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Inverse  spinel  compounds  as  cathodes  for  lithium  batteries. 
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©  High  voltage  lithium  batteries  can  be  made  using 
lithium  transition  metal  oxides  having  an  inverse 
spinel  structure  as  a  cathode  material.  In  particular, 
these  inverse  spinel  compounds  can  be  suitable  for 
use  in  lithium  ion  batteries.  Along  with  high  operating 
voltage,  such  batteries  can  exhibit  reasonable  capac- 
ity,  rate  capability,  and  reversibility. 

The  lithium  transition  metal  oxide  can  be 
LiNiVO*,  LiCoVO*  or  LiCuVCv 

The  lithium  transition  metal  oxide  can  also  be 
any  solid  solution  compound  having  an  inverse 
spinel  structure  and  chemical  formula  LixMyNz04 
wherein  M  and  N  are  transition  metals,  y  and  z  are 
numbers  about  equal  to  1,  and  x  is  a  number  in  the 
range  from  about  0  to  2.  Additionally,  it  is  expected 
that  the  solid  solution  compound  can  be  one  wherein 
minor  amounts  of  other  elements  are  substituted  for 
M  and  N. 
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FIELD  OF  THE  INVENTION 

The  invention  relates  to  the  field  of  batteries. 
Specifically,  it  relates  to  materials  for  novel  use  as 
cathodes  in  lithium  batteries. 

BACKGROUND  OF  THE  INVENTION 

Lithium  batteries  are  commercially  available  in 
a  variety  of  sizes  employing  many  different  elec- 
trochemistries.  The  increasing  demand  for  such 
batteries  results  in  great  part  from  the  high  voltage 
of  individual  cells  and  the  high  energy  density  that 
generally  characterizes  these  types  of  batteries. 
Small  primary  batteries  employing  lithium  metal 
anodes  are  often  employed  in  applications  involv- 
ing  consumer  electronics.  Large  lithium  metal  an- 
ode  batteries  are  used  in  remote  or  military  ap- 
plications  but  are  considered  too  dangerous  for 
consumer  usage.  Rechargeable  lithium  batteries 
can  offer  many  advantages  over  competing  rechar- 
geable  non-lithium  batteries  or  primary  (non-rechar- 
geable)  lithium  batteries.  Interest  in  lithium  ion  type 
batteries  in  particular,  wherein  two  different  lithium 
insertion  compounds  are  used  as  cathode  and  an- 
ode,  has  increased  dramatically.  The  first  commer- 
cial  product  based  on  a  lithium  ion  type  elec- 
trochemistry  has  recently  been  made  available  by 
Sony  Energy  Tec  Inc. 

Lithium  ion  electrochemistries  under  develop- 
ment  generally  employ  a  partially  graphitized  car- 
bon  or  graphite  as  the  anode,  an  air  stable  lithium 
transition  metal  oxide  as  the  cathode,  and  a  suit- 
able  non-aqueous  electrolyte.  Batteries  made  with 
such  electrochemistries  generally  contain  no  metal- 
lic  lithium  on  assembly.  The  lithium  to  be  cycled  as 
ions  during  operation  of  the  battery  is  normally 
incorporated  into  one  of  the  electrodes.  Lithiated 
carbons  or  graphites  are  not  stable  in  air  however. 
The  inserted  lithium  therein  has  a  small  binding 
energy  and  is  extracted  and  reacts  when  exposed 
to  air.  Thus,  it  is  difficult  to  use  lithiated  carbons  or 
graphites  in  a  manufacturing  process  for  lithium  ion 
batteries.  Instead,  all  the  lithium  is  normally  incor- 
porated  into  the  cathode  since  many  suitable  lith- 
ium  transition  metal  oxide  materials  can  be  pre- 
pared  and  are  stable  in  air.  An  additional  require- 
ment  of  a  lithium  transition  metal  oxide  to  be  used 
as  a  cathode  is  that  the  lithium  ions  are  mobile  and 
thus  can  be  quickly  extracted  electrochemically. 

Examples  of  suitable  cathode  materials  for  lith- 
ium  ion  batteries  include  LiNi02,  UC0O2  and 
LiM^O^.  The  theoretical  capacities  for  these  ma- 
terials  are  275,  274,  and  148  mAh/gram  respec- 
tively,  if  all  the  lithium  present  could  be  used. 
However,  for  LiNi02  and  UC0O2  only  about  1/2  of 
the  theoretical  capacity  can  be  used  in  a  reversible 
manner.  Further  reversible  lithiation  of  some  of 

these  materials  is  possible,  thereby  extending  the 
capacity  available  per  mole  of  cathode  material. 
LiNi02,  for  example,  can  be  further  lithiated  to 
Li2Ni02,  but  the  latter  compound  is  not  stable  in 

5  air.  LiM^O  ̂ can  be  further  lithiated  to  Li2Mn2  04. 
U.S.  Patent  No.  5,196,279  teaches  the  use  of 
Li1+xMn2  04  as  a  cathode  material  for  lithium  ion 
batteries. 

