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Summary 

Active metals such as L1 and Mg, of  interest m battery systems, tend to 
be covered by surface films Approaches avmlable to estimate the electronm 
and mnm conduct lwty of these films are outhned The role of these films m 
the anodm dlssolutmn of the metal electrodes is described, and their 
relevance to the battery reactmns is discussed. 

I t  IS shown that  at tempts  to achieve high energy density by mcreasmg 
the anodm half-cell potentml tend to be thwarted by the corresponding 
increases m the resistance of the surface films this arises because high values 
of  the electrode potentml for the M/M z+ reactmn tend to herald high band- 
gap of the correspondmg reachon film, MmXn, formed on the electrode 
surface. 

Introduction 

Achve metals such as L1 and Mg, which are of  great interest m high 
energy density battemes, are readily covered with surface films formed by 
the reaction of the metal with the electrolyte The electrochemmal behavlour 
of these electrodes is then largely determined by the electromc and lomc 
conductivity of these films, although other factors such as the integrity (e g., 
adhemon, mmro-flssures) and the defect structure also play an Lrnportant 
role. In a recent excellent article [1], a number of sahent characterlstms of 
these films were discussed, somewhat inadequate at tent ion was paid, how- 
ever, to the semmonductlvlty of  these hlms and especially to the procedures 
available to estLmate this property as, for example, from thermodynamm 
data [2]. The purpose of the present paper is to elaborate upon this matter  
by drawing upon our previous work on the subject [3] whmh, it would seem, 
was inadvertently not  included m this otherwise comprehensive paper [1]. 
In these respects, the present paper is a brief revmw of our prewous work 
and complements the mformatmn contained m the recent rewew artmle by 
Kedrmsky e t  al [1] 
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The  semiconduc t lv l ty  o f  surface films- qual i ta t ive aspects 

In general ,  an active metal ,  M, in con tac t  wi th  an e lec t ro ly te  tha t  can 
act  as a source  o f  an anionic  species, X, exhibi ts  a reac t ion  such as 

mM + nX x-  > MINX. + nxe (1) 

where  MInX n is the  reac t ion  fi lm f o r m e d  on  the  meta l  e lec t rode  surface and 
of  in teres t  m the  presen t  c o n t e x t  The  an lonm specms X can also originate  
f r o m  a c o m p l e x  an ion  The  film MInX n may  represen t  a meta l  oxide,  -fluo- 
r ide,  -chloride,  -bromide,  -sulfide, e t c ,  depending  on  the  na tu re  of  the  elec- 
t r o l y t e  solut ion The  focus  here  is to  es t imate  the  semlconduc t lv l ty  o f  such 
films and to  re la te  it, wherever  possible,  to  some e lec t rochemica l  considera- 
t ions  o f  in teres t  in high energy-dens i ty  bat terms 

Quahta t lve ly ,  a poreless,  c o m p a c t  fi lm of  a few layers is f o rm ed  frrst on  
the  meta l  which ,  in tu rn ,  is covered  by  a th icker  fi lm of  various degrees o f  
po ros i ty  depend ing  on  the  e l e c t r o d e - e l e c t r o l y t e  combina t ion  The  a t t en t i on  
here  ~s on  the  c o m p a c t  film that ,  more  or less, covers the  e lec t rode  com- 
ple te ly .  

When reac t ion  (1) is highly e x o t h e r m m  (eg ,  be tween  h t h m m  and 
f luor ide) ,  very  high negative values o f  heats o f  f o r m a t m n  per eqmvalent ,  
- -AHe,  fo r  the  e lec t rodm film MInX . are observed,  and the  film tends  to  be 
highly insulating This is because the  bandgap,  Eg, o f  a b inary  sohd (includ- 
ing the  sohd reac t ion  film) is re la ted  to  its heat  o f  f o r m a t m n  per  equivalent ,  
AHe, by  the  e q u a t m n  [2] 

Eg = 2( - -AHe)  (2) 

The  AHe values can be ob ta ined  f rom s tandard  t h e r m o d y n a m m  tables,  as 
descr ibed p rewous ly  [2] 

