
Journal of Power Sources, 12 (1984) 83 - 144 83 

A REVIEW OF CELLS BASED ON LITHIUM NEGATIVE ELECTRODES 
(ANODES) 

M. HUGHES, N. A. HAMPSON and S. A. G. R. KARUNATHILAKA 

Department of Chemistry, Loughborough University of Technology, Loughborough, 
Leicestershire LEll 3TU (U.K.) 

(Received May 15,1983; in revised form October 17, 1983) 

Contents 

Summary ................................................. 

1 General introduction ....................................... 
2 Primary cells. ............................................ 

2.1 Introduction to primary cells. ............................ 
2.2 The lithium anode. ................................... 

2.2.1 Kinetics of lithium electrodes ...................... 
2.2.2 Stability of lithium in specific electrolytes 

(a) Dimethyl sulphoxide (DMSO) .................... 
(b) Propylene carbonate (PC). ...................... 
(c)Water .................................... 

2.3 Cathode materials .................................... 
2.3.1 

2.3.2 

2.3.3 

2.3.4 

2.3.5 

Halogens 
(a) Fluorine .................................. 
(b) Bromine .................................. 
(c)Iodine. ................................... 
Halides.. ................................... 
(a) Copper fluoride ............................. 
(b) Copper chloride ............................. 
(c) Copper iodide .............................. 
(d) Nit kel chloride. ............................. 
(e) Silver chloride .............................. 
(f) Mercury fluoride. ............................ 
(g) Cadmium fluoride. ........................... 
(h) Bismuth fluoride ............................ 
(i) The use of ‘crown ethers’ ....................... 
Chalcogens ................................... 
(a) Sulphur. .................................. 
Metaloxides .................................. 
(a) Copper oxide. .............................. 
(b) Vanadium pentoxide. ......................... 
(c) Molybdenum oxide. .......................... 
(d) Silver oxide. ............................... 
(e) Titanium dioxide ............................ 
(f) Manganese dioxide ........................... 
Sulphides and selenides. .......................... 
(a) Copper sulphide ........ : .................... 
(b) Potassium iron disulphide and strontium/barium iron sul. 

phide .................................... 
(c) Mixed sulphides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .95 

85 

85 
87 
87 
87 
87 

87 
87 
88 
88 

89 
89 
89 
89 
90 
90 
90 
90 
90 
91 
91 
91 
91 
92 
92 
92 
93 
93 
93 
93 
94 
94 
94 
94 

94 

0378-7753/84/$3.00 0 Elsevier Sequoia/Printed in The Netherlands 



84 

2.4 

2.5 
2.6 

2.7 

2.8 
2.9. 
2.10 

2.3.6 Aluminium complexes ........................... 
2.3.7 Oxysals .................................... 
2.3.8 Organic cathodes with depolarisers ................... 
2.3.9 Oxyhahdes. .................................. 
2.3 .lO Polymeric carbon compounds ..................... . . 
2.3.11 Sulphur dioxide ............................... 
Electrolytes ........................................ 
2.4.1 The solvent .................................. 

(a) Propylene carbonate .......................... 
(b) Dimethyl sulphoxide .......................... 
(c) Dimethylformamide .......................... 
(d) Isopropylamine ............................. 

2.4.2 Solutes ..................................... 
Separators ......................................... 
Film formation. ..................................... 
2.6.1 The effects of various materials ..................... 

(a) Propylene carbonate .......................... 
(b) Tetrahydrofuran. ............................ 

2.6.2 Films in specific cells ............................ 
(a) Lithium/sulphur dioxide ....................... 
(b) Lithium/halides and lithium/oxyhaIides ............. 
(c) Lithium/l,2,4,5-benzenetetracarboxylic dianhydride. .... 

2.6.3 Voltage delays associated with film formation. ........... 
Discharge mechanisms ................................. 
2.7.1 

2.7.2 

2.7.3 

2.7.4 
2.7.5 
2.7.6 

- Lithium/halide cells. ............................ 
(a) Lithium/aIuminium chloride, propylene carbonate/silver 

chloride.. ................................ 
(b) Lithium/mercury fluoride ...................... 
(c) Lithium/n-type cadmium fluoride ................. 
(d) Lithium/bismuth fluoride. ...................... 
Lithium/oxide cells ............................. 
(a) Lithium/bismuth oxide ........................ 
(b) Lithium/titanium dioxide. ...................... 
(c) Lithium/manganese dioxide ...................... 
(d) Lithium/vanadium pentoxide .................... 
(e) Lithium/silver oxide .......................... 
Lithiumlsulphide and lithium/selenide. ................ 
(a) Lithium/titanium sulphide and lithium/niobium selenide . . 
Lithium/oxysalts ............................... 
Lithium/polymeric carbon compounds ................ 
Lithium/sulphur dioxide. ......................... 

Hazards ........................................... 
Applications. ....................................... 
Conclusions ........................................ 

3 Secondary lithium cells. ..................................... 
3.1 Introduction. ....................................... 
3.2 Mechanism and structure ............................... 
3.3 Basic problems ...................................... 
3.4 Lithium cycling in secondary cells ......................... 

3.4.1 Levelling devices ............................... 
3.4.2 Precursors.. ................................. 
3.4.3 Alloying substrates ............................. 
3.4.4 Scavengers ................................... 
3.4.5 Electrolyte purification .......................... 

112 
112 
113 
113 
114 
114 
114 
115 
115 
116 

3.5 Solvents........................................... 116 

95 
95 

96 
97 
97 
97 
98 

99 
100 
101 
101 
101 
102 
102 
103 
103 
103 
104 
104 
104 
104 
104 
105 
105 
106 

106 
106 
106 
106 
107 
107 
107 
108 
108 
108 
109 
109 
109 
110 
110 
110 
110 
111 



3.6 Cycling behaviour in specific electrolytes. .................... 117 
(a) Tetrahydrofuran based electrolytes ...................... 117 
(b) Dioxolane based electrolytes. .......................... 117 
(c) Methyl acetate based electrolytes. ....................... 118 
(d) Propylene carbonate based electrolytes. ................... 118 

3.7 Theanode ......................................... 118 
3.3 Cathode materials .................................... 121 

3.8.1 Sulphides and selenides. .......................... 121 
3.8.2 Sulphospinels ................................. 125 
33.3 Transition metal oxides .......................... 126 

(a) Vanadium oxides ............................ 126 
(b) Molybdenum oxides .......................... 127 

3.8.4 Organic compounds. ............................ 128 
33.5 Other cathodic materials. ......................... 129 

3.9 Choice ‘of materials for cell construction ..................... 129 
3.10 Conclusions ........................................ 130 

ListofSymbols ............................................. 130 
References. ............................................... 131 

85 

Summary 

This review traces the development of lithium cells from their inception 
to the present day: about 500 references are included. Primary and second- 
ary cells are dealt with and the most useful anode/cathode combinations, in 
both fields, are noted. Electrolytes and separators are also discussed, as are 
the effects of film formation and the charge/discharge mechanisms. 

Shortcomings are emphasised where they are known to exist and atten- 
tion is drawn to some areas where the present authors consider advances may 
be made. 

1. General introduction 

The need for high energy density batteries which can be used both at 
high and at low discharge rates, and under stress conditions, has led to the 
use of active metals as battery anodes. In particular, cells using lithium 
anodes and various types of cathodes have been developed because of their 
high equivalent weights and ‘free energies. The performance of some of these 
couples is discussed and the discharge processes which are involved are 
reviewed. 

There has been rapid development of primary and secondary lithium 
batteries during the past decade and a considerable number of cathode mate- 
rials have been used to try to obtain a high energy system. New electrolytes 
or separators have also been developed because the cathode materials may 
dissolve in the electrolyte. 

In many cases the theoretical and practical energy densities and 
working voltages do not correspond. To explain this, new discharge processes 
have been proposed and in some cases verified. 



In this paper, we examine the battery in terms of its cell components, 
and discuss the role of fihn formation and discharge mechanism on the cell 
performance. We list the properties of a large number of types of cell, but 
make no attempt to pull together the general area of lithium cells. 

The use of water as a solvent seriously limits the potential energy 
density of cells due to its reactivity with respect to the components of the 
more thermodynamically interesting electrochemical pairs. Conventional 
systems have poor shelf lives due to hydrogen evolution, and low energy 
densities due to the low thermodynamic decomposition potential (1.23 V) 
of the solvent (water) which results in lower cell voltages. The energy den- 
sities of some common cell types are shown in the Table. 

Cell 

MnOz/Zn 
HgO/Zn 
NiOH/Cd 
Pb/PbOz 

W h/kg 

Theory 

400 
260 
240 
250 

Practice 

90 
150 
130 
130 

If the water could be replaced, then numerous other couples possessing 
considerable theoretical energy densities could be developed, for example: 
Li/F which has a theoretical energy density of 6250 W h/kg [l]. 

Theoretical data [l] suggested that lithium would be the best anode, 
but until recently it could not be used. 

Li Na Be K Mg Sr Al 
12 2.5 11 2 5.5 1.5 5.0 W h/kg 

Interest in the use of lithium as the anode in high energy batteries was 
only rekindled when it was shown [2] that metallic lithium could be depos- 
ited from organic electrolytes comprising lithium salts dissolved in organic 
solvents such as propylene carbonate (PC). r-Butyrolactone (BL) and PC 
were found to dissolve a variety of lithium salts and to become a reasonable 
conducting medium in which the lithium was stable. This has led to the rapid 
development of lithium primary batteries which can have high working 
voltages, high energy densities, and long shelf lives. 

Experience with these organic electrolytes has, however, limited the 
choice of the anode to lithium. This is because sodium and potassium depos- 
itions from non-aqueous solvents are accompanied by solvent reduction [ 31, 
and magnesium [4] and alminium [ 5,6] are only deposited from free metal 
alkyls containing electrolytes which are not suitable for batteries. 
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2. Primary cells 

2.1. Introduction 
During the last decade lithium primary cells have become established as 

relatively cheap, reliable power sources. The cells which have been com- 
mercially exploited successfully are those based on the solid cathodes CuO, 
C(F,), and V,O, materials, together with the liquid/gaseous sulphur dioxide 
and thionyl chloride systems. 

A large number of other combinations are possible and we attempt in 
this review to consider the totality of the electrodes and the various elec- 
trolytes used in the primary cells containing lithium anodes. 

2.2. The. lithium anode 
Although lithium is mechanically strong, has a low equivalent weight 

(6.9), a low density (0.53 g/cm3 at 0 “C), and a high equilibrium potential 
[ 71, there are numerous difficulties in overcoming the considerable losses 
due to polarization of the electrodes. A number of electrode configurations 
[8] have been considered in the development of these cells, but the best 
performance seems to be achieved by plating the lithium directly onto a 
metallic conductor - nickel or aluminium. Recently, more attention has 
been given to Li/Al alloys because of their possible use in lithium secondary 
cells and because of their good cycling properties. 

2.2.1. Kinetics of lithium electrodes 
The kinetics of lithium electrodes in numerous organic electrolytes have 

been studied [ 9 - 141. In particular, investigation of the transport phenomena 
of lithium cations in organic solvents [ 15 - 171 show that the transport num- 
ber (t’) of the lithium cation (Li+) is 0.4, and the diffusion coefficients are 
about lop6 cm2 s-l. 

2.2.2. Stability of lithium in specific electrolytes 
(a) Dimethyl sulphoxide (DMSO). Lithium was found to be strongly 

attacked within two hours by a solution of DMSO containing CuC12. A 
LiClO,/DMSO solution, however, took much longer [18 ] and pure DMSO, 
LiCl, LiF, CuF2 showed only slight, if any, attack on lithium after 168 h 
[ 191. The rate of gas evolution in the Li/LiClO,+, DMSO system at 30 “C was 
also shown to be negligible [ 201. 

These varied reports indicate that impurities, acids or water, which are 
introduced into the cell along with the solutes, must be removed for good 
cell performance [ 211. 

(b) Propylene carbonate (PC). Lithium is relatively stable in pure PC 
[22 - 251 and in. LiClO,-PC solutions [26 - 281 and is very stable in LiBF,- 
PC [ 291. Solvent degradation occurs in the presence of AlC13, however, and 
this results in the formation of CO, and chlorohydrins, which leads to a high 



88 

corrosion rate accompanied by hydrogen evolution [30, 311. Lithium cor- 
rosion in LiAlCL/PC has been mentioned by Jasinski [32, 331; the reaction 
products were identified as carbon dioxide, water, hydrochloric acid, prop- 
ylene oxide, ally1 alcohol, n-propyl alcohol, propylene glycol and propion- 
aldehyde [34]. It was thought that the strong Lewis acid generated in the 
dissolution equilibria of the AlCleW anion was primarily responsible for the 
formation of these products [34]. Because of the possible development of 
secondary cells, more attention has been paid to the solvent. In particular, 
numerous experiments have been carried out on Li and Li/Al alloys in PC 
[381]. Cycling of Li in PC results in the formation of passivating anodic 
layers on the Li at free ohmic resistances above a critical value. This causes 
dendritic deterioration and thus a decrease in the cycling efficiency [ 3821, 
which may be restored by the addition of Al salts [ 3811. 

(c) Water. The discharge of the anode is minimally affected by low con- 
centrations of water (50 - 200 ppm) [35 - 381, whilst higher concentrations 
form passivating fihns of LiOH [ 37,381. The specific effect of water on the 
discharge of lithium has been studied using potassium thiocyanate (KSCN) in 
PC [39]. A negligible change in the anode potential was observed even when 
the water in the anode compartment rose to 5%. 

2.3. Cathode materials 
Although the development of liquid and gaseous depolarizers for 

primary lithium batteries is well advanced, it has not hindered the develop- 
ment of solid cathode materials for high energy, low rate applications. This 
is not only because of their parity with those systems at low rates of dis- 
charge but also because of their advantages of safety, corrosion resistance, 
and ease of handling. 

The main requirements of cathodic materials have been discussed [40] 
and include: 

(i) a low equivalent weight; 
(ii) a high potential uersus the anode; 
(iii) stability in the electrolyte; 
(iv) electrochemical activity ; 
(v) low solubility in the electrolyte; 
(vi) a good conductivity. 
The cathode may dissociate [41] : 

Cl.lS * cu*+ + s*- 

or it may be involved in complex formation: 

CuCl + Li+ + e- e Cu + Li+ + Cl- 

CuCl + cl- + Cuc1; 

,The discharge behaviour of the cathode depends on whether it is a 
conductor, a semiconductor or an insulator. Conductors are usually in- 
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soluble in the electrolyte and have a high discharge rate. Semiconductors 
need additional conducting material such as graphite [42], acetylene or car- 
bon black, or nickel or silver powders [43] to achieve a reasonable current 
density. As graphite is not inert [45] tungsten carbide and boron nitrides 
have been used instead using PVC or PTFE binders [42]. Insulators are 
rather soluble materials but can give good current densities although they do 
induce a rapid self-discharge rate. 

The main group of cathode materials which has been proposed, or are 
in use, are: 

(i) halogens and halides; 
(ii) chalcogens and chalcogenides; 
(iii) metal oxides; 
(iv) sulphides and selenides; 
(v) oxysalts; 
(vi) organics; 
(vii) (CF, )n ; 
(viii) soz. 