One  of  the  attractive  features  of  the  present 
10  lithium  ion  electrochemistries  is  the  high  voltage 

provided  by  a  single  cell.  Many  electronic  circuits 
require  voltages  of  3  V  or  6  V  for  their  operation.  A 
battery  to  power  such  circuits  could  consist  of 
series  connected  strings  of  3  or  5  nickel-cadmium 

15  cells  (1  .2  V  per  cell)  respectively  or  by  1  or  2  three 
volt  lithium  ion  cells  respectively.  Use  of  the  latter 
greatly  simplifies  the  battery  assembly  and  pack- 
aging  required  for  such  applications  with  a  cor- 
responding  possible  significant  reduction  in  overall 

20  battery  cost.  In  general,  increasing  the  voltage  of  a 
single  cell  leads  to  a  requirement  for  fewer  series 
connected  cells  in  a  battery  application,  which  is 
obviously  desirable.  Additionally,  higher  voltage  is 
generally  desirable  for  increased  energy  density, 

25  since  the  stored  energy  in  a  battery  is  given  by  the 
product  of  the  average  battery  voltage  times  the 
capacity. 

The  voltage  of  a  lithium  ion  battery  is  deter- 
mined  by  the  difference  between  the  chemical  po- 

30  tential  of  the  inserted  lithium  in  each  of  the  two 
electrodes.  To  maximize  the  battery  voltage,  it  is 
thus  desirable  to  maximize  this  difference  in  chemi- 
cal  potential.  For  example,  in  the  battery  based  on 
LixMn2  04/graphite  (LiyCe)  electrochemistry  de- 

35  scribed  by  J.M.  Tarascon  et  al,  Electrochimica  Acta 
38,  1221  (1993),  the  chemical  potentials  are  ap- 
proximately  -4.1  ev  and  -0.1  ev  versus  metallic 
lithium  for  LixMn2  04  and  LiyCe  respectively.  These 
chemical  potentials  reflect  the  binding  energies  of 

40  lithium  within  the  respective  insertion  hosts  mea- 
sured  with  respect  to  lithium  in  lithium  metal.  The 
lithium  in  LixMn2  04  is  much  more  tightly  bound 
than  is  the  lithium  in  LiyCe.  The  resulting  voltage 
across  the  terminals  of  the  battery  is  thus  about  4.1 

45  -  0.1  or  4  volts,  with  the  LixMn2  04  electrode  as 
positive. 

Practical  application  of  such  high  voltage  lith- 
ium  ion  electrochemistries  is  made  difficult  as  a 
result  of  stability  problems  with  other  battery  com- 

50  ponents  at  these  voltages.  Both  the  electrolyte  and 
the  hardware  are  subject  to  oxidation  at  the  cath- 
ode,  thus  placing  limitations  on  the  choice  of  both. 
Aluminum  appears  to  be  a  practical  material  for 
cathode  hardware  in  most  electrochemical  sys- 

55  terns.  The  problem  of  selecting  an  electrolyte  that 
combines  oxidation  resistance  along  with  other  re- 
quirements  (such  as  safety)  remains  an  issue. 
Guyomard  et  al,  U.S.  Patent  5,192,629  show  how 
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the  judicious  selection  of  the  proper  electrolyte  can 
minimize  oxidation  for  a  given  system.  The  system 
described  therein  included  a  carbon  anode  and  a 
LiM^O  ̂ cathode  with  an  electrolyte  based  on 
dimethyl  carbonate  and  ethylene  carbonate  sol- 
vents  and  preferably  LiPFG  salt. 

Lithium  transition  metal  oxides  with  an  atomic 
structure  known  as  inverse  spinel  have  been  de- 
scribed  in  the  literature  as  early  as  1961  (eg. 
Bernier  et  al,  Comptes  Rendus,  253,  1578),  how- 
ever  it  appears  that  these  materials  have  never 
been  considered  for  use  as  electrodes  in  lithium 
batteries.  This  may  be  a  result  of  the  inverse  spinel 
structure  differing  significantly  from  that  of  the 
more  familiar  compounds  LiNiCk,  UC0O2  and 
LiM^O  ̂ and  appearing  to  be  unsuited  for  use  as 
battery  electrodes. 

