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In order to improve the performance of electrochemical devices or processes, 
information is needed on the behaviour and the properties of all components 
including the ion-conducting material, the electrolyte. Electrolytes may be clas- 
sified into liquid and solid electrolytes. Liquid electrolytes include aqueous and 
nonaqueous solutions, molten salts, and solid polymer electrolytes consisting of 
a solvating polymer and a salt. The large number of solvents, salts, and addi- 
tives generally allows the optimisation of the properties of liquid electrolyte for 
a given task, when based on information about its bulk and intrinsic properties. 
Applied and basic research on nonaqueous electrolyte solutions have catalysed 
progress in the development of competitive devices and processes, especially 
lithium batteries or wet capacitors and electrodeposition or electrosynthesis. 
Based on recent knowledge various new suitable ion-conducting materials have 
been developed extending the range of realised or hture applications. 

1. Tvpes of ion conductors. merits and drawbacks 
Every electrochemical cell consists of three major components: electrodes (anode, cathode), separator, 
and electrolyte. Electrolytes are ion-conducting materials with negligible electronic conductivity. They may 
be classified into solid and liquid electrolytes. Liquid electrolytes include molten salts and electrolyte solu- 
tions, based on a salt, often called electrolyte too, and an appropriate solvent. With reference to the type of 
solvent used they are called aqueous (water), mixed aqueous (water and cosolvent), and nonaqueous 
(organic or inorganic solvent) electrolyte solutions, respectively. Molten salts may be classified according 
to their useful liquid range as high-temperature and ambient-temperature molten salts, which are often 
based on mixtures of organic halides with aluminium trichloride. Solid polymer electrolytes (SPE) may be 
included in this class as they exhibit various properties of liquid electrolytes, due to their composition, a 
blend of a solvating polymer and a salt or a nonaqueous electrolyte solution. 
Every type of ion conductor shows specific benefits and drawbacks, determined by bulk properties of the 
material and the intrinsic behaviour of constituing species. 
When compared with solid electrolytes liquid electrolytes show generally better levelling capabilities for 
both temperature and concentration discontinuities and allow for small volume changes due to chemical or 
electrochemical reactions. They generally maintain a permanent interfacial contact at the electro- 
lyte/electrode interface and have generally higher conductivities, cf TABLE 1, where also some of the few 
exceptions (RbAg,I, and RbCu,I$l,) are included, due to their potential use in solid-state supercapaci- 
tors, cf also section 2.2. In contrast to solid electrolytes liquid electrolytes show a non-Arrhenius type 
temperature dependence of conductivity. A trivial advantage of liquid electrolytes is their capability of dis- 
solving the reaction products; they may hence be used in electrosynthesis as reaction media. 
Obvious disadvantages of liquid electrolytes are potential gassing and leakage problems in cells, and the 
higher effort in assembling cells. 
Solid electrolytes (for an application related review, see Ref (1)) often offer cationic or anionic transport 
in contrast to liquid electrolytes and solid polymer electroytes (SPE), where anions and cations are con- 
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Type of electrolyte 

tributing to the conductivity. Their use avoids the need for a separator. However, their electronic conduc- 
tivity may be detrimental in some applications. 

materials K / (mS/cm) Remarks References 

TABLE 2. Voltage windows of some ion conducting materials. 

Solvent I Electrolyte I anodic limit I cathodic limit I working I reference I Ref 
I electrode I electrode I 

water HC1 1.1v -0.3V Pt SCE (16) 
AN LiC104 2.6 V -3.5 v Pt Ag/AgClOq ( i6 j  
PC LiC104 2.3 V -2.2 v Pt Ad&+ (17) 
PN Bu,NPF, 3.7 v -3.0 V Pt Ag/AgCl (18) 

(21) PN/EtCl,( 1/2) Bu,NPF, 3 v  -3 v Pt _ _ _  
EC/SL, (1/1) Et,NPF, 2.4 V -2.8 V glassy carbon SCE (19) 

(20) _ _ _  Li3N 0.44 V (*) _ _ _  Li _ _ _  
(74) --- HUP 1.6 V (*) _ _ _  C _ _ _  
(74) --- RbAg,I, 0.66 V (*) _ _ _  C _ _ _  

TMPC/AlCl3 2.7 V 0 V glassy carbon Al (6) 

(DMSO) L' A E- 3.5 v ov Li / Li+ (3 1) 