23.1. Halogens 
The halogens are active oxidants and have high theoretical energy 

densities, but the problems in handling gaseous depolarizers are formidable. 

(a) Fluorine. As yet fluorine may not be used in lithium cells, but CIF, 
has been tested and its reduction properties investigated by cyclic voltam- 
metry [46]. 

(b) Bromine. The cell Li/O.2M LiBr, PC has been developed [47] but 
the use of bromine as a depolarizer is limited because of its solubility in 
organic solvents. Attempts to develop a polyethylene separator which pre- 
vents the diffusion of Brs- to the anode compartment have met with limited 
success [48]. Recently [366] more successful cells have been developed by 
increasing the conductivity of Br, in the organic solvent. The high ohmic 
resistance of the discharge product, however, remains a serious problem. 

(c) Zodine. As soon as lithium is brought into contact with iodine a film 
of LiI, which is a poor conductor, is formed [49 - 531. To increase its con- 
ductivity iodine cathodes containing 50% of polymeric 2-vinylpyridine have 
been used. In the case of the Li/I,-polyvinylpyridine (PVP) cell, the internal 
resistance of the cell was reduced and the current capacity increased by 
precoating the Li anode with PVP [ 3671. 

2.3.2. Halides 
Transition metal fluorides may be used and, because of the stability of 

LiF (AG formation = -139 kcal), a high cell potential results. The cells 
which have received most attention are the halides of Cu, Ag, and Ni. On dis- 
charge a volume reduction is expected which would result in additional pore 
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formation within the electrode structure [54] ; for example, NiFz (density 
4.6 g/cm3) on discharge produces Ni (density 8.9 g/cm3). This would be an 
advantage in the discharge of primary cells. 

Many such materials are insulators, but, as the discharge products are 
often conductors, conductive filaments build up through the electrode and 
there is no need to add a conductive diluent. 

(a) Copper fluoride (CuFd. Given the equivalent weights and free 
energies of active materials, the energy density of the Li/CuFz cell (749 
W h/lb) is three times that of the Zn/AgO cell (254 W h/lb) [ 551 and a 
method for the construction of such a cell has been patented [ 561. Elec- 
trodes without polyethylene binders are characterised by poor performances, 
and the use of acrylic binders has been reported to decompose the CuFz 
[57]. The electrolytes used are either LiC104 in PC or NaPF, in a mixture 
of PC and BL. If the concentration of LiC104 is decreased, the cell’s capacity 
decreases. This can be related to the proportionality between CuF2 solubility 
and the LiC104 concentration due to the metathetical reaction: 

CUF2(s) + 2LiClo4,sol, - 2L% + cU(~104)+,,, [WI 

Discharge efficiencies are as high as 85% in LiC104 to a cut-off voltage 
of 2 V with a current density of 0.03 mA cme2. 

CuF2 is slightly soluble in DMSO [60] but this need not inhibit its use 
as a cathode, provided it does not plate out at the anode discharging lithium. 

(b) Copper chloride (Ct.&Z,). This material is quite soluble in PC and 
dimethylformamide (DMF) [61,62]. Attempts to minimise its solubility 
by the common ion effect, using mixed solvents and complexing anions, 
have not been effective and, because of this, the system Li/LiCl, DMF/ 
CuC12 is used as a reserve battery. 

(c) Copper iodide (CuI). In an attempt to develop a secondary battery, 
copper iodide has been used. The system developed contains either CuI or 
PbI as the cathode, which is interspersed with 30% Cu or Pb powder and 
contains a modified LiI electrolyte. The discharge product of these cells is 
LX A drawback of such cells is that their capacity decreases on cycling 
[ 368 J, and at present they can only be used for low rate applications. 

(d) Nickel chloride (NiC12). This is insoluble in the LiCl, AUs, PC sys- 
tem and its construction has been described [63,64]. Nickel chloride reacts 
with the electrolyte resulting in a chloride deficiency within the electrolyte. 
This may be one reason for the cell’s poor discharge characteristics although 
they have been improved by treating the electrolyte with Cl2 [65]. 

(e) Silver chloride (AgCZ). A cell of the type Li/AlCls, PC/AgCl [66] 
has been described and is constructed by using the wet paste technique 
1671. 
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(f) Mercury fluoride (HgF,). The material in the system: 
Li/PC, phenyltrimethyl ammonium/HgF,, acetylene black, Ag hexafluoro- 
phosphate has a theoretical energy density of 343 W h/lb with an open circuit 
voltage of 3.6 V [ 831. The acetylene black is present as a conductive diluent, 
and the Ag is present to prevent amalgamation with the Hg. 

In practice, the cell only delivered 41% of its capacity at an average 
voltage of 1.6 V at a discharge rate of C6 or less. Self-discharge was also 
considerable over a period of two weeks. 

(g) Cadmium fluoride (CdF2). This material is an insulator with an 
energy gap of 6 eV. By doping it with Y(III), however it becomes a semi- 
conductor with a resistivity of 1 a/cm [84,85]. The energy density of the 
cell (399 W h/lb) [86,87], coupled with the improved discharge voltage of 
the doped material (2.4 - 2.6 V compared with 1.7 V for the normal mate- 
rial), makes this an attractive cell for many applications. 

(h) Bismuth fluoride (BiF3). This material is a non-conductor so that 
graphite, acetylene black, Ag or Bi must be added as conductive diluents. 
Numerous electrolyte combinations may be used without detriment to the 
cell’s energy or capacity. They include LiPF,-tetrahydrofuran (THF), 
LiClO,-THF, LiPF,-BL and LiClO,-PC. The material is slightly soluble in 
LiPF,-PC which results in a lower shelf life. Unlike other fluorides (CuF*, 
AgFz and NiF2), BiF, is fairly insoluble in LiC104 containing electrolytes 
and therefore it has a longer life in this system. It has a theoretical capacity 
of 0.302 A h/g and an open circuit voltage of 2 V [88]. 

The main advantage of this cell is that it has low polarization losses at 
current densities above 1 mA/cm2, but its major disadvantage lies in its poor 
voltage regulation. 

(i) The use of ‘crown ethers’. The use of crown ethers [68, 691 which 
can dissolve fluorides has led to the development of new high energy bat- 
teries which have high open circuit voltages and a reasonable current 
delivering capability [ 701. An example of such a cell is: 

Li/LiF, DC 18C6, solvent/NiF2 

The nature of the solvent in this system has not been disclosed by the manu- 
facturers. 

Silver and copper halides may be discharged at high current densities 
but, as they form soluble complexes which lead to high discharge rates, their 
practical use is limited, and the high current densities are only achieved be- 
cause of the considerable solubility of these materials via complex formation 
[71 - 741. For example: 

CuC12 - CuC12- and CuCle2- [75] 

AgI - Ag12- and AgI,‘X- i) [ 76,771 
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Because of their solubility, self-discharge and dendrite formation are 
serious problems [ 781, limiting their storage life to less than one month. 

Nickel fluoride, CuF, and HgF? form insoluble complexes but show a 
much poorer discharge mechanism which indicates the importance of solu- 
bility in the discharge of the silver and copper halides, despite the disadvan- 
tage it brings. 

To overcome the formation of soluble complexes ion-exchange mem- 
branes were used [79 - 811, but they had a higher specific resistance than the 
electrolyte - lo3 X2 cm-‘. This resistance was decreased by using thinner 
membranes which had a higher capacity [ 821, but the results were not suc- 
cessful. 

2.3.3. Chalcogens 
(a) Sulphur. The lithium/sulphur system has attracted much attention 

[89 - 971. The formation of Ss- and of polysulphide species [98 - 1001 
leads to a considerable loss of cathode material and to corrosion of the 
anode by the reaction: 

&Li + Sx2 - (x - 1)Li2S + S2- + 2Li 

The addition of BF, to the electrolyte increases the efficiency by reducing 
the formation of the polysulphides as a result of the formation of an adduct 
between the sulphide and the BF,. 

Recently a prototype Li/S cell has been developed: 

Li/5M S as Li2S, in THF and 1 M LiAsFJC 

using a Teflon-bonded carbon current collector. This cell had practically 
100% of its theoretical capacity available at 50 “C at rates below 1 mA 
cme2, and at 4 mA cmw2 75% of the cathode utilization is possible. At high 
rates the capacity is enhanced by adding Lewis acids. Using a standard cell 
design this system has a practical energy density of 300 W h/kg. ‘If an elec- 
trolyte additive could be found which dissolved the Li2S which precipitates 
in the pores of the cathode, then this cell could be used as a power source 
for high discharge applications at room temperature. 

Some chalcogenides also show promise of practical utilization [102]. 
They have received more attention recently because of their possible use as 
special power packs and because they may be used as cathode materials 
in secondary cells [369]. Their role in the latter has been discussed 
and the thermodynamics which governs their reversibility at ambient tem- 
perature established [370]. At ambient temperature two possible reaction 
mechanisms are possible, displacement or insertion. The former is irreversible 
whilst the latter is a function of temperature. Much attention has, therefore, 
been placed on chalcogenides which undergo insertion reactions [370] 
without being affected much by temperature. 

2.3.4. Metal oxides 
Metal oxides are potentially good as cathode materials because they are 

safe, easy to handle, common, economical, possess high theoretical energy 



densities, and long life. Copper oxide (CuO) [103], VZO, [104], MOO, 
[ 1031, and MosOz3 [ 1061 have proved suitable in this sense. 

(a) Copper oxide (CuO). This material produces a practical open circuit 
voltage of 2.4 V whilst that based on the fit reduction step, CuO/Cu,O, is 
2.35 V. On load, the voltage drops to between 1 and 1.4 V depending on the 
discharge rate, but it is completely restored after partial discharge. The 
capacity is 3.83 A h/g compared with the theoretical capacity of 3.95 A h/g. 

There is only a 5% loss in capacity after six months storage. Under con- 
ditions of continuous discharge, the Li/CuO system gives a better perfor- 
mance than the alkaline MnOz and Leclanche cells when the current drain is 
less than 55 mA. The Leclanche system gives greater capacity on intermit- 
tent discharge due to its capability of recovery. 

(b) Vanadium pentoxide (VzO,). The development of this cell with its 
open circuit voltage of between 3.5 and 3.75 V and an energy density be- 
tween 200 and 220 W h/kg has been described in the literature [107,111]. 
The material is a nonconductor, and its discharge products are also non con- 
ductive. Because of this, graphite is added as a conductive diluent to the cell 
which uses LiClO,-THF, LiCIOd in THF and PC, or LiAsF, in methyl 
formate (MF) [112] as the electrolyte. Although the cell has a good shelf 
storage - under 3% loss in capacity after two years - its poor voltage regula- 
tion (the discharge characteristic exhibits two or three plateaux) is a serious 
drawback in its use as a cathode material in primary cells. 

(c)Molybdenum oxide (Moo,). Cells using this material have open cir- 
cuit voltages of 2.8 V and an energy density of 442 W h/kg. Its use as a 
cathode was first suggested by Knapp [ 1131. Since then several authors have 
investigated this material [ 114 - 1201, but the cathode reaction is not clear. 
It is thought that it involves a two electron transfer per molecule of MOO,. 
Campanella and Pistoia [ 1211 using LiAlC14 and T-BL, however, showed that 
the open circuit voltages were higher than those predicted from thermo- 
dynamic data, assuming the products to be Li,O, MOO* or MozOS. Popov and 
Laitenen [122] have suggested that the primary reaction products react 
further with MOO, forming polymolybdates. 

A large increase in capacity was observed when 1M LiC104, THF-DME 
rather than LiC104, PC was used to prepare the electrolyte and can be 
attributed to the increased diffusion of LiC104 in the THF-DME mixture. 

Molybdenum oxides with formulae between MoOz and MoOa are now 
being considered as cathode materials in secondary lithium cells. Of those 
considered, Mo1,04, in LiC104/PC seems the best. The OCV of this cell is 
1.85 V, and it can supply current densities of 15 mA/cm*. 

(d) Silver oxide (Ago). The system Li/LiBr, DMSO/AgO has been re- 
ported to achieve 400 W h/lb of electrode material at a discharge rate of 
10 mA cm-* [123] and has an open circuit voltage of 3.43 V. 
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(e) Titanium dioxide (2X0,). This oxide has been investigated [124] 
because of its high theoretical energy density (950 W h/kg). The theoretical 
open circuit voltage, based on a one electron transfer is 1.1 V, but the prac- 
tical value is 2.85 V. Anatase-TiO has now been developed as a cathode in 
secondary lithium cells which can be used at ambient temperatures [ 3761. 

Numerous other metal oxides have been used or suggested, but apart 
from the AgO, CuO systems the rest can only be discharged with low effi- 
ciencies and high polarization.. 

(f) Manganese dioxide (MnO,). This oxide has been thoroughly investi- 
gated in the last few years because of its applicability both at low (0.1 - 5 
mA cmM2) and at high (10 and 25 mA cm-?) continuous discharge rates. At 
such high rates the electrolyte (50% 1M LiC104/PC: 50% THF) was stable 
and no gassing occurred. A simple model for the band structure of Mn02 
can be used to explain the open circuit voltage of Mn02 electrodes as a func- 
tion of the degree of discharge [373]. 

A pasted type of MnO, has now replaced the powdered material used in 
earlier cells [ 3741. 

with 
One 

2.3.5. Sulphides and selenides 
These materials have the advantage of being conductors [125]. 

(a) Copper sulphide (CuS). This is the most important sulphide and, 
an open circuit voltage of 2.15 V, has been widely studied [127 - 1321. 
cell uses an electrolyte of 1M LiC104, 70 parts THF and 30 parts 1,2- 

dimethoxyethane whilst another uses LiC104 in THF/isopropylamine (IPA). 
The sulphide itself does not form complexes but the discharge products 
[ 1331 in the IPA solvent do form complexes of Li2S-IPA. By mechanically 
preventing the swelling and deformation of the electrodes which would 
occur as a result of this complex formation, the cell performance is increased 
from 70 to 250 h at a 5 ohm discharge and has an energy density of 300 
W h/kg. For applications where multiple voltage plateaux are undesirable, 
cells can be made with excess cathode material [134] without sacrifice of 
the energy density of the cell. The voltage of this cell is stable through 90% 
of its discharge life and in the last 10% of its discharge it again falls to 
another stable plateau [ 3721.. 

(b) Potassium iron sulphide (KFeS2) and Mom5FeS2(M = SF, Ba) [135]. 
These materials have a high theoretical energy density and an open cir- 

cuit voltage of around 2 V. They behave as reversible cathode materials 
which are character&d by Fe being in the +I11 state, and by having infinite 
chains of edge-shared tetrahedra supported by the alkali or alkaline earth 
metals. 

Some sulfospinels [375] have been, and are being, extensively studied 
because of their potential reversibility. The most widely studied are 
CuCo2S4, CuNi2S4, CuNiFeS,, CuFe&. Reversible cycling in such cathodes 
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is due to interstitial migration of Li into the face centered cubic structure. 
Of those mentioned, the first and second compounds are best. 