SUMMARY  OF  THE  INVENTION 

The  inventors  have  discovered  that  lithium  tran- 
sition  metal  oxides  having  an  inverse  spinel  struc- 
ture  can  be  suitable  for  use  as  a  cathode  material 
in  lithium  batteries.  Two  such  oxides,  LiNiVÔ   and 
UC0VO4,  have  been  synthesized  and  tested  in  coin 
cell  size  lithium  batteries.  The  high  voltage  of  these 
batteries  was  demonstrated  along  with  reasonable 
capacity  and  rate  capability.  Also,  although  prob- 
lems  were  encountered  with  reversibility  of  some  of 
the  complete  electrochemical  systems  tested,  the 
cathode  material  itself  seemed  reasonably  revers- 
ible. 

The  invention  batteries  can  be  primary  (non- 
rechargeable)  or  rechargeable  types  comprising  an 
anode,  an  electrolyte,  and  a  cathode  wherein  a 
portion  of  the  cathode  comprises  a  lithium  transi- 
tion  metal  oxide  having  an  inverse  spinel  structure. 
The  lithium  transition  metal  oxide  can  be  LiNiVO ,̂ 
LiCoVO*  or  LiCuVO*. 

However,  it  is  expected  that  the  lithium  transi- 
tion  metal  oxide  can  be  any  solid  solution  com- 
pound  having  an  inverse  spinel  structure  and 
chemical  formula  LixMyNz04  wherein  M  and  N  are 
transition  metals,  y  and  z  are  numbers  about  equal 
to  1  ,  and  x  is  a  number  in  the  range  from  about  0 
to  2.  Additionally,  it  is  expected  that  the  solid 
solution  compound  can  be  one  wherein  minor 
amounts  of  other  elements  are  substituted  for  M 
and  N. 

The  anodes  for  the  invention  batteries  can  be 
selected  from  the  group  containing  lithium  metal, 
lithium  alloys,  and  lithium  insertion  compounds. 
The  electrolyte  for  the  invention  batteries  com- 
prises  one  or  more  lithium  salts  dissolved  in  a 
mixture  of  non-aqueous  solvents.  The  lithium  salts 
can  be  LiPFG  and/or  LiBF+,  and  the  solvents  can  be 
dimethyl  carbonate  and/or  propylene  carbonate 
and/or  ethylene  carbonate. 

BRIEF  DESCRIPTION  OF  THE  DRAWINGS 

Figure  1  shows  the  atom  arrangement  and  site 
locations  for  compounds  with  either  spinel  or  in- 

5  verse  spinel  structures. 
Figure  2  illustrates  the  network  of  "tunnels"  in 

the  spinel  structure  of  LiM^O^. 
Figure  3  depicts  a  cross  sectional  view  of  a 

preferred  embodiment  of  the  invention  that  is  simi- 
10  lar  to  commercially  available  lithium  ion  batteries. 

Figure  4  shows  an  exploded  view  of  the  labora- 
tory  coin  cell  type  battery  used  in  the  Examples. 

Figure  5  shows  the  x-ray  diffraction  patterns  for 
the  synthesized  and  calculated  LiNiVÔ   of  Example 

15  1  ,  plus  the  difference  between  these  patterns  on  an 
enlarged  scale. 

Figure  6  is  a  plot  of  the  voltage  versus  time 
behaviour  of  the  Li/LiNiVO  ̂ coin  cell  of  Example  1. 
The  black  dots  indicate  the  points  at  which  the  x- 

20  ray  scans  of  Figure  7  were  obtained. 
Figure  7  depicts  the  x-ray  diffraction  patterns 

of  the  LixNiV04  cathode  in  the  cell  of  Example  1  ,  at 
various  points  during  cycling,  in  the  neighborhood 
of  the  {137,155}  peak.  The  points  at  which  these  x- 

25  ray  scans  were  taken  are  indicated  by  the  black 
dots  in  Figure  6. 

Figure  8  is  a  plot  of  the  voltage  versus  capacity 
of  the  coin  cell  of  Example  2. 

Figure  9  is  a  plot  of  the  voltage  versus  capacity 
30  of  the  coin  cell  of  Example  3. 

Figure  10  is  a  plot  of  the  capacity  versus 
discharge  rate  of  the  coin  cell  of  Example  3. 

Figure  11  shows  the  x-ray  diffraction  patterns 
for  the  synthesized  and  calculated  UC0VO4  of  Ex- 

35  ample  4,  plus  the  difference  between  these  pat- 
terns  on  an  enlarged  scale. 