Such a highly insulating fi lm allows little e l ec t romc  conduc t lv , ty .  If  
the re  is an appreciable  d i f fe rence  m the  e l ec t ronega t ,wty  values o f  M and 
X of  MINX,, t he  f, lm is highly lomc and tends  to  al low m m c  c o n d u c h v l t y ,  
I e ,  it behaves as a solid e lec t ro ly te  as, fo r  example ,  is the  case o f  all com- 
p o u n d s  (especial ly f luor ides)  o f  alkah and alkaline ear th  metals ,  e g ,  L ,  Na, 
Mg, Ca, e tc  If, on  the  o the r  hand,  the  surface film is highly covalent  (e g ,  
SiO2 layer  on  $1) ~t allows little lomc c o n d u c t l w t y  (except ,  perhaps ,  for  the  
p r o t o n  space charge) and behaves as a pe r f ec t  insulator,  such films do  no t  
allow the  e lec t rochemmal  r eac tmn  to con t inue  on  the  f i lm-covered surface. 
Most  co r rosmn  r e a c t m n  films t end  to  display some mnm character ,  however ,  
and thus  allow some Ionic c o n d u c t i o n  necessary for  the  b a t t e ry  react ions  to  
con t inue  

In a b a t t e r y  anode ,  the  meta l  M passes in to  so lu tmn wa the  d~ssolutlon 
o f  the  film M m X n ,  vtz 

M m X n  > m(M(nx/m)+)solve + n X  x -  (3) 

where  {M(nx/m)+)soive IS the  solvated meta l  ca tmn of  va lency  (nx/m) In 
o t he r  words ,  the  meta l  M mus t  fzrst be conve r t ed  to  the  fi lm MmXn as m 
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eqn. (1) and then, vm the dlssolutmn of this film, furmsh the solvated 
catmns m the electrolyte 

The semiconductlvlty of  surface films: some quantitative aspects 

For semlconductmg materials, mcludmg surface films, the mtrmsm 
electronic conduchvl ty ,  o, is given by  [4] 

o = Oo e x p ( - - E J 2 k T )  (4) 

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

AHe 
log a = log Oo + (5) 

2 303 k T  

Equation (5) predmts a hnear relationship between log o and 1 / T  for a given 
semmonductmg compound.  For  a serms of  related classes of  materials, e g ,  
oxides, chlorides, bromides, sulphldes, etc for whmh log o0 values fall with- 
in a narrow range, a rough correlation between log o and AHe values, at con- 
stant T, would be expected,  with a slope equal to 1[2 303 k This is verffmd 
here (Fig 1) for the case of  oxides, based on our previous work [5] The ex- 
per~nentally measured o values were obtained from the literature, as men- 
t loned previously [5],  and AHe values are from standard thermodynamm 
tables, noted previously [2].  

One would expect  a similar correlahon for other  classes of  materials of  
mterest  m bat tery systems, e g ,  fluorides, chlorides, etc In short, eqn. (2) 
provides an estimate of  the bandgap of  the reachon film and, through eqn. 
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Fig 1 Correlation between "mt rmsm" e!ectromc conduct iv i ty ,  o, an(] heats of  format ion 
per eqmvalent, ~r-Ie, for various oxides [4 ] 
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(5) wherever  da ta  are available, some idea o f  the  e l ec t romc  semmonduc t lv l ty  
o f  the  surface films f o r m e d  on  active metals  o f  interest  in ba t t enes  or  m the  
fmld o f  cor ros ion  and ox ida t ion  o f  metals  Since mt rmsm e lec t romc  conduc-  
t iv i ty  had to  be assumed m these simple est imates ,  the  presence  of  mlpurl tms 
would  t e n d  to  m o d i f y  somewha t  the  es t imated  values 

