built with energy densities at the two-hour rate of 66,0,
44,4 and 40,1 Watt-hours/kg by Yardney Electric Corporation, Deutsche
Automobilgeseltschaft (DAUG) and AGA Innovation Centre (Sweden),
respectively [1].

In spite of the high theoretical and practical energy density of the
nickel-zinc battery, it has a short cycle life and this is its main
drawback. The short cycle life is due to the fact that the discharge
product Zn0 is partly soluble in the electrolyte resulting in shape
changes of the electrode structure. The solubility of Zn0 also
results in dendrite formation at the zinc anode during chafge and in

electrode densification.
Other problems found in this system include:

i) nickel electrode cost
ii) mass-production
iii) hydrogen liberation at the negative electrode
iv) separator stability

v) temperature control

General Motors has aﬁnounced its intention to produce a nickel-zinc
electric car for sale to the public by the mid 1980's, but.this is on
the assumption that a solution to the lifetime problem is found very

soon.
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1.3.1.3 Nickel-iron‘battéry

Thomas Edison developed the nickel-iron battery in 1901 [5,13] and it
was the most prominent secondary battery in industrial use until the
1920's. The nickel-iron battery is still widely used in Russia, but
in many countries it has been almost entirely displaced by the lead-
acid battery. However, recent advances in the system have revived
interest in this battery.

The nickel-iron battery has an anode consisting of finely divided iron
and a cathode consisting of finely divided, hydrated nickel peroxide.
The electrolyte is KOH. The negative iron electrode is oxidized in
two steps during discharge of the cell. Firstly, iron is oxidized to
the ferrous ion. This is followed by oxidation of the ferrous to the
ferric ion. Discharge of the cell is therefore characterized by the

two reactions:

. discharge )
Fe + 2NiOOH + ZH70 =—==——===Fe(0H) + 2Ni(OH)
charge : ‘

discharge

Fe(OH), + NiDOH + Hp0 o———=——=—=Fe(OH); + Ni(OH);
v charge

discharge
Fe + 3NiOOH + 3H,0 ==————==2Fe(0H3) + 3Ni(OH),
. . charge

In recent years developers of this system have concentrated on the

utilization of the upper plateau reaction only [5].

The nickel-iron system has an open circuit potential of 1,370 V [1,13]
and a theoretical energy density of 267 watt-hours/kg (see Table
1.2). Matsushita Electrical Industrial Company in Japan achieved 82,5
watt-hours/kg at the 5-hour rate with nickel-iron batteries tested in
vehicles, while in Germany, Varta obtained 50 watt-hours/kg at the
‘S-hour rate. Westinghouse in the USA has achieved 44-55 watt-hours/kg
from these batteries at the 2-hour rate [15].
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The nickel-iron battery has a number of attractive qualities; it is
the only system among the major contenders that has exhibited rugged-
ness and long life [5,13] (it has achieved between 1 500 and 2 000
cycles [1]), the system is virtually fool-proof electrically, little
damage being incurred by deep discharge, short circuiting and over-
charging. Furthermore, the bétteries can be stored for long periods

without corrosion or deterioration.
The major shortcomings of the nickel/iron system include:

i) high initial cost
ii) mediocre energy density
iii) poor high rate capability
iv) low cell voltage ,
v) poor performance at low temperatures (i.e. at ~ 0 °C)
vi) bulkiness
vii) substantial self-discharge

viii) hydrogen gassing during charge

The nickel-iron battery is, however, a maior contender for use 1in

electric buses and trucks [5].

1.3.1.4 Zinc—chlorine battery

The zinc-chlorine battery has long. been recognized as offering high
energy‘and low cost, but until fairly recently was not exploited due
to the difficulty in chlorine management [5]. The principle developer
of this battery has been Eneragy Deyelopmént Associates (EDA). The
qnique feature of the EDA battery is the storage of chlorine as the

solid chlorine hydrate by refrigeration-below 9,6 °C [1,5].

The zinc-chlorine battery has an electrolyte consisting of an aqueous
solution of zinc chloride and operates at a temperature around 40-
S0 °C. During charge, zinc is deposited on the negative plates of the
battery and chlorine gas is generated at the positive plates. The
circulating electrolyte replenishes the zinc'chloride and removes the
chlorine which is cooled and stored externally as chlorine hydrate

[1,5]. The cell reaction 1is:
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discharge
Zn + Clo* 6HL0 #Zn[:lz + 6H-0
charge

The zinc-chlorine system has an open-circuit potential of 2,12 V and a
‘theoretical energy density of 465 watt-hours/kg (see Table 1.2). The
present specific energy'obtained from a zinc-chlorine battery is about

75-85 watt-hours/kg.

This battery offers very attractive possibilities as an off-peak
energy-storage device and a great advantage in its favour is that the
raw materials required for its manufacture are both inexpensive and

readily available.

Disadvantages of this system include:

i) complexity of the system
ii) loss of energy efficiency due to the refrigeration and pump-
ing systems
iii) lack of suitability for electric vehicle applications due to

its intrinsic bulkiness and séfety problems

There is however, 1little doubt that zinc-chlorine  batteries with
specific energies of about 100 watt-hour/kq and service lifetimes pos-

sibly greater than 5 years will be developed.

1.3.1.5 Development of secondary high temperature cellé

In order to maximize the specific power of an electrochemical cell,
the electronic and electrolytic resistances of the cell must be mini-
mized. This can be done by selecting electrolyte matefials of high
ionic conductivity and electrode materials with high electrical con-
ductivity. This can also be achieved to some extent by optimiiing the
cell design. The largest contribution to the internal resistance of
electrochemical cells is usually made by the electrolyte [12]. As a
result, it is essential to minimize the resistance of an electrolyte
to maximize the specific power. This can be achieved by the use of
fused-salt elegtrolytes, which have far lower resistivities than

aqueous or organic solvent electrolytes [1,13]. Unfortunately, fused-
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salt electrolytes necessitate operation of the cell at a temperature
above the melting point of the salts and this is usually well above
100 °C and sometimes as high as 650 °C. Operation at these elevated
temperatures has the added advantage of increasing the exchange cur-

rent densities (rates of the electrode reactions).

Unfortunately, operation at these high temperatures poses a number of
problems, in particular with materials and seal degradation. Melting
of the electrolyte salts causes large increases in volume, which poses
a design problem, while the necessity of heating the battery prior to

use, poses an operational problem.

(a) Sodium-sulphur battery

It was the discovery of very high sodium ion mobility above room
temperature in sodium B-alumina by Weber and Kummer at Ford in
1967 [16] that led to the concept of a sodium-sulphur battery
with a solid electrolyte operating at elevated temperatures
[17,18]. As a result, the sodium-sulphur cell is the only cell
discussed here under the secondary high-temperature battery sys-

tems which does not hﬁve a fused-salt electrolyte.

B-alumina has a layer structure as shown in Figure 1.3. Four
layers of close-packed oxygen atoms contain - four-fold and six-
fold co-ordinated aluminium in an atomic arrangement analogous to
that = found in spinel, MgAl;04. The formula of B-alumina,
Nap0e+xAl,03 where x is in the range 8 to 11, is not compatible
however, with an infinitely extending spinel structure. A
deficiency of aluminium results in every fifth layer of oxygen
atoms being only one-quarter filled and it is in this partially

empty layer that the sodium ions are found [19,20].

The wunusual electrical properties of p-alumina were only dis-
covered recently by Weber and Kummer, although the crystal struc-
ture was essentially solved many years earlier [21]. When the
electrical conductivity at 300 °C was measured, it was realized
that the current was carried exclusively by sodium ions and not

by electrons.
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Figure 1.3:

The B-alumina structure. The densely populated close-packed
"spinel blocks' containiﬁq aluminium and oxygeh ions sepa-
rate the mirror planes which contain the mobile sodium
ions. The density of oxygen atoms in the mirror planes is
only one-quarter of that in the spinel blocks. The separa-
tion between mirror planes is just over 11 A.

In terms of the requirements of high energy/high power density,
the sodium-sulphur cell is most attractive. Since the active
materials, sodium and sulphur, ére both ligquid at the operating
temperature (300-375 °C), the solid B-alumina electrolyte physi--
-cally separates the molten electrodes and at the séme time allows
transport of Na* ions from one electrode to the other durina
charge and discharge of the cell. The sodium-sulphur cell is
made up of a tube of B-alumina containing a liquid sodium anode
and surrounding this, an annulus of graphite felt loaded with
liquid sulphur which serves as the cathode [1,5,7,12,22]. The
graphite felt 1is necessary to provide current collection atvthe

cathode since sulphur is not electronically éonducting.
The cell reaction can be written as:

discharqge
T .

xNat + xe~ + yS —=—=——=== NaySy [12]
: charge
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However, the reaction mechanism of the sulphur electrode is quite
complex. For the first 60% of discharge, sulphur is converted to
sodium pentasulphide (NasSs), which is immiscible with sulphur.
The open-circuit voltage of the cell is constant at 2,08 V
throughout this stage as the cathode is two-phase. Further dis-
charge results in the transformation of NajSs tola single-phase
polysulphide with a composition between NazS3 and NazSp 7 at
360 °C. For the single-phase region, the open-circuit voltage
falls continuously to 1,76 V and then remains constant as solid
Na»So, begins to separate out in the melt. In order to keep'all
the phases liquid throughout the compositional range, the sodium-
sulphur cell must be operated between 300 and 375 °C. The dis-
charge curve of a sodium-sulphur cell under load is depicted in

Figure 1.4.
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Figure 1.4:

Charge discharge behaviour of three Na-S cells with a cur-
rent density of 80 mA/cmz. Cell 1: Cathode chamber filled
with carbon felt and sulphur. Cell 2: Cathode chamber fill-
ed with graphite felt and sulphur: vertical channels free
from felt at the electrolyte tube. Cell 3: Cathode chamber
filled with graphite felt and sulphur + 0,8 at.% Se + 0,8
mol.% 8,53 [7].
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The sodium-sulphur cell has a theoretical energy density of about
750 watt-hours/kg which makes this system particularly attrac-

tive.

Although this cell is in an advanced state of development, there
are a number of technical problems besetting this system, the

major ones being:

i) difficulty in the manufacture of B-alumina
ii) limited durability of the f-alumina tubes
iii) safety - in the event of tube failure, there would be a
violent reaction between molten sodium and sulphur
iv) corrosion of cell components by the sodium poly-

sulphides at the cell operating temperature [23].

Lithium-aluminium/iron sulphide battery

The lithium-aluminium/iron sulphide battery is currently under
development at the Argonne National Laboratory in the USA. Iron
sulphide has been investigated as a positive electrode material
[1,5,7,8,24] mainly as a consequence of the failure to develop
high-temperature lithium cells due to the high wvolatility of
elemental sulphur. The problem of containing the sulphur elec-
trode was circumvented by employing a solid iron sﬁlphide elec~-
trode (either FeS, or feS). The electrolyte of this battery is a
molten salt consisting of a eufectic mixture of LiC1/KC1 that
melts at 352 °C. Elemental lithium is also molten at the opera-
ting temperature of this battery (450 °C), but this can be
immobilized by alloying it with aluminium to form a solid elec-
trode without incurring too much loss in lithium activity. When
FeS2 is the active cathode material the battery discharges in two

stages according to the following reactions:

) discharge )
2Li (alloyed with Al) + FeS; =————=—==FeS + Li5 [25]
charge

) . ' discharge ) .
2Li (alloyed with Al) + FeS w=—=———==Fe + LipS [26]
charge

discharge )
4Li (alloyed with Al) + FeS, é—_:_——\f'—e + 2LipS
charge
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The use of lithium~aluminium alloys and iron sulphide electrodes
has resulted in the development of practical cells delivering
energy densities of ~ 70 watt-hours/kg at the 2-hour rate and
peak densities of ~ 50 watts/kg and having lifetimes of 200-250
cycles. Argonne National. Laboratory's lonag-term target energy
density is 175-185 watt-hours/kg at the 4-hour rate and the tar-
get power density is greater than 100 watts/kg af S0% discharge.
The upper voltage plateau occurs at 1,6 V and the lower at 1,3 V.

Unfortunately, a number of problems are encountered with the
lithium-aluminium/iron sulphide system. The iron sulphide elec-
trode suffers Frdm excessive swelling of the positive electrode
[8].v Furthermore, the upper plateau reaction is not completely
reversible and this has cast doubt upon the potential usefulness
of the Li-Al/FeS, system [14]. ‘

" Another problem encountered with iron sulphide electrodes 1s due
to a reaction that occurs between the iron sulphide and the
potassium ions of the LiCl-KCl electrolyte to form a Li-K-Fe-S
compound, designated the J-phase [1,14,27]. This reaction causes
high polarization, which results in low utilization of the active
material in the positive electrode. The addition of CusS to the
FeS electrode modifies the J-phaseé [1,28] and reduces the polari-
zation of the electrode, thereby resulting in a high utilization

of the theoretical capacity [1,29].

Lithium plating during charge is another source of problems in
. the Li-Al/FeS; cells. This produces dendritic growth which even-
tually results in short-circuiting of the cell [14]. In addition,

expensive materials are required as electrode separators [1].

In order to improve the electrical éonductivity of the iron sul-
phide electrode, current collectors must be added to obtain a
better utilization of the active material at high current rates.
Unfortunately, this creates yet another problem, since most com-
mon metallic electronic conductors react with metallic sulphides

at elevated temperatures. Only graphite and molybdenum have been
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found to be stable in the cell environment. Molybdenum, however,

is too scarce and expensive to make it commercially attractive

[14].