Figure  12  is  a  plot  of  the  voltage  versus  capac- 
ity  of  the  coin  cell  of  Example  4. 

40  DETAILED  DESCRIPTION  OF  SPECIFIC  EMBODI- 
MENTS  OF  THE  INVENTION 

LiNi02  and  UC0O2  are  members  of  the  layered 
oxide  structure  class.  They  consist  of  close  packed 

45  layers  of  oxygen,  nickel  or  cobalt  respectively,  and 
lithium  stacked  in  the  following  sequence 
....  -  0  -  Li  -  0  -  Ni  (or  Co)  -  0  -  Li  -  0  -  Ni  (or  Co)  - 
0  -  Li  .... 
The  lithium  atoms  within  the  lithium  layers  can  be 

50  extracted  to  form  compounds  LizNi02  or  LizCo02 
where  0  <  z   ̂ 1  .  In  the  case  of  non-stoichiometric 
lithium  nickel  oxide  with  an  excess  of  nickel,  Dahn 
et  al.  Solid  State  Ionics  44,  87  (1990)  show  that  the 
excess  nickel  resides  in  the  lithium  layers.  Further- 

55  more,  Canadian  Patent  Application  No.  2,038,631 
and  U.S.  Patent  No.  5,180,574  show  that  the  ex- 
traction  of  the  remaining  lithium  atoms  in  these 
layers  is  impeded,  apparently  by  the  presence  of 
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nickel  in  the  layers.  Thus,  it  seems  important  in 
these  structures  to  keep  the  lithium  layers  free  of 
immobile  transition  metal  atoms. 

LiM^O  ̂ has  a  spinel  structure  which  differs 
from  that  of  the  layered  LiNiCk  and  UC0O2  struc- 
tures.  In  the  standard  Space  Group  convention  (see 
the  International  Tables  for  X-ray  Crystallography, 
Volume  1,  The  Kynoch  Press,  Birmingham,  Eng- 
land,  1969)  for  crystal  structure  description,  the 
spinel  LiM^O  ̂ has  space  group  Fd3m  with  Li 
atoms  in  8a  sites,  Mn  atoms  in  16d  sites,  and 
oxygen  atoms  in  32e  sites.  Figure  1  shows  the 
atom  arrangement  and  site  locations  in  such  a 
structure.  The  small  circles  represent  8a  sites  (or  Li 
in  this  case),  the  large  lightly-shaded  circles  repre- 
sent  16d  sites,  (or  Mn  in  this  case),  and  the  large 
darkly-shaded  circles  represent  32e  sites  (or  0  in 
this  case).  The  Li  atoms  in  this  case  lie  along  a 
network  of  "tunnels"  and  hence  are  mobile.  Figure 
2  illustrates  the  network  of  tunnels  where  the 
shaded  octahedra  have  oxygen  atoms  at  each  cor- 
ner  and  a  Mn  atom  at  each  centre.  In  Figure  2,  the 
Li  atoms  are  not  shown,  but  lie  inside  the  otherwise 
"empty  tunnels".  By  analogy  with  LiNi02  and 
UC0O2,  the  tunnels  are  free  of  large  transition 
metals,  apparently  resulting  in  good  Li  mobility. 

Compounds  with  structures  of  the  inverse 
spinel  type  include  LiNiVO ,̂  UC0VO4  and  LiCuVO  ̂
(see  R.G.  Wyckoff  "Crystal  Structures",  2nd  Edi- 
tion,  Volume  3,  published  by  R.E.  Kreiger  Publish- 
ing  Co.,  Malabar,  Florida,  U.S.A.  (1981)  and  J. 
Preudhomme  and  P.  Tarte,  Spectrochimica  Acta, 
28a,  69  (1972)).  These  structures  can  also  be  re- 
presented  using  the  illustration  shown  in  Figure  1. 
However,  using  LiNiVÔ   as  an  example,  the  oxy- 
gen  atoms  still  reside  in  32e  sites,  but  the  Li  atoms 
randomly  fill  half  the  16d  sites.  Based  on  the 
literature,  it  is  believed  that  the  Ni  atoms  fill  the 
remaining  half  of  the  16d  sites  and  that  the  V 
atoms  fill  the  8a  sites.  Now  there  are  no  obvious 
"tunnels"  available  for  Li  motion  and  diffusion.  The 
structures  of  UC0VO4  and  LiCuVO  ̂ are  similar  to 
that  of  LiNiVO+  (A.F.  Corsmit  and  G.  Blasse, 
Chemical  Physics  Letters,  20,  347  (1973)).  Thus  it 
appears  that  lithium  transition  metal  oxides  with  the 
inverse  spinel  structure  would  be  unsuited  for  use 
as  a  battery  cathode. 