(- 160°C) 

_ _ _  

SPE 
SCE = saturated calomel electrode; PN = propionitrile; SL = sulfolane; Et = ethyl; Bu = butyl; (*) = useM 
voltage range; HUP = H,OUO,PO, .3 50; LiNAGE = (LiCF3S0, -dimethylsulfoxide -lithium salt of 
poly (2-acrylamido-2-methyl- 1-propane sulfonate)); 
Nonaqueous' electrolyte solutions show various advantages, including a larger usable liquid range extend- 
ing li-om about -180°C (21) to > 300°C (22), voltage windows up to about SV, cf TABLE 2, a large 
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range of acid-base properties, often better solubility for many materials, electrolytes and non-electrolytes, 
and better chemical stability, when compared with aqueous electrolyte solutions. Typical disadvantages 
include higher costs of the solvents, purification problems, security problems due to their toxicity and in- 
flammability, and distinctly lower conductivities. 
Solid polymer electrolytes combine various advantages of nonaqueous electrolyte solutions and solid elec- 
trolytes, acting as reliable separators and allowing for volume changes during cell operation. Due to recent 
progress based on new polymers (23,24,25), salts (26,27), and included plasticizing agents, such as dipolar 
aprotic solvents (14,28), a major drawback of SPEs - their lower conductivity when compared with liquid 
electrolytes - has been continuously reduced (29,30,3 1,32,33,34). The recently reported conductivity for 
lithium salts in dipolar aprotic solvents, immobilised with polymers and gelling agents, reach already liquid- 
like conductivity for fiee standing films at ambient temperature, see TABLE 1. In addition, better elastic 
properties of the new materials insure a good permanent contact with electrodes in contrast to typical solid 
ion conductors such as polycrystalline materials and ceramics. 
Nonaqueous electrolyte solutions immobilised with the help of inert inorganic materials (35,36), such as 
SiO, or &03, are a new class of ion-conducting materials showing also properties similar to those of the 
parent electrolyte solution, but no leakage problems. 

2. Applications of nonaqueous electrolyte solutions 
In many fields of applied research nonaqueous electrolyte solutions are actually competing with other ion 
conductors, especially at ambient and at low temperatures. The high flexibility of nonaqueous electrolyte 
solutions based on numerous solvents, additives, and electrolytes with widely varying properties generally 
allows an optimisation for a given technical problem. 
The following section shows examples fiom the literature proving the successful application of nonaqueous 
electrolyte solutions as ion conductors in devices and processes, including lithium primary and secondary 
batteries, wet double-layer capacitors and supercapacitors, electrodeposition and electroplating. Other 
fields where nonaqueous electrolyte solutions are used, e.g. electrochromic displays and smart windows, 
photoelectrochemical cells, electromachining, etching, polishing, and electrosynthesis, are not considered 
here. 
Some recent advances are based on the development of new or modified electrolytes and solvents or sol- 
vent mixtures, and the use of knowledge concerning the intrinsic properties of the solution. Intrinsic prop- 
erties refer to the structure and the dynamics of the ion conductor, which are affected by the interactions of 
the constituent ions and molecules, their volumes and shapes. Obviously intrinsic properties of electrolytes 
strongly influence the bulk properties of the electrolpe. However, only a few examples are known fiom 
the literature, showing the importance of structure and dynamics of the electrolyte solution for their behav- 
iour in devices and processes. Some examples of the importance of intrinsic properties of nonaqueous elec- 
trolyte solutions for their bulk properties and their behaviour will be given in the last section of this review. 
Based on recent knowledge on liquid ion conductors, various new suitable materials have been developed 
which have extended the ranges of possible application by improving the behaviour of the electrolyte. For 
example, new lithium salts containing large organic anions with delocalised charge for lithium battery elec- 
trolytes, have been synthesized, which have the potential to replace the usual ones, offering advantages 
concerning stability, safety or environmental aspects; nonaqueous electrolytes for the investigation of the 
superconductor-solution-interface at ultra-low temperatures and for the electrodeposition at very high 
temperatures have been developed, and new solvents showing better electrochemical stability are now 
available. 