There are a number of problems hindering the successful develop-
ment of this battery, but it has emerged as one of the most prom-
ising intermediate-term batteries for electric vehicle propul-

sion.
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Iron oxide cathodes

Transition metal oxides are attractive alternatives to their
sulphide counterparts because of their less corrosive nature
[30]. Furthermore, transition metal oxides offer higher electrode
}capacifies on account of the lower mass of oxygen compared to
sulphur [31].

Lithium-aluminium/iron oxide systems'have been investigated using
a-Fep03 and Fe30y cathodes [31}. These systems were tested using
a cell design similar to that of the FeS; system described above:
the electrolyte was the molten eutectic salt, LiCl1/KCl. These
systems were found to operate reversibly at 420 °C. In general,
cells with a-Fe203 and Fe30y cathodes exhibited similar discharge

characteristics. In view of a report [32] that lithium can be
incorporated into a-Fey03 at'ambient temperature, the structural
characteristics of cathodes.in high temperature Li-Al/LiCl1l, KC1/
a-Fe203 cells were investigated recently [33}. It was found that
if the reaction were characterized by a continuous insertion of
lithium into, and iron extrusion from, the cubic-close-packed
oxide lattice of Fejp03, it would be possible to characterize
every phase of the cathode during the reaction by the compound
LixFeg_x/303 for 0 < x < 6. The reaction sequence could then be

represented by:
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: o
a-Fes03(h.c.p.) _M y-Fes03(c.c.p.)

I 3 0,375 Li
Lio’375Fe1’37503(LiFe508) + 0,125 Fe
II x 1,125 Li
Liy, sFey, s03 (LiFeOy) + 0,375 Fe
111 ? 2,250 Li~
Liz 7sFeq, 7503 (LisFeOy) + 0,75 Fe
IV t 2,250 Li
3Li,0 + 0,75 Fe

This is the reaction sequence proposed by Godshall et al. [30] in
a study of the ternary Li-Fe-0 system at 400 °C assuming that
thermodynamic equilibrium is always attained during each stage of
the discharge reaction. '

Three features of this reaction sequence should be highlighted:

i) during discharge, lithium is inserted into, and iron
extruded from a cubic-close-packed oxide lattice; this

process is reversible. .

ii) for 0 < x < 1,5, lithiation of Y-Fe203 (spinel) to
yield a-LiFe0, (rocksalt), via LiFes0g (spinel),
results in complete occupation of the octahedral ‘sites
of the structure. During the transition from spinel to
rocksalt the unit cell volume decreases by 1%. During
the transition a-LiFeO; to Liy0 (antifluorite-type
structure), cations migrate from octahedral to tetra-
hedral interstices: the increase in volume associated

with this transition is massive (36,41%)*.

iii) the limited solubility of the lithium-iron-oxide phases
in the molten LiCl/KC1 electrolyte accounts for the
good coulombic efficiencies and lifetimes reported ear-
iier for this type of cell [31]. It is only on deep
discharge, with the generation of Lis0 and 1its slow
dispersion into the electrolyte, that a gradua; deteri-

oration in cell performance occurs.

*Note: Detailed descriptions of the spinel and rocksalt structures are
given later in Sections 1.4.2 and 1.4.3.
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Although the Li-Al/LiCl, KCl/a-Fe;03 system has a relatively low
average operating voltage (~ 1 V), it still offers a hich energy
density (~ 400 watt-hours/kg) based. on the masses of the elec-
trode materials only. This energy density can be achieved for
many months of continuous cycling, provided that the cells are
not discharged too deeply. One disadvantage of this system is its
power capability, which is significantly inferior to the Li-Al/
FeS; system. The experiments do, however, indicate that transi-
tion metal oxides/sulphides having a spinel or rocksalt struc-

ture, can be effectively used in high temperature lithium cells.

1.3.2 Ambient temperature lithium cells for low power applications

The reaction of lithium with most solid inorganic compounds that might
be considered for use as cathode materials, involves either a dis-

placement reaction such as the hypothetical one shown below:
. 2M09 + 2Li ——> M03 + Lio0
or a lithium insertion reaction characterized by:

xLi + MJ; ———> Li M0,

Displacement' reactions invelve extensive bond breakage, atomic
reorganization and formation of new bonds, which in many cases are not
revérsible. However, one type of reaction which is generally reversi-
ble 1is thé intercalation reaction. An ideal intercalation reaction
involQes the insertion of a. guest species into a host lattice with
minimal structural rearrangement of the host [2,6,7,34,35]. Although
there is no bond breakage within the host during an intercalation
reaction, the bonds may be slightly perturbed, as for example when a
slight expansion of the host structure occurs. Reactions similar to
intercalation reactions, which also .depend on the structure of the
host, but in which larger structural modifications, such as bond
cleavage, occur, are termed topotactic or topochemical reactions.

These reactions may, or may not, be reversible, depending on the spe-
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cific nature of the structural changes. Unfortunately, the terms
intercalation, topotactic and topochemical are often used interchange-
ably, whereas 1t would be more accurate to include these terms under

the broader term of insertion.

It has been found that many transition metal oxides and sulphides can
reversibly accommodate hydrogen or alkali-metal ions into their struc-
ture over a wide range of solid solution and are therefore of interest
as possible cathode materials in batteries [36]. Such electrodes are

commonly called "solid-solution electrodes".

Such insertion/extraction reactions with a host matrix at ambient
temperatures are not only -of technical interest, for example in bat-
tery research, but are also of scientific interest. Scientifically,
such reactions permit low-temperature synthesis of compounds that may
be 1naccessible by high-temperature - techniques. In particular,
unusual formal valence states and/or ionic ordering may be realized
[37]. Low temperature lithiation can be readily achieved electro-
chemically [38] or chemically by use of n-butyllithium [39].

From a technical viewpoint, the amount of power that can be delivered
by an electrochemical system is determined by the rate of ionic trans-
port in the énode, cathode and the electrolyte. It has only recently
been appreciated that the reversibility and rate of a chemical
reaction in a lithium cell are greatly influenced by the structure of
the cathode before, during and after the reaction. The appreciation
of this structure-property relétionship has. led to research into a
number of transition metal oxides and transition metal chalcogenides
which possess particularly unusual and interesting crystal structures
[30,38,40,41,42,43,44] in an attempt to find improved cathode mate-

rials.

Several transition metal oxides and sulphides that have received con-
siderable interest as cathode materials for ambient temperature lith-
ium batteries, will be discussed in this section. Particular emphasis
will be placed on the structural characteristics of the oxide cath-

odes. These will include:
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i) TiS,
ii) LiCoO,
iii) ReOj ‘
iv) the vanadium oxides, V305, VgOj3 and VO,
v) W03 v ‘
vi) B-Mn0O,
vii) y-MnO,

viii) spinel electrodes
a) Fe304
b) Mn30y and LiMno04

1.3.2.1 TiSy

The possibility of insertion compound electrodes for non-aqueous
ambient temperature secondary batteries of high specific energy and
power was first demonstrated with the Li/TiS; cell in 1976 [38]. Lith-
jum was reversibly inserted into and extracted from a TiS; cathode,
LiyTiSy over the compositional range 0 € x < 1. TiSp is considered
highly attractive for use as a cathode material in lithium batteries

because it possesses a .number of desirable properties [45], namely:

i) a high free energy of reaction, i.e. a large AG

ii) a small variation in free energy change during reaction
iii) 1little structural change on reaction

iv) high reversibility of the chemical reaction

v) a good electronic conductivity

vi) high diffusivity of lithium ions 1in the structure

vii) no solubility in common electrolytes, _

TiSo, consists of layers of sulphur-titanium-sulphur sandwiches, be-
tween which there is no chemical bonding but only weak Van der Waals'
bonding (see Figure 1.5). Therefore, lithium ions can be _read%ly
inserted between these layers into the "Van der Waals' gap" without
radically alterina the overall structure [38]. The lithium and tita-
nium ions reside in alternate layers. In‘LiTiSZ the lithium and tita-
nium ions occupy all the octahedral interstices of the structure in
alternate layers of the close-packed sulphur lattice [46]. Lithium

insertion is accompanied by an expansion of the '"c" unit cell axis.
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Figure 1.5:
Structure of TiS; looking down the B axis. The atoms are all in the

same plane [38]

The intercalation and de-intercalation of lithium with TiS; has been
accomplished more than 600 times [a7], indicating that true intercala-
tion reactions can form the basis of secondary batteries. Such TiS5,
cells have been manufactured as small button cells for watches, but
before large lithium batteries can be made commefcially available,

safe high-rate electrolytes have to be found.
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1.3.2.2 Li€Co0j

LiCoO2 1s a layered transition metal oxide which has the CdCl,-type
structure [48,49] in which the anions form a close-packed pseudocubic
array. The Li* and Co3+ ions reside in octahedral sites in alternate

layers formed by the anion lattice as shown in Figure 1.6.

Figure 1.6:

Schematic diagram of the LiCo0, structure [48]

Mizushima et al. [48] have investigated the electrochemical extraction
of lithium from LiCoO; at room température to form Li,Lo0y (0 < x <
1). They found that pfeliminary voltage-composition curves showed low
overvoltages and good reversibility over a large rance -of x. It was
also demonstrated that during lithium extraction the Co02 sublattice

remained intact.
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1.3.2:3 Re03 and related structures

A class of compounds that is very interesting as potential hosts in
practical rechargeable cells is formed by those based on the Re(3
structure. The Re03 structure consists of octahedra extending in all
three directions through corner sharing only. This type of connection
produces cavities in the structure which, as noted by Murphy [6 50]

are perovskite-like. The mineral, perovskite, CaTiO3, has a structure
in which the oxide ions and the large cations (Caz+) form a cubic
close-packed array in which the smaller cation (Ti“*) occupies those
octahedral interstices formed exclusively by oxide ions as shown 1in
Figure 1.7. Figure 1.8 shows how the octahedra in the ReOj structure

may generate this perovskite-like cavity.
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Figure 1.7:
The perovskite structure [39]

Connection of the square faces of the cavities produces channels which
run in three perpendicular directions and are expected to ensure fast
Li+ mobility. However, it has been demonstrated that cubic Re03, on

acceptance of more than one Li*/mole, turns to rhombohedral LiReG3 and
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Figure 1.8: ‘
Perovsklte like cav1ty of ReB3}

L12Re03 phases [51 52]. This transfefﬁetién eCcountS”Fef'the slow
electrochemlcal Li* uptake/removal and has been explalned on the basis

of a twisting of the ReO3 lattice about the shared corners. This twist

transforms a 12- coordinate cav1ty into two 6—coordinate octahedral -

cav1t1es sharlna faces. It is only the extreme Flexlblllty of this
structure, 1n Wthh the bu1ld1nq units are only corner shared, that
make the occurrence of this: 'tw1st1ng phenomenon feasible. By intro-
ducing edge sharlng into the structure,:tw1st1ng may be largely con-
vtrolledﬂ althouah the directions for L1+ d1Ffus1on .are’ then reduced
froﬁ 3itov2,ﬂo: even to 1 [49]. '

1.3.2.4° The vanadium oxides, V205, VeO13 and VO

Edge sharing in Re03-related structures may be induced by shear mecha—i
nisms; such as observed in the vanadium oxides, V205, VgO13 and VO,
[6,53,54]. ' These vanadium oxides may be thought of as derived from

Re0; by a first shear mechanism;in;the‘case of V205, and by a second

shear mechanism .in the case of3V6013.aqd~VQ2:as‘shown in Figure 1{9.




28

//\J>/\\/A\l//\\ First

KXKK o | <
CRKX

NN NN

ReOg Structure ’ V5 Og

Q N/
THKE o KKK
N NN

Second Shear l
‘ 4
Ros N
< :
NN NN
vo'2 | | Ve Q13
Figure 1.9:

Formation of V,05 (first shear) and of Vg0;3 and VO, (second shear)
from Re03. The arrows indicate the shear planes [53].
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Although the V20s structure may be considered as being constructed of
"V,05 ribbons" formed by the shearing of two ReO3 chains together,
this is an over-simplification. The true V;0s structure is consider-
ably distorted from this, the coordination beina closer to trigonal
bipyramidal than octahedral, making V05 a layer compound as shown in

Figure 1.10.

Figure 1.10:

The V,0s5 structure: trigonal bipyramidal representation [55].

This arrangement allows for easy insertion of electropositive species
into the oxide matrix [55] and lithium may be intercalated chemically
or electrochemically into the V05 lattice to give the ternary phases
Li Vo05 (0 < x < 2,0) [38,39]. It has been shown that V;0s can be

used reversibly in non-aqueous high-power lithium cells [56].

The phases in the ambient temperature LiyV;05 system have " been
investigated in the range 0 < x < 1,0 [41,57]. At low lithium content
(x < 0,1), phase I, with lattice parameters very close to those of
Vo,05 and isostructural with the known high—température a-L1,V20s
[58], is formed by insertion of lithium between the V305 layers.
There are two other distinct phases occurring between 0,1 < x < 1,0,
both with ranges of homogeneity. These also have lattice constants
closely related to those of Vo0s, indicating that topochemical inser-

tion of lithium occurs.

The structure of VgOi3 is the most interesting of the vanadium oxides
from an electrochemical point of view (see Figure 1.11). Vg0O;3 con-

sists of edge-shared octahedra forming single and double zig-zag
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chains linked together by further edge-sharing. The resulting sheets
aré interconnected by corner-sharing, thus giving a three dimensional
framework which 1is relatively open [49,55]. This fact, coupled with
. its metallic conductivity, has led to the investigation of VgO0j;3 as a

potential cathode material for non-aqueous lithium cells.
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Figure 1.11:
Cavity of Vg013 .