A  preferred  embodiment  of  the  invention  bat- 
tery  is  one  with  construction  similar  to  that  of 
commercially  available  lithium  ion  batteries.  Figure 
3  shows  a  cross  sectional  view  of  such  a  battery  1  6 
with  wound  type  configuration.  A  jelly-roll  4  is  cre- 
ated  by  spirally  winding  a  cathode  foil  (not  shown), 
an  anode  foil  (not  shown),  and  two  microporous 
polyolefin  film  sheets  (not  shown)  that  act  as  sepa- 
rators. 

Cathode  foils  are  prepared  by  applying  a  lith- 
ium  transition  metal  oxide  material  having  an  in- 

verse  spinel  structure,  possibly  other  powdered 
cathode  material  if  desired,  a  binder,  and  a  con- 
ductive  dilutant  mixture  onto  a  thin  aluminum  foil. 
Typically,  the  application  method  first  involves  dis- 

5  solving  the  binder  in  a  suitable  liquid  carrier.  Then, 
a  slurry  is  prepared  using  this  solution  plus  the 
other  powdered  solid  components.  The  slurry  is 
then  coated  onto  the  aluminum  foil.  Afterwards,  the 
carrier  solvent  is  evaporated  away.  Often,  both 

10  sides  of  the  aluminum  foil  substrate  are  coated  in 
this  manner  and  subsequently  the  cathode  foil  is 
calendered. 

Anode  foils  are  prepared  in  a  like  manner  ex- 
cept  that  powdered  carbonaceous  material,  either 

15  partially  graphitized  carbon  or  graphite,  is  used 
instead  of  cathode  material,  and  thin  copper  foil  is 
usually  used  instead  of  aluminum. 

Anode  foils  are  typically  slightly  wider  than  the 
cathode  foils  in  order  to  ensure  that  anode  foil  is 

20  always  opposite  cathode  foil.  This  feature  is  illus- 
trated  with  the  cathode  upper  edge  13,  cathode 
lower  edge  14,  anode  upper  edge  12,  and  anode 
lower  edge  15  depicted  in  Figure  3. 

The  jelly-roll  4  is  inserted  into  a  conventional 
25  battery  can  3.  A  header  1  and  gasket  10  are  used 

to  seal  the  battery  16.  The  header  may  include 
safety  devices  if  desired.  A  combination  safety  vent 
and  pressure  operated  disconnect  device  may  be 
employed.  Figure  3  shows  one  such  combination 

30  that  is  described  in  detail  in  Canadian  Patent  Ap- 
plication  No.  2,099,657.  The  external  surface  of  the 
header  1  is  used  as  the  positive  terminal,  while  the 
external  surface  of  the  can  3  serves  as  the  nega- 
tive  terminal. 

35  Appropriate  cathode  tab  5  and  anode  tab  6 
connections  are  made  to  connect  the  internal  elec- 
trodes  to  the  external  terminals.  Appropriate  in- 
sulating  pieces  2  and  7  may  be  inserted  to  prevent 
the  possibility  of  internal  shorting.  Prior  to  crimping 

40  the  header  1  to  the  can  3  to  seal  the  battery, 
electrolyte  8  is  added  to  fill  the  porous  spaces  in 
the  jelly-roll  4. 

Those  skilled  in  the  art  will  understand  that  the 
types  of  and  amounts  of  the  component  materials 

45  must  be  chosen  based  on  component  material 
properties  and  the  desired  performance  and  safety 
requirements.  In  particular,  it  is  expected  that  the 
choice  of  the  electrolyte  to  be  used  will  be  critical 
to  making  a  practical  battery  product.  Other  factors 

50  to  consider  include  the  significant  irreversible  elec- 
trochemical  reactions  that  generally  occur  on  the 
first  recharge.  Thus,  an  electrical  conditioning  step 
involving  at  least  the  first  recharge  is  often  part  of 
the  assembly  process.  Again,  determination  of  an 

55  appropriate  conditioning  step  as  well  as  setting 
limitations  on  the  operating  parameters  (such  as 
voltage,  current,  and  temperature  limits)  would  be 
required  of  someone  familiar  with  the  field. 

4 
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Other  configurations  or  components  are  possi- 
ble  for  the  invention  batteries.  For  example,  a  pris- 
matic  format  for  lithium  ion  batteries  is  considered 
desirable  and  possible.  Other  lithium  insertion  com- 
pounds  may  be  used  for  the  anode  material  in- 
stead  of  a  carbonaceous  material.  Additionally,  Li 
metal  or  Li  alloys  may  be  used  as  the  anode 
material.  However  it  is  assumed  that  such  batteries 
will  pose  a  more  significant  safety  risk.  A  laboratory 
coin  cell  version  (small  battery)  of  such  a  lithium 
metal  anode  based  embodiment  is  given  in  the 
examples  to  follow. 