2.1 Nonaaueous high enerw batteries 
A battery is an electrochemical device, consisting of a single or several electrochemical cells, which directly 
converts the chemical energy of the electrode material couple into electric energy by coupled, but spatially 
separated electrochemical reactions, taking place at the anode (oxidation) and cathode (reduction) respec- 
tively, when the electrodes are connected by an external load. Ifthe two half-cell reactions are reversible, 
charging of the battery is possible, too. Rechargeable batteries are called secondary batteries in contrast to 
non-rechargeable primary batteries. So-called high-energy density batteries (37) utilise materials with high 
electrochemical equivalents ( M g )  and high AG (J) values for the respective electrode reaction, reaching 
theoretical energy densities based only on the electrode materials of more then 1000 whfl or Wh/kg. High 
energy batteries thus are based upon low equivalent-weight metals as the anode materials and nonaqueos 
electrolyte solutions (Li, Ca), salt melts (Li) or solid electrolytes (Na, Li) as ion conductors. The most at- 
tractive features of nonaqueos lithium batteries inchde high energy density and working voltage broad use- 
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11 temperature range down to about -50°C and very low self-discharge rate due to the formation of pro- 
tective films at the lithium electrode. 
Primary lithium batteries are for more then 20 years (first cell by SAFT: LVLiClO,, PC/Ag,CrO,) success- 
11 competitors as power sources in the market, e.g. watches, cameras, calculators, other mobile electronic 
equipment, including defence and aerospace applications due to their high reliability and long shelf life. 
They are produced by many manufacturers based on various cathode materials and appropriate nonaque- 
ous electrolyte solutions (38,39,40,41). In Japan, the production ofprimary cells has reached already about 
2 . 5 ~ 1 0 ~  units in 1989, i.e. more than halfthe number of alkaline MnO, cells, which are leaders on a num- 
ber basis. The average increase of the value of produced primary lithium batteries in the period 1984 to 
1989 was about 26% in Japan (42). Actually lithium batteries share 8 to 10% of the battery-market for 
transportable energy sources, world-wide, having a value of 600 million US $ (43). 
Conceming secondary batteries with lithium anodes the research efforts have achieved remarkable progress 
in the following fields. Electrolyte solutions showing an improved cycling behaviour for lithium anodes, 
better chemical stability and higher conductance especially at low temperatures, many intercalating elec- 
trode materials with 2D and 3D lithium-ion mobility exhibiting fast and reversible lithium ion intercalation, 
and substitutes for the lithium anode (carbons, and other low potential intercalation materials and alloys 
with lithium) showing a better compatibility with the electrolyte solution are now available. The results are 
promising. After the short EXXON episode, MOLI offered the &st rechargeable lithium battery 
(LiIMoS,), (44,45,46,47,48,49) in 1986. However, despite considerable progress, problems caused by the 
dentritic growth of lithium and the inherent thermodynamic instability of nonaqueous solutions with lithium 
have not been completely solved so far. Hence the achievable cycle numbers are rather low when the cell is 
discharged to an appreciable depth, e.g. < 300 cycles at fidl depth of discharge and about 1000 cycles at 
50% depth of discharge (50), reducing thus the superior performance of rechargeable lithium cells 
( 5  1,52,53,54). Nevertheless, new nonaqueous lithium cells such as the AA-size ReLiO-cell manufactured 
by EIC outperform the energy density and hence the service life of NYCd cells, e.g. 130 WWkg vs. 45 
W g  (50), and are only inferior at high power densities, when compared with NiICd-cells. Recently, re- 
chargeable "lithium-ion" batteries (55,56,57) based on the rocking-chair concept (58,59) using a carbona- 
ceous material (60,6 1,62,63,64,65,66), which electrointercalates lithium ions during reduction as the anode 
and LWO, as the intercalating cathode, where M = Co, Mn, or Nq have reached the market ( 5 5 ) .  A 
NiICd-secondary battery attains only 113 of the voltage of the lithium battery, only 113 of its volumetric 
energy density and 213 of its cycle life. It shows double the self discharge rate and is inferior when envi- 
ronmental aspects are taken into account ( 5 5 ) .  