The reversible electrochemical behaviour of Vg0;3 versus lithium 1is
observed for up to one lithium per transi:ion metal [50]. Reaction
with n-butyllithium suggésts that a final stoichiometry of LigVg0;3
may be attainable electrochemically if the particle size 1is small
enough. At present V0,3 appears to be very promising for use as a
battery cathode. Its average potential versus lithium is 2,2 V and
has a theoretical energy density of 800 watt-hours/ka based on eight
lithiums per Vg0;3 [59].

1.3.2.5 W0;3

Corner-sharing between octahedra can give rise to structures other
than the Re03-type. An interesting example is provided by the recent-
ly prepared hexagonal W03. This structure consists of W0g octahedra

which are connected in such a way as to form a wide hexagonal channel
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running through the structure [60]. What is interesting about these
compounds endowed with large tunnels, is the capability of accepting
considerably higher amounts of Li* than their perovskite-like counter-
parts. Monoclinic W03, having the typical ReO3 structure, may only
intercalate 0,67 Li* per W [61], whereas hexagonal WOj3 accepts 2Li+
per W [60].

1.3.2.6 B-Mn0,

B-Mn0, has the rutile-type structure. This structure can be described
as an hexagonal close-packed oxygen lattice based on edge-sharing
octahedra forming infinite chains in one direction. These chains are
linked by corher-sharing, thus forming unidirectional channels con-
taining one octahedral or two tetrahedral sites for Li* [49] (see
Figure 1.12).

Y

Figure 1.12:
Rutile structure showing channels along [001] for Li* diffusion [62].

Murphy et al. [62,63] have investigated a number of rutile-type oxides
and found that their ability to insert Li* correlates with unit cell
volume and electronic conductivity. A good electronic conductivity
facilitates lithium  insertion by having a screening effect on the
repulsion forces between Li* ions. A large cell volume corresponds to

large channel sizes within the structure, which also enhances inser-
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tion. Hong [64] has pointed out that, from a geometrical point of
view, the bottleneck formed by a square planar array of oxygen ions is
usually sufficient to allow jumping of Li* from site to site. How-
ever, the situation is rather less favourable for the rutiles, because
each Li* has to pass through a transition state based on three oxygen
lons. As a result, only rutile-type structures with relatively larqe
channels may incorporate appreciable amounts of Li*. = Therefore,
although this class of compounds provides interesting examples of uni-
directional channels able to accommodate Li+ ions, none have so far

proved useful for battery applications [49].

Recent reports have shown that up to ~ 0,2 Li* ions can be incorpo-
rated within the channels of the rutile structure [65]. Prolonged
reaction "of B-Mn0,; with n-butyllithium transforms the rutile phase
into the spinel LiMno0y [37].

1.3.2.7 y-Mn0,

Although this material has been linked with the spread of lithium bat- -
teries in the market, little is known about the mechanistic aspects of
lithium incorporation in its structure [49]. y-MnO, is used as the
starting material for cathodes of both aqueous and non-agueous cells
and has a structure consisting of a ramsdellite matrix (double chains
of edge-shared MnOg octahedra) containing random areas of pyrolusite
(single chains of édge-shared MnOg octahedra which are rutile-like) as

shown in Figure 1.13.

On heating, the y-MnO; structure alters to form so-called y/B- and
B-phases [67]. In terms of capacity and energy density, the y/B-phase
has been found to be the’moét efficient [68,69], but the reason why it
performs better than the B-phase is not yet clearly understood. Voinov
[70] has shown that in y/B-Mn0,, Li* ions occupy corner-shared tetra-
hedral sites only, but so far, the reversibility of this process has
received little attention. Pistoia [49] has carried out preliminary
investigations and observed that a y/B-phase cycles in a less satis-
factory way than a pure y-phase which confirms the findings of Manev

[71]. This result is in agreement with X-ray analyses which show
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Figure 1.13:
Idealized representation of the nsutite (Y-Mn0O2) structure.

Pyrolusite domains indicated by shaded octahedra [66].
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structure retention to a large degree during lithium insertion into

Y-MnO, and significant alterations in structure for lithium insertion

into Y/B-Mn024[67]. However, an explanation for this is not available

as yet,

1.3.2.8 Spinel electrodes

(a}

Until recently, investigators of insertion compounds for battery
applications had concentrated predominantly on compounds having
layered, 2-dimensional (2D) structures such as TiS; and Li,Co0j.

However, initial studies [31] on magnetite, Fe30y, which has a

spinel-type structure revealed that the [Bg]Xq subarray of the

A[Bz]Xq spinel provides a close-packed anionic, 3-dimensional
framework for Li* ion transport and that Fe30, itself could

accept up to one Li* ion per formula unit.

X-ray diffraction data of Lij sFe30y [32] indicated that almost
all (>98%) of the iron ions are situated on octahedral posi-
tions. This implies that during the lithiation process, Fed+
ions, which normally reside in tetrahedral sites, are reduced and
displaced by the inserted lithium ions into neighbouring, empty
octahedral sites via a common tetrahedral/octahedral face. An
important observation was that during the whole of the lithiation
process, the [Feg]Oq or [Bz]Xq framework of the spinel structure

remained intact.

The diffusion rates of lithium ions into the close-packed struc-
ture of Fe30q are much slower than those into the layered TiS,
and Lil_yCoOZ structures. This is not surprising when one con-
siders the rigid character of the spinel framework. It has been
shown by direct observation [72] that the Van der Waals-bonded
layers of TiS; are prised apart by lithiation of TiSo. In the
Fe30y spinel, the framework is volume-constrained and diffusiaon
ofvlithium ions through a common tetrahedral-octahedral face is

restricted by a more severe interface bottleneck [32].
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(b) Mn304 and LanzOu

Following the discovery that the [Fez]Og spinel framework of
Fe304 provided a 3-dimensional space for Li* ion diffusion, an
invéstigation of the lithiation of the spinels Mn30y and LiMny0y
was undertaken at ambient temperatures [37]. Hausmannite, Mn30y
was chosen because it is analogous to magnetite, Fe30y and cubic
LiMn,»0y was investigated because it offers the possibility of |
having only lithium ions in the 1nterst1tlal space of the [an]Og
framework of the system L11+X[Mn1+an1_ ]UL,. The manganese oxides
are of particular interest because manganese 1s stable in octa—
hedral sites over a wide range of oxidation states, from Mn 2+
through M3+ to Mn'*+.

Hausmannite, Mn30, is an electronic insulator on account of its
valence distribution. Mn3+ is a d* ion and therefore has an
orbltally degenerate Eg ground:state in the cubic phase which
produces a cooperative Jahn-Teller distortion to tetragonal sym-
metry [73]. It was realised [37] that if “lithiation of Mn30y
reduces Mn>+ to Mn>* as leMn [an_ Mni ]0y, then the magnltude
of the tetragonal ¢/a ratio and the tetragonal-cubic transition
temperature Tt should decrease with increasing x. It should
therefore  be possiblé to demonsfrate directly that the charge-
compensating electrons occupy d states of the host array by moni-

toring the room temperature lattice parameter.

In the case of LiMn204, previous studies [74] had shown that a
cooperative Jahn—Teller distortion to tetragonal symmetry should
occur for x = xg, where the crltlcal Mn 3+ jon concentratlon can
be expected-to fall in the range 0 < xC < 0,2, Since the cubic-
tetragonal'transition is first order [75], a two-phaée region can
be expected for 0 < x < 1.

X-ray diffraction analyses [37] showed that the [Mné]Og subarray
of the A[Bz]Xu spinels remains unperturbed during lithiation of
Mn30y4 and LiMny0y.and that the electrons compensating for .the Li+
ion charge reduce Mn3+ to Mn?* in Mn304 and Mn*+ to M+ in

Li[an]Ou. In LigMn30y, the tetragonal distortion due to a
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cooperative Jahn-Teller distortion by octahedral-site M3+ lons,
decreases as x increases as would be expected. The X-ray data
also showed that the inserted Li* ions occupy the interstitial
octahedral sites of the [an]Oq framework in Mn30, and that the
tetrahedral site Mn+ ions are displaced to the empty intersti-
tial octahedral positions: this indicates an intercalation pro-
cess similar to that found for Fe30,. The final product is a
rocksalt-like structure having a peculiar drdering of _the

cations.

The electrochemical data.for lithium insertion into LiMny04 indi-
cate the existence of a two-phase region [37] as was anticipated
because of the first-order character of the cooperative Jahn-
Teller distortion [75]. It was found [37] that a cubic phase
exists in the range 0 € x € 0,1 and a tetragonal phase in the
range 0,85 < x < 1,25, Reaction with lithium in the region x >
1,25 appears to destroy the 'spinel' structure leaving unidenti-
fied products. X-ray diffraction confirms the existence of both

cubic and tetragonal phases in the compositional range 0,1 < x <

. 0,8. X-ray data again indicated that Li* ions are inserted into

. the octahedral interstitial posltions of the [Mng]Uq framework,

but in this case the tetrahedral site Li* ions are not displaced
into the octahedral positions. Although unanticipated, this
observation 1is consistent with an insertion'in'LixFeaoq to the
compositional limit x = 2. This implies that there is no large
discontinuity in the electrostatic barrier to insertion on chang-
ing from insertion into octahedral sites to insertion into tetra-

hedral sites within thevFramework of the spinel structure.

THE RELEVANCE OF THE SPINEL AND ROCKSALT STRUCTURES TO. SOLID-

SOLUTION ELECTRODES

General

The important influence of the structure of the cathode on the revers-

ibility and rate of a chemical reaction in an electrochemical cell has

already been stressed in Section 1.3.2. Experiments on solid electro-

lytes first showed that Na* and K+ ions have their highest mobilities

in framework structures, which more easily admit a relatively smooth
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ionic potential over a continuous path in interstitial space [76].
Unfortunately, the known solid-solution framework structures having a
high metallic conductivity contain the heavier, oore expensive 4d- or
5d-block framework ions. However, Li* ion transport would appear to A
_be faster in close-packed-arrays of large polarizable anions [32]. for
example, the well-known layered compound, LiyTiS; accepts Li* 1ions
into alternate octahedral-site layers of a “close-packed-hexagonal
anion array, the charge being neutralized by electrons entering into
the 3d bands of the TiS; layers [77]._ The TiSp layers are bourd
together by Van der Waals forces and become prised apart by the Lit
ions. The c-axis of Li,TiS, expands by 10 percent for x = 1 [38].
In the "close-packed" anion array of LiyTiS,, the Li*-ion mobility
is enhanced by the freedom of the crystél to expand along the
c-direction. A similar c-axis flexibility and Li*-ion mobility are
found in the analogous layered oxide Lil-yCODZ, which contains lith-
ium ions on alternate octahedral-site layers of the close-packed cubic
anion array, the charge-compensating electrons occupying the Col""/3+
(3d®-band) couple of the Co0, layers [48]. The preference of the
larger alkali ions for trigonal-prismatic versus octahedral coordina-
tion prevents Na* ion incorporation into close-packed layer structures
over analogously large solid-solution ranges [78}, which emphasizes
‘the potential importance of Li* ions. As a result, interest has been
sparked in the possibility of designing 3-dimensional (3D) close-
-packed-anion structures which will allow the transport of Lit+ ions.
Obviously, the Li*-ion mobilities in any such 3 structures will be
hindered by the fact that these structures are volume—constrained,
unlike the layered, 2D structures, which are flexible in the
c-direction. Since it has been recognized [32,37] that the [BZ]XHA
subarray of an A[By]Xy cubic spinel may‘proQide such a close-packed-
anion, 3-dimensional framework for Li* ion transport, a better under-

standing of the spinel structure is desirable.

1.4.2 The Spinel Structure

The spinel structure-type is derived after the mineral "spinel"” with
formula MaAl,0y4 [79,80]. The structure of the spinel group of com-
pounds was first investigated by Braqg [81] and Nishikawa [82].V In
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“the- ideal cubic spinel structure, with the origin of the unit cell at
the centre (3m), the close-packed anions are located at the 32e posi-
tions of the space group.FdBm. Each unit cell contains 64 tetrahedral
interstices situated at three non-eguivalent positions 8a, 8b and 48f,
and 32 octahedral interstices situated at the crystallographically

non-equivalent positions 16c and 16d. ' .

The spinel structure can be symbolized as ABjXy, there being eight
- [AB2Xy] in the unit cell. The A cations occupy 1/ of all the availa-
ble tetréhedral sites, designated the Ba sites, while the B cations
occupy 1/, of the octahedral sites, these being the 16d sites [40,42,
80,83]. The empty 16c sites form an interconnected 3-dimensional
array of edge-shared sites, each site sharing edges with six other 16c
sites and sharing common faces with two 8a tetrahedral sites. Fiagure

1.14 depicts a schematic diagram of the spinel structure.

The spinelvstructure is adopted by numerous compounds in which a wide
variety of metal cations may be stabilized on the A and B sites of the
éubic close-packed-anion lattice. Examples include such compounds as
Co30y, Mn3Oy, LiMn,0y and CoFey0y [80].

In some spinels, however, the A and B cations are arranged different-
ly, half the B cations occupying the interstitial positions usually
occupied by the A cations. This is referred to as the 'inverse spinel
structure' and can be represented as B[AB]Xq [79,80,84]L Magnetite,
Fe30, adopts the inverse spinel structure, i.e. Fe3+[F32+Fe3+]04. The
reason for its hiéh electronic conductivity (o = 200 ohm'lcm‘l) com-
pared to such compounds as Mn30,, which has the nbrmal spinel. struc-
ture, Mn2+[Mn;+]Dq, is due to the continuous electron exchange between
the Fe?+ and Fe’*+ ions on the octahedral B sites of the spinel struc-

ture [85,86].
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Figure 1.14: _
Two quadrants of the cubic A[B,]Xy spinel, space group Fd3m(Qﬁ) [32].