(c) Mixed sulphide cathodes. In these systems the cathode consists of a 
mixture of two sulphides, for example, TiSz and Moss [136]. The TiSz is 
mixed with a higher energy density but lower rate cathode material, which 
allows retention of the latter’s high capacity whilst permitting high current 
pulse discharges. This rate compatability depends on matching the discharge 
voltage profiles of the two components. Molybdenum trisulphide has a high 
capacity (1.1 W h/g) whilst the TiSz or VSez act as the high rate, low capac- 
ity component which enhances the discharge behaviour of Moss. This method 
has also been applied to MOO,, V&, Vz05 and V601s which have high 
theoretical capacities but poor rate capabilities or conductivities. 

Other materials such as TiSs and NbSe, [137] have been used as 
cathode materials and the borosulphides [ 1261, AgBS, CUBS, have also been 
suggested because of their high theoretical energy densities (890 W h/kg) 
although, in practice, it is only 190 W h/kg. 

2.3.6. Aluminium complexes 
It has been found [377,380] that additions of an Al containing elec- 

trolyte to the solvent can minimise dendritic growths and that alloying of 
the substrate with Li improves the cycling behaviour of the Li. Discharge 
reactions using Al as substrate allow peak current densities of 10 mA cm-’ at 
ambient temperatures. This has proved suitable for low rate applications in 
secondary cells [378 J. Cells of the type Li/Al/PC-LiAlCl&raphite [379] 
have an open circuit voltage of 4.0 V. The AlCl, is oxidised with the forma- 
tion of Clz which eventually saturates the solution. There is no evidence to 
suggest that the graphite is oxidised before the PC. 

2.3.7. Oxysalts 
Many oxysalts have been studied [138 - 1461. In the Ag,Cr04 system 

[139], the electrolytes used are either 1M LiC104 in PC or in a mixture of 
PC and THF. The THF is used to reduce the viscosity and improve the rate 
capability of the cell by improving the mass transport in the cathode. The 
open circuit voltage of this cell is 3.35 V but the performance of this system 
is poor if based on a two electron transfer. A deeper discharge process, how- 
ever, has been suggested for these cathodes [ 1471 which increases the capac- 
ity obtainable from the cells. The use of graphite-free systems, also noted for 
other oxysalts [ 148 - 1511, seems to be possible due to a high intrinsic 
porosity which allows the permeation of the electrolyte. 

On the basis of cost, stability, and ease of preparation, the silver and 
copper tellmates, molybdates, and tungstates have been extensively studied 
[X52,1533. These cells usually contain LiAsF,-BC as the electrolyte, but 
have the advantage of being stable in most common’ electrolytes, with the 
exception of those containing halides. In certain cases they compare 



96 

favourably with Ag,CrO+ The silver tellurate is the best, and may be dis- 
charged at 0.5 mA cmv2 or 8 mA crnd2 with relatively high cathodic effi- 
ciencies. The electronic conductivity is due to metallic silver which is formed 
as the discharge continues. Bonino and Lazzari (1978) [152] have shown 
that molybdates are good cathode materials in small-sized lithium cells. The 
power density from the di- and decamolybdate is about 0.5 W h/g. The 
discharge mechanism is not known but it involves a two step process, the 
reduction of silver followed by that of the anion. Polymolybdates seem to 
have a continuous discharge process, but, again, the mechanism is unknown. 
Even in the silver chromate cell the exact nature of the discharge process has 
not been clarified [ 1541. 

2.3.8. Organic cathodes with depolarizers 
Numerous organic positives: aromatic and aliphatic nitro compounds, 

N-halogens and quinone’have a high theoretical energy density, and despite 
their extensive testing [155 - 1601, the outlook of developing a high per- 
formance cell seems poor. This is because of their high solubility which 
leads either to rapid self-discharge or to passivation of the lithium electrode. 
For activated cells this is not a problem as solubility allows high discharge 
rates: short circuit currents of 200 mA cmp2 have been obtained from a 
stationary Li/dichloroisocyanuric acid cell [ 161,162]. 

Pyromelletic dianhydride [161] (PDA) has also been used. It had an 
open circuit voltage of 3.6 V which dropped to 3.2 V but remained steady 
for several weeks. Based on a two electron transfer this cell has a theoretical 
energy density of 740 W h/kg. Its discharge is improved by adding an in- 
soluble proton donor such as pyromellitic acid to give it a specific capacity 
of 0.5 A h/g and an energy density of 1300 W h/kg at low discharge rates 
when the cathodic efficiency tends to 100%. 

Results [163] have also shown the possibility of using H20, HCOOH, 
HCHO and CH30H as cathodic reactants in organic solutions. The cathode of 
these materials is the hydrogen electrode whose potential depends on the 
acidity of the material employed as the proton source and on the catalyst. 
The current densities obtained from such cathodes can be very high, but 
were not achieved in the prototypes due to the high internal resistance of the 
Teflon or PVC separators. With the methanol prototype, hydrogen was 
liberated in the cathode compartment, but the cell still had an open circuit 
voltage of 3.1 V, an energy density of 3.2 kW h/kg, and gave 700 h service. 
Dimethyl sulphite has also been used as an organic cathode and the system 
Li/LiC104(MeO),SO/C has been developed. The discharge curve shows a 
plateau at 5.1 V and two others at 4.2 and 3 V. (Me0)2S0, which is the 
solvent, is the primary reactant but is degraded at above 4.6 V relative to Li 
[393]. 

For secondary lithium cells various phthalocyanines, which have good 
cycling characteristics, have been developed as cathode materials. On the 
basis of the weight of the cathode material only, the best system was Li/ 
phthalocyanine iron which has an energy density of 1440 W h/kg. The 
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cycle life of the Li/Cu phthalocyanine system is greater than 150 times at a 
depth of 157 W h/kg. The reaction in these cells is by intercalation between 
the phthalocyanine molecules [ 394,395]. 

2.3.9. Oxyhalides 
POCls, SO&, and SOClz have all been used [ 164 - 1691 and at present 

the interest in them is centred on their own catalytic reduction at solid 
electrodes [170 - 1741. Discharge efficiencies greater than 100% are com- 
monly observed [125 - 1771 due to solvent reduction on the discharge of 
conventional cathode materials such as CuF, in oxyhalide electrolytes. 

In the case of the Li/sulphuryl chloride (SO&l,) system, high currents 
at high voltages can be obtained. The drawback is that, on storage and long 
term standing, passivation of the anode and deactivation of the cathode 
occurs [ 3831. 

The Li/thionyl chloride( SOClJ cell has been intensively investigated 
[383a] because of its high rate, high open circuit voltage and high energy 
densities. It is potentially reversible, although the Li behaves as a reversible 
electrode of the 2nd order which decreases the working voltage [383]: 
because of this a large Li electrode is used. The reduction of SOClz is very 
complex. Numerous products have been reported at different rates which 
affect the stability of the system [384,385,389]. In this system Li passiva- 
tion is due to the formation of a semiconductive crystal film in which the 
Li+ cations are the basic current carriers [386]. 

Problems of voltage delays in cells which contain LiAlCL, Li2BrzCllo 
[387] or LizBlzCllz have been discussed, and possible state of charge tests 
have been identified by Marincic et al. [388]. 

2.3.10. Polymeric carbon compounds (CF$, 
These have the ideal formula (CF),*(CF),. Originally the system 

developed was (CF,,,), which is a conductor [178], but later (CF,),, where 
x = 0.4 - 0.99, a nonconductor, with a superior performance was developed 
[179 - 1821. 

In 1M LiBF,-BL the cells have an open circuit voltage between 2.8 and 
3.3 V, depending on the degree of fluorination, and an energy density of 
300 W h/kg at low rates. Other electrolytes such as LiClO,-PC [183,184] 
and LiAsF,-dimethyl sulphite (DMS) [ 1851 may also be used. 

The swelling of (CF,), is attributed to the precipitation of LiF in the 
pores of the positive electrode, and the change of (CF,), into amorphous 
and very fine particles [ 186,187]. 

Although following the voltage delay, the voltage regulation of these 
cells is good, the cells are limited to low rate applications as they are poor 
conductors. They are suitable as miniaturised cells [ 3901. 

2.3.11. Sulphur dioxide (SO,) 
This is the most advanced lithium battery [ 1881, and the use of SO2 as 

a depolarizer in alkali batteries was discussed as early as 1948 [189]. Al- 



98 

though the lithium and SO2 have a large negative free energy of interaction, 
and would be expected to react rapidly, they do so only very slowly because 
of the L&O, film which forms on the anode, and which is responsible for 
the voltage delay [190] and the long shelf life of these cells. The SOz also 
forms complexes with inorganic salts [ 1911 which increase the conductivity 
of the organic solvent electrolytes [ 1921. 

Cells utilizing SO2 have an open circuit voltage of 2.9 V and they can be 
discharged at high current or power levels, well beyond the capability of 
conventional primary cells [193] with an energy density of 330 W h/kg. 
Both current and power levels can be further increased by using cylindrical 
configurations of longer and thinner electrodes. Cells have been made [ 1941 
which discharge efficiently up to 7.5 A. Only the Zn/HgO cell, which has 
a high volumetric energy density, approaches the capability of this cell at 
21 “C, but its performance drops off rapidly as the temperature is reduced 
whilst the performance of the SOz cell is high at -40 “C [ 1931. Its good per- 
formance at low temperatures is .due to the conductivity of the SOz which 
only decreases from 5 X lo-* fi2-’ cm-’ at 25 “C to 2.4 X lo-* a-’ cm-’ at 
-50 “C [195]. 

The open circuit voltage of 2.9 V is maintained relatively constant 
until the capacity of the cell is almost fully utilized. Discharge is terminated 
by full use of the lithium (where lithium is the stoichiometric limiting elec- 
trode) or by deactivation of the carbon cathode (where this is the limiting 
electrode). Lithium limited cells are preferred as they do not produce toxic 
chemicals when the cells are fully discharged [ 196,197]. 

The earlier types of cell consisted of Lill.8M LiBr, An [lo], SO2 [23], 
PC [3] IC, but as the PC is one cause of the voltage delay, it is no longer 
used in modern cells [198,199] which have been described in detail else- 
where [198 - 2061. Another improvement is the replacement of crimped 
seals by hermetic ones to reduce the capacity loss of 25% over 5 years to less 
than 2% [207]. 

If the cells are shorted 200 W are dissipated and high pressures, 500 - 
600 psi, of SO2 are generated. To prevent this hazard some cells are vented, 
and others have a slow delay fuse which deactivates the battery [208]. 

This cell represents an outstanding combination of high performance 
with complete safety under extreme hazard conditions, and it is now 
used in equipment requiring high energy and power density under a wide 
range of environmental conditions. 

2.4. Electrolytes 
Typically, an electrolyte consists of an organic salt (the solute), to 

provide the conductivity, in a solvent to ensure intimate contact with 
the electrodes. 

The role of the electrolyte [209, 2101 is to:- 
(i) provide ionic conductivity between the anode and the cathode in the 

cell; 
(ii) transport reactants and products to and from the electrode surface; 
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(iii) participate where necessary in charge transfer processes within the 
double-layer; 

(iv) it must be chemically inert towards the electrodes, and have a good 
conductivity to prevent the build-up of a large internal resistance; 

(v) it should dissolve the discharge products of the cathode, but not of 
the active material. 

Account must also be taken of the role of the electrolyte in discharge 
reactions as the efficiency of the discharge is very much dependent on the 
particular solvent and, in some cases, the solute [211]. 

2.4.1. The solvent 
As a high conductivity is essential, solvents of low viscosity and high 

dielectric constant (e) have been used. A high conductivity implies that the 
solvent dissolves and ionizes the mineral salts whose ions carry the current 
[209]. 

Consider a salt AB and a solvent S. 

nS + AB __+ nS, A-B+ 

These ion pairs dissociate forming free ions 

nS, A-B+ + n’s, A- + n”S, B+(n’ + nM = n) 

K dissociation = 
IA-1 P+l 
[A-B+] 

which is related to e of the solvent 

Ne2 ZIXZz 1 
PKd =pKo + 0.43 - 

RT rl+r2 7 

where PKd = -log KD, PKO is a constant, 2 represents the charges on the 
ions, r = the radii, and E is the dielectric constant. 

From this equation it can be seen that as E of the solvent increases, the 
conductivity also increases. Solvents of low e such as benzene and toluene do 
not normally form conductive solutions with conventional salts [209], but 
do form conductive systems with materials such as metal alkyls: compounds 
such as NaF BAl(C,H,), (K = 7.87 X 10e3 a cm-‘) and benzene (K = 1.1 X 
lop2 SJ cm-‘) at a ratio of 10 moles of solvent to one mole of aluminium 
complex [ 2121. 

There are high conductivities for aprotic solutions containing large 
anions or cations or both, for example, morpholinium hexafluorophosphate. 
LiC104 is very soluble in some organic solvents [213], and LiF is very soluble 
in BL in the presence of BF,. 

Because the solvent should be inert it should possess no mobile protons. 
Therefore, acids, alcohols, amides, amines, aldehydes, and phenols are 
automatically excluded. 

Using these guidelines the solvents which can be used are limited but 
include : 
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Solvent e 

nitromethane (NM) 36 
dimethylformamide (DMF) 26.7 
propylene carbonate (PC) 64 
dimethyl sulphoxide (DMSO) 49 
y-butyrolactone (BL) 39 
kopropylamine (IPA) 4.9 

Some solvents show good ion conductivity if used together with a 
suitable solute, but only a few are stable us. alkali metals. Two types of 
stability are required: chemical and electrochemical, and it is often the 
former which limits the battery performance. Because of this, aprotic 
organic solvents are extensively used [ 214,398]. 

(a) Propylene carbonate .(PC). The electrochemistry of PC in high 
energy density batteries has been discussed [215 - 2201, and considerable 
emphasis has been placed on its use with lithium anodes. One reason for 
this was that lithium was thought to be stable in PC and that it could 
be used in a reference electrode [221 - 2231. It was shown, however, that 
the solvent’s stability 1224 - 2271 was affected by heat, inorganic halides, 
acids and bases, metal oxides, and active proton-containing materials. Starr 
[223] pointed out that PC decomposition is expected, and in the Li/Hg sys- 
tem it is rapid. The mechanism has been studied and is believed to be: 

CH3- CH - CH + 2Li --+a CH_j- CH= CHz+ LI_& 
I , 2 

0 0 

‘C’ 

; 

Only Dey [228 - 2301 has connected the solvent’s decomposition with elec- 
troreduction, but this does not seem to be the case as it is also reduced at Pb, 
Ag, Au, and Cu electrodes at potentials between +4 V and -1 V us. K/Hg. His 
results may be explained by assuming that a reaction occurs between the 
lithium deposited in the graphite lattice at a potential of +l V and the 
solvent [ 2311. This has been confirmed by Dousek [ 2321. 

Keller [233] suggested that the instability of PC in AlCls in the pres- 
ence of LiCl was due to solute-solvent interactions. AlCls would exist 
predominantly as AK&- provided sufficient Cl- was present. It has been 
proposed that PC decomposes in AlCls by the following mechanism [ 2341. 