2.2 Capacitors 
A capacitor is in contrast to batteries, which store more or less permanently the electrical energy as chemi- 
cal energy in anode and cathode materials, mainly a transient electrical charge and energy storage device. 
The constant capacitance C of an ideal capacitor is defined by 

or the time derivative 

where q (A s) is the accumulated charge on one electrode and AE (V) is the potential difFerence between 
the electrodes, I (A) is the charging current and dEIdt is the sweep rate in a cyclic voltammetry experi- 
ment. For electrochemical capacitors C is generally a complicated h c t i o n  of the potential difference. The 
storable energy AG (J) is 

Capacitors are based on various physical principles, including electrostatic charge separation { e.g. mica 
capacitor, (C = 1 pF to 0.01 pFX67), ceramic capacitors (10 pF to 1 pF) and electrolytic Al or Ta capaci- 
tors (0.1pF to 1.6F, due to the high dielectric permittivity ofthe thin solid dielectric film}, electrochemical 
double-layer charging (dlc), (double-layer capacitors (DLCs), C = 0.1F to lOF), on dlc and faradaic pseu- 
docapacitance based on underpotential deposition at 2D or quasi-2D electrodes or even 3D-redox reac- 
tions within the electrodes (68,69,70,71,72)(supercapacitors, C up to more then 1000 F/g electrode mate- 
rial). Supercapacitors represent hence an intermediate between "normal" capacitors and thin film secondary 
batteries. Unfortunately, the term "supercapacitor" is not excessively used for capacitors utilising faradaic 
processes for charge storage, but also for double-layer capacitors of high specific capacitance (73,74,75). 
Electrolytic, double-layer, and supercapacitors may be produced with nonaqueous electrolyte solutions in 
order to reduce decomposition and corrosion problems and to increase the use l l  working voltage AE and 

C=qIAE (1) 

I =C(dEldt) (2) 

AG= 1/2C(m)*.  (3 1 
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hence the energy density, see eq.(3). The required performance characteristics of electrochemical capaci- 
tors, a high capacitance with small fiequency dependence, a low series resistance, a high-energy density, a 
low leakage current and a high thermal stability, are closely related to the properties of the solution. Hence 
many reports and patents concern this topic, especially for DLCs and electrolytic capacitors. 
In wet electrolytic capacitors, the solution fulfils various tasks, maintenance and/or fonnation of the dielec- 
tric iilm (e.g. %03, the oxide of the anode material), and electrical contact. Its capacitance C is: (76) 

C = 8.85 5 x lo-'' EA 1 d 
,where E is the permittivity of the f h ,  A (m2) is the area of the electrodes and d (m) their distance. Elec- 
trolytic capacitors are mostly operated as polar devices with the oxidised anode as the positive electrode at 
medium voltages (<600V). The working voltage is limited by sparking which is closely related to the resis- 
tivity of the solution (77). Electrolytic capacitors are used as power-supply Glters and recently for various 
applications in the fastly growing electronic markets where devices are required which are compatible with 
surface mount technology (SMT) withstanding the high temperatures of soldering processes (76). Recent 
patents show that in addition to the well known glycol-based borate solutions, better conducting solutions 
based on dipolar aprotic nonaqueous solvents (e.g. y-butyrolactone, BL) and quaternary salts of polycar- 
boxilic acids for improving the conductance, low temperature behaviour and heat resistance, have gained 
increased interest. 
When the electrode surface is high at rough electrodes such as at active carbon fibres (ACF) fiom phenolic 
resins (up to 3000 m2/g (78)), the double-layer capacitance which reaches only about 40 pF/cm2 (79) at 
smooth Hg-surfaces, could attain large values of up to more than 1200 Flg, ifthe same surface charge den- 
sity could be attained (73). The specific capacitance realised in commercial double-layer capacitors (DLCs) 
is lower, up to more than 100 F/g electrode material (70). Commercial DLCs with a capacitance up to 
1500 F will reach the market in the near hture (80). These huge capacities will enlarge their current use as 
backup power sources for memories such as DRAMS to power sources in electrical cars together with bat- 
teries, where the capacitor is used for large power demands at currents exceeding 100 A, increasing the 
cycle life of batteries (80). In contrast to electrolytic capacitors, double-layer capacitors are, just like bat- 
teries, low-voltage devices (0.9V (aqueous, typical electrolyte 4 S 0 , ) )  (81,70) and up to about 5V 
(nonaqueous organic or SPE (82)). As they reach already 1/20 of the energy-density of lead-acid recharge- 
able batteries they are strong competitors for Ni-Cd batteries and Li batteries in those fields where their 
superior cycle life of >lo6 cycles is required; 10000 cycles at less than 20% capacity decline (83) at large 
charging and discharging currents can be obtained. Typical nonaqueous DLCs (83,84,70,85,86) are em- 
ploying dipolar aprotic solvents, e.g. PC and tetraalkylammonium or lithium salts with stable anions (e.g. 
BFi) .  Nonaqueous DLCs show a two times larger working voltage, but a ten times higher resistance when 
compared with aqueous DLCs (87,88). The radii of the ions are closely related to the capacitance, smaller 
cations leading to higher capacitance (19). As nonaqueous ACF based DLCs use similar electrode materi- 
als and electrolytes as the carboniM0,-based nonaqueous rocking chair-type batteries, they obviously util- 
ise the pseudocapacitance in excess to dlc, e.g. the C/LiClO,,BL/C capacitor (89), where intercalation has 
been postulated. 
Supercapacitors utilising the pseudocapacity of electrode materials such as RuO, and aqueous electrolyte 
solution show a capacitance which reaches values of up to 100 times of the dlc for the same electrode area 
a high kinetic reversibility similar to electrostatic capacitors (68,69), and a low use l l  working voltage as 
DLCs. The pseudocapacitance, C,, is given by: 