1.4.3 The Rocksalt Structure

The rocksalt structure is also referred to as the sodium chloride
structure, since this type of structure occurs in sodium chloride
crystals. In the case of rocksalt-type transition metal oxides, such
as Mn0, CoO, NiO, Fe0 and TiO, the oxygen ions are arranged in a
cubic-close-packed array as in the spinel structure, but all of the
octahedral interstitial sites are filled randomly with cations and
none of the tetrahedral sites are occupied [&0,80,8&,87]. Figure 1.15

depicts a schematic diagram of the rocksalt structure.
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_ Figure 1.15:
The unit cell of the rock-salt (NaCl) structure [80].

Although the idealized Co0 rocksalt structure is normally assianed to
space aroup Fm3m (og), a= 4,260 A [B8], its structure can be cor-
related to the spinel structure by regardina the Co?+ ions as occupy-
ing all the octahedral sites {16c and 16d) of space group Fdjm; the 64

tetrahedral sites remaining empty.

1.4.4 The Correlation Between the Spinel and Rocksalt Structures

An understanding of both the spinel and the rocksalt structures empha-
sizes the similarities in their structures. The correlation between
the two structures is borne out by the insertion of lithium into both
Fé30q and Mn304, which can accommodate at least one lithium ion per
formula unit [32,37].

It has been established that during lithiation of these compounds at
room temperature, the [Bz]Xq framework of the spinel structure remains
intact. Lithiation of Fej30y and Mn304 to form Li,Fe304 and LiMn30y

respectively results in migration of the Ba-site Fed+ and Mn%*+ ions
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into neighbouring empty octahedral sites (16c). The lithium ions
occupy the remaining octahedral sites (16c), and at x = 1,0 all the
octahedral sites of the cubic-close-packed anion array are occupied,
as in rocksalt, but with partial ordering that retains transition

metal ions on the 16d sites of the original [Bz]Xq spinel framework.

1.5 COBALT OXIDE - AN ALTERNATIVE CATHODE MATERIAL

Lithium-aluminium/LiCl, KC1/Fe304 cells have, been found to operate
reversibly at 420 °C [31] and have shown qood electrochemical charac-
teristics in terms of electrode capacity, rechargeability and life-
time. The Fe304 spinel phase and LifFe0, rocksalt phase generated
during discharge havevbeen shown to be stable in the cell environ-
ment. It is therefore of interest fo study other spinel and rocksalt
systems as cathodes in high temperature lithium batteries. The choice
of transition metal must be restricted to the first row of the transi-
tion metal series in order to preserve a high specific energy. The
‘cobalt oxide systems Co30y (spinel) and Co0 (rocksalt) satisfy a
number of the requirements for such high temperature lithium cells, in
particular their attractive theoretical capacities and yvoltage vs
lithium. Moreover, spinels appear to be promising solid-solution

electrodes for ambient temperature lithium batteries.

This thesis reparts on the electrochemical and structural characteri-
zation of Co304 and Co0 electrodes in high temperature cells and of

Co304 electrodes in ambient temperature lithium cells.
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CHAPTER 2
- EXPERIMENTAL

2.1 INTRODUCTION

This chapter describes the cell designs used for the electr;chemical
testing of cobalt oxide cathodes at high and ambient temperature.
Cell components are also described. | A short description of the
" electrochemical testing procedure is given and various characteriza-

tion techniques employed are presented.

2.2 HIGH TEMPERATURE ELECTROCHEMICAL CELLS

2.2.1 Cell Design

The cell design used for evaluating the berformance of cobalt oxide
- cathodes at elevated temperatures,'was based on a simple two-electrode
systeh. A diagrammatic sketch of the cell assembly is illustrated in
Fig. 2.1. The anode consisted of a lithium-aluminium alloy cast into

a stainless-steel cup. The cathode material was lightly compacted in
a porous (50%) graphite cup. A molybdenum wire attached to the cup
served as the electrical feed to the external circuit. The anode and
cathode were separated by several layers of finely woven Zr0; and BN
cloth which acted as particle retainer for the anode and insulator
respectively. The cell assembly was immersed in a dry eutectic melt
of LiCl, KC1 (42 mol% KC1l, 58 mol% LiCl) and contained in a highly
dense a~A1203 jacket (supplied by Thermal Syndicate) and hermetically

sealed under argon. Cells were operated at 420 °C..
2.2.2 Cathodes

Cells were loaded in the charged state and also in the fully dis-
charged stéte. In the faormer case cathodes consisted of a powdered
Mixture of the appropriate cobalt oxide (Cerac, =325 mesh, purity
>99,5%) and graphite (to enhance the conductivity of the cathode),
‘lightly compacted in a porous graphite cup. In the latter case, the
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graphite cup contained an intimate mixture of Fiﬁely divided cobalt.
metal (Cerac, -325 mesh, purity >99,5%), Li,0 (Cerac, -100 mesh,
purity 99%) and graphite powder. In an attempt to improve the perfor-
mance of the cells, cells were also assembled with an excess of Lij0
in the cathode. A series of cells having cathodes consisting of Co
metal and L120 in diFFerent proportions, and graphite, were also

Ainvestigated.
2.2.3 The Anode

The anode consisted of a lithium-aluminium alloy containing approxi-
mately 30 a/o lithium (m.p. of Li is 180,54 °C and the m.p. of Al is
660,37 °C [89]). cast into a stainless steel cup at 900 °C (m.p. of the
alloy is 720 °C [90]). The electromotive force (e.m.f.) of these
alloys has been found to be independent of the composition of the
alloy over a range from 7 a/o to 47 a/o lithium, but varies with temp-

erature, T(K) according to the equation:
E(mV) = 451,07 - 0,22027 [91]

At 420 °C the lithium-aluminium alloy functions at a voltage 0,30 V

less than pure lithium.

2.2.4 The Electrolyte

The electrolytevwas a dry eutectic mixture of LiCl (58 mol%) and KCl
(42 mol%). Melting point determinations of the LiCl, KC1l eutectic
were carried out -on a Gallenkamb Micro Melting Point Apparatus
- MF-350.. The melting point was found to be 352 °C which is in agree-

ment with the literature value [92].

2.2.5 Graphite Cups

Porous gqraphite cups were used to contain the cathode material and
graphite powder. The surface area of the base of the cup was
10,7 cm?.  The molybdenum feed was secured to the 1lid and the cup

inverted as illustrated in Figure 2.71.
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A good porosity of the graphite cups was necessary:

a) to ensure good access of the electrolyte to the active
cathode material and

b) to minimize the internal resistance of the cell.

However, as some difficulty was experienced in achieving 100% wetting
of the oxide particles by the molten electrolyte, an attempt was made
to increase the porosity of the cups by heat-treatment at 600 °C in
air for 2 hours, prior to use. Careful control of heating times was
necessary; too long a heating time resulted in mechanically weak

structures.

2.2.6 Separators

The cells assembled for this investigation.employed a separator con-
sisting of coarsely woven BN (Boron nitride) felt * 2 mm thick
(Carborundum Co.) together with zirconium oxide felt (Zircar Products .
Inc., type ZYW 30A).

2.2.7 The Cathode Current Collector

A strand of molybdenum wire (0,5 mm diameter) served as the current
collector for the cathode (see Figure 2.1). The upper section of the
wire was surrounded by a glass sheath to which it was secured with an
epoxy glue. This enabled a seal to be effected where the wire passéd
‘through the lid of the steel jacket which housed the cell.

2.2.8 The Anode Current Collector

A stainless steel rod screwed into the base of the stainless steel cup
containing the lithium-aluminium alloy, served as the electrical feed
for the anode (see Figure 2.1). A glass sheath was secured to the
stainless steel rod with epoxy glue in a similar fashion to that on
the molybdenum wire, thereby effectively sealing the cell from the

outside'atmosphere.
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This means that since the lithium anode also operates as a constant
voltage electrode the system remains in equilibrium independent of the
concentration of the oxidized and the reduced species in the cathode,
or 1in other'words, independent of the composition of the electrodes

and this gives rise to a voltage plateau.

On the other hand, a single-phase insertion process is characterized
by a drop in voltage with changing composition. For example, consider

the following insertion reaction:

xLi + Co30y —> Li Co30y (single-phase) ' (3.6)

As lithium enters Co304, the Colll to Coll ratio changes. In other

words, the rétio of the concentration of the oxidized species to the
concentration of the reduced species, changes. Thereforé, in the
Nernst Equation, the value of Eg] drops constantly as lithium enters
the structure. From a thermodynamic viewpoint, the number of degrees
of freedom that must be defined for the system to remain in thermo-
. dynamic equilibrium according to the Gibbs Phase Rule (Ean. 3.3), is

three since:

C=2 (Li + Co30y4)

i.e. the tcomposition must be defined as well as the temperature and

pressure.

It is obvious that for practical applications, a multiphase electrode
process would be preferable to a single-phase electrode process, since
a cell which delivers a constant voltage is desirable for most appli-

cations.

3.3.2 Discharge Curve for a High Temperature Lithium/Co30, Cell

- A typical open-circuit voltage (OCV) plot as a function of the state
of charge obtained from a Li-Al/LiCl, KC1/Co30y cell is illustrated in
Figure 3.8. : -
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Figure 3.8:
0CV plot as a function of the state of charge for a
Li-Al/LiC1,KC1/Co304 cell at 420 °C

Plateau III, bhaving an Eg value of 1,47 V, was only present in the
first few cycles, after which it completely disappeared. Plateau II
- (Eg = 1,41 V) was the dominant plateau during cyclina of this type of
cell. - Plateau I (Eg = 1,31 V), which was not always well defined, was
short and generally contributed less than 10% to the maximum capacity
~obtained from any one cell. In some cases where cells were over-
'charqed, evidence of a plateau existing at 2,03 V was found and this

was ascribed to the chlorination of cobalt. For the .reaction:

Co + 2LiCl ——5 CoCly + 2Li (alloyed with Al) (3.7)
the theoretical voltage calculated from the electrochemical data [104]
is 2,185 V which 1s 1in fairly good agreement with the value obtained

for this plateau.

The theoretical capacity calculated from the electrochemical data

[104] for the following reduction:

Co30y —>» Co (3.8)
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is BB4,86 mA-hr/g. The maximum discharge capacity obtained from a
LiAl/LiCLl,KC1/Co30y cell was 546 mA-hr/q which is 62% of the theoreti-

cal capacity.

3.3.3 Discharqe Curve for a Hiqh Temperature Lithium/Co304,L 190 Cell’

In an attempt to improve the discharqe capacities obtained Ffrom:
Li-Al/LiC1,KC1,/Co30y cells, an excess of Lig0 was added to some of
Vthe Co30y cathodes. A typical open-circuit voltace (0OCV) plot as a
function of the state of charge obtained from one of these cells is

depicted in Figure 3.9.
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Figure 3.9:
OCV plot as a function of the state of charge for a
Li-A1/LiCl,KC1/Co30y,Lio0 cell at 420 °C

Plateau IV having an Eg value of 1,53 V, was only present when a Co3ly
cathode, to which excess Li0 had been added, was initially subjiected
to a charge cycle. This plateau disappeared rapidly with successive
‘cycling. Plateau III (Eg = 1,47 V) only appeared in the first few
cycles and it too disappeared with successive cycling. After the
initial Ffew cycles,‘the Co304 cathodes with excess Liz0 behaved in a
.similar manner to Co304 cathodes. Plateau II (Eqg = 1,41 V) became the
dominant plateau and plateau 11 (Eg'= 1,31 V) was not always well
defined and generally contributed less than 10% to the maximum capa-
city achieved by any one cell. 0Over-charging of these cells also gave

rise to a chlorination plateau at 2,03 V.
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Surprisingly, the maximum discharge capacity obtained from a Li-Al/

LiC1,KC1/Co304,Li50 cell was only 42% of the theoretical capacity com-
pared to. 62% obtained from a Li-A1/LiCl1,KC1/Co304 cell.

3.3.4 Discharge Curve for a High Temperature Lithium/Co0 Cell

Li-Al/LiC1,KC1/Co0 cells exhibited similar electcochemical behaviour
to a LiéAl/LiCl,KCl/CO304 cell which had undergone successive
cycling. A Eypical 0CV plot as a function of the state of charae
obtained from a Li-A1/LiCl,KC1/Co0 cell is depicted in Figure 3.10.
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OCV plot as a function of the state of charge for a
Li-A1/LiC1,KC1/Co0 cell at 420 °C
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No evidence of Plateaus I1Il and IV were found and Plateau II (Eq

1,41 V) was the dominant plateau. In this case too, Plateau I (Eg
1,31 V) was short and not always well defined, qenerally contributing,
less than 10% to the maximum capacity obtained from a cell. The
plateau due to chlorination was again evident in cells‘ which were

overcharged.

The theoretical capacity of a Co0 electrode calculated from the elec-

trochemical data [104] for the following reaction:

2Li + Co0 —> Co + Liy0 - (3.9)
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is 710,88 mA-hr/q. Poor discharge capacities were obtained Ffrom
Li-Al/LiCL,KC1/Co0 cells, 36% of the theoretical capacity being the

maximum obtained from this type of cell.