CH_j- 2 - CH2 j CHf t,-,W2 + 

c, b 
co2 t 

0 

‘../ 
L 

bt L +HCI 

cl: ii : Cl 

6 

CHy$-CH2 + Li+CH3-yH-Fy2+ iH2t 

OH kk OLi Cl 
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Not enough HCl is produced to account for the above mechanism. An alter- 
native scheme would involve the reaction of the oxide with AK&, forming, 
in addition to the observed products, olefines and complex polymerization 
products. By adding excess LiCl, AlCI, is formed which results in a consid- 
erable reduction in the rate of solvent decomposition. 

(b) Dimethyl sulphoxide (DMSO). This is a good solvent for organic 
and inorganic materials, being resistant to oxidation and reduction and 
having a high e (49). The lithium salts are the most soluble, having a maxi- 
mum conductivity at 1M LiCl [235,236], and 1M LiC104 [236] which may 
result from ion pairing or from a large increase in the viscosity of the DMSO 
solutions. Compared with potassium, which reacts violently, and sodium, 
which reacts rapidly [237] forming sodium methanesulphenate, methyl- 
sulphinyl carbanion, methane, and dimethyl sulphide [238], lithium metal 
is unreactive with DMSO which is used as the solvent for the carboxymethyl 
cellulose binder in lithium batteries. It cannot, however, be used with some 
salts. In solutions containing NH$F,, NaPF,, and NaSbF, a vigorous reac- 
tion occurs, with H2S evolution, and after two weeks the lithium anode 
(1 g) had completely dissolved in 20 cm3 of the solution [239]. Compared 
with this, the rate of gas evolution in an LiBr-DMSO solution is negligible 
over a 16 h period [240]. 

(c) Dimethylformamide (DMF). This was not thought to be a suitable 
solvent [241] as it was believed to cause lithium corrosion and to induce 
strong polarization of the cathode during battery discharge which reduced 
the open circuit voltage to less than the theoretical value. It is now believed 
[242,243] that these effects are related to the purity of the solvent, as pure 
DMF only reacts slowly with lithium [ 2441. The mechanism of formation 
of the products is still in dispute [ 245, 2461. Water is one of the main im- 
purities, and may be removed by drying over molecular sieves for a few 
days [247 - 2511. The problems connected with solvent purification have 
recently been reviewed by Jasinski et al. [ 2521. 

(d) Isopropylamine (PA). For some time, solvents with a high E were 
preferred, but the use of IPA with copper halides has shown that basic 
aprotic solvents with a low E (4.9) may be used. This solvent can be used 
because the reaction: 

C,H7NH, - C3H,NH + H+ is minimal. 

If a supporting electrolyte is required it should be soluble in the solvent, 
but ion pairing has to be minimised [ 2411. Because of this, solvents of high 
solvating power, for example, THF, and tetrahydropyran (THP), are often 
mixed with solvents of low viscosity such as dimethoxyethane (DME) [253 - 
2561 or methylene chloride [257]. Propylene carbonate (PC) may be mixed 
with ethylene carbonate (EC) [258,259], which has a high e, or with nitro- 
methane (NM) [260]. 
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2.4.2. Solutes 
Only a few inorganic salts show good solubility in organic solvents: 

the most common are LiC104, LiCl, LiBr, LiBF4, LiPF6, L&F, and 
LiAK&. To increase the solubility of these salts, Lewis acids, such as BF, 
and AlCls, which form complexes and enhance the solubility of some of the 
rather insoluble salts [ 261- 2651, are added [ 2411. 

Water, again, is one of the major impurities which must be removed, 
and methods for drying these solutes have been described [ 266 - 2711. 

To develop better solutes, the interactions which can occur in the 
electrolyte have been examined. The most important interactions are: 

(i) the electrostatic forces between the ions; 
(ii) the Lewis acid-base interactions which involve cation reactions 

both with the solvent molecules and with the anions. 
Mutual effects lead to the formation of solvated cations and solvated 

ion-associated complexes, and the effects these have on the properties of Li 
have been discussed in the literature [ 395,396]. 

The conductivities (about 10e2 mho) and solubilities of these salts in 
organic solvents [ 272,273] are at least an order of magnitude less compared 
with aqueous systems (0.2 - 0.3 mho and 0.5 mho in 7N potash) [241]. Be- 
cause of the poor conductivity of the lithium electrolytes, lithium anodes 
with large surface areas (for example, spiral 1274 - 2761 or zig-zag configura- 
tions [277]) are used to compensate for the large internal resistance in the 
cell. 

A new class of aprotic organic electrolytes in which lithium cycling is 
possible has been developed. Diethyl ether (DEE) and THF with LiAsF, 
give lithium cycling efficiencies +98% and specular deposits of up to 10 C/ 
cm2 may be plated from these systems. Their kinetic stability is believed to 
be due to the formation of a film of lithium ethoxide 13971. 

Recently, solid electrolytes based on crown ethers have been employed, 
and as a result of the increased, conductivity, a marked improvement in the 
performance has been observed [278]. Other solid electrolytes have conduc- 
tivities two or three orders of magnitude less than organic electrolytes and 
can suffer from internal deposition of the metal phase (reduced ions). 
Further, if a critical voltage or current density is reached, then the elec- 
trolytes fracture, and the resultant voids reduce the conductivity even more 
[398]. 

2.5. Separa tars 
The main functions of a separator are to: 
(i) separate the anode and cathode materials; 
(ii) prevent diffusion of particles between the cathode and the anode. 
In addition, to be a good separator, the material must also: 
(i) have a low resistance to the electrolyte flow; 
(ii) be a good conductor in the electrolyte; 
(iii) be easily wetted to maintain a current flow. 
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Cooper and Fleischer [ 2791 have described techniques for the measurement 
of these parameters. 

Some systems [ 2801 use two pieces of non-woven Viskon as a separator, 
whilst others [ 2811 use non-woven polypropylene or Teflon or PVC mem- 
branes [282]. These materials, however, have a high resistance and are 
permeable to the cathodic material thus causing the formation of passive 
films. 

In the Li/CHsOH system the life of the anode depends on the rate of 
diffusion of CH,OH through the separator [282]. Separators which are 
stable in the electrolytes used, and which contribute relatively little to the 
internal resistance of the cell, are being developed to improve the battery 
performance [ 2831. They consist of either a lithium ion-conducting separator 
[284 - 2871, or a per-m-selective membrane which does not permit diffusion 
of the cathode into the anode compartment. Porous, sintered, flat plates 
of Yz03 and MgO have also been developed [391]. 

2.6. Film formation 
The stability of lithium depends on surface effects. Films of insoluble 

lithium salts [282 - 2921 protect the bulk metal, and the corrosion rate 
depends on the solute [293]. These films do not lead to complete passiva- 
tion of the anode as is typical with Group 2 and Group 3 metals. The stabil- 
ity of lithium in liquid electrolytes [294] is entirely due to the formation of 
these films. In cells with solid cathodes, the cathode does not contribute to 
the lithium film directly: the main contributor is the solvent. 

The film thickness is controlled by altering the electrolyte variables 
so as not to passivate the lithium anode completely. This can be done 
empirically, and has led to the development of cells with good capabilities. 

The kinetics but not the thermodynamics of the Li + Li+ + e- reaction 
are affected and the kinetics of the electrode reaction may be expressed 
empirically by the Tafel equation: 

r)=u+blogI 

which shows a linear relationship between the overvoltage, 77, and the log of 
the current density, I. 

2.6.1. The effects of various materials 
Studies have been made of how various materials affect film formation. 

(a) Propylene carbonate (PC). Jasinski et OZ. [295] and Dey [296] 
thought that the stability of lithium in PC was due to the formation of an 
Li&Os fihn formed by lithium decomposing the PC or by side reactions with 
impurities. Some authors [297, 2981 used KPF, and NaPF, as electrolytes, 
which suggests a high passivity of the lithium electrode. The Li*COs film 
formed prevents further contact between the active lithium and the PC which 
prevents further decomposition. A reduction of the ions of the more elec- 
tropositive alkali metal by cementation does not occur. 
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Kinetic measurements [299] of the LiClO,-PC system have shown a 
dual Tafel behaviour which may be explained on the basis of film formation 
resulting from lithium reacting with the PC and not with impurities [299, 
3001 as previously suggested. 

The morphology of the fihn has been studied by Dey [301] who found 
it to be a fine and granular structure. 

The activation process is believed to be mechanical and not electro- 
chemical [302] - being caused by anodic dissolution of the lithium from 
under the film at isolated spots. 

(b) Z’etrahydrofuran (Z’HF). THF is used because of its low viscosity 
but methane production has been reported [303] in lithium cells of the 
type Li/LiC104, DME and THF mixtures. A gel-like massive film (possibly 
LiOH) has been. observed [304] in Li/V205 and Li/Ag,CrOz in 1M LiClO,- 
THF. This film is not observed in pure Li-THF and we can therefore assume 
that the solid cathode participates in film formation [305]. It has been 
proposed that THF polymerises at the cathode [305], and “grows” by 
diffusion to the anode where growth ceases. This film may be the cause of 
serious voltage delays, as in the Li/V205 system. The characteristics of 
films of [CHY+(C104),,-I,, where y Q 0.06, which have conductivities of 
lo3 ohm cm-’ have also been discussed [ 3911. 

Film formation occurs in most cells (except for the Li/CH,OH system 
where lithium methanolate is formed), but in BL, DME, MF and acetonitrile 
(AN) the films have not been characterised. 

2.6.2. Films in specific cells 
(a) Lithiumlsulphur dioxide. In the past PC was included in cells to 

aid film formation but, as this is instantaneous, it is no longer added [315, 
3161. The film is responsible for the voltage delay at the start of the dis- 
charge and PC was found to increase the delay. The film is also responsible 
for the 5 - 10 year shelf-life of this cell [317,318]. 

Scanning electron microscope studies [319] of the LiBr, AN, SO2 film 
indicate that a dense, compact film of Li2Sz04 is formed. 

(b) Oxyhalides. In lithium cells involving the electrocatalytic reduction 
of inorganic oxyhalide electrolytes such as Li/A1C14, SOClz, Li/AlCL, 
SO#.&, there is no violent reaction because of the formation of LiCl which 
does not passivate the entire metal surface. The morphology of the film has 
been studied and it has been found to grow with time and increased tempera- 
ture. The fihn growth is reduced in the absence of LiAlCL,. Dey [320,321] 
has shown that the voltage delay (discussed below) is much worse after 
storage at elevated temperatures. 

(c) Lithium/pyromellitic dianhydride. Despite the solubility of the PDA 
cathode, the self-discharge rate is very low compared with other organic 
cathode materials. This might be due to a protective film which forms on the 
anode which is permeable to Li+ but not to the PDA molecule [ 3221. 
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2.6.3. Voltage delays associated with film formation 
The problems of voltage delays and film formation are much reduced 

by a proper choice of electrolyte variables. In commercial cells [306] having 
hermetic seals, the problem of lithium films is minimal. The problem of 
voltage delay, however, which increases with storage life, still remains 
unclear. 

Additives may be used which either promote [307] or reduce [308] 
formation of the passivating films. The discharge rate of lithium is improved 
by incorporating NiClz, MgClz, ZnClz, HgC!lz or TlCl into the anode which 
removes the film [309]. Complexing additives such as 0.8 wt.% of hexa- 
methylphosphotriamide [310] and 0.8 wt.% of hexamethylphosphoramide 
[311] also prevent the formation of the film. The voltage delay may also be 
alleviated by amalgamating the anode [312], or it may be coated [313] with 
an insoluble reaction product of the anode metal absorbing an inhibiting 
reactant such as CO,, SOz, 02, NH,, or Nz saturated with respect to the 
water vapour. This film is only monolayers thick and it does not passivate 
the lithium anode. 

The role of dissolved oxygen in Li/AlCl$C, Li/AlCl&M has been in- 
vestigated [314], and it was found that, when the partial pressure of the 
dissolved oxygen in these solutions was 0.2 atm, adsorption takes place on 
the anode preventing its reaction with the electrolyte. 

(x + l)Li” + O2 __+ LiX(Ozad)Li 

The L&O, film forms above this film. The oxygen film causes no voltage 
delay; only the carbonate film does that. The problem of anode passivation 
in both primary and secondary cells has been reviewed by Scrosati [399]. 

2.7. Discharge mechanisms 
Very little is known about the cathodic reduction or even the products 

[323]. The observed voltages often bear little, if any, relation to the simple 
reduction reactions. 

Reduction Theoretical Observed 
ocv ocv 

Reference 

HgFz - Hg + 2LiF 3.4 1.6 324 
AgzO - Ag + Liz0 2.85 3.43 325 
@zS - Cu + LizS 2.3 2.3 326 
MOOS - MoOl + Li$ 2.2 2.8 327,328,329 
(CF,), - C + LiF 4.6 2.8 330,331 
vzo5 - voz 2.4 3.5 321, 328, 332,323 

To account for these differences Whittingham [323] has proposed the 
formation of ternary phases, and has given evidence for their formation by 
topochemical reactions. 

Below we give examples of some cathodic reductions which have been 
investigated. 
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2.7.1. Lithium/halide cells 
(a) Lithiumlaluminium chloride, propylene carbonate/silver chloride- 
(Li/AICIJ, PCIAgCl). In this system the anode polarized very little 

whilst the cathode polarized a lot [333]. The nature of this observed con- 
centration polarization was found to be complex but can be represented by 
anode 

Li + Cl- - LiCl + e- 

4Li + AlCl, - 4LiCl+ A13+ + 4e- 

cathode 

(1) 

(2) 

AgCl + e- - Ag + Cl- (3) 

4AgCl+ Al’+ - 4Ag + Al&- (4) 

Reactions (2) and (4) are consistent with the ionic species observed by 
Hon [334] in a nuclear magnetic resonance study of AlCl, in AN, which may 
also prevail in the PC solution. For reactions (1) and (3) to occur the chloride 
must be in excess and be transported to the anode, and for reactions (2) and 
(4) AlCl, must be transported. If all the LiCl stays at the anode then the 
Cl- or the AlCl, will diffuse at a slower rate. The effect of this will be to 
define a diffusion layer which is equivalent to the thickness of the LiCl, and 
which is set up due to the flow of current. When no current flows, ions dif- 
fuse into the diffusion layer, and this is observed as a gradual return of the 
open circuit voltage to the equilibrium value. It has been shown that the 
polarization can be reduced by adding excess electrolyte to dissolve the 
LiCl [332]. 

(b) Lithium/mercury fluoride (Li/HgF,). It was found that the elec- 
trode polarization was, to a large extent, electrolyte dependent. By adding 
silver to the electrode the discharge voltage increased. This was found to be 
due to its preventing electrode poisoning by amalgamation of the mercury 
as it formed, and not to be due to the increased conductivity [335]. Acety- 
lene black was added as a conductor. 

(c) n-type lithium/cadmium fluoride (Li/CdFz). The discharge of doped 
CdFz is better than the normal CdF, because the doped material offers an 
alternative discharge mechanism. In a porous electrode the electronic reduc- 
tion mechanism [336] may supplement or supplant another process such as 
the reduction of dissolved Cd ions. For efficient use of this mechanism a 
low resistance contact at the semiconductor-current collector interface 
must be used. 

(d) Lithium/bismuth fluoride (Li/BiF,) [338]. In this case, the dis- 
charge is known to be a two step process involving the formation of Bi and 
LiF [337]. 

