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Summary

Active metals such as L1 and Mg, of interest in battery systems, tend to
be covered by surface films Approaches available to estimate the electronic
and 1onic conductivity of these films are outhned The role of these films in
the anodic dissolution of the metal electrodes 15 deseribed, and theiwr
relevance to the battery reactions is discussed.

It 1s shown that attempts to achieve high energy density by increasing
the anodic half-cell potential tend to be thwarted by the corresponding
increases m the resistance of the surface films this arises because high values
of the electrode potential for the M/M** reaction tend to herald high band-
gap of the corresponding reaction film, M,.X,, formed on the electrode
surface.

Introduction

Active metals such as L1 and Mg, which are of great interest in high
energy density batteries, are readily covered with surface films formed by
the reaction of the metal with the electrolyte The electrochemical behaviour
of these electrodes 15 then largely determined by the electronic and 1onic
conductivity of these films, although other factors such as the integrity (e g.,
adhesion, micro-fissures) and the defect structure also play an important
role. In a recent excellent article [1], a number of sahient characteristics of
these films were discussed, somewhat madequate attention was paxd, how-
ever, to the semiconductivity of these films and especially to the procedures
avallable 1o estimate this property as, for example, from thermodynam:c
data [2]. The purpose of the present paper 15 to elaborate upon this matter
by drawing upon our previous work on the subject [3] which, 1t would seem,
was madvertently not mcluded in this otherwise comprehensive paper [1].
In these respects, the present paper 1s a brief review of our previous work
and complements the mformation contained 1n the recent review article by
Kedrinsky et al [1]
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The semiconductivity of surface films- qualitative aspects

In general, an active metal, M, in contact with an electrolyte that can
act as a source of an anionic species, X, exhibits a reaction such as

mM + rX*" — M, X, + nxe {1)

where M, X, 18 the reaction film formed on the metal electrode surface and
of mterest in the present context The anionic species X can also originate
from a complex anion The film M, X, may represent a metal oxide, -fluo-
ride, -chlonde, -bromide, -sulfide, ete , depending on the nature of the elec-
trolyte solution The focus here 1s to estimate the semiconductivity of such
films and to relate 1t, wherever possible, to some electrochemical considera-
tions of interest 1n high energy-density batteres

Qualitatively, a poreiess, compact film of a few layers 1s formed first on
the metal which, 1n turn, 1s covered by a thicker film of various degrees of
porosity depending on the electrode—electrolyte combination The attention
here 1s on the compact film that, more or less, covers the electrode com-
pletely.

When reaction (1) 18 highly exothermic (e g, between hthium and
fluoride), very high negative values of heats of formation per equivalent,
—AH,, for the electrodic film M, X,, are observed, and the film tends to be
highly insulating This 1s because the bandgap, E,, of a bimary sohd (includ-
g the sohd reaction film) 1s related to 1ts heat of formation per equivalent,
AH,, by the equation [2]

Eg = 2(—AH,) (2)

The AH, values can be obtained from standard thermodynamic tables, as
described previously [2]

Such a highly msulating film allows httle electronic conductivity. If
there 1s an appreciable difference 1mn the electronegativity values of M and
X of M, X, the film 1s highly 1onic and tends to allow 1ome conductivity,
te, 1t behaves as a solid electrolyte as, for example, 1s the case of all com-
pounds (especially fluorides) of alkali and alkaline earth metals, e g, L1, Na,
Mg, Ca, etc If, on the other hand, the surface film 1s highly covalent (e g,
510, layer on 81) 1t allows little 1onic conductivity (except, perhaps, for the
proton space charge} and behaves as a perfect msulator, such films do not
allow the electrochemical reaction to continue on the film-covered surface.
Most corrosion reaction films tend to display some 1one character, however,
and thus allow some 1onic conduction necessary for the battery reactions to
continue

In a battery anode, the metal M passes mnto selution via the dissolution
of the film M, X,,, viz

M, X, —— m(M" )+ p X (3)

where (M®*/m7*) 106 18 the solvated metal cation of valency (nxfm) In
other words, the metal M must first be converted to the film M, X, as in
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eqn. (1) and then, via the dissolution of this film, furnish the solvated
cations in the electrolyte

The semiconductivity of surface films: some quantitative aspects

For semiconducting materials, including surface films, the mtrinsic
electronic conductivity, o, 1s given by [4]

0 = 0gexp(—E,/2kT) (4)

where k denotes the Boltzmann constant and T 15 the absolute tempera-
ture By combining eqn (4) with eqn (2) and by taking the logarithms of
guantities 1n eqn. (4), one gets

AH,
2 303kT

Equation (5) predicts a linear relationship between log ¢ and 1/T for a given
semiconducting compound. For a series of related classes of materials, ¢ g,
oxides, chicnides, bromides, sulphides, etc for which log o, values fall wath-
In a narrow range, a rough correlation between log ¢ and AH, values, at con-
stant T, would be expected, with a slope equal to 1/2 303 & Thas 1s venfied
here (Fig 1) for the case of oxides, based on our previous work [5] The ex-
perimentaily measured o values were obtained from the literature, as men-
tioned previously [5], and AH, values are from standard thermodynamic
tables, noted previously [2].