3.3.5 Discharge Curve for a High Temperature Lithium/CoO0,Li,0 Cell

As in the case of the Co304 cathodes, an excess of Li,0 was added to
some of the Co0 cathodes in an attempt to improve the discharge capa-
cities obtained from them. Li—Al/LiCl,KCl/CoU,Li20 cells exhibited
éimilar electrochemical behaviour to Li-Al/LiCl,KCl/Co30y4,Lis0 cells
and a typical 0.C.V. plot as a functioen of the state of charae is

depicted in Figure 3.11.
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' Figure 3.11s
0.C.V. plot as a function of the state of charge for a
Li-Al/LiCl,KC1/Co0,Lio0 cell at 420 °C

Plateau III (Eg = 1,47 V) and plateau IV (Eg = 1,52 V) were present
when a Li-Al/LiC1,KC1/Co0,Li,0 cell was initially subjected to a
charge cycle. As with the Li-Al/LiCl,KC1/Co304,Lis0 cells these
plateéus both disappeared with successive cycling. Thereafter, these
cathodes behaved in a similar manner to the other cathodes investi-
gated: plateau II (Eg = 1,41 V) predominated, while plateau [ (Eq =
1,32 V) tended to be very short, contributing less than 10% of the
maximum capacity. achieved by any of these ceils. A plateau at 2,03 V
was also evident in the discharge cucrves of those cells which had been

over-charged.
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Addition of excess Liz0 to Col cathodes significantly improved the
discharge capacities of these cells. Using the theoretical capacity
calculated for the reduction of a Co0 electrode to Co as in equation
3.9, the maximum discharge capacity obtained from a Li—Al/LiCl,KCl/
Co0,Lio0 cell was 63% of the theoretical capacity. This is a vast

improvement on the 36% obtained from Li-Al/LiC1,KC1/Co0 cells.

3.3.6 Discharqge Curve for a High Temperature Lithium/Co,Lio0 Cell

High temperature Li-Al/LiC1,KC1/Co,Li;0 cells were found to exhibit
similar electrochemical behaviour to those cells loaded in the charged
state. A typical 0.C.V. plat as a function aof the state of charge for
a Li-A1/LiC1,KC1/Co,Li0 cell is depicted in Figure 3.12:

~
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v Figure 3.12:
0.C.V. plot as a function of the state of charge for a -

Li-Al/LiC1,KC1/Co,Li,0 cell at 420 °C

No evidence of plateau IV (Eg = 1,52-1,53 V) was found during the
cycling of Li-AL/LiCl,KCL1/Co,Lip0 high temperature cells. Only in
those cells containing a large excess of Lijy0, was any evidence of
plateau III (Eg = 1,47 V) apparent and then it was shaort and generally
found only in the first few charge cycles. Once again, plateau II (Ej

= 1,41 V) was the dominant plateau, while plateau I(Eg = 1,31 V) was
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short and generally contributed less than 10% to the maximum capacity
obtained from any of these cells. As.-would be expected, there was a
fair amount of evidence of the plateau (Eg = 2,03 V) ascribed to the

chlorination of cobalt, when these cells were overcharged.

Using the theoretical capacity calculated for equation 3.9, the maxi-
mum discharge capacity obtained from a Li-Al/LiCl1,KC1/Co,Li;0 cell was

50% of the theoretical value.

3.3.7 Summary of the Performance of High Temperature Lithium/Cobalt
Oxide Cells

The open-circuit voltages, or Eg values, of the plateaus occurring
during the cycling of the various types of lithium/cobalt oxide cells,
as recorded towards the end of each charge plateau, are listed in

Table 3.2.

TABLE 3.2
Eg values (V) for the charge plateaus and maximum discharge
capacities of the various high temperature lithium/cobalt oxide cells

Cathode Plateau|Plateau|Plateau|{Plateauj Max. discharge
type I 11 111 Iv. capacity (mA-hr/

Voltage|Voltage|Voltage|Voltage{ g cobalt oxide)
(V) V) V) (V)

Co304 1,31 | 1,81} 1,47 | - 546
Co30y,L1,0 1,31 1,41 { 1,47 | 1,53 375
Co0 - 1,31 1,41 1 - - 254
Co0,Li,0 1,32 | 1,81 | 1,47 | 1,52 Y
Co(2 g),Lin 001 @) 1,31 | 1,81 | - - 355

Co(1 g),Li20(3 g)|{ 1,31 | 1,41 | 1,47 | -

Optimum cell performances in terms of both discharge capacity and
cycle life were obtained from cells with Co30y4 cathodes without any
excess Lio0. Cells containing Co0 cathodes to which no excess Lij0
had been added, delivered very poor discharge capacities. Although
fairly reasonable discharge capacities were obtained from Li-Al/LiCl,
KC1/Co,Lip0 cells, they achieved very poor lifetimes and often failed

after only a few cycles.
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3.4 ASSESSMENT OF OVERPOTENTIAL [111,112]

3.4.1 Introduction

Overpotential may be described as the difference in potential of an
electrode when a finite current is passed through the electrode, from
the potential of the electrode at zero current. In this section over-
potential is discussed and the method of obtaining current/voltage
readings for overpotential assessment of the high temperature cells is
described. The overpotential effects found in the high temperature

cells is also discussed.

3.4.2 General

Consider the reversible potentials adopted by a metal electrode M,
when placed in a solution of M* ions. The steady potential results

from the rapid establishment of the equilibrium:
M =M +e ' (3.10)

no net current flowing when the forward and backward rates of the
above system are equal. The further such an equilibrium lies to the
right,.the more negative is the electrode potential. If the equili-
brium is established very rapidly, then it is possible for a potential
rather more oxidizing or reducing than the equilibrium value to be
imposed upon the electrode and to cause a net current flow, but with-
out unduly disturbing the electrode potential. This 1is because,
although the applied excess potential causes a nét reaction .in one
direction, the equilibrium reasserts itself so rapidly that the elec-
trode potential hardly alters, the Nernst eguation still holding. A
graph of current versus potential will ideally take the form shown in
Figure 3.13. The small slope is due to the relative slowness of mass

transfer processes with respect to the electron exchange rate.
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Figure 3.13:
Ideal current-potential relationship for the system M —=M*f + e 1in

which equilibrium is established almost instantaneously

However, if such a large potential is applied that a large current

flows, the electrode equilibrium will not be able to maintain itself
at a rate which can keep pace with that at which decomposition

occurs. The potential must now alter if the current is to be main-
tained. The electrode process has now become effectively uni-direc-
tional and is said to take place irreversibly. The new potential will

be more negative for a cathodic (reduction) process and more positive-
for an anodic (oxidation) process. The difference between an equili-

bfium and non-equilibrium potential is known as overpotential or over-

voltage and is given the symbol :m. Overpotential can be observed

experimentally using a three electrode system and measuring the poten-

tial of the working electrode with respect to a. reference half-cell.

Thus:

n = Ere'action - Eequilibrium (3.11)
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So defined, n is the total overpotential ny1, which consists of three

quantities:

i) activation overpotential, ngh
ii) ohmic overpotential or IR drop, ng

©1ii) concentration overpotential, g
Therefore:

M=o, N+ N (3.12)

3.4.3 Activation Uvérpotential

Activation overpotential is related to the kinetics of electron trans-
fer processes occurring within the cell. Ffor example, a slow electron
transfer has a high activation energy. If such a reaction is to pro-
ceed at a reasonable rate and produce an efficient guantity of pro-~
duct, a significant increase of applied potential over the equilibrium
value 1is necessary. This excess potential is known as activation
overpotential. This description emphasizes that the slow, rate-deter-
mining step 1n the process is the electron transfer due to the high

activation .enerqy barrier which it must cross.

3.4.4 Ohmic Overpotential

Ohmic overpotential or IR drop arises because current flows against-
the resistance of the cell. The most common form of ohmic overpoten-
tial arises from the passage of electric current throdqh an electro-
lyte solution surrounding the electrode. ~Such a solution is not of
infinite conductivity and shows resistance to the current flow, with
the result that an ohmic or IR drop in potential occurs between the

working electrodes.

A less common form of cohmic overpotential is caused by the formation,
on the surface of the electrode, of an adherent layer of reaction pro-

duct which is a relatively poor conductor of electricity,
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3.4.5 Concentration Overpotential

This is a small, but important, effect which arises due to concentra-
tion changes induced in the vicinity of electrodes by electrochemical

reactions occurring there.

Consider the simplest of all possible electrolysis cells in which two
identical electrodes, M, dip into a solution of M* ions and let the
electrode equilibria be established rapidly. If even a small poten-
tial difference is applied between the electrodes, the equilibrium is .
destroyed, one electrode becoming a cathode and the other an anode.
At the cathode, M* ions are discharged at a faster rate than they dis-
solve and at the anode, M passes into‘solution more rapidly than Mt
ions are discharged. Thus, electrolysis causes a concentration gra-
dient to develop at the surface of each electrode. However, there ére
three mass transport processes which act simultaneously to diminish

these concentration gradients; these are:

i) diffusion of a chemical species Ffom a region of higher con-
centration to one of lower concentration ‘
ii) electrical migration due to the direction of current flow
throuch the cell '
iii) mechanical stirring, which helps decrease the differences
between the concentrations at the electrode surfaces and in

the bulk of the éolution.

For the type of electrolysis described here, mechanical stirring is
the most efficient process for eliminating the concentration gra-
dients. However, even if the solution in contact with each electrode
is very vigorously stirred, the theory of hydrodynamics indicates that
a thin layer of stationary liquid always surrounds an electrode
immersed in a moving solution. M* ions must diffuse and migrate
through this thin layer of stationary liquid either to or from the
electrode, as the case may be. Therefore, from the moment that elec-
trolysis starts, the solution close to the cathode surface shows a
concentration decrease. For the same current to flow, and therefore

the deposition of M* to occur at the same rate, a more negative poten-
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tial will be required. Similarly, a more positive .potential will be
required at the anode, since,the concentration of the solution at the
anode surface increases. The effect is to prodﬁce a back electro-
motive force (e.m.f.), so that to maintain the current flow, the
applied e.m.f. must be increased by this amount. An electrode whose
potential deviates from its equilibrium. value due to these causes is
sald to be 'concentration polarized' and this effect is diffusion

limited.

3.4.6 QOverpotential Assessment

Equation 3.12 shows that the total overpotential, n7 is equal to the
sum of the activation, ohmic and -concentration overpotentials. How-
ever, the Tafel equation‘[111] relates the total overpotential, =7
to the net current passing through an electrode by the following equa-

tion:

My =a+blnl (3.13)

where a and b are constants.

It was therefore possible to assess the total overpotential of various
cells by plotting the voltage against the log of the net current (in
mA/cm?). Results were obtained by increasing the amount of current
applied to a cell during a charge cycle or‘drawn from a cell during a
discHarge cycle and then recording the voltaée of the cell at that
current once the ‘voltage had equilibrated. In this. investigation
voltage values were plotted against the natural log of the net cur-

rent.

The ohmic overpotential or internal resistance contribution can be
célculated from the gradient of the curve obtained by plotting the
~ voltage (V) against the current (mA). The internal resistance varies
from cell to cell and cannot be completely' eliminated and it was
therefore necessary to calculate the internal resistance of each cell
individually. The ohmic overpotential was calculated for cells having

cathodes of all the types investigated- in the high temperature
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lithium/cobalt oxide cells and a range in values between 6,5 Qcm? and

43,3 Qcm? was found. However, the value of 43,3 Qcm? was unusually

high and the average value of 14,

the typical internal resistance of

Once the ohmic overpotential had

2 Qem? gives a better reflection of

one of these cells.

been calculated, it was poésible to

‘calculate the correction, x, which must be added or subtracted from

the measured potential, V, dependi
(during a discharge cycle) or app

cell during the current /voltage re

(=
1
oM

where I = the current in-Amperes
E
R

1l

the voltage in Volts

the'resistance in Ohms‘

HI

ng on whether current was drawn from
lied to (during a charge cycle) the
adings. Ohm's law [89] states that:

(3.14)

Ohmic overpotential is due to the internal resistance of a cell and

therefore:

where ng = the ochmic overpotential

—
i

the applied current in

L
i

the cell resistance in
From the above, we can derive the

I
X % e X T

6,9 cm> °

~ where 6,9 cm2 1s the surface area

(3.15)
Amperes
Ohms
following:

(3.16)

of the lithium/aluminium alloy anode

which was used as the reference and counter electrode. A plot of the

corrected voltage versus lnI therefore depicts only the concentration

and activation overpotentials.
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Two sets of typical current/voltage readings and the calculated cor-
rection for ohmic overpotential, x, to the voltage for a cell during a
~ charge cycle and duriné a discharge cycle are given in Tables 3.3 and
3.4 respectively. The plots of voltage versus 1lnl for each set of

values are depicted in Figures 3.14 and 3.15 respectively.

TABLE 3.3
Current /voltage readings, 1nl (I in mA/em?), correction (x) for ohmic
overpotential and the corrected voltage (V - x) for cell No. 30, a

LiAl/Co304(3 g)Li20(1 g) cell during a charge cycle.