where qo is the charge required to form a monolayer and 0 is the fractional surface coverage of the elec- 
troactive species involved. The use of nonaqueous electrolyte solutions for increasing the working voltage, 
and use l l  electrode materials for intercalation electrodes which are not stable with water, has only sel- 
domly been considered so far (81,71). In contrast to electrolytic capacitors, DLCs and supercapacitors 
have a relatively large equivalence series resistance and a strong decrease of capacity with frequency. They 
are hence restricted to DC applications (73). 

(4) 

C, =dq/dE=q0d9ldE ( 5 )  

2.3 Electroplating and electrodeposition 
Electroplating is the electrochemical deposition of an adherent metallic coating upon an electronically con- 
ducting surface of a given object in order to improve its surface properties, including corrosion- , heat-, or 
abrasion resistance, its solderability or boundability, its electrical or magnetic properties, or its appearance. 
Electroplating is restricted by definition to metal deposition, whereas electrodeposition includes the depo- 
sition of non-metallic materials. However, in the literature, the notions are often used synonymously. Plat- 
ing baths are characterised by their specific conductivity, which should be high to reduce Joule heating and 
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permit a good current distribution, and resulting good throwing power. Hydrogen evolution instead of 
metal deposition and hydrolysis of starting materials or substrates, prohibits the deposition of several im- 
portant metals fiom the better conducting aqueous solutions. 
The use of nonaqueous electrolyte solutions allows (90,91,92,93,94,40,95) the electrodeposition of metals 
including alkali metals, alkaline-earth metals, B, Al, Ge, lanthanides, actinides, valve metals (Ti, Zr, Hf, V, 
Nb, Ta), and other materials such as semiconductors (96), e.g. Si (97,98,99,100,101,102,103,104), CdS 
(105,106,107), and GaAs  (108) or precursors for high-temperature superconductors (96,109,110). In ad- 
dition nonaqueous electrolyte solutions may be used to electroplate water- and reduction-sensitive materi- 
als such as superconductors (1 11,112,113,114) or for electroplating metals platable fiom aqueous solu- 
tions only at low current efficiencies due to hydrogen evolution (e.g. Cr), which may cause hydrogen em- 
brittlement in steel. 
The most important processes based on nonaqueous solutions are aluminium electroplating, and electrore- 
fining (1 15). The major benefits of aluminium coating are its high corrosion resistance, superior to that of 
Zn and Cd, the excellent mechanical properties of Al-films (ductility, thermal conductivity), and the pos- 
sibility to anodise aluminium, yielding a surface of high hardness (1 16). h addition, the purity of the de- 
posits is high (> 99.99% or better). Some baths even allow electrorehing of aluminium (117,118,119). 
Higher purity when compared with zone melted material is obtained (99.9999% purity) at low energy con- 
sumption (0.1 to 3.5 k W g  (120)). The most important solvents used are ethers such as tetrahydrohan 
and diethylether, aromatic hydrocarbons such as toluene and other alkylbenzenes. The major aluminium 
sources include AlH$$ (x + y = 3), Al13r3, and aluminoorganic compounds such as Ziegler’s salt, 
(Na[Et,AlFAlEt,]). Recently several ambient temperature molten salts or their mixtures with toluene or 
benzene have been investigated as potential plating baths, cf (6,121). Some bath formulations show both 
reversible aluminium plating and stripping; hence aluminium anodes can be used allowing continuous op- 
eration. As the dif€erence between formal potentials of more noble metals and aluminium are very small in 
aromatic solvents, Al-alloys can be plated, even those which cannot be made by metallurgical processes 
(122,123,124,125). 
In a series of papers (126,127,128,129) and two patents (130,131) the benefits of nonaqueous cryogenic 
electrolytes for electroplating, electrodepositon, and electrosynthesis have been stressed by Sadoway. 
Cryoelectrodeposition eliminates problems typical for high-temperatures such as formation of metastable 
structures, nonuniformity of deposited layers and thermally induced stresses of the substrate. Electrolytes 
for electrodeposition and electrowinning are based on solvents with low boiling points and molar weights; 
e.g. valve metals are deposited at cryogenic conditions fiom HFKF and HCI/Et,NCl mixtures and com- 
pounds containing them, e.g. KNbCk. 