The proposed reaction is: 
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BiF, + 3Li __f 3LiF + Bi 

If the above reaction is correct then the LiF and Bi would be in equilib- 
rium with the BiF,, and, as a result, the observed open circuit voltage of 
3.13 V would be expected to be independent of the state of discharge. 
As this is not the case, the above mechanism is an over simplification. 

2.7.2. Lithium/oxide cells 
(a) Lithium/bismuth oxide (Li/Bi203). In this cell a two step discharge 

occurs. The first gives rise to metallic bismuth through a six electron trans- 
fer, and the second gives rise to LisBi through another six electron transfer. 

In Li/BizOs cells in LiAsF,-THF or LiAsF6BL the open circuit voltage 
exceeded 3 V. Even on low rates of discharge, however, it rapidly drops to 
below 2 V, indicating that the observed open circuit voltage is not the 
thermodynamic value of the Li/Bi*Os couple. Furthermore, the observed 
specific capacities in LiAsF,-THF (0.6 A h/g) and LiAsF,-BL (0.53 A h/g) 
exceed those calculated on the basis of a simple reduction of BizO, + Bi 
(0.345 A h/g). To explain this it has to be assumed that twelve electrons 
are involved in the discharge of each molecule of Bi,Os, which suggests 
that Bi forms compounds in which it is in the negative oxidation state. The 
discharge may then be written: 

6Li + BizOJ - 2Bi + 3Liz0 

2Bi + 6Li __f 2Lis13i 

12Li + BizOs - 2LiSBi + 3Liz0 

On the basis of this reaction a theoretical energy density of 835 W h/kg 
was calculated, although in practice the Li/LiAsF,-THF/BizO, cell only has 
an energy density of 200 W h/kg. It has been suggested [339] that the for- 
mation of a ternary nonstoichiometric phase is responsible for this lower 
than calculated energy density, but it has not yet been identified. 

(b) Lithium/titanium dioxide (Li/Ti02). In this cell the discharge is 
known to be [340] : 

Li + Ti( IV)02 - Ti(III)(Li”)O, ____+ 
===ngement LiTioz 

The differences between the theoretical OCV (1.1 V) and the practical 
open circuit voltage (2.9 V), and between the anatase and Mile TiOz are 
points of interest in this cell. The a, and c dimensions of the two forms are: 

A C 
Anatase 3.79 9.51 A 
Rutile 4.59 2.96 A 

The differences are believed to be linked with the longer c dimension in the 
anatase form. Because of this wider separation, the lithium ions can diffuse 
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into the matrix of the anatase lattice more easily and, as a result, a cell of 
this type has a higher working voltage, but is more readily discharged in 1M 
LielO,-PC compared with the rutile form. 

(c) Lithium/manganese dioxide (Li/MnO,). It was shown [341] that 
cells using MnOz discharged by the reaction: 

2Li + 2Mn02 - Mnz03 + Liz0 

Based on this reaction the open circuit voltage should be 2.69 V. It 
is almost 3 V, however, and the presence of MnzOs or Liz0 could not be 
confirmed by X-ray analysis. Because of this the reaction:- 

Li + Mn(IV)O* - Mn(III)O*(Li+) 

was proposed and verified by X-ray analysis. 

(d) Lithium/vanadium pentoxide (Li/V,O,). The postulated discharge 
in this case is [343] : 

V,O, + 4Li -+ V,O, + 2Liz0 

To account for the theoretical open circuit voltage (2.11 V) being less 
than the observed value (3.5 - 3.75 V), a topochemical reaction involving 
the incorporation of lithium into the Vz05 has been proposed for the first 
plateau. X-ray analysis supports this idea. The second and third plateaus are 
harder to characterise but may involve the formation of V,O, and VzOs. 

(e) Lithium/silver oxide (Li/AgO). The simplest mechanism suggested 
for Li/AgO is [ 3441: 

Ag,O + 2Li - 2Ag + Liz0 (1) 

AgO + 2Li - Ag + Liz0 (2) 

which could occur stepwise: 

2AgO + 2Li - Liz0 + Ag,O (3) 

but the open circuit voltage and the voltages on load indicate that these reac- 
tions do not occur. The discharge can, however, be explained if we assume 
that amorphous ternary phases are formed through Li+ insertion [345] 
according to the reactions 

Ag,O + xLi - Li, Agz_rO + yAg 

AgO+xLi-Li,Ag,_,O+yAg 

The decreasing open circuit voltage indicates that no equilibrium is reached 
between the products and the reactants [346]. Half of an electron is involved 
in the initial reduction of both oxides. After complete reaction of the oxides, 
the reactions are thought to be maintained via the ternary phases. 
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X-ray analysis seems to confirm these schemes. 
The insertion of lithium ions into the compact [347] Ag20, AgO lat- 

tices causes distortion and bond breakage which is believed to prevent 
reversibility. 

2.7.3. Sulphides and selenides 
(a) Lithium/titanium sulphide (Li/TiS,) and lithium/niobium selenide- 
(LilNbSe,). Both these compounds undergo topochemical reactions 

with lithium on discharge forming compounds of the type Li$IX,. The reac- 
tion is completely reversible for NbSe, but only partly reversible for TiSs. 
The basic chain structure of these compounds is maintained on lithiation. 
Reversibility has been equated with the maintenance of the microstructure. 
In the case of TiS3 there is evidence that it changes from a trigonal prismatic 
to an octahedral coordination [348] on lithiation, and that this change is 
irreversible. 

2.7.4. Lithium/oxysalts 
It is believed [349,350] that the discharge of oxysalts results in the 

displacement of the metal by lithium, and X-ray analysis seems to confirm 
this. The main discharge plateau caused by this mechanism is followed by 
others which are harder to interpret. Explanations of the full discharge vary 
from possible intercalation in the oxysalt matrix [351] to reduction of the 
oxysalt anion [ 352,350]. 

For Ag2Cr04 the proposed reactions are [353,354]: 

Ag2Cr04 + 4Li - 2Ag + Cr02 + 2Li20 

Ag,CrO, + 2Li __* 2Ag + Li2Cr04 (1) 

Four equivalents/mole of Ag2Cr04 were realised in the cell, whereas only 
two would be expected from eqn. (1). As the thermodynamic potentials 
calculated from the above reactions do not correspond to the experimentally 
observed values these reactions are not valid. It has been shown [355] that 
Ag2Cr04 is reduced via different routes, depending on the discharge current 
density. At low current densities reduction to Ag occurs, whilst at high 
current densities Li,Ag2Cr04 is formed which decomposes forming Ag, 
lithium chromate and silver chromate. More recent evidence [356] seems to 
suggest that after all the silver(I) has been reduced to silver(O), electrochem- 
ical formation of Cr(V) then occurs and this then reacts with silver(I). At 
high rates of discharge the overall rate of reduction is limited by the rate of 
reaction between Ag(1) and C%(V), thus causing a drop of 0.4 V to the 
second plateau. These results account for the good performance of Ag2Cr04 
in lithium batteries. 
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2.7.5. Lithium/polymeric carbon compounds (Li/(CF,),) 
The proposed discharge mechanism is [ 357,358] : 

+, In + Li __* A(C), + LiF 
n 

(1) 

Based on the free energies of formation of LiF and (CF,), the theoret- 
ical open circuit voltage should be 4 V whilst in practice it is 2.8 V. To 
account for this it has been suggested that lithium diffuses between the 
layers of the graphite lattice to react with the F, forming a ternary com- 
pound of the composition CLi, F where x < 1. This would then dispropor- 
tionate to give LiF and graphite. 

The observed open circuit voltage corresponds to the reaction 

Li + ;(CF). X( - 1 CLi,F) (2) 

The variation of the open circuit voltage with the depth of discharge of the 
(CF, ), cathode corroborates reaction (2). From eqn. (1) the open circuit 
voltage would be expected to be independent of the depth of discharge, 
which is not the case [ 3581. 

2.7.6. Lithium/sulphur dioxide (Li/SO,) 
The cell reaction in this system has been established [ 3591: 

2Li + 2Li+ + 2e- 

2S02 + 2e- --+ S2042- 

2Li + 2S02 - Li2S204 

The Li2S204 is an insoluble product which precipitates in the porous 
cathode and eventually causes passivation of the active carbon surface before 
the available SO2 can be totally consumed [ 3601. 

2.8. Hazards 
The possible hazards involved in the use of lithium cells have been 

thoroughly investigated and reported [361]. The cells have been tested 
under various hazard-inducing conditions, but in all cases the presence of the 
safety vent has virtually eliminated the possibility of spontaneous explosions. 
In general, therefore, it can be concluded that the potential hazards are no 
more than those involved in the use of alternative cells already being com- 
mercially exploited. 

2.9. Applications 
The SO2 cell has found extensive use in military applications [362] be- 

cause it can discharge at high current densities - well beyond the capability 
of the conventional primary batteries - and can be used at low temperatures. 
Applications include : - 
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(i) Transmitter/receivers: it is preferable in combat where it has weight 
advantage and a better performance compared with the mercury battery 
which weighs three times as much (1.5 kg compared with 0.59 kg for a 
lithium cell). 

(ii) Missile firing systems where heavy current pulses at the C/2 rate are 
required. It gives a better performance than the Ni/Cd battery at all tempera- 
tures, giving ten times as many firings (14 A for 100 ms). 

(iii) In missiles on launch it can withstand a high shock-up to 
15 000 g. 

(iv) It is replacing Mg/AgCl sea water activated batteries in sonobuoys 
[363]. 

(v) It is replacing magnesium and mercury batteries in E.L.T. systems 
because of its low temperature application. 

(vi) It can be used in memory protection in random access memory 
circuits. 

Apart from SO* and the oxyhalides, there are a number of other mate- 
rials - chiefly (CF,),, V,O,, MOO,, CuO and Ag&r04 - which are suitable 
for practical applications. 

The V,O, and (CF,), cells are also being developed for special military 
purposes [364,365], but the (CF,), cell is suitable for many other applica- 
tions. 

The AgI and the AgCr04 cells are suitable as small size, high energy, 
primary power sources, .and are used as power sources for pacemakers. Con- 
sidering the good operational capabilities of the oxysalt batteries under high 
energy drains the range of utilization of these cells may be extended to other 
applications where high pulses are required, for example, watches. 

The MnO? system has found widespread application as a power source 
in watches, calculators, cameras, hearing aids, cassette tape recorders, radios 
and in volatile memory protection circuits, whilst the CuO battery has the 
advantage that it can replace Leclanche-type batteries directly without 
modification because its working voltage is 1.3 V. 

Because of their good charge/size ratio these batteries are being devel- 
oped to power motors (up to 2000 W h). A conventional system would 
weigh 500 lb, whereas the Li/SOZ system would weigh under 100 lb. It is 
unlikely, however, that many systems will be marketed until a secondary 
lithium battery has been developed. . 

2.10. Conclusions 
The primary lithium cells discussed here are new and useful devices for 

the storage of electrical energy. They are suitable for use in applications 
requiring high energy densities, high current delivering capabilities, and effec- 
tive operation over a wide temperature range. They have been the subject of 
an intense research effort in recent years and show much promise for being 
developed into light weight, reliable, high energy density power sources for a 
number of military and non military applications. For most operations, the 
prerequisites for a cell are: 
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(a) high energy density; 
(b) long shelf life - in excess of 5 years; 
(c) light weight. 
Lithium primary cells fit these criteria well as they can possess: 
(i) high practical energy densities - around 290 W h/kg at room tem- 

perature in the case of the Li/S02 primary cell, which only decreases to 
130 W h/kg at -55 “C at 10 mA; 

(ii) an ability to operate efficiently under continuous current drains 
ranging from mA to about 7 A; 

(iii) stable on load voltages; 
(iv) a range of single cell voltages between 1.2 and 3.8 V, depending 

on the particular system chosen. 
The basic characteristics of lithium cells with both organic and in- 

organic electrolytes have been described. Several different combinations of 
cathode materials and electrolytes have been considered and it has been 
shown that lithium primary cells have a high discharge rate capability and 
excellent performance at low temperatures. 

The high conductivity and low viscosity of some of the electrolytes, 
especially those based on sulphur dioxide and thionyl chloride, over a wide 
range of temperatures, together with their stability in contact with the 
lithium anode on storage, and apparent compatability with other cell com- 
ponents, has led to the development of a group of lithium primary cells with 
superior characteristics. 

Despite recent advances in the area of both solid and liquid cathode 
materials, however, it is evident from their behaviour that many problems 
remain to be solved. 

The most important of these are: 
(a) Lithium anode passivation during storage. This has been a major 

problem in the full utilization of these cells. The passivation manifests itself 
as voltage delays and voltage depression during cell discharge. Specific 
solutions to this problem have been sought through electrode and elec- 
trolyte modification. 

(b) The discharge mechanism. In many cases the discharge mecha- 
nism is not understood, and it is not always a simple, straightforward reduc- 
tion, but may involve topochemical, rearrangement, or insertion reactions. 

(c) The effect of the cell components on its performance. Significant 
improvements have been brought about in the performance of these primary 
cells through the use of newly developed components and materials [ 4001. 
The manner in which these improvements arise is not always clear. 

3. Secondary lithium cells 

3.1. Introduction 
Since it is hard to recycle lithium efficiently, primary cells developed 

faster, and by now many good systems are on the market. Nevertheless, 



113 

secondary lithium cells have been studied for some time [401], and, as a 
result of some new discoveries [402] - such as new organic solvent/Li 
salt combinations-the lithium electrode can be recharged with high 
efficiency. Examples of these new systems are the EIC system [403 3, 
2-methyl THF/LiAsF,, and the EXXON electrolyte [ 4043 (1,3-dioxolane/ 
LiC104) although, as the 1,3dioxolane detonates on impact, it has already 
been abandoned [ 4051. 

Many rechargeable cathode materials have been developed [406] and 
the most promising ones are the solid state cathodes which undergo inter- 
calation or topochemical reactions with lithium. Typical of these is TiS2, and 
a Li/TiSz cell utilizing a a-methyl THF/LiAsF, electrolyte [407] can under- 
go 200 deep discharge cycles but it has the disadvantage of a relatively low 
energy density. 

The problems are that not only does the lithium recycle poorly, but in 
many cases the cathodes are equally bad: in most cases they are not fully 
reversible [408]. This limits cycle life, and the performance would be much 
improved by a truly solid state redox cathode. 

Extreme examples of irreversible cathodes are provided by the sulphur 
oxides and related compounds - once these are reduced oxidation to the 
initial state is impossible. 

3.2. Mechanism and structure 
The reaction of inorganic cathodes in lithium cells is either by insertion 

or by displacement. Displacement reactions are preferred to insertion reac- 
tions because they can react more reversibly. 

Only in the last ten years has the electrode reaction been understood. 
Most of the oxides, sulphides, and selenides of the ‘early’ transition metals 
reacted by incorporating the lithiurn into the crystalline lattice, forming 
ternary phases, for example, Li,Ti& [409,410]. At various times this type 
of reaction has been called insertion, intercalation, or topochemical. Titani- 
um disulphide and a few other cathodes can be cycled many hundreds of 
times at high current densities, but the other cell components cannot be 
recycled as many times. No electrolyte is presently known that is high rate 
- (10 mA cmm2), safe, and can plate out lithium metal at efficiencies better 
than 99.9%. This is a reverse of the situation pertaining a decade ago when 
the cathodes were the weak link in the development of lithium secondary 
cells. 