Current {Voltage| Inl X V-x Current|Voltage{ InI X V-x
(mA) |(volts)| (I in (mA) |(volts)| (I in
mA/cm?) mA/cm?)
10 1,421 | 0,371 10,0114{1,410 170 1,666 { 3,204 10,1938|1,472
20 1,432 | 1,064 {0,0228|1,409 180 1,681 | 3,261 |0,2052}1,476
30 1,458 | 1,470 {0,034211,424 190 1,696 | 3,316 10,2166|1,479
40 1,478 | 1,757 {0,0456{1,432 200 1,710 | 3,367 {0,2280}1,482
- 50 1,493 | 1,981 {0,0570{1,436{ 210 1,723 | 3,416 {0,239411,484
60 1,508 | 2,163 10,0684{1,440 220 1,739 | 3,462 |0,2508{1,488
70 1,524 | 2,317 }0,0798{1,444 230 | 1,754 | 3,507 |0,2622}1,492
80 1,540 | 2,450 {0,0912{1,449 240 1,770 | 3,549 {0,2736(1,496
90 1,555 | 2,568 {0,1026{1,452 250 1,785 | 3,590 {0,2850{1,500
100 1,571 | 2,674 0,1140 1,457 275 1,821 | 3,685 {0,3135{1,508
110 1,584 | 2,769 |0,1254{1,459 300 1,858 | 3,772 10,342041,516
120 1,597 | 2,856 {0,1368|1,460 325 1,894 | 3,852 10,3705{1,524
130 1,611 | 2,936 |0,1482|1,463 350 1,929 | 3,926 {0,399041,530}
140 1,625 | 3,010 10,1596(1,465 375 1,969 | 3,995 {0,4275}1,542
150 1,639 | 3,079 {0,1710{1,468 400 2,016 | 4,060 10,4560}1,560
160 1,652 | 3,144 }0,1824{1,471 450 | 2,100 | 4,178 10,513011,587

The plots of voltage versus 1nl for total overpotential assessment
usually yielded good, regular curves. However, 1in those plots where
the voltage had been corrected for ohmic overpotential, the curves
were ‘often rather irreqular, especially when the readingé were taken
during a discharge cycle (see Figure 3.15). Once ohmic overpotential
had been corrected for, the deviation from linearity of the voltage
versus 1nl curve is a result of activation and concentration over-

potential.
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Figure 3.14:
Plot of wvoltage (volts) versus lnl for cell no. 30
during a charge cycle

TABLE 3.4

Current/voltage readings, InI (I in mA/cmz), correction (x) for ohmic
overpotential and the corrected voltage (V + x) for cell No. 30, a

LiA1/Co304(3 g)Lio0(1 g) cell during a discharge cycle.

Current {Voltage| InI x |V+x{ . |Current|Voltage| InI x {V +x

(mA) |(volts)|(I in (mA) | (volts)|(I in

mA/cm?) mA/cm?)

10 | 1,329 | 0.371 |0,0114]1,340 150 | 1,064 | 3,079 |0,1710{1,235
20 | 1,302 | 1,064 |0,0228|1,325 160 | 1,049 | 3,144 {0,1824(1,231
30 1,280 § 1,470 {0,0342]1,314 170 1,034 § 3,204 10,1938(1,228
40 1,261 { 1,757 {0,0456}1,307 180 1,018 § 3,261 |0,2052{1,223
50 1,241 1,981 10,0570{1,298 190 1,002 | 3,316 {0,2166}1,219
60 | 1,221 | 2,163 |0,0684(1,289{ - | 200 | 0,986 | 3,367 {0,2280{1,214
70 | 1,202 | 2,317 {0,0798{1,282 210 | 0,970 | 3,416 |0,2394{1,209
80 | 1,183 { 2,450 {0,0912]1,274 220 | 0,950 | 3,462 |0,250811,201
90 | 1.165 | 2,568 |0,1026|1,268 230 | 0,922 | 3,507 |0,2622|1,184

100 1,147 § 2,674 {0,114041,261 240 0,901 | 3,549 {0,273641,175
110 1,130 | 2,769 {0,1254{1,255} 250 0,880 | 3,590 |0,2850}1,165
120 - | 1,115 | 2,85 |0,1368{1,252| | 275 | 0,815 | 3,685 |0,3135|1,129

130 | 1,099 | 2,936 |0,1482]1,247 300 | 0,760 | 3,772 |0,3420{1,102

140 1,082 | 3,010 {0,1596]1,242 325 0,700 } 3,852 }{0,37051,071
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Figure 3.15:
Plot of voltage (volts) versus lnl for cell no. 30

during a discharge cycle

Figures 3.14 and 3.15 also show that overpotential effects for the
high temperature cells are fairly low up to Inl = 2 or 3, the change
in voltage being only about 100 mV. This indicates that these cells

can tolerate up to a certain current fairly well.

" Overpotential effects are also responsible for the working voltage of
any one plateau varying over the length of the plateau, instead of
remaining constant as might be expected. High overpotentials have been
reported for lithium-aluminium alloy electrodes at high current densi-
ties [93] and since the alloy anode was used as both counter and
reference electrodes for obtaining open-circuit-voltage (0.C.V.) read-
ings of the various plateaus, concentration overpotential effects were
enhanced. This resulted in the working voltages increasing and
decreasing relative to the 0.C.V. values during charae and discharoe

respectively. 0n open-circuit, the voltage is affected by concentra-
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tion overpotential only and this is diffusion dependent. This means
that if a cell is left on open-circuit for long enough, the voltagé
should eventually equilibrate to the true equilibrium or Eg¢ value
which is constant along the length of any one plateau. Obviously, the
longer a cell has been operating on a particular plateau, the greater
the concentration polarization will be and the longer the voltage will

take to equilibrate to the Eqy value.
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CHAPTER 4

STRUCTURAL CHARACTERIZATION OF COBALT OXIDE CATHODES IN
HIGH TEMPERATURE CELLS

4.1 INTRODUCTION

Powder X-ray diffraction techniques were used for the qualitative
analysis of cobalt oxide cathodes from the various types of high
temperature cells investigated. This technique was also used to
determine the stability of Co30y at elevated temperatures and the
reactivity of Co0 and Co30y with Li0. In the beginning of this
chapter, a brief and fairly general description of the theory of pow-
der X-ray diffraction is given with the emphasis placed on cubic unit
cells. The rest of this chapter is devoted to the description and
discussion of the results obtained from the various powder X-ray dif- .

fraction spectra.

4.2 POWDER X-RAY DIFFRACTION

4.2.1 General

Since 1913, when W.L. Bragg solved the structure of NaCl, the struc-
tures of many thousands of crystals, organic and inorganic, have been
determined. The basic principles in structure determination depend on
the fact that the crystal structure of a substance determines the dif-
fraction pattern of that substance or. more specifically, the size and
shape of the unit cell determine the angular positions of the dif-
fraction lines, and the arrangement of the atoms within the unit cell

determines the relative intensities of the diffracted X-rays [113 ].

The determination of an unknown structure proceeds in three major

steps [113]:

i) The shape and size of the unit cell are deduced from the
angular positions of the diffraction lines. An assumption is

first made as to which of the seven crystal systems the
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unknown structure belongs and then, on the basis of this
assumption, the correct Miller indices are assigned to each
reflection. This step is called "indexing the pattern" and
is possible only when the correct choice of crystal system
has been made. Once this is done, the shape of the unit cell

is known and its size can be calculated from the positionsv

and Miller indices of the diffraction lines.

ii) The number of atoms per unit cell is then computed from the
" shape and size of the unit cell, the chemical composition of

the specimen and its measured density.

iii) Fimally, the positions of the atoms within the unit cell are
deduced from the relative intensities of the diffraction

lines.

4,2.2 The Theory of Powder X-ray Diffraction

The theory of X-ray diffractioﬁ'is based on Bragg's lLaw [114] which
states that: ' '

2d sin® = n\ v (4.1)

Where n is an integer indicating the order of the diffraction beam and
the angle 6 is known as the Bragg angle. for example, consider a set
of parallel, equidistant lattice planes, a distance d apart. When a
beam of X—rays'of wavelength A is incident on these planes at an angle
9, constructive interference of the radiation reflected from succes-

sive planes occurs whenever 8ragg’'s Law is satisfied (Figure 4.1).

All cobalt oxide and lithiated cobalt oxide materials were character-
ized by cubic unit cells. Therefore, the discussion will be limited
to cubic structures. Ffor any cubic crystal, the spacing of the planes

with Miller indices (h,k,1) is given by:

a2

42 = | S | (4.2)
(h2 + k2 + 12)

where a is the lattice dimension and (h2 + k2 + 12) =5 [113].
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Figure 4.1:

Reflection of X-rays from a set of crystallographic planes

Combining equations 4.7 and 4.2 yields the following eguation [113,
14 ]

. 2 . 2 2
sin”6 _sin"8 _ Kz (4.3)

- -

h? + k% + 1% 5 4a

Equation 4.3 relates the angle of diffraction to the Miller indices of
the reflecting planes of the crystal; Since the'5um»5 = (h2 + kz + 12)
is always integral and }\2/4.32 is a constant faor any one pattern, the
problem of indexing the pattern of a cubic substance is one aof finding
a set of integers, S, which will yield a constant quotient when
divided one by one into the observed sinze values. Certain integers,
such as 7, 15, 23, 28, 31 etc. are impossible because they cannot be
formed by the sum of three squared integers. Once the proper integers,

S are found, the indices, hkl of each line can be determined [113].

The proper set of integers, S is not hard to find because,theré are

only a few possible sets. Each of the four common cubic lattice types
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has a characteristic sequence of diffraction lines, described by their

sequential S values:

Simple cubic : 1,2,3,4,5,6,8,9,10,11,12,13,14,16
Body-centred cubic: 2,4,6,8,10,12,14,16 ...
Face~centred cubic: 3,4,8,11,12,16 ...

Diamond cubic : 3,8,11,16 ...

Each set can be tried in turn. If a set of integers satisfying equa-
tion 4.3 cannot be found, then the substance involved does not belong

to the cubic system and other possibilitieé must be explored [113].

In applying Bragg's Law to X-ray powder diffraction, use of mono-
chromatib X-rays, such as CuK, rays is made. These rays are allowed
to fall on the powdered sample which is rotated through the various
diffraction angies. A detector, which picks up the diffracted rays is
also rotated through the various diffraction angles. The diffraction

intensity is determined as a function of the Bragg angle, 8.

The powdered éémple contains crystallites orientated randomly at all
possible angles. As a result, there will always be some of the crys-
tal faces at the appropriate angles for diffraction at each value for
8 which satisfies the Bragg equation. For each angle satisfying
Bragg's equation, a diffraction line is picked up by the detector and
recorded electronically by the deflection of a pen on a recorder. The
recorder is calibrated to run in conjunction with the rate of rotation
of the sample through the Bragg. angles, so that the peaks are trans-
lated directly onto the recorder at the angles at which diffractioh
occurs [114]. Figures 4.2 and 4.3 depict typical X-ray diffraction
patterns for Cos304 and CoO. '

4.3 STRUCTURAL X-RAY DIFFRACTION ANALYSES OF CATHODES FROM HIGH
TEMPERATURE CELLS ‘

In an attempt to identify the’pruducts formed during the cycling of
these cells, powder X-ray diffraction analyses of cathaodes were under-

taken at various stages of charge and discharge.
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The spectrum of a charged Co0,Li;0 cathode that had not been allowed
to cycle more than four times, revealed new broad peaks, all of which
could be attributed to Co30y. Figure 4.4 illustrates a typical X-ray
diffraction (XRD) spectrum of a charged CoO,Li0 cathode at the end of
an early charge cycle. These Co30y peaks were not evident in spectra
of charged CoO,LiQO cathodes that had been allowed to cycle for sub-
stantially longer times. Severe weakening and broadening of the Co304
peaks were observed in the spectrum of a fully charged Co304,LiZ0
cathode (see Figure 4.5 for a typical XRD spectrum of such a cath-
‘ode). These results indicate that €030, is not stable in the cell
environment and, as will be more fully discussed later, investigation
into the stability of Co304. in the LiCl1l,KCl .eutectic was in good

agreement with these findings.

The spectra of fully charged C03Uq,Li20 and fully charged CoO,Li20
cathodes which had only cycled a few times, also contained a few extra
diffuse peaks that could not be identified as shown in Figures 4.4 and
4.5. 1t was concluded that during the charging process, Co0 (rocksalt-
type 'structure) is oxidized to Co30y (spinel-type structure) and that
further oxidation of Co30y gives rise to an unstable compound with
postulated formula LipyCo2034x for x > O. The charging reactions
corresponding to plateaus III and IV can therefore be represented as

follows:

3Co0 + LigD ===>Co30y + 2Li (alloyed with Al) (4.4)

200305 + (1 + 3x)Li20 ——> 3Li2yCo2034x
+ 2Li(alloyed with Al) (4.5)

The Eq value of 1,47 V observed for reaction 4.4 at 420 °C differs by
0,18 V from the theoretical value for the reaction calculated from

available thermodynamic data 104 ].

The fact that plateaus III and IV were not always clearly distinguish-
able during discharge and that after a few successive cycles all evi-
dence of either plateau completely disappeared, indicates that both
the hypothetical LijyC0,034x compound and Co;0, are unstable in

the cell environment.
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X-ray diffraction spectrum of fully charged CoO,Li20 cathode
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In addition to the peaks that characterized Co30y and LioyCo20344»
the spectra of charged CoO,Li,0 and Co304,Lio0 cathodes, also contain-
ed several other peaks that disappeared on washing of the samples.
These peaks were also evident in the spectra of unwashed powdered
samples of Co0 and Co30y that had been immeréed in a LiCl1l,KCl eutectic
melt at 420 ©C for several days. The result of this investigation and

the unidentified compound formed will be discussed more fully later.

X-ray diffraction analyses of Co30y and Co0 cathodes that had reached
a state of charge as represented by plateau Il in Figures 3.8 to 3.11
were also undertaken. Well defined peaks indicated the presence of
Co0 with rocksalt-type structure. This plateau was therefore attri-

buted to the reaction:
Co + Li0 ==Co0 + 2Li (alloyed with Al) (4.6)

The theoretical Eg value of 1,43 V calculated for this reaction at
420 °C from thermodynamic data_[104] is in very good agreement with

the observed Eg value of 1,41 V for platéau II.

In all the high temperature cobalt oxide cells investigated. plateau
II became the predominant plateau after only a few charge/discharge
cycles (2 to 4). This finding is in fact not surprising when one con-
siders that Coll is more stable than Colll [115]. It is interest-
ing to compare these results to those obtained for the high tempera-
ture Fe30, cathodes [31] in which Fe30, was fognd to be the most
stable phase, while Fe0 with rocksalt structure is unstable below

580 °C and disproportionates into Fe30y and o-Fe.