I t  is beheved tha t  a simple p rocedu re  providing an es t imate  o f  the  ~onlc 
conduc t iv i t y  o f  the  surface films (e g ,  t h rough  some c o m m o n  the rmo-  
d y n a m m  data  as fo r  electronzc c o n d u c t l w t y  m eqn (2)) is n o t  available In 
principle,  one  m a y  calculate  the  ionic c o n d u c t m n  in a highly ionic com- 
p o u n d  or  a surface fi lm by  the  r e l a tmn  [6] 

gq: 
a~o n - D (6) 

k T  

where  N is the  n u m b e r  of  runs (of  a par t icular  sign) per  cubm c e n h m e t e r  of  
the  sohd,  q is the  e l ec t romc  charge,  k :s the  Bo l t zmann  cons tan t ,  T is the  
absolute  t empera tu re ,  and D is the  d i f fusmn coe f fmmnt  or  di f fuslvl ty  o f  the  
ion 

Al though  es t imates  o f  m m c  c o n d u c t m n  canno t  be readi ly  ob ta ined ,  a 
p r o p e r t y  o f  considerable  in teres t  fo r  surface films, and ye t  accessible, is the  
to ta l  ra te  o f  the i r  anodm d:sso lu tmn (wz ,  eqn  (3)),  provided tha t  the  film 
is p r e d o m i n a n t l y  lOmC, e g ,  a f luor ide  Fo r  the  case o f  f luor ide-covered-  
metals  dissolving m anhyd rous  hydrogen  f luor ide  (AHF) ,  it was deduced  
tha t  [7] 

AHe 
log v -~ K - -  (7) 

2 3 k T  

where  v is the  to ta l  ra te  o f  anodm dissolut ion o f  the  fi lm, AHe is its heat  of  
f o r m a t m n  per  eqmvalen t  and K is a cons t an t  F o r  the  case o f  anodlc  disso- 
lu t ion  o f  metals  m anhyd rous  hydrogen  f luor ide  p r o c e e d m g  wa a surface 
f luor ide  film [8] ,  the  d e p e n d e n c e  o f  the  d lsso lu tmn rates on  the  A H  e o f  
the  cor responding  f luor ides  :s m d e e d  observed (Fig 2) 

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

In high energy  dens i ty  bat terms,  the  mm is to  have a low eqmvalen t  
weight  o f  the  active materials  and a high half-cell po ten t la l  fo r  the  anod:c  
reac t ion  

M .  ~M z + + z e  (8) 

I t  is f o u n d  [3] ,  however ,  t ha t  t he  higher  po t en tm l  o f  the  anode  haft-cell m 
eqn  (8) t ends  to  herald higher  bandgap o f  the  reac t ion  p r o d u c t  fi lm (e g ,  
ox ide ,  f luor ide ,  chlor ide ,  b romide ,  iodide,  sulphide,  etc ) f o r m e d  on  the  
e lec t rode  surface Thus  highly insulating films (possessing high bandgap 
values) t end  to  arise m the  choices t  anode  haft-cells selected on  the  basis o f  
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Fig 2 A plot of heats of formation per equivalent of the most stable metal fluorides u s  

the anodlc dmsolutlon 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 z+ reaction, of the 
shown metals vs band gaps of their oxides [3 ] 

higher electrode potentials (and low equivalent welghts), and generally based 
on alkah and alkaline earth metal. This can be easdy verified for the case of 
assorted metals wlth formed oxides (Fig. 3), bromides (Fig. 4), and sulphldes 
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(Fig 5), for example, on the electrode surface, following our earlier work 
[3] High E ° values of the M/M z÷ couples tend to be related to the high 
bandgap values of the corresponding MINX. films (Figs 3 - 5) These films 
wdl tend to choke the energy-producing reaction m eqn (8) and increase the 
mternal resistance of  the battery In some for tmtous cases, the use of highly 
complexmg non-aqueous solvent-solute systems might dissolve the insulating 
surface film (or at least a great deal of it) but the problem is inherently 
fundamental  
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Fig 4 A p lo t  of  the  E ° o f  the  s h o w n  meta ls  v s  b a n d  gaps of  the  co r r e spond ing  meta l  
b r o m i d e s  [ 3 ] 
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Fig 5 A p lo t  of  t he  E ° o f  t he  s h o w n  meta ls  v s  band  gaps of  the  co r r e spond ing  me ta l  
su lph ldes  [ 3 ] 
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