Although the mechanism of discharge of many cathodes in secondary 
lithium cells is now being unravelled, there is still no battery that is both 
technically and economically viable for a long-lived, multi-cycled battery. 

3.3. Basic problems 
Lithium may be plated with about 100% efficiency in PC [411], but it 

can’t be stripped well, especially after standing the deposit in the electrolyte. 
This is due to the metal deposit being electrically isolated from the conduc- 
tive substrate and becoming more and more dendritic. The matter is made 
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worse by the reactivity of the solvent. Up to now it has been difficult to 
find a solvent that is thermodynamically stable. To sustain the electrolyte 
solubility and conductivity, the solvent must be polar. 

Lithium films, which are responsible for the long term stability of 
primary cells, are a serious problem in the recycling of secondary cells. 
LiAsF, is good because it forms a “desirable” film and may be the first of 
others to come. 

3.4. Lithium cycling in secondary cells 
Lithium cycling may be improved by modifying the lithium/solution 

interface and its reactivity. In theory this can be done in numerous ways: 
(i) by the use of surface active additives - levelling agents, 
(ii) by the use of surface active additives - precursors, 
(iii) by the use of alloying substrates, 
(iv) by the use of internally generated scavengers, 
(v) by rigorous electrolyte purification. 

3.4.1. Levelling devices 
These substances control the damaging intergranular corrosion process. 

In PC-based electrolytes, the addition of surface active materials may have a 
beneficial effect on the lithium morphology [412], albeit at low current 
densities <O.l mA cm-*. Apart from the benefit in its morphology an 
improvement in the lithium adherance has also been reported when rhoda- 
mine B (sodium salt) and disodium fluorescein is added to PC/LiAlCL, [ 4131. 

3.4.2. Precursors 
In this case it is believed that compounds such as SO*, SOC12 compete 

with the solvent for the surface and form a ‘desirable’ type of film. The 
term ‘desirable’ refers to a possible monolayer which may be formed, or one 
which is lithium ion conducting but at the same time impermeable to the 
solvent molecules. Carbon disulphide, PSCls, POBr,, PNBr2, SO*, N20 have 
all been used as precursors in PC/lM LiC104 [412] and MA [414]. Of these 
CS2 was found to be the worst precursor material as it forms a resistive film. 
PSBrs and SO*, however, were both good, giving cycling efficiencies of 
84.5% and 79.8%, respectively. 

Many substances can form films instead of PC itself, which can give 
cycling efficiencies of about 85% in 1M LiAsF,. This suggests, perhaps, that 
PC adsorption on certain crystal faces still controls some basic aspects of the 
morphology of the deposit. By itself, lithium cycling efficiency in LiAsFs 
is 85.2% but on the addition of O.OlM POBr, in LiC104, the efficiency falls 
to 75.8%. This suggests that the AsF,- and POBr, compete for the same sites 
and act in the same way. Although the cycling efficiency is enhanced ini- 
tially, it eventually falls after about ten or twenty cycles. The loss of effi- 
ciency is because of granules of lithium that are encapsulated by insulating 
films of PC/Li reaction products, thus severing the electrical contact with 
the substrate. The rate of capacity loss can, however, be decreased by addi- 
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tives. These form lithium ion conductive films on the deposit, thus allowing 
deposition onto the granules and their growth into larger granules. In the 
long term though, an insoluble Li/PC film is formed over the lithium ion 
conducting film thus limiting the use of PC in secondary lithium cells 
[415]. 

The efficiency of cycling lithium on Ni in MA/lM LiC104 containing 
less than 100 ppm HZ0 was less than 10%. When small amounts of NM or 
SO2 were added, the efficiency improved markedly. 

MA + SO2 or NM is better than PC because more cycles may be realized 
before cell failure. The amount of lithium loss on open circuit voltage is 
minimal due to the greater solubility of MA/lithium reaction.products [414], 
which allows a greater opportunity for build up of additive-induced conduc- 
tive fibres on the metallic deposit. 

3.4.3. Alloying substrates 
Good cycling of the lithium may be achieved by alloying it, especially 

with aluminiurn. 
Alloying works because : 
(i) the more anodic potential of the alloy lessens the driving force for 

solution reduction; 
(ii) it dissolves the lithium deposit into the alloying substrate, thus 

eliminating the possibility of undercutting the deposit by reaction with the 
solution. 

The effect is only observed for very thin plates. For electrodes having 
a practical thickness, a high area substrate is required as the volume changes 
which occur during the formation and dissolution of the alloy tend to de- 
stroy the substrate. 

The improvement in the lithium cycling efficiency which may be 
obtained by substituting an aluminium substrate for a lithium substrate can 
be explained by the morphological and kinetic changes that occur to the 
lithium electrode in the molar solution of LiC104/PC. 

3.4.4. Scavengers 
If an inert salt is added to the electrolyte, for example, LiBr, then on 

overcharge, or if we use a negative limited configuration, on overdischarge, 
the scavenger Br2 is produced at the anode. It would dissolve encapsulated 
lithium and, since there would be no other lithium metal available, we could 
expect high efficiencies. The redox potential of the scavenger must be above 
that of the positive electrode, i.e., in the case of the LiBr, Br- will be the 
normal, noncorrosive form. In practice, the use of scavengers has proved a 
viable approach [416], but to get the best results:- 

(i) the scavengers and the lithium salts of their reduction should be 
soluble in the solvent; 

(ii) the redox potential of the scavenger must be above that of the posi- 
tive electrode; 

(iii) the scavenger/redox process must be simple, e.g., Li/12, LiBr/Br,, 
chloranil, fluoranil, lithium polysulphide and ferrocene/ferrocinium. 
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3.4.5. Electrolyte purification 
This is a necessary, but in itself an insufficient, condition for obtaining 

high lithium cycling efficiencies. 

3.5. Solvents 
Lithium has been studied both in organic and in inorganic esters. Ini- 

tially, empirical rules were used to connect the structure of the material: 
alkyl radical length, cyclic or acyclic with the lithium. 

The dimethyl, diethyl and propylene sulphates, and trimethyl and 
trimethyl phosphates are solvents in which the Li/Li+ system is both rapid 
and reversible. In these solvents and also PC, exchange reactions such as 

R&IO‘, + 2MX + MzS04 + 2RX 

occur. 
Tetrahydrofuran is far too reactive for use in secondary cells. Even very 

pure THF reacts rapidly and with the lithium it has been found that 2- 
MeTHF/LiAsF, is a superior solvent for lithium cycling [417]. Similarly, 
2-MeTHF and 2,5-dirnethylTHF are both superior to either THF or 3- 
MeTHF. If, however, the 2-MeTHF is impure, then rapid corrosion occurs 
due to the presence of butylated hydroxytoluene (BHT) - a stabilizer added 
in the manufacture of MeTHF - which corrodes the lithium. The system can 
be tested by cycling the lithium to and from a conducting substrate remem- 
bering that the salt and solvent we choose should be compatible with the 
lithium, and that the electrolyte is inert. If such tests are done with THF- 
based electrolytes, on the tenth cycle 80% of the lithium plated is encap- 
sulated by films and lost to anodic dissolution. In 2-MeTHF only 7% is 
isolated and therefore this is the better electrolyte with less degradation for 
a given number of cycles. It also has less effect on the morphology of the 
plates which are less dendritic than those with THF. Even in 1.5M L&F,/ 
2-MeTHF, however, efficiencies as high as 97.4% were obtained when the 
current was lowered to 0.9 mA cme2, presumably as a result of the improved 
lithium plate morphology at lower current densities. 

Another problem associated with secondary lithium cells is the poor 
solvent stability on open circuit. After 96 h, 70% of the lithium plated was 
still available in the 2-MeTHF, but in the THF, alI the plated lithium was 
isolated in 48 h, i.e., an average rate of 1.1 PA cme2 for the THF and 10 PA 
cmV2 over 26 h for 1M LiAsFJPC. In the case of LiAsFJTHF, however, 
“recontacting” is observed. In this process lithium, which has become elec- 
trochemically insulated from the anode, becomes reattached, and thereby 
available for anodic dissolution. This recovery occurs on open circuit voltage 
[417]. In contrast to these findings, it has also been pointed out that THF is 
the least reactive towards lithium at elevated temperatures and gave the best 
cycling efficiencies. These efficiencies could be further improved by ageing 
the electrolyte at 71 “C and by adding O2 or N2 to the electrolyte. Carbon 
dioxide cannot be used because it causes cell failure. Tetrahydrofuran also 
shows a recontact phenomenon - whereby previously isolated lithium could 
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be recouped in subsequent cycles. This could be explained by the breakdown 
of the films on the encapsulated lithium. 

In primary cells, fihn formation can be beneficial, but in secondary 
cells it can be a serious problem. If the lithium is not plated smoothly, then 
filming is enhanced. As a result of this, the lithium granules may become en- 
capsulated and cannot be discharged. This process can eventually lead to 
rapid cell failure. 

3.6. Cycling behaviour in specific electrolytes 
The key technical problem preventing the realization of high energy 

density secondary lithium cells which function at room temperature is the 
unacceptable cycling behaviour of the lithium electrode [ 418 - 4211. Another 
reason is the reactivity of the solvent towards the lithium. 

Polar solvents may not be used because of the molecular dipole [ 4221. 
In order to retard the lithium/solvent reactivity, cyclic ethers have been 
used. These may be used because the C-G bond is far less polar than the 
C=O bond. 

Not many successful electrolyte systems have been developed, but they 
include those based on THF, dioxolane, methylacetate (MA) and on PC. 

(a) Tetrahydrofumn based electrolytes. Koch was the first person to 
identify 2-MeTHF-LiAsF, as a promising organic electrolyte for secondary 
lithium cells. It is good because ‘of its low reactivity towards the lithium 
metal and this could be due either to the high purity of the salt or to the 
stabilizing property of the AsF,-. It has been noted, however, that THF and 
L&F, react at the lithium forming a brown coating [423]. The impurities 
which are believed to cause this colour change react faster with the lithium 
electrode than with the electrolyte [ 4241. 

When taken together, these results indicate the importance of films in 
ultimately determining the rate of the lithium/electrolyte reactivity. The 
specific nature of the reaction of lithium with THF-based electrolytes, the 
kinds and distribution of products, and the mechanism accounting for their 
formation is not fully understood [ 4171. 

By using certain additives we could form a protective film between 
the lithium and the electrolyte. This would add a diffusional barrier in series 
with the kinetic barrier. In order that this approach should work, the mole- 
cules of the additive must react more with the lithium than the 2-MeTHF. 
Furthermore, the film must be ionically conducting, and be stable in plating 
and stripping operations. In this respect, the alcohols, and in particular the 
polyethylene glycols (PEGS), have been reported to form films which are 
ionically conductive [425], and the system Li in 0.5M LiAsF,/2-MeTHF 
electrolyte containing 2M 2-methoxyethanol has been reported to give over 
900 cycles with efficiencies greater than 90% [ 4261. 

(b) Dioxolane based electrolytes. Originally, the Li/Ti& cell contained 
LiC104 as the electrolyte, but as this is explosive, it is no longer used [426, 
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4271. The potential scope for anion structural modification is unsurpassed 
in a complex (multicomponent) anion and a particularly rich synthetic 
chemistry for lithium tetraorganoborate salts has been well documented 
[428 - 4301. 

LiB(CH& is one of the complex anion salts which is very stable and has 
a high conductivity in dioxolane. It has a tetrahedral symmetry and ionic 
dimensions [431] which closely resemble those of LiC104 [432]. Li/Ti& 
cells with LiB(CH& have been shown to be capable of continuous discharge 
(5 mA cmm2) and charge (1.25 mA cme2) cycling. 

In general, the solutions are stable, but in TiS2 we get anion [B(CH,),] 
oxidation with concomitant formation of Li,TiS2 (X < l), and after a long 
time (CH&B, CH4 and CHsCH,. Therefore, this combination is not suited to 
long term use in Li/TiS2 cells. 

(c) Methyl acetate (MA) based electrolytes. The cycling efficiency of 
the lithium electrode in LiAsP, and LiClOJMA electrolytes with, and 
without, the addition of SO2 has been studied by Dampier and Brummer 
[433]. They found that the best cycling efficiencies, >90%, were obtained 
in 1M LiAsFJMA. It was also found that stripping efficiencies at low current 
densities gave a lower lithium recovery. 

(d) Propylene carbonate based electrolytes. In LiC104/PC electrolytes 
plating efficiencies tend to 100% [422]. Most of the inefficiencies that result 
occur on the stripping process, following which, most of the unaccountable 
lithium remains as insulated lithium on the electrode [434]. Under open 
circuit conditions the lithium oxidation rate is ten times less than the capac- 
ity loss rate. 

It was also found that the cycling efficiency also falls with the number 
of cycles. This is believed to be due to blockage of portions of the substrate 
with reaction products and accumulation of insulated lithium [415]. 

As is the case with primary cells, a positive, limited system is best for 
achieving highest energy density combinations. In the case of soluble positive 
systems, in which much of the lithium capacity is lost as self discharge, e.g., 
Li/Br2 [422], a negative limited system is feasible and perhaps best. 

3.7. The anode 
At present we are unable to get high energy density cells because of the 

reactivity of the lithium, which leads to the formation of passivating layers 
on cathodically deposited lithium during both charge and storage periods. 
These layers are responsible for the failures observed in trying to get 100% 
dissolution efficiency of the lithium. The surface state of the anode influ- 
ences the discharge performance of liquid electrolyte secondary systems 
since it affects the rechargeability [ 4351. This is why, in some cases, they are 
still being developed. Several positives have been character&d and their 
properties identified but, in many cases, the properties of the anode render 
the positives useless. 
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In trying to overcome these problems, various approaches have been 
tested including: 

(i) cleaning the electrolyte, 
(ii) the use of certain additives, 
(iii) altering the solvent reactivity by structural modification [415, 

424,436]. 
Although some good responses have been obtained using the above 

techniques, the overall response is still poor. As a result, the use of lithium 
incorporation in metallic lattices has been suggested. This results in a de- 
crease in the chemical activity of the electrode [437 - 4391. 

Promising results have also been obtained with an aluminium substrate 
[ 4401, and a comparison of the lithium deposited on aluminium and on a 
lithium substrate showed that: 

(i) PC decomposition proceeds in the same way with both electrodes, 
yielding a plastic and porous layer; 

(ii) the lithium incorporation rate on an ahuninium substrate is not 
fast enough to avoid the formation of a passivating layer. The rate of incor- 
poration is, however, sufficiently high for cathodic charge densities to be ten 
to twenty times larger than when a lithium substrate is used without the 
formation of dendrites, and without a thick passivating film developing, as is 
seen when lithium is thus reduced; 

(iii) lithium incorporation into an aluminium substrate does not involve 
a prohibitive penalty voltage (-0.4 V). This is homogeneous enough to 
obtain a very large increase in the active part of the electrode surface in- 
volved in the charge transfer process. 

It is believed that the more satisfactory results obtained during cycling 
with an aluminium substrate compared with those obtained with a lithium 
substrate is mainly due to the limited diffusion in the bulk of the electrode. 
Therefore, for further improvements, we have to improve the diffusion rate 
of the lithium by changing the structure of the substrate. 