3,  Optimization of nonaqueous electrolvte solutions 
The requirements for suitable electrolyte solutions are sufficiently high conductivity and high mobility of 
active species, low temperature dependence of conductivity, good chemical thermal and electrochemical 
stability of the solution, sufficient solubility of electrolytes and non-electrolytes, a large liquid range, and 
low vapour pressure. Numerous examples in the open and patent literature fiom the last two decades show 
that solution chemistry offers a large number of tools, for the optimisation of an nonaqueous electrolyte 
solution for a given task (40,132). The following examples, especially fiom lithium battery research and 
hence refering mainly to nonaqueous lithium salt solutions, may exemplify that. 
3.1 Stabilitv of solution 
A high electrochemical stability of the solution is related to the use of nonaqueous solvents and relatively 
inert anions of the lithium salt, which are not easily oxidised or reduced at electrodes. Suitable solvents are 
mainly the following (40): high-permittivity dipolar aprotic solvents (e.g. organic carbonates such as PC or 
EC ( lithium batteries, capacitors )), low permittivity-high donor number solvents (e.g. ethers such as 
.DME, THF, or dioxolane ( lithium batteries, electrodeposition, capacitors)) and low permittivity, high 
polarisability solvents (e.g. aromatics such as toluene or mesitylene (electrodeposition)). All these solvents 
are thermodynamically unstable with lithium; kinetic stability determines their usability. For example, AN is 
among the solvents showing the highest electrochemical stability range when mixed with appropriate elec- 
trolytes, cf. TABLE 2. AN solutions provide the high conductivity, due to low solvent viscosity and suffi- 
ciently high dielectric permittivity. However, AN is very unstable with lithium (133,134). THF-based solu- 
tions show, despite low solvent permittivity high conductivities (17 mS/cm, LiAsF6,1.5M, (135)); how- 
ever, lithium reacts with THF forming ring opened products (135), and THF is polymerised by Lewis acids 
fiom electrolyte-anions or protons (136). A chemical modification of the solvent by methylation in the 2- 
position (2-Me-THF) prevents the solvent fiom polymerisation, as also shown by thermodynamic calcula- 
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tions (136). Unfortunately, 2-Me-THF based electrolyte solutions show only 20% of the conductivity of 
THF-based solutions, c.f section 3.2. 
Typical electrolytes used in early studies included coordinatively saturated large anions such as ClO;, BF;, 
PF;, and AsF;, which are not easily oxidised or reduced at electrodes and which are therefor the anions of 
lithium or tetraalkylammonium supporting electrolytes for electrochemical studies, cf. TABLE 2. The 
problems associated with these anions have stimulated the search for substitutes (137). E.g. lithium per- 
chlorate solutions are thermally unstable and show explosion risks, especially in ethers, the hexafluoro- 
phosphate is itself thermally unstable in the solid state and decomposes in solvents to yield the scarcely 
soluble LiF and the Lewis acid PF, , which initiates polymerisation of cyclic ethers and hence degrades the 
solution, if this process is not inhibited by additives; hexafluoroarsenate shows environmental risks while 
the tetrafluroborate yields poorly conducting solutions, and leads to polymerisation with cyclic ethers. In 
addition, all anions are thermodynamically unstable with lithium, e.g. LiAsF, generates about 1600 kJ/mol 
heat upon reduction (50). Anions like triflate CF,SO,, other perfluoroalkyl or perfluoroaryl sulfonates 
(137), closoboranes (BloCl1,,- , Bl3Clli)( 138) or borates such as BMe; (139) show no stability problems, 
but yield lower conductivities. Borate-ions of the type BR;, where R is the perfluorinated alkyl or aryl 
show increased stability versus oxidation when compared with duorinated borates (140). 