Two metéllic phases of cobalt. viz. o-Co (hexagonal close packed) and
B-Co (face centred cubic) were evident in fhe spectra of discharged
Co30y4 and Co0 cathodes, although B8-Co was always found to be present
in trace amounts. The nature of the reaction that gives rise to
plateau I has not yet been determined. However, it is of interest to
speculate about the fact that B-Co is always present in trace amounts
while plateau I is short and generally contributes less than 10% of

the total capacity obtained from any one cell. It is feasible that
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the oxidation of B-Co to. Co0 may occur at a voltage different from
that at which a-Co is oxidized to CoO. If one assumes that this is
the case, then the charging reaction giving rise to plateau I may be

represented as follows:
B-Co + Lig0 =—===Co0 + 2Li (alloyed with Al) (4.7)

The Ep value observed for this plateau was between 1,31 and 1,32 V.
Unfortunately, no thermodynamic data is available for the oxidation of
B-Co to Co0 and therefore it was not possible to calculate a theoreti-
cal £y value for this reaction. g-Co exists above 450 °C, but below
this temperature, mixtures of B-Co and a-Co exist [116]. The high
temperature cells were operated at 420 ©C, so one might expect to find
an appreciable amount of B-Co present at this temperature. However,
assuming that reactions 4.6 and 4.7 give rise to plateaus II and I
respectively, then a-Co would be formed before B-Co during the reduc-
tion process. This is in agreement with the X-ray diffraction spectra
of fully discharged Co30, and CoO0 cathodes which always showed «-Co to

be present in much larger quantities than g-Co. A

Cells which were loaded in the fully discharged state, tended to have
very. long charge cycles and relatively short discharge cycles. How-
ever, plateau V, which was attributed to the chlorination of cobalt,
was always present and in many cases was the dominant plateau for
these cathodes. It is possible that CoCly formed during the oxidation
giving rise to plateau V, was dispersed rapidly into the LiCl,KCl
/electrolyte, resulting in short discharge cycles.

4.4 UNIDENTIFIED PEAKS IN X-RAY DIFFRACTION SPECTRA OF CATHODES FROM

HIGH TEMPERATURE CELLS

The spectra of fully éharged Co0,Li20 and Co30y4,Lio0 cathodes often
contained a fairly strong peak at d = 2,71 A and a weak, diffuse peak
at d = 3,83 R. The compound giving rise to these peaks could not be
identified, but was obviously stable in air, since these peaks were
evident in samples.which had been exposed to air. They did however

disappear on washing of the samples. These unidentified peaks were’
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also evident in the X-ray diffraction spectra of unwashed powdered
samples of Co0 and Co30, that had been immersed in a LiCl.KCl melt at
420 ©°C for several days and were attributed to an unidentified water

soluble compound formed by reaction of the oxides with the melt.

4.5 THE STABILITY OF COBALT OXIDE AT ELEVATED TEMPERATURES

The X-ray diffraction spectrum of a sample of Co304 which had been
heated at 420 OC under argon for several hours, revealed that no
structural changes had‘—occurred. It was therefore concluded that
operation at the cell temperature (i.e. 420 °C) does not result in any

breakdown of Coj30,.

4.6 REACTIVITY OF COBALT OXIDES WITH LioO

The X-ray diffraction spectrum of a sample of Co0 which had been
reacted with Li,0 under vacuum at 420 °C for 20 hours, indicated the
presence of significant amounts of LigCoOy. A number of fairly weak
peaks which could not be identified, also characterized this spec-
trum. These peaks, together with the formation of LisCoOq, refiect
the reactivity of Co0 with Li,0 at 420 °C. The X-ray diffraction spec-
trum of this sample after it had been washed with'water, revealed the
presence of only unreacted Co0 and cobalt hydroxide (Co(OH)j), the
peaks due td Li20 and LigCoOy having disappeared. It must be stressed
however, that in no case was any evidence of LigCoOy ever found in the
X-ray diffraction spectra of any of the high temperature cell cath-

odes.

Co30y was found to be stable in Liy0 and on washing of the CoéOq
sample that had been heated with Lip0 under vacuum at 420 °C for 20
hours, only Co30, peaks were evident in the X-ray diffraction spec-

trum, those due to Li»0 having disappeared.

4.7 CONCLUSIONS FOR HIGH TEMPERATURE LITHIUM/COBALT OXIDE CELLS

Relatively short lifetimes were obtained from the high temperature
Li-Al/LiCl,KC1/Co30y and Li-Al/LiCl1,KC1/Ca0 cells. This is in con-

trast to the superior lifetime performances achieved from similar
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cells containing a—Fe203\ and Fes30y cathodes [31]. The iron-oxide
cells delivered capacities in excess of 400 mA-hr/g for several
months, whereas high discharge capacities were generally delivered by
Co304 and Co0 cathodes during the early cycles of cell operation
only. This can be attributed to the fact that, in the iron oxide sys-
tem, the lithiated iron oxide phases were stable in the LiCl,KCl elec-

trolyte: this is apparently not the case for the cobalt oxide system.

Beéring in mind the importance of the structural properties of the
cathode, it is interesting to compare the results for the high temper-
ature lithium/cobalt oxide cells with those reported by Godshall et
al, who describe the electrochemical performance of LiCo0, cathodes in
a similar cell environment [30]. Their cell discharges according to

the reaction:
3Li + LiCoO0y ==22Li,0 + Co (4.8)

The . reaction occurs on a single plateau (Eg = 1,336 V, obtained with
an Al;Lio,gAl reference electrode) and is reversible provided that
the cell is not discharged to its compositional limits. Unlike Co0 and

Co304,LiCo0, was reported to be stable in the LiCl,KCl electrolyte.

In conclusion it is evident from the available data, that, during the
charge/discharge cycling of Co304 and Co0 cathodes, several distinct
phases are generated. The reaction sequence at the cathode during
charge (in the presence of excess Li,0) and discharge as determined by

powder XRD methods may be represented as follows:

Structure Oxidation state
of Co
LipyCo203.x (x 2 0) Unknown | + 3 \
T (a) |
Co304 ' v Spinel + 3, + 2
P ®
Co0 Rocksalt + 2
§ ©
Co _ Hexagonal-close-packed 0

and face-centred-cubic
(i.e. two phases present)
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The exact nature of the compound Lijz«Co2034¢ and the reversibility
of reaction (a) have not been ascertained. The performance of these

cells appears to be severely restricted by the following main factors:

i) an instability of the cobalt oxides LiéxC0203+x,C030L+ and
Co0 in the LiCl,KCl eutectic melt at 420 °C '

ii) dispersion of the discharge product, Lis0 into the electro-
lyte. '
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CHAPTER 5

CHEMICAL LITHIATION OF Co30, AT 50 ©C AND ELECTROCHEMICAL
'LITHIATION OF Co30, AT AMBIENT TEMPERATURE '

5.1 INTRODUCTION

This chapter reports results of the chemical and electrochemical lith-

iation of Co30y4 at ambient temperature. - Structural characterization
of the lithiated product by powder X-ray diffraction technique is pre-

sented.

5.2 CHEMICAL LITHIATION DF‘CDBALT OXIDE AT 50 °C

The lithium content of the LiyCo30, samples as determined by atomic-
absorption methods are listed in Table 5.1 together with the reaction
conditions, It is evident from these results that the values of x were
dependent on the concentration of lithium (in the form of n-butyl-
lithium) and on the reaction time. The maximum x value obtained was
1,92, indicating that almost two lithium ions can be inserted into

Co30, per formula unit on reaction with n-butyllithium.

TABLE 5.1
Reaction conditions for the lithiation of Co30, showing the dependence

of x on the cancentration of lithium and on reaction time.

Reaction Reaction Moles Li added % X.
time (hours) | temperature (°C) | per mole Co30, | lithium
24 50 1,2 1,58 0,56
48 50 1,2 1,72 0,61
24 50 1,7 1,45 0,51
48 50 1,7 2,38 0,85
24 50 2,0 2,46 0,88
48 50 2,0 2,31 0,82
15 50 3,5 5,25 1,92

‘The X-ray diffraction profiles up to 20 = 80 ° of Coaﬂq and Li Co30,
X
(x = 1,92) are displayed in Figures 5.1 and 5.2 respectively.
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Table 5.2 lists the X-ray intensity data obtained for Lij, 92C0304.
Data for Co30y (spinel) and CoO (rocksalt) have been included in the

table for comparison.

| TABLE 5.2
X-ray diffraction data of Co304, CoO and LixCo30, (x = 1,92)
for 26 < 132 ©.

Co30y [117] Cod [88] | Lil,92C030y
'a' lattice parameter

(R) 8,084 8,520 8,309
h k1 Spinel 1/1, | Rocksalt /I, I,
111 20 - 17,3
220 40 -
311 100 - - 8,5
222 12 75 43,0
400 25 100 100,0
331 - - 2,3
422 12 -
>33 35 - 5,2
51 1
440 45 50 45,2
53 1 - 1,2
620 -
533 12 -
622 8 20 18,8
444 4 16 14,8
711 4 -
642 - 8 -
731 16 - - ,
800 8 10 6,4
822 6 -
751 16 -
66 2 6 14 9,9
840 - 30 15,2
8 4 4 - - 19,1

Note: The ASTM Powder Diffraction File does not list X-ray intensity
data for Co30, beyond 26 = 112,4 © and for CoO beyond 26 = 108,1 ©.
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Although the idealized CoO rocksalt structure is normally assigned to
~ space group Fm3m (OE),.a = 4,260 & [88], its Co™ ions can be regarded
as occupying all the octahedral sites of space group fd3m, the 64
tetrahedral sites remaining empty. In Table 5.2 the diffraction pat-
tern of Co0 has been indexed to a super cell with a = 2 x 4,260 A to

allow direct comparison with Co30y and Liy 92C0304.

Although the X-ray diffraction pattern of Li), 92C0304 (Figure 5.2)
shows evidence of some unreacted Co304 (most probably the large parti-
cles) the peaks'of Liy, 92C030y were generally well resolved; enabl-
ing a reasonably accurate determination of their intensities. Intensi-
ties were measured gravimetrically using a 5-figure balance. Although
the diffraction profile of Lij 97C0304 could be indexed to the spi-
nel space group Fd3m (D;), a comparison of this profile (Figure 5.2)
with that of Co30y (Figure 5.1) shows differences in both the intensi-
ties and positions of the peaks. The difference in the intensities of
the peaks indicates movement of the cobalt atoms within the cubic-
close-packed oxide lattice. In addition the peaks of the diffraction
profile for Li) 92C030, are shifted to lower 26 values compared with
those of the Co304 diffraction profile; this indicates an expansion in
the oxide lattice during the lithiation process. Insertidn of lithium
into Co304 resulted in an expansion of the cubic cell edge from
8,084 A to 8,309 A, which represents an 8,58% ihcrease in the volume

. of the C03Dg unit cell.v This is a significantly larger increase in

volume than that of -2,8% reported for the lithiation of Fe30u [32].

A cursory examination of Table 5.2 indicates that the structure of
Liy, 92Co304 is intermediate between spinel and rocksalt, but is pre-
dominantly rocksalt. In fact, the relative intensities of the diffrac-
tion peaks of Lij g92C030, correlate closely with those of Co0 (rock-
salt). These findings are in very good agreement with those of
Thadkeray et al [32] in their studies of the lithiated iron oxides.
They produced LixFe304 (x = 1,5), the diffraction profile of which
could be indexed to the space group Fd3m (Og). As with the Li Co30y
compounds, Lil’sFeaoq was found to have a structure intermediate
between spinel and rocksalt, but which was also predominantly rock-

salt. Structural analysis of Li; sFe30y indicated that the [Feg]Og
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sublattice of the Fe30y spinel structure remained intact during lith-

iation.

The fact that the LiyCo304 compounds have structures which are pre-
dominantly rocksalt,'of necessity implies that the tetrahedral Co2+
ions must be displaced from the Ba sites to empty 16c sites via a com-

mon Ba/16c face.

In an initial attempt to characterize the structure of Lil,92C0304 a
model for Li; oCo [COZ]UH was - computed using the Lazy Pulverix pro-
gram. This program computes what the X-ray diffraction pattern should
be for a known structure, the structural parameters being the "“input"
for the program. Ffor the LiCo[Co,]0, model computed in this investi-
gation, the "input" conditions consisted of one Li* ion and one Co2+
ion per formula unit positioned in the 16c sifes of space group fd3m.
The oxygen and remaining Cod+/2+ ions occupied the 32e and 16d sites
respectively. This structure may therefore be regarded as a partially
ordered rocksalt structure; the octahedral B sites of the spinel
structure are unaffected by lithiation and the remaining octahedral
sites are randomly occupied by Li* and Co?* ions. Table 5.3 lists the
hkl values and relative intensities of the X-ray diffraction pattern
computed for this model using the Lazy Pulverix program; the reiative
intensities of the X-ray diffraction profile obtained from

Lijy, 92C0304 have been included for comparison.