Primary  lithium  batteries  might  also  be  made 
wherein  lithium  is  extracted  from  the  lithium  transi- 
tion  metal  oxide  cathode  prior  to  battery  assembly. 
The  cathode  material  would  then  be  represented 
by  the  formula  LixMyNz04  where  x  is  less  than  1. 
This  extraction  might  be  accomplished  chemically 
(such  as  with  acid  treatment)  or  electrochemically. 

Similarly,  where  the  material  properties  allow 
the  further  insertion  of  lithium  into  the  host,  primary 
or  rechargeable  batteries  might  be  made  wherein  a 
portion  of  the  cathode  is  an  oxide  represented  by 
the  formula  LixMyNz04  and  wherein  1  <  x  ^2.  (By 
analogy,  LiM^O  ̂ is  an  example  of  a  lithium  transi- 
tion  metal  oxide  having  a  spinel  structure  which 
can  be  further  lithiated  to  Li2Mn2  04.)  Without  wish- 
ing  to  be  bound  by  theory,  the  inventors  offer  the 
following  structural  argument  to  indicate  how  fur- 
ther  lithium  might  be  inserted  into  such  a  material. 
If  further  lithium  insertion  is  possible,  it  is  expected 
that  the  additional  lithium  would  enter  16c  sites  (not 
shown)  in  the  structure  of  Figure  1  .  Concurrently,  it 
is  expected  that  the  N  atoms  would  empty  from  the 
8a  sites  and  additionally  fill  16c  sites.  Thus,  a 
battery  with  an  oxide  cathode  LizMyNz04  where  i  
the  16c  sites  were  filled  with  Li  and  i  with  N  atoms 
might  be  possible. 

Examples  are  presented  in  the  following  to 
illustrate  certain  aspects  of  the  invention  but  should 
not  be  construed  as  limiting  in  any  way.  In  these 
examples,  two  types  of  laboratory  batteries  were 
employed.  These  were  a  coin  cell  type  and  a 
special  cell  type  used  for  x-ray  diffraction  analysis. 
In  both  cases,  125  urn  thick  lithium  metal  foil  was 
used  as  an  anode.  Cathodes  were  made  by  uni- 
formly  coating  a  blend  containing  an  appropriate 
inverse  spinel  powder,  10%  by  weight  Super  S 
(trademark  of  Chemetals  Inc.)  carbon  black  as  a 
conductive  dilutant,  and  2%  by  weight  poly- 
vinylidene  fluoride  (PVDF)  as  a  binder  onto  one 
side  of  an  aluminum  foil  substrate. 

A  slurry  containing  n-methyl  pyrrolidinone 
(NMP)  solvent  was  initially  made  wherein  appro- 
priate  amounts  of  the  inverse  spinel  powder  and 
carbon  black  are  added  to  a  binder  solution  con- 
taining  10%  PVDF  in  NMP.  Excess  NMP  was  then 
added  until  the  slurry  viscosity  is  like  that  of  a 

syrup,  whereupon  the  slurry  was  then  coated  onto 
aluminum  foil  using  a  doctor  blade  spreader.  NMP 
was  then  removed  by  drying  in  air  @  105°C. 
These  electrodes  were  then  compressed  between 

5  flat  plates  at  100  bar  pressure.  Typical  electrode 
thicknesses  were  about  120  urn.  Square  electrodes 
for  use  in  the  laboratory  batteries  were  prepared  by 
cutting  1.2  cm  x  1.2  cm  pieces  out  of  the  larger 
samples  using  a  precision  cutting  jig.  Electrode 

io  squares  were  weighed,  and  the  combined  weight  of 
foil,  carbon  black  and  PVDF  were  subtracted  to 
obtain  the  active  inverse  spinel  electrode  mass. 

The  separator  used  in  the  example  batteries 
was  Celgard®  2502  microporous  polypropylene 

is  film.  Electrodes  and  separators  were  wetted  with  an 
appropriate  electrolyte.  Two  different  electrolyte 
compositions  were  used  in  these  examples.  This 
selection  was  made  based  on  the  resistance  of 
these  compositions  to  oxidation  as  described  in  the 

20  literature.  The  first  was  a  solution  of  1M  LiPFG  salt 
(from  Hashimoto,  Japan)  dissolved  in  a  solvent 
mixture  of  dimethyl  carbonate  (DMC),  propylene 
carbonate  (PC),  and  ethylene  carbonate  (EC)  in  a 
volume  ratio  of  50/25/25  respectively.  Hereinafter, 

25  this  will  be  referred  to  as  electrolyte  A.  The  second 
electrolyte  used  was  a  solution  containing  1M 
LiBF+  salt  dissolved  in  a  solvent  mixture  of 
DMC/EC/PC  in  a  volume  ratio  of  66/17/17. 
Hereinafter,  this  will  be  referred  to  as  electrolyte  B. 