P\ - 
F3C02S S02CF3 

F 

Fig. 1 New anions for lithium salts; from 
top to bottom the methide, imide (141) 
and borate (142); for details see text. 
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Fig. 2 Logarithm of the association constant 
KA of Li0,CHpy salts in DMSO as a h c t i o n  of 

mean oxygen charge from MNDO-calculations. 

Recently new lithium salts with choice of anions based on common principles of solution chemistry have 
been developed and are actually studied, i.e. the bis(trifluorosulfonyl)imide, the tris(trifluorodfony1) me- 
thide and the family of fluorinated borate ions based on various fluorinated diols and boric acid, such as 
bis(3-fluoro- 1,2-benzenediolato(2-)0,O')borate anion, (141,143,144,145,142) see Fig. 1. AU these mo- 
lecular ions with covalent bonds, show higher chemical stability than the Lewis acid based salts, large radii 
and hence lower lattice energies leading to good solubilities, low polarisability of the anion, especially 
when perfluorinated, due to the low polarisability of fluorine. They show low anion solvent interaction and 
generally a large charge delocalisation resulting in both an excellent electrochemical stability and a weak 
anion-lithium interaction entailing better conductivities, see section 3.2. Electrochemical stability against 
oxidation may be estimated with the help of semi-empirical quantum-mechanical calculations; the HOMO 
energies and oxidation potentials are linearly related (146,142). AU salts exhibit good safety characteristics 
and high thermal stability. For example, the lithium methide is stable up to 340°C (141) a very high, when 
compared to lithium hexafluorophosphate (30°C) (147) such salts are use l l  electrolytes for SPEs 
(148,141,26). The imide is already commercially available, a pilot plant for the production of the methide is 
projected (137). 

3.2. Optimisation of conductivity 
The specific conductivity K (S/cm) of electrolyte solutions is another major topic for the optimisation of 
nonaqueous electrolyte solutions, cf section 2. Measurements of concentration dependence of the specific 
conductivity K(m) are favourably evaluated with the help of the Casteel-Amis (149) empirical equation: 
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(6) 
Ic= Kmax x (m/p )axexp  (bx (m-p)  2 - a / p x ( m - p ) ]  [ 

where  may is the maximum conductivity for a given temperature and solvent composition, p is the molal- 
ity at maximum conductivity, and a and b are empirical parameters. Only measurements including a wide 
concentration range, a large temperature range and for mixed solvent systems the complete composition 
range, are needed to obtain an adequate description of the conductivity behaviour. & and p are strongly 
affected by temperature and solvent composition. The occurrence of the maximum in K(m)-bctions which 
is attained at sd3iciently high solubility has been discussed elsewhere (40,3). At high concentrations, where 
the association constant is smaq K is mainly determined by the hydrodynamic properties i.e. the solvent 
viscosity and Stokes-radii of cations and anions. As a consequence, & is proportional to p. The mobility 
functions K /m or Qp are approximately linear functions of solvent fluidity and of Stokes-radii chang- 
ing only when solvation changes as observed in mixed solvents of different donor numbers (3,40). Walden- 
rule like behaviour is hence also observed in mixtures of high permittivity solvents (e.g. PC and AN) with 
similar donor numbers (150). When the ion-solvent and ion-ion interaction are only slightly changed in 
mixed solvent systems, e.g. when cosolvents of the same solvent class are used, the viscosity change of the 
solvent also is the predominating effect. For instance, 1:l mixtures of sulfolane and glymes 
(CH,O(C,H,O),CH,, n = 1, 2, 3 ,4)  show a linear relationship for the conductivity of 1 molar LiAsF, as a 
function of the fluidity (15 1). The common behaviour for the temperature dependence of p, (dp/dT) > 0, is 
another consequence of the viscosity change, decreasing with temperature, (dq/dT) < 0. 