One would expect a similar correlation for other classes of matenals of
interest 1n battery systems, e g, fluonides, chlorides, etc In short, egn. (2)
provides an estimate of the bandgap of the reaction film and, through eqn.

logo=log o, +

(3
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Fig 1 Correlation between ‘“intrinsic” electronic conductivity, 0, and heats of formation

per equivalent, AH,, for various oxides [4]
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(5) wherever data are available, some 1dea of the electronic semiconductivity
of the surface films formed on active metals of interest in batteries or in the
field of corrosion and oxidation of metals Since intrinsic electronic condue-
tivity had to be assumed 1n these stmple estimates, the presence of impurities
would tend to modify somewhat the estimated values

It 1s believed that a ssmple procedure providing an estimate of the ionic
conductivity of the surface films (e g, through some common thermo-
dynamic data as for electronic conductivity in eqn (2)}) is not available In
principle, one may calculate the ionic conduction in a highly 1onmc com-
pound or a surface film by the relation [6]

_Net ), 6
Gion = (6)
where N 1s the number of 10ns (of a particular sign) per cubic centimeter of
the sold, g 1s the electronic charge, k 1s the Boltzmann constant, 7 1s the
absolute temperature, and D 1s the diffusion coefficient or diffusivity of the
on

Although estimates of 1onic conduction cannot be readily obtained, a
property of considerable mterest for surface films, and yet accessible, 1s the
total rate of thewr anodic dissolution (mz, eqn (3)), provided that the film
1s predommantly ionic, ¢ g, a fluoride For the case of fluonde-covered-
metals dissolving 1 anhydrous hydrogen fluoride (AHF), 1t was deduced
that [7]

AH,
(7)
23kT
where v 15 the total rate of anodic dissolution of the film, AH, 1s its heat of
formation per equuvalent and K 1s a constant For the case of anodic disso-
lution of metals in anhydrous hydrogen fluoride proceeding via a surface

fluoride film [8], the dependence of the dissolution rates on the AH, of
the corresponding fluorides 1s indeed observed {Fig 2)

logv =K

Electrode potentials of battery electrodes and bandgaps of the reaction
product films

In high energy density batteries, the aim 15 to have a low equvalent
wewght of the active materials and a high half-cell potential for the anodic
reaciion

M == M** + ze¢ (8)

It 1s found [3], however, that the higher potential of the anode half-cell 1n
eqn (8) tends to herald higher bandgap of the reaction product film (e g,
oxide, fluoride, chlornde, bromide, 10dide, sulphide, etc ) formed on the
electrode surface Thus highly nsulating films (possessing high bandgap
values) tend to arise m the choicest anode half-cells selected on the basis of
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Fig 2 A plot of heats of formation per equivalent of the most stable metal fluorides vs
the anodic dissolution rates of the corresponding metals in AHF [8]
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Fig 3 A plot of the E°, the standard electrode potential for the M/M** reaction, of the
shown metals vs band gaps of their oxides [3]

higher electrode potentials (and low equivalent weights), and generally based
on alkah and alkaline earth metal. This can be easily verified for the case of
assorted metals with formed oxides (Fig. 3), bromides (Fig. 4), and sulphides
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(Fig 5), for example, on the electrode surface, following our earhier work
[3] High E° values of the M/M** couples tend to be related to the high
bandgap values of the corresponding M,.X,, films (Figs 3 - 5) These films
will tend to choke the energy-producing reaction in egn (8) and 1ncrease the
mternal resistance of the battery In some fortuitous cases, the use of highly
complexing non-agueous solvent-solute systems might dissolve the nsulating
surface film (or at least a great deal of it) but the problem is mherently
fundamental
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Fig 4 A plot of the E°of the shown metals vs band gaps of the corresponding metal
bromides [3]
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Fig 5 A plot of the E® of the shown metals vs band gaps of the corresponding metal
sulphudes [23]
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