30  Use  of  both  of  these  electrolytes  is  taught  in  the 
prior  art  of  U.S.  Patent  No.  5,192,629,  but  it  is 
expected  that  oxidation  may  still  occur  in  batteries 
where  the  voltage  exceeds  5.0  V  with  respect  to 
lithium  metal. 

35  Coin  cell  type  batteries  were  assembled  using 
conventional  2325  hardware  and  with  assembly  tak- 
ing  place  in  a  glove  box  as  described  in  J.R.  Dahn 
et  al,  Electrochimica  Acta,  38,  1179  (1993).  Figure 
4  shows  an  exploded  view  of  the  coin  cell  type 

40  battery.  A  stainless  steel  cap  1  and  special  oxida- 
tion  resistant  case  10  comprise  the  container  and 
also  serve  as  negative  and  positive  terminals  re- 
spectively.  A  gasket  2  is  used  as  a  seal  and  also 
serves  to  separate  the  two  terminals.  Mechanical 

45  pressure  is  applied  to  the  stack  comprising  the 
lithium  anode  5,  separator  6,  and  cathode  7  by 
means  of  disc  spring  3  and  stainless  disc  4. 

The  case  10  was  made  from  Shomac  30-2 
(trademark)  which  is  a  conventional  oxidation  resis- 

50  tant  grade  of  stainless  steel.  Experience  has  shown 
that  it  is  acceptable  for  use  in  battery  experiments 
up  to  4.5  V  and  up  to  30  °C.  Above  these  values, 
slow  oxidation  of  the  case  10  material  occurs.  In  an 
attempt  to  minimize  this  corrosion  when  evaluating 

55  the  high  voltage  invention  batteries,  an  additional 
sheet  of  aluminum  foil  9  was  inserted  between  the 
cathode  7  and  the  case  10.  The  foil  9  completely 
covered  the  inside  surface  of  the  case  10  in  order 

5 
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to  minimize  the  exposure  of  the  case  10  to  the 
electrolyte  8. 

The  special  cell  type  used  for  x-ray  diffraction 
analysis  had  similar  electrochemical  components  to 
the  above  coin  cell  type  but  employs  a  special 
container  with  a  beryllium  x-ray  window  such  that 
the  crystal  structure  of  the  cathode  material  can  be 
monitored  as  a  function  of  state  of  charge.  This 
type  of  battery  and  method  are  described  in  Dahn 
et  al,  Can.  J.  Phys.  60,  307  (1982).  A  powder 
diffractometer  with  a  Cu  target  x-ray  tube  was 
used.  Both  Kai  and  Ka2  wavelength  radiation  ema- 
nated  from  said  tube. 

Coin  cell  batteries  were  thermostatted  at  30  ± 
1  °  C  before  testing  and  were  then  charged  and 
discharged  using  constant  current  cyclers  with  ± 
1%  current  stability.  Currents  were  adjusted  such 
that  a  change  in  x  of  magnitude  1  in  the  compound 
LixMyNz04  would  take  50  hours,  hence  the  cycling 
rate  is  called  a  50  hour  rate.  Data  was  logged 
whenever  the  cell  voltage  changed  by  more  than 
0.005  V.  Special  cells  for  x-ray  diffraction  analysis 
were  tested  in  a  similar  manner  except  at  ambient 
temperature. 

Example  1 

LiNiVCU  was  synthesized  by  reacting 
stoichiometric  amounts  of  LiNiCfe  and  V2O3  in  air  at 
800  °C.  The  powder  x-ray  pattern  of  this  material 
was  obtained  and  the  data  points  are  indicated  by 
the  open  circles  in  Figure  5.  The  pattern  agrees 
well  with  the  literature  given  by  JCPDS  card  38- 
1395.  Also  shown  as  a  solid  line  in  Figure  5  is  a 
calculated  pattern  assuming  the  inverse  spinel 
structure  described  previously.  The  difference  be- 
tween  the  patterns  of  the  synthesized  material  and 
the  calculation  is  shown  in  the  same  Figure  on  an 
enlarged  scale. 