1 
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\ 
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I I 
k - -0.6- 
\ 
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0- 

m/(mol/kg) 
0.4 1.0 1.6 0 1 2 

m/(mol/kg) 
Fig. 3 Specific conductivity of LiC10,in PC (0), 

PC/DME, 28.2 weight% DME (O), and 
PCDME, 12.9 weight% DME (A) 

at 298 K (4). 

Fig. 4 Logarithm of specific conductivity of 
LiClO, in PC (0) and 

PC/DME, 28.2 weight% DME 
at 228 K (A) (4). 

Strong ion-association, as observed in ethers, lower the & -va€ues when no strong solvation, which com- 
petes with ion-association and restricts it, takes place (152). In the series of electrolyte solutions of LiC10, 
in alkylformates, fiom methylformate to butylformate, where again ion-ion interaction and ion-solvent in- 
teraction are similar, but the viscosity is doubled, & decreases nearly linearly with increasing chain 
length (17). However, the large conductivity decrease fiom about 30 mS/cm to 5 mS/cm (17) shows, that 
other effects, namely association due to decreasing permittivity and increasing molecular volume of the 
molecules, diminishing their ability for solvation, cannot be neglected. Unfortunately, it is nearly impossible 
to change only one parameter in studies of this type. In the series of measurements of the conductivity of 
LiC10, in PC/DME mixtures for example, the increase of DME entails a change in the Stokes-radius of the 
lithium ion, which is preferentially solvated by DME (4). 
Taking into account that solvent viscosity, solvation of ions and interaction of ions are the determining 
factors for & two strategies for improving the conductivity are available. 
The first is the mixed solvent approach, which has been exemplified by us and others 
(4,17,132,153,154,155,156,151). Lowering the solvent viscosity by the addition of a low viscosity cosol- 
vent, e.g. the addition ofDME (q =0.407 cP) to PC (q = 2.512 CP at 25 "C) yields an increase of h, at 
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least at concentrations up to about 80 w% of DME, see Fig. 3. At higher DME-content ion-association 
overcompensates the viscosity effect due to decreasing dielectric permittivity of the solvent mixture. For 
Me-THF based LiAsF, solutions, a more then 300% conductivity increase is observed when the mixed sol- 
vent EC/Me-THF is used (50). 
The mixed solvent approach is especially use l l  at low temperatures where a conductivity increase of 
about 1000% can be obtained, cf Fig. 4. Another benefit is the increase in solubility of the electrolyte, 
which is often observed in mixed solvents (132). 
The second approach is based on the modification of the mixed solvent or of the anion which interacts with 
lithium It is known since Gilkersonk and co-workers pioneering work (157,158,40), that the use of addi- 
tives with good solvating properties for the cation, as evidenced by a high donor number, leads to huge 
conductivity increases at low electrolyte concentrations in low permittivity solvents. The ligand-molecules 
successfully compete with anions for a site in the vicinity of the cation, thus reducing ion pair formation. 
However, this feature results in only a smaller conductivity increase at high concentrations and may even 
have detrimental effects for intercalation electrodes ifthe donor molecule is a strong ligand for the cation 
and hence cointercalated into the cathode. 
The chemical modification of anions may be performed with the help of fluorination or use of fluoro-lig- 
ands in synthesis. We have recently found (159) that the charge distribution at anions strongly influences 
the association behaviour of the electrolyte despite the fact that the cation-anion contact distance does not 
change. In the series CF&COOLi / DMSO, (x + y = 3), the association constant increases fiom 10 (y = 
3), 37.4 (y = 2), 115.0 (y = 1) to 488 (y = 0) at 25°C in accordance with expectation. The "electron-with- 
drawing" inductive effect of the F-substituents decreases the electron density at the carboxylate ions as can 
be confirmed fiom semiempirical quantum-mechanical calculations with the help of MOPAC (160). This 
effect reduces cation-anion interaction, and hence the association constant. The plot of In (KA) versus the 
mean oxygen charge q(0) is linear in accordance with expectation fiom electrostatic models of the asso- 
ciation process, cf Fig. 2. Unfortunately, the solubility of these salts is not sufficiently high to obtain a 
maximum for the correlation of KA with &. Currently studies with more soluble electrolytes are made to 
study the influence of the association on the conductivity-maximum without change of other parameters. It 
is interesting to note that the new electrolytes mentioned in section 3.1 also follow this strategy i.e. the 
delocalisation of the anionic charge. 
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