Lithium may be deposited from LiC104/PC and LiAlClJPC with cur- 
rent yields approaching 100% if calculated from hydrogen evolution with 
water [441]. The immediate redissolution of the anode, however, is only 
about 80% efficient, the loss in efficiency being due to the presence of 
dendrites and poor adhesion [ 4421 rather than to reaction with the solvent. 

On storage, the anodic efficiency decreases drastically [443]. In an 
attempt to improve matters, use has been made of microporous [443] 
separators or of additives which either: 

(i) give a smooth deposition of lithium, 
(ii) alloy the lithium to reactive substrates, 
(iii) use porous lithium electrodes in electrolytes containing anions 

which form insoluble lithium salts. 
The surface of the anode becomes more pitted with increasing current 

densities. This may be minimised by doping with tetraglyme to form Li/ 
nBu&l in LiC104/PC. If this is done then the lithium deposits are compact. 



120 

Another problem which has dogged the development of lithium secon- 
dary cells is the growth of dendrites [442]. To try and minimise this prob- 
lem, Li/Al electrodes which, under certain conditions have potentials close 
to that of the lithium electrode, may be used - reducing the voltage penalty 
required to minimise the dendrite problem. One reason for the dendritic 
formation is that freshly plated lithium is very reactive and as such ions 
react with impurities causing dendritic plating. We have already mentioned 
how this situation may be improved by solvent purification or by alloying 
with aluminium. Matters could also be improved by forming intermetallic 
compounds. 

A Li/Al couple has the benefit that it is readily reversible in organic 
electrolytes. Lithium/aluminium electrodes are already being used with 
molten salt cells, e.g., Li/Al Fe& cell in LiCl/KCl eutectic [444]. Recently it 
has been reported that the wet stand behaviour of cathodically formed 
Li/Al alloys (compared with lithium deposited on inert substrates) is consid- 
erably improved [ 4451. As a result, low self-discharge rates should be feasible 
which, in the case of Li/Al, is most probably due to the higher overvoltage 
for PC reduction on the electrode. Extensive cycling, however, is not pos- 
sible; the aluminium shows degradation of aluminium foil with the forma- 
tion of loosely adherent powder. 

Porous Li/Al electrodes were fabricated by the pyrometallurgical tech- 
nique [439] and incorporated into TiSZ cells. On successively recharging 
these cells it was found that the Li/Al voltage approached that of the lithium 
electrode. This is believed to be associated with a structural change in the 
Li/Al electrode. 

Li/Al@ + Li/A1, + Li/Alp 

The QJ structure is lithium deficient whilst the /3 form allows fast diffusion of 
the lithium ions into its matrix. These electrodes are still affected by dendrite 
formation at high rates of charging or overcharging. The electrode reaction is 

Al + xLi+ + xe- a Li, Al 

The rate of lithium insertion into the aluminium matrix can be high enough 
to prevent dendritic growth. 

Electrochemical impedance measurements associated with the polariza- 
tion curve data [446] indicate that most of the surface is active, giving rise 
to current densities of about 17 mA cme2. These studies have also demon- 
strated that the diffusional process in the passivating layer and in the bulk of 
the electrode is responsible for the limited lithium cycling performances 
when using an aluminium substrate. 

The difficulties with the dendritic depositions of lithium may be cir- 
cumvented if a lithium electrode of the second kind is used [ 4471, e.g., 

Li/nBu4C104 + (NBu,),S04/dimethyl sulphate/CuS04 [448] 
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More recently, the concept of an all solid composite electrode has been 
presented [449]. This would take the form of a finely dispersed reactant, 
e.g., LisSi mixed in a solid, mixed, conducting matrix L&Sn. Such a cell 
could be charged and discharged without much loss in capacity. The polari- 
zation values are typical of those obtained on highly porous electrode sys- 
tems in molten salt electrolytes. 

In the search for high energy density, secondary lithium cells, complete 
reversibility has been shown [450, 451, 452, 4191 in some cells where the 
cathodic mechanism is by intercalation or topochemical reaction. Problems re- 
main, however, due to the lithium electrode, which has poor stripping/plating 
efficiencies in organic electrolytes [453,434,415]. By replacing the lithium 
anode by another intercalating electrode having a different lithium activity a 
cell of the type LiXWOz/Li, TiSz [454] has been developed which, although 
giving a lower working voltage, can be recharged more, and which, on 
prolonged recycling, gives no serious indications of cell deterioration such as 
an increase in the internal resistance. 

3.8. Cathode materials 
Until recently, a repeatedly rechargeable lithium cell could only be 

realised using a large excess of lithium metal, but it had poor wet stand stabil- 
ity. 

The cathode materials initially investigated consisted of the insoluble 
transition metal salts which formed the corresponding lithium salts on 
discharge [455]. These cathodes are, however, not completely satisfactory. 
The main groups of positives that have been studied are: 

(i) sulphides and selenides 
(ii) sulphospinels 
(iii) transition metal oxides 
(iv) organic cathodes 
(v) other cathodic materials. 

3.8.1. Sulphides and selenides 
Many insoluble sulphide positive electrodes have been extensively 

studied as electrodes in secondary cells. This is most probably because of 
their extensive use in primary cells. The poor reversibility of these materials 
seemed to be because of the low solubility of the alkali and other metal 
sulphides in organic electrolytes [455], and because they lacked a crystal 
structure which would favour intercalation of lithium ions similar to Tir, 
[409]. 

Copper sulphide, NiS, SiS2, MnS and FeS have been investigated [456] 
as cathode materials using 1M LiAsFJTHF as the electrolyte. 

Titanium and V give better initial performances than Cu, but the Cu is 
better in the long run because it is cheaper and gives better performances 
after 35 cycles 14571. It can deliver 1.6 and 0.98 equivalents of charge per 
mol of CuS at 1 mA cmw2 after 4 and 20 cycles, respectively. These are 
equivalent to 348 and 211 W h lb-’ if based on the weight of active material 
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used. The main problem when using cells based on these positives is that 
there is a rapid drop in the capacity if electrodes having practical loadings are 
used. In the case of the Li/CuS system, deterioration of the lithium electrode 
is due to reaction of the lithium electrode with the electrolyte and a reduc- 
tion of the electrolyte on the CuS electrode below - 1.5 V, which combine 
to limit the cycle life of the Li/CuS system. 

Cyclic voltammetry experiments [458] have shown the reversibility of 
the Cu/CuS couple. The curves show that Cu oxidation with CuS formation 
occurs at a potential of about 1.03 V. One of the major difficulties encoun- 
tered in using CuS as a cathode is its poor solubility in organic solvents. 
Macrocyclic polyethers have been added to try and enhance its solubility, 
but the effect has only been marginal. If DMF is used, however, addition 
of Lewis acids of the type BX3 considerably increases the concentration of 
sulphide in the DMF. The voltage plateau of this cell on load is 1.55 V. It is 
unlikely that any major improvements will occur in this secondary cell until 
an electrolyte which is more resistant to reduction has been found so that 
the end point (now 1.4 V) can be increased without a further loss in the cell 
capacity. 

The layered chalcogenides of the type MX2 [459 - 4611, for example, 
NbSez, TeSz and TiSz, act as reversible cathodes in non-aqueous solvents. 
This is because the MX2 structure behaves as an inert host structure for 
intercalated, electrochemically active species, e.g., I2 in Li/LiI, PC/I,-MX, 
cells [ 4621. It was thought that in this cell the reaction was: 

Li + $Iz(in MX2) e LiI, 

but it was later shown that MXs [463 - 4651 behaves reversibly in the 
absence of I?. The synthesised cathode MXGe5 [466] is also reversible. It is 
now believed that the reaction of MX, type cathodes involves topotactic 
intercalation of lithium into the layered MX, structure with M4+ + M3+, 
and in the higher chalcogenides the cleavage of the X-X bond 

nLi + MX ,, e Li,MX, [ 409,467,468]. 

The use of MX, cathodes relies on maintaining the integral structure of 
the MX, on cycling the lithium ions into (discharge) and out of (charge) 
the MX, cathode material To be good cathodes they must enable the Li/ 
MX2 couple to provide a sufficiently high voltage and, in general, to maintain 
its structure and morphology, although, in some cases - NbSe, for example 
- a structural change can be beneficial as it increases the plateau voltage. 
This is thought to be due to an initial structural change which occurs on 
insertion of the lithium ions into the NbSe, lattice but the nature of this 
reaction is unknown. NbSe, has a high conductivity, and therefore no 
conductive diluent is necessary. It has a cycling efficiency greater than 80% 
at room temperature. At higher temperatures (60 “C) in LiAsF,, PC cell 
life is limited by anode failure. 

Several other metal chalcogenides are known to be reversible with low 
current drains, but their .performance is very poor on deep discharge. 
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Murphy and Trumbore [469,470] have recently reviewed the types of 
MX, cathodes used. 

Crystalline compounds have been extensively used as cathode materials 
[450], especially the dichalcogenides. One such is TiSz which, having a very 
porous structure and only a small lattice expansion on recyling [ 4181, is a 
very reversible material. LizVSez is also reversible. 

LiVX2/Li2VX2 (X = S, Se) couples can be recharged and consist of two 
phases between their limiting compositions. The selenide is reversible over 
the range VSe, * LizVSez, but the sulphide deteriorates if it is not confined 
to the LiVS2/Li2VS2 couple [471]. The dichalcogenides of Groups IVB, VB 
metals are the most common. The cathodic reaction is believed to be 

Li+ + MX2 + e- e LiMX2. 

The Li/LiC104, PC/VSe2 system shows the presence of two plateaus. 
Each plateau is of equal capacity and is reversible. On initial cycling, the 
first plateau is 83% efficient but falls to 75% by the sixth cycle. The con- 
stant voltages of both plateaus suggest the presence of two phases [471] 
between VSe2--LiVSez and LiVSez-LizVSez. This was verified by X-ray 
analysis. 

In the case of the Li/LiC104, PC/LiVS2 system, there is an additional 
capacity of 0.95 equivalents per V atom near 1.0 V. This additional capacity 
decreases to 0.6 equivalents after 30 cycles. The additional capacity is most 
probably the result of the readily reversible Li2VS2/LiVS2 couple. Further, 
charging of this couple to yield VS2 leads to a rapid deterioration over the 
entire voltage range. 

Replacing the vanadium with iron enhances the reversibility in V,, _-x )- 
Fe&/LiV(i --x ,Fe.& couples [ 4721 but this causes the lower voltage process 
to be irreversible. In lithium electrochemical cells, VzSz cathodes react with 
2.5 lithium per vanadium above 1.4 V. On primary discharge at 0.5 mA 
cmp2, 85% of the capacity can be recovered on the first recharge to 2.8 V 
also at 0.5 mA cmW2_ On repeated cycling, however, the capacity falls to 
30% of its initial value with an accompanying change in the voltage composi- 
tion profile. 

Niobium selenide has also been extensively studied [473], mainly in the 
system Li/LiC104, PC/NbSe, where 3c = 2,3,4,4.5. 

NbSe2 is similar to TiS2 [409] in that no irreversible chemical changes 
occur. NbSe2 is fully reversible via lithium intercalation. This is facilitated by 
the fact that only one phase is involved during cycling. 

The higher selenides are reversible to varying degrees but the equilib- 
rium charge voltage exceeds the initial discharge voltage by at least 15%, 
indicating that the cell chemistry is more complicated than initially believed. 
Many of the changes have been shown to occur during the first cycle. 

NbSes has a lower voltage on the initial recycle, but NbSe4 and NbSedes 
both have higher voltages showing that, in the higher selenides, a multiphase 
system, or a gradual change in the structure is taking place. The discharges of 
NbSe, and TiSs are similar [468] and involve 3 lithiums per MXs. Using the 
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reaction with n-BuLi as a model for discharge, it has been shown that the 
reaction is. a topochemical one in which the basic structure of the MX, is 
maintained. NbSe, and TiSs consist of chain structures having X-X bonds. 
To account for the stoichiometry, we must assume that, apart from the M4+ 
cation, the (X,)2- anion groups are also reducible. 

The partial reversibility of the TiSJ cell (compared with the complete 
reversibility of the NbSej cell) could be associated with the change in the 
coordination geometry of the Ti4+, which changes from a trigonal prismatic 
to an octahedral arrangement. 

7-NbSe4 with a single phase composition range between NbSe4 and 
NbSe4.s has proved a very useful cathode material [466]. It reacts via a 
topotactic reaction to give an Li,NbSe(,_,, (x = 0 - 0.5) discharge product 
[409]. The eventual cell degradation, if not due to lithium failure, is due to 
the cathode break-up rather than irreversibility. 

Transition metal chalcogenides are now preferred to the transition 
metal halide salts [474]. One of those which has been extensively studied is 
the Li/TiS2 combination. It has been widely used with the lithium thio- 
cyanate electrolyte in the form: 

Li/LiSCN, 3-dioxolane/l,2-DME 

as it is both thermally and electrochemically stable, except for the slow for- 
mation of dioxolane oligomers. 

The reversibility of TiS2 is evidenced by the galvanostatic anodic and 
cathodic polarization cycles [475] which have been explored over various 
sweep rates and over the entire range of composition up to 1 mole of lithium 
per mole of dichalcogenide. The results showed complete reversibility with 
no hysteresis between the cathodic or anodic cycles and suggest that lithium 
diffusion into the lattice is the limiting step, having a comparatively slow 
rate of only 10m8 cm2 s-l [476] in TiS. The rate of the diffusion depends on 
the lithium concentration in the dichalcogenide. The lithium which initially 
diffuses into the matrix was found to be strongly bonded to the TiS2 matrix, 
and was very difficult to remove. It has been suggested that the initial species 
may open the Van der Waals gap between the layers, promoting more inter- 
calation of lithium and enhancing reversibility as the concentration increases. 
The cycling performance reaches a maximum at concentrations greater than 
0.4 Li per TiS2 mole fraction, in accordance with the polarization data 
[475]. The concept of 100% rechargeability is invalidated because it cannot 
sustain deep cycles (even in LiAsF, in 2-MeTHF [477]) due to the poor 
cyclability of the lithium because of the surface passivation or encapsulation. 

The cycling efficiency is between 80 and 90% on the fiit discharge. 
These figures are, however, sensitive to the anode and cathode loadings, and 
the electrodeposition and stripping efficiencies on a copper substrate at cur- 
rent densities between 0.4 and 1.5 mA cme2 fell from 85% to 40%. Changes 
in the TiS2 utilization efficiency on the first discharge have been measured 
over a range of current densities to 1.4 V (us. the lithium reference). A sharp 
drop was found to occur at 45 mA cm -2. At low current densities and at 
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low depths of discharge (less than 10%) these cells can be cycled a number of 
times [478]. On overdischarge and overcharge, however, solvent decomposi- 
tion is a problem and, on recharge, dendritic plating of lithium is also serious. 
As the cell is recycled, its capacity falls due to the loss of structural integrity 
in the cathode and a softening of its edges. The latter could be caused by 
high current densities at the edges and is thus an indicator of uneven reaction. 
Dendrite growth may also be a serious problem with prolonged storage and 
deep discharge cycling. 