The relative intensities of the X-ray diffraction profile of
Lij, goCo30, correlate well with those obtained for the LiCo[Co,]0,
model computed using the Lazy Pulverix program, (It/must be noted
that an additional. 0,92 Li* ions to the computed structure would not
significantly alter the  calculated intensities as lithium is a very
light scatterer of X-rays). This seems to suggest that the 8a site
Co2+ ions are displaced to the 16c sites during lithiation, as expect-
ed, and that the inserted Li* ions up to x = 1 occupy the remaining
16c sites. At x = 1 in LiyCo30,, all the 16c octahedral sites are
filled. Therefore, for x > 1, Li* ions entering the spinel framework
must either occupy tetrahedral vacancies, 8a, or fill octahedral sites
at the expensé of cobalt ions which would be extruded from the oxide

lattice as metal caobalt, Co®. That is, the reaction would either be:
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TABLE 5.3 ,
X-ray diffraction data for LiCo[Co]0y computed using Lazy Pulverix

program and X-ray diffraction intensities obtained for Li1,92C0304

h k 1 | Intensity of computed Intensity of XRD
XRD pattern pattern for LixC03Oq
111 30,7 ' 17,3
220 0,1 | -
311 7,1 8,5
222 58,5 . - 43,0
400 100,0 100,0
331 1,4 2,3
4 2 2 <0,1 -
511 4,5 _ 5,2
333 0,1 -
440 49,1 45,2
531 3,5 1,2
4 4 2 <0,1 -
6 20 <0,1 ' -
533 0,8 -
1622 26,7 . 18,8
4 4 4 13,4 14,8
551 1,3 : -
711 0,4 -
6 22 <0,1 : -

0,92Li + LiCo[Co2]0y —> (Lio’92)83(LiC0)160[C02]16d0q or

0,92Li + LiCo[Co2]0s —> Li}, 92C02 080y + 0,92C0

In the case of Fe30y, it was originally proposed [32] that lithiation
in excess of x = 1 resulted in the 8a and/or 48f tetrahedral sites
being occupied, occupation of the 8b sites being energetically
unfavourable as these.tetrahedra share all four faces with neighbour-
ing, occupied 16d octahedra. However, compounds with x > 1 were
observed to be unstable and tended to‘ignite in air, particularly for

high values of x.
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This was attributed to lithium diffusion from the bulk of a particle -
back to the surface where oxidation of metallic lithium readily occurs
[37]. However, in view of subsequent studies [33] and the disclosure
that traces of "unreacted iron oxide" were present after reaction of
Fe30y, with nébutyliithium [32], it appears that for x > 1, finely
" divided iron may also be extruded from the lattice to accommodate the
excess lithium. The surface iron is readily oxidized when exposed to
air.

i

In view of these findings, it was initially thought that lithiation of
LiyCo304 in excess of x = 1, was more likely to result in extrusion
of C02+‘ions from the 16c sites than in occupation of the tetrahedral
sites by the excess Li* ions because of the close proximity of the 8a
and 16c sites (~1,8 R). Furthermore, after being dried under vacuum,
Li}, 92Co304 was found to be ferromagnetic as could be seen from the
interaction of the dried Lij;, gpCo30, particles with the magnetic
stirrer in the reaction vessel. This was initially attributed to the
presence of cobalt metal in very finely divided form, even though no
cobalt could be detected in crystalline form on the powder X-ray dif-

fraction profile.

In order toidetermine which process occurs during lithiation beyond
X ; 1, an attempt was made to refine the structure of Li;, 9oCo304
using a least squares intensity refinement program developed by
Wiseman. The Wiseman program.refines the structural parameters of a
campound from the Bragg intensities obtained from the X-ray diffrac-
tion profile of that compound. The structure of Li; g¢5C030, was
refined using 14 intensities aobtained from 15 reflections. The
refinement was carried out with a model similar to that used previous-
Aly for LiyFe30y [32] and LiMn304 [37]. Listed below is a summary of
the structural parémeters yhich were refined for Lij; g7C0304 using
the Wiseman program. No more than 5 parameters were refined during

any one least-squares cycle.

i} | Scale factor
ii}  Occupancy of Li* on the 8a sites
iii) Uccupancy of Li* on the 16c sites sum restricted to 2

iv)  Occupancy of Co on the 1éc sites per formula unit.
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v)  Occupancy of Li* on the 16d sites suﬁ restricted to 2
vi) Occupancy of Co on'the 16d sites per farmula unit.
vii) Temperature factor, B for cobalt
viii) Temperature factor, B for oxygen

ix) X,Y,z parameters for oxygen

vAn R factor of 5,63%, where
R =] |Iobs - IcalcV2 Lobs

was obtained with a structure having the refined atomic parameters
which are given in Table 5.4. Observed and calculated Bragg intensi-

ties are listed in Table 5.5.

 TABLE 5.4
Structural parameters of Lij g92C030, (R = 5,63%)

Atom | Posi- X y z B (&%) Occupancy*
tion n
Li* | 8a 0,125 0,125 0,125 1,0 0,27(17)
Li* 16c | 0,000 0,000 | 0,000 1,0 0,50 (3)
Li* 16d | 0,500 0,500 0,500 1,0 -0,02 (5)
Co 16c | 0,000 0,000 0,000 | 0,4(4) | 0,50 (3)
Co 16d | 0,500 0,500 0,500 0,93) | 1,02 (5)
02- 32¢ | 0,254(2) | 0,254(2) | 0,254(2) | 3,3(6) 2,00

. Figures in brackets represent the standard deviation.
* The occupancy is given in terms of the relative number of atoms in
the unit cell.

Other physically realistic models failed to provide a better fit.to
~the data. The results of the Wiseman program enable the following
important conclusions to be made about the structure of LixCo30y
(x = 1,92):

i) refinement of the cobalt occupancy of the 16d (B-sites)
positions (total = 2,04(10)) showed that the [Coz]04 frame-
work of the original Co30y4 spinel remained intact within

"experimental error
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, TABLE 5.5
Observed and calculated intensities for Lij, 92€C030y

h k1 Icalec | lobs
111 283 281
311 146 138
222 690 697
400141580 | 1620
31T s 38
511

333 50 84
440 803 732
531 31 20
6 22 315 305
4 4 4 204 240
800 91 104
6 62 159 161
840 268 246
8 4.4 288 309

ii) one Li* ion and one Co>* .ion per formula unit randomly
occupy the 16c positions, confirming that lithium insertion
into Co30, results in displacement of the 8a Co* ioms to

empty 16c sites

iii) refinement of the number of Li* ions on the 8a sites yielded

a positive occupancy resulting in a fipal refined stoichio-

metry of Lij 54C0304.

These results indicate, rather unexpectedly, that lithiation of Co304
in excess of x = 1, results in occupation of the B8a sites by Lit,
rather than extrusion of cobalt. This indicates .that metastable
phases can be generated at ambientitemperature in which small cations
such as lithium can reside simultaneously in face-shared tetrahedra
(8a) and octahedra (16c) with an intersite distance of only 1,8 A (the

ionic radius of Lit = 0,59 A).

5.3 AMBIENT TEMPERATURE ELECTROCHEMICAL LITHIATION OF COBALT OXIDE

Ambient temperature electrochemical 1lithiation of cobalt oxide was

carried out as a check on both the maximum degree of lithium insertion
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into Co304 and the conclusions drawn about the structure of LiyCo304

as determined by chemical lithiation.

The plot of open-circuit voltage versus x for the Li/Co30, cell is
given in Fig. 5.3. This plot is characterized by two single-phase
regions I and II, in which lithium is inserted into the oxygen frame-

work, and a two-phase region III, in which Li;0 and cobalt metal are
generated by further discharge of the fully lithiated compounds. It
was evident that ngOq can accommodate between 1,5 and 2,0 Lit ions
per formula unit within its structure consistent with the results of
chemical lithiation methods, and the struétural refinement. Further-
more, from the break in the curve near x = 1,0, which separates phase
I from phase II, it appears that the insertion process occurs in two
steps as outlined in the follpwing section. The open-circuit voltage
versus x curve for electrochemical lithiation of Co30y4 is very similar

to the corresponding curve far Fe3Oy [32].

5.4 CONCLUSIONSAFDR LITHIATION OF COBALT OXIDE

Given the electrochemical information, the X-ray diffraction data
obtained from the chemically lithiated samples and the results of the
Lazy Pulverix and Wiseman programs, the following mechanism for inser-

tion of lithium into Co304, is postulated:
CoZ*galCos” J16d0u
¢, Xc Li

(Li"chOz*)isc[C03+/2+]16d0u

I i (1 - xg)Li
(L1*Co®*) 16¢[Co3" ™ Tr6400

II i 1,0 Li
(Li*)ga(Li*Ca®*) 160 [Cos" T1gd0u

III |, 6,0 Li

4l.i-o0 + 3Co
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Cooperative displacement of the 8a-Co2+ ions to empty 16c octahedral
sites, ‘occurs at a critical Li+ ion concentration, Xc o During
reaction I, the 16c octahedral-site vacancies are filled by lithium,
the end composition corresponding to the partially ordered rocksalt
phase (LiC0)1gclCo, ]16d04.  During reaction II, further insertion
of lithium into the structure occurs, involving a filling of the
tetrahedral sites by Li* ions. The [Co2]16d0s subarray remains
intact during lithiation, and acts as a close-packed-anionic 3-dimen-
sional framework for Li* ion tfansport. Lithiation beyond x = 2
results in a breakdown of the structure into the most probable pro-
ducts Lio0 and Co.

In the absence of cobalt extrusion the magnetic proportions of 1lith-

iated Co30y could possibly be explained in the following way:

The average formal cobalt valence balances the charge per formula unit
during the mechanism proposed above i.e. lithium insertion into Co 304
necessitates the reduction of Cod+ to Co%+. Co30, bhas low spin
C03+(tg e%) on the B sites (16d sites). Co’* is a d® ion and is gene-
rally low spin with no unpaired electrons and is therefore diamagne-
tic. At ambient temperature the A-site Co2+ couple antiferromagneti-
cally. The question arises as to whether low spin Co+ on the B sites
becomes high spin Co®*  (a d7 ion = tg e?) on lithiation of C03Oq,'0r
whether the added electrons are itinerant to give 'Co(3‘x)(tg a* )
[118].

‘Moreover, with the large lattice expansion that occurs during lithia-
tion, do the remaining diamagnetic low-spin Co 3+ become high-spin'Co3+
to give a high-spin mixed valency on the B-sites: cngchf+ = t;+xe2
with the x mobile electrons hopping between the cobalt ions. In. any
case a Ferromagﬁetic coupling between Co* ions on the A-sites coupled
antiparallel to magnetic cobalt on the B-sites can be expected to give
an effective ferromagnetism. However X-ray data have shown that the
Co’+ ions do not remain on the A-sites at least for extensive lithia-
tion. It is eclear that further work is necessary to establish the

exact cause of the magnetic behaviour induced into Co304.
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The value of xg, the critical lithium concentration at which the
8a-cobalt ions are displaced to 16c sites still has to be determined.
This is assumed to be small,< 0,1. The displacement of Co%* from
tetrahedral 8a to octahedral 16c sites probably ocecurs due to the
electrostatic forces between Li* ions in 16c sites and the 8a-Co2*
ions. A 16c site of the spinel structure shares faces with two 8a
sites on opposite sides. .In Co304, the 8a sites are occupied by Co %+
ions, so é Li* ion in a 16c site would experienée a strong electro-
static repulsive field from Co® ions in neighbouring 8a sites; at x =
xe the electfostatic force is strong enough to push the Co® ions

into neighbouring, empty 16c positions [32].

In . view of the above results, it is possible to make the following

conclusions about lithium insertion into Co304 at ambient temperature:

i)  Li* ions can be inserted into the spinel structure of Co30y4

at ambient temperature.

ii)  The [Coz]Uq subarray of the spinel structure remains intact
during lithiation. This indicates the possibility of design-
ing close-packed-anion framework structures in which the
16c-octahedral and 8a-(and possibly 48f) tetrahedral sites
of the spinel structure offer a 3-dimensional interconnected

interstitial space available for Li* ion transport.

iii) At a ecritical lithium-ion concentration, xe (which is
thought to be small), the 8a-site Co?+ ions are displaced to

empty 16c octahedral sites.

iv) Co30y can accommodate nearly two Li* ions per formula unit
within its structure. For 0 < x <1, Li* ions enter the 16c-
sites of Co304. For 1 < x < 2 Li*t ions appear to enter the
8a tetrahedral sites. This result is unexpected particular-
ly on account of the very -short 8a-16c intersite distance
(1,8 A).

v) Lithiation of diamagnetic Co304 appears to induce ferro-

magnetic properties into the crystal.

’
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SUMMARY

In comparison with other high temperature lithium/transition metal
oxide cells investigated, such as the lithium/Fe304 cell [31], high
temperature lithium/cobalt oxide cells perform rather poorly. They
suffer from relatively short lifetimes and generally deliver high dis-
charge capacities during the early cycles of cell operation only. The
major problems of these cells appear to be an instability of
| LipxCo034x, Co304 and Co0 in the LiC1,KCl eutectic at 420 °C and
the dispersion of the discharge product, Li0 into the electrolyte.
Although it would be of scientific interest to determine the nature
and structure of the wunidentified compound, LijsxCo2034x, the
family of cobalt oxide compounds cannot be regarded- as attractive

electrodes for high temperature, lithium batteries.

The results for the ambient temperature lithium/cobalt oxide cells are
much more interesting. They indicate that Co304, can act as a close-
' packed-anion structure capable of lithium insertion and as such, shows
promise for primary lithium'battery applications requiring low current
drain. Furthermore, these cells operate at ambient temperatures,
which is- far more desirable than the high temperatures necessitated by
the higher power density cobalt oxide cells. These results have also
emphasized the possibility of designing other close-packed-anion
structures particularly those within the spinel family capable of
lithium insertion that could act as "solid solution" electrodes. In

particular a wide variety of transition metal ions can be stabilized
on the B sites of the spinei structure, which promises the possibility
of being able to tailor the redox potentials of spinel electrodes in

lithium batteries.
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