At low current densities and at room temperature LiSCN and DME are 
both stable and a porous lithium anode is observed. 

Titanium sulphides of the form Ti,, +xjSz and TiSz nevertheless show 
good reversibility, and their discharge cycles are characterised by flat voltage 
plateaux at about 2.0 V us. the lithium. The limiting capacities approach 1 
and 3 equivalents of charge/mole of TiSz and TiS,, respectively. Capacities 
between 0.8 and 0.4 equivalents of charge/mole of TiS, were obtained after 
at least 300 100% discharges at the C/3 rate [ 4511. During the initial cycles, 
capacities greater than 1 equivalent of charge/mole of TiSs were observed. 
The reaction mechanism involves lithium ion intercalation into the layered 
structure of the sulphide. These cathodic materials have measured capacities 
of 360 and 180 W h kg-‘, respectively. Of the two, TiSz seems to be the 
best because of its greater reversibility. 

3.8.2. Sulphospinels 
Chalcospinels, especially the sulphospinels, have been discovered to 

behave as good positives which operate at room temperature through a 
reversible topochemical takeup of lithium, up to three electrons per mole in 
aprotic solvents [479,480]. These face centred cubic materials are sulphur 
equivalents of oxospinels of formula Mi” M:” S,. CuCo$&-Li and others 
where Ni and Fe replace the cobalt have been studied. They are high energy 
cathode materials which can be used both at room and at elevated tempera- 
tures, and, as they are good conductors, they are suitable cathode materials 
for high discharge rates. 

Reversible cycling is due to interstitial migration of lithium into the 
face centred cubic structure. X-ray studies confirmed that the face centred 
cubic structure is retained when up to three lithium equivalents are intro- 
duced per mol of sulphospinel by the n-butyllithium titration. 

CuCo&, and CuNizS4 appear to be the best sulphospinels although it 
is believed that the poor qualities of the CuFe&, were because of its poor 
preparation. 

It has been found that the CuCo&, [481] yields substantially more 
capacity per unit active weight than does TiSz to comparable end point 
voltages. Typically, for 100% depth of ,discharge, i.e., two electrons/mole 
of CuCo&, the end point voltage is taken as 1.2 V provided that the anode 
is still functioning. On recharge, the end voltage is taken as being between 
2.1 and 2.4 V, and the overcharge voltage as 3 V. Two solvents have been 
used in this system: 
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(i) LiClO.,, THF 
(ii) LiC104, THF + 30% dioxolane 

The latter combination yields more (109 compared with only 59 for the 
former) and better recycles. Capacity is limited by the lithium anode and, as 
dioxolane enhances the charging characteristics of the anode, its use is 
preferred. Thus we see how the choice of the solvent can be very important. 

3.8.3. Transition metal oxides 
(a) Vanadium oxides as cathode materials. Stoichiometric V02.i, and 

non-stoichiometric V02.i9 together with V,0i3 have been investigated as 
cathode materials in cells of the type 

Li/2-MeTHF, LiAsF,/V60 i3 

The discharge characteristics of V02.i, at 60 “C are equivalent to those 
of vo2.19 at 20 “C. The rechargeabilities of the V02.i7 and .V02.ig cathodes 
depend on the lower voltage cut-off which, in the case of these cathodes, is 
fairly high. This is because of the presence of a relatively high capacity 
irreversible process at about 1.6 V, and the cycling limits which have been 
set at 3 V and 1.9 V for V02.i, and V02.ig, respectively. Even with these 
limitations, these oxides have been used in three different types of hermet- 
ically sealed cells. 

Murphy et al. [419] have studied the r-utile and perovskite-related 
oxides. Their results show that V6013 should be good as a high energy den- 
sity cathode material. Calculations based on its reactions in n-butyllithium, 
in which there is an uptake of about 8 lithium atoms per mol of V60i3, give 
a theoretical energy density of about 850 W h kg-’ [419]. In practice, 
however, this figure is not reached, but it nevertheless still shows good 
secondary characteristics [ 4831. 

V60i3 and its related oxides have been studied in 2-MeTHF, LiAsF, 
electrolytes. The first discharge of V02.ig resulted in a capacity of about 
1 e- per vanadium at current densities as high as 2 mA cmb2. After the first 
overcharge, the capacity fell by between 15 and 20% (even at current den- 
sities as low as 0.1 mA cme2) and after only a few cycles, the capacity fell to 
0.7 e- per vanadium, but then remained constant. 

There are two major drawbacks in the use of these oxides as cathode 
materials : 

(i) the necessity to add graphite as a conductive diluent. This results in 
a low volumetric energy density which to some extent can be compensated 
for by adding Cr or Fe to the V” lattice; 

(ii) the presence of a performance limiting, irreversible reduction 
process which occurs at potentials below 1.7 V. 

Nevertheless, V60i3 has proved to be a very good cathodic material. It 
has a very open structure and a high conductivity. The average cell voltage of 
the Li/V60i3 couple is 2.2 V with a theoretical energy density of 800 W 
h kg-‘. The excellent rechargeability of this material [482] makes it an 
exceptional cathode. 
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V,O, has also been investigated as a cathode material in the Li/lM 
LiC104, PC/V205 system in which the reaction may be written 

v,o, + XL1 ’ G Li,VzOs [484] 

The reaction consists of two successive steps with x over the range 0 - 1 
and 1 - 3, respectively. In the first step, structural changes that occur in the 
V,O, lattice are reversible, but the second step is irreversible. 

Vz05, even though it has one of the highest on load voltages [485] has 
therefore proved a less suitable cathode material than V6013 [486]. This is 
because of :- 

(i) its low conductivity; 
(ii) its irreversible reduction at moderate potentials; 
(iii) its ability to oxidise the electrolyte. This occurs because the 

volumes of the unit cells are too small to allow a fast uptake of the elec- 
trolyte [ 4821. 

(b) Molybdenum oxides. The use of molybdenum oxides as cathode 
materials in secondary lithium cells has been extensively studied [487]. 
From these studies, it is clear [488,489] that all molybdenum oxides with 
compositions between MoOz and MOO, reversibly incorporate lithium. 

MO i704, has ‘the highest capacity after several cycles. Its voltage drop 
on full discharge (about 1.9 V), however, is greater than for TiSz (0.6 V) and 
off-stoichiometric V6013.2 (0.8 V). The average cell voltage (1.85 V) is less 
than V6013.2 (2.2 V). Furthermore, the energy density of this material, 
490 W h kg-‘, is less than V601s.2, 800 W h kg-‘. Based on these considera- 
tions, MO i,04, is not as good a cathodic material as off-stoichiometric 
v6° 13.2- 

Mo4011, MosOzj and Mo90z6 have also been considered as cathodic 
materials [490]. They can form ternary phases from which the lithium 
cation can be quantitatively recovered on charge for limited e/Ma values, for 
example, 0.8 for Mog02s. The higher ratios make the reduction irreversible 
due to the breakdown of the lattice. Of these three materials, MosOzs has 
proved to be the best because it behaves reversibly with good voltage reten- 
tion, even at discharge depths near the limiting values. 

In the case of Mos02s, the van der Waals gaps can easily be filled by 
small cations. The diameter of the lithium cations are only 0.07 nm, which 
makes them freely mobile in the MosOz3 lattice which has a spacing of 0.27 
nm. 

The limiting factor seems to be the transport of the lithium in the 
LiC104, PC from the anode to the cathode. This means that the lithium 
cations entering the cathode are not replaced fast enough by those from the 
anode. At 1 mA cme2 and to a 2 V cut-off, 85 A h kg-’ (0.89 C/MO) and 200 
W h kg-’ were obtained, which corresponds to Li,.1Mos023. Therefore, this 
material is better than the 3D system V20, in which we get bond cleavage 
[409] and, hence, the loss of total reversibility. 
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MosO,, accepts 1.0 lithium cations/MO and single charge/discharge 
efficiencies as high as 95% at 1 mA cm-’ and 0.5 e/Ma have been observed. 
The results after prolonged cycling are also good [491] as it is able to 
retain its charge and structure well. The anode also shows good adhesion of 
the active material and lack of dendrites. This cathode also has a high specific 
capacity and a high energy density. MosOzs, nevertheless, shows room for 
improvement, as performance is clearly limited by the cathode technology. 

Prototype secondary cells employing MoOj as the cathode material in 
cells of the type Li/LiAK&, BL/MoO,, C have also been examined [49!2]. In 
this solvent, the cathode has a low solubility, and a satisfactory polarization 
behaviour. The charge/discharge efficiencies approach 100%. In the above 
mentioned cell, which may be discharged at 0.5,1.0, 2.0 mA cm-‘, there are 
good efficiencies if based on a two electron transfer. 

Oxides of the type Mo,O,,, _ i) may be used but the e/MO values which 
allow structural retention in the Li,,Mo,Oo-i, ternary phases are lower 
than in Moos. Nevertheless, its higher maximum efficiencies, and lack of 
need for a conductive diluent are such that it may be used as a cathode mate- 
rial. 

MosO,, is only one of a few compounds which have 3D structures 
which may be used as cathode materials. It also has the added benefit of 
being cheap. 

Apart from V,O,, the MO oxides have the highest on load potentials 
[490]. In the case of Mo1sOS2 [485] which has a layered structure, its good 
electronic properties are superior to those of V,O,, especially at low current 
densities. 

3.8.4. Organic compounds 
Recently, more attention has been given to organic positives in lithium 

secondary cells. Based on the weight of active material, the phthalocyanines 
are the best positives, the Li/Fe phthalocyanine system being able to supply 
1440 Ah kg-’ [493]. 

The Li/Cu phthalocyanine system can be recycled over 100 times at 
discharge depths of 157 A h kg-‘. The reaction is known to be by intercala- 
tion because : - 

(i) the phthalocyanine reacts with the lithium. This has been shown to 
be the case by its reaction with n-butyllithium. 

(ii) polymorphs affect the discharge capacity, which suggests that solid- 
state phthalocyanine reacts with the lithium ions. 

(iii) X-ray analysis shows that the phthalocyanine unit cell becomes 
enlarged after discharge, thus indicating lithium intercalation between the 
molecules. 

As these positives have good, rechargeable characteristics and an on 
load plateau of 2 V over a wide range of charge, it is likely that these mate- 
rials will be further developed. 

Organic cells using reversible n- and p-type electrochemical doping of 
polyacetylene (CH), have also been developed [494]. The (CH), may be 
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doped n or p to give organic metals which can replace both conventional 
cathodes and the lithium anode in lightweight cells. In a p doped material we 
get incorporation of anions, e.g., Is-, ClO, or AsF,- to give [CHY+A;], 
where A represents the anion [ 4951. 

(CH), can be reversibly electrochemically doped n or p type, and the 
undoping of various combinations of p and/or n doped (CH), can be utilized 
in secondary cells of three basic kinds: 

(i) those in which the anode discharge involves (CH), derivatives, 
(ii) only the cathode involves (CH), derivatives, 
(iii) both electrodes are involved. 

3.8.5. Other cathodic materials 
Recently, several new cathode materials have been examined to assess 

their potential for use in secondary lithium cells. 
One of these new materials is thiochromite. Phases of the type Na,Cr& 

(X > 0.1) [496] have been prepared which provide hosts for lithium cation 
intercalation. In these cells, more than one equivalent of lithium cation per 
mole of NaCrSz can be reversibly intercalated at high rates. Furthermore, the 
3D structure proves sufficiently rugged to allow repeated cycling with only 
minor losses in capacity. The Li/Na, CrSz couple has a high theoretical energy 
density of 518 W h kg-’ and, even when based on a discharge of 1 mA cm-* 
and on the real cell weight, we stiIl get 142 W h kg-’ for an eight hour dis- 
charge rate. The values of the lithium cation chemical potential in Na,CrS2 
and of the free energy of intercalation have both large negative values which 
are typical of efficient chalcogenide cathode materials. 

Lead compounds have also been investigated as positives in lithium cells 
[497] and PbF2, PbCr04 and Pb02 have all been used. These compounds 
form intermetallics which explain the higher specific energy than those 
expected from the formation of Pb”. The following intermetallics are all 
formed: LiPb [498], LiSPb2, LisPb, Li$bs, and LiQb, but of these, it is the 
LiPb which is the most important. 

3.9. Choice of ma teriuls for cell construe tion 
These have to be corrosion resistant: one of the most important factors 

governing cell construction is the anodic stability of Ni, Ti, Ta or cold rolled 
steel (CRS). They have been studied in 1M L&F,, THF and voltammetry 
showed that they were all stable in the range from 2 to 4.2 V us. the Li/Li+. 
In the case of Ti, however, polymerisation of the electrolyte occurs. In both 
Ni and CRS, corrosion was virtually zero below 4.2 V but, at 4.4 V, rapid 
pitting of the CRS occurred in under three hours [478]. As a result of these 
investigations, the best combination was found to be that of Ni plated onto 
CRS. 

Previously, when the electrolyte was only THF, the maximum charging 
voltage was 3.5 V, but using LiAsF,, THF, it can be as high as 4.2 V. 
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3.10. Conclusions 
It is clear that from the present survey, we are able to conclude that in 

spite of much research, a great deal of work has to be done in order to bring 
the efficiency and ease of operation of lithium secondary cells up to that of 
the lithium primary cells. The best published performances obtained to the 
authors’ present knowledge are: 

(i) a charge of about 50 C mg cme2 ; 
(ii) a lithium loss of about 7.5 mg cmm2; 
(iii) about 70 cycles if the lithium concentration is increased ten-fold. 
It is our opinion that if the lithium secondary cell is to become a reality 

then improvements will have to be made to both the electrolyte and the 
anode preparation. Specifically: 

(a) more inert electrolytes will have to be developed, or those which 
can “recontact” isolated dendrites or redissolve them (self-discharge); 

(b) more attention must be paid to anode preparation and the develop- 
ment of improved Li/Al combinations which are better understood. 

List of symbols 

W h/kg 
W h/lb 
A h/g 
C/3 
C 
V 
u 

I 
S2-’ cm-’ 
t+ 
z 
r 

17 
a 
b 
DMSO 
PC 
NM 
BL 
DMF 
IPA 
MA 
THF 
PVP 
DME 

Energy density 
Energy density 
Specific capacity 
Discharge 
Coulombs 
Volts 
Electric tension of a galvanic cell or an electrode (electrode 
potential following Stockholm Conv.) 
Current density 
Conductivity 
Transport number of Li+ cation 
Charges on ions 
Ionic radii 
Overvoltage 
Constant in Tafel equation 
Constant in Tafel equation 
Dimethyl sulphoxide 
Propylene carbonate 
Nitromethane 
y-butyrolactone 
Dimethylformamide 
Isopropylamine 
Methyl acetate 
Tetrahydrofuran 
Poly(vinylpyridine) 
Dimethoxyethane 
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MF 
THP 
DEE 
BHT 
PDA 

F.C.C. 
A 
E.L.T. 

Methyl formate 
Tetrahydropyran 
Diethyl ether 
Butylated hydroxytoluene 
Pyromellitic dianhydride : 1,2,4,5-benzenetetracarboxylic acid 
dianhydride 
Face centred cubic 
Angstroms 
Emergency landing transmitters 
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