The  key  feature  identifying  the  inverse  spinel 
structure  is  the  ratio  of  the  intensities  of  the  {111} 
and  {220}  peaks.  For  inverse  spinels  (with  the  Li 
atoms  sharing  the  16d  or  octahedral  sites  with  half 
the  transition  metals),  the  {220}  peak  is  much 
stronger  than  the  {111}  peak.  For  normal  spinels 
(with  the  Li  atoms  in  8a  or  tetrahedral  sites)  like 
LiM^CU,  the  {111}  peak  is  the  strongest  peak  in 
the  pattern  and  the  {220}  peak  is  very  weak. 
Although  the  patterns  of  the  synthesized  material 
and  the  calculation  in  Figure  3  do  not  agree  ex- 
actly,  the  agreement  is  sufficient  to  prove  that  the 
material  has  Li  atoms  predominantly  in  16d  sites. 
The  calculation  was  made  using  Hill  and  Howard's 
version  (J.  Appl.  Crystallography,  18,  173  (1985))  of 
the  Rietveld  (J.  Appl.  Crystl.,  2,  65  (1969))  pro- 
gram.  The  cubic  lattice  constant  of  our  material  is 
8.225(1  )A,  in  good  agreement  with  the  literature 
value  of  8.2198(2)A  (JCPDS  card  38-1395). 

A  special  cell  for  x-ray  diffraction  analysis  was 
assembled  using  this  synthesized  LiNiVCU  material 
as  the  cathode  and  using  electrolyte  A.  The  cell 
was  mounted  in  a  powder  diffractometer  and  x-ray 

5  profiles  were  continually  recorded  as  the  cell 
charged  and  discharged.  The  {137,355}  Bragg 
peak  near  92.0°  in  scattering  angle  is  relatively 
strong  and  occurs  at  high  scattering  angle.  This 
peak  is  hence  very  sensitive  to  changes  in  the 

10  crystal  lattice  dimensions.  Although  all  the  strong 
peaks  were  measured,  for  simplicity  only  the  re- 
sults  for  the  {137,355}  peak  are  presented.  (The 
results  obtained  from  an  analysis  of  the  other 
peaks  are  the  same  as  that  obtained  from  this 

15  peak.)  The  cubic  lattice  constant,  a,  of  LixNiV04 
can  be  obtained  from  the  Bragg  law  using 

a  =  V59  *  X/(2  sin(<h37,355/2)) 

20  where  X  =  1  .54056A  is  the  copper  Kai  wavelength 
and  4>137,355  is  the  scattering  angle  of  the  {137,355} 
peak  at  the  Kai  wavelength.  If  the  scattering  angle 
of  this  peak  changes  with  x,  then  so  does  the 
lattice  constant.  Reversible  changes  in  the  lattice 

25  constants  of  insertion  compounds  often  occur  when 
the  amount  of  inserted  atoms  is  changed.  There- 
fore,  if  x  in  LixNiV04  is  changed  when  a  Li/LiNiVCU 
cell  is  charged  or  discharged  electrochemically, 
changes  in  the  lattice  constant  are  expected  to  be 

30  seen.  Conversely,  if  changes  in  the  lattice  constant 
are  observed,  it  proves  that  the  lithium  concentra- 
tion  has  been  varied. 

Figure  6  shows  the  voltage  versus  time  behav- 
iour  of  a  Li/LiNiVCU  cell  charged  to  4.9  V  (removing 

35  Li  from  LixNiV04),  then  discharged  to  4.3  volts,  and 
finally  charged  to  5.3  V.  X-ray  scans  of  the 
{137,355}  peak  taken  at  the  voltages  and  times 
indicated  by  the  black  dots  in  Figure  6  are  shown 
in  Figure  7.  The  {137,355}  peak  clearly  shifts  to 

40  higher  angle  as  the  cell  is  charged  to  4.9  V,  then 
returns  to  its  original  position  as  the  cell  is  dis- 
charged  to  4.3  V.  When  the  cell  is  charged  above 
4.9  V,  capacity  is  observed,  but  no  further  shifting 
of  the  Bragg  peak  is  observed  beyond  that  mea- 

45  sured  at  4.9  V.  Thus,  the  cell  capacity  above  4.9  V 
is  thought  to  arise  predominantly  from  electrolyte 
oxidation,  not  from  electrochemical  de-intercalation 
of  the  lithium  from  LixNiVCv  Below  4.9  V,  the 
lattice  constants  shift  reversibly,  consistent  with  an 

50  intercalation  or  insertion  reaction.  Undoubtedly, 
some  electrolyte  oxidation  also  occurs  below  4.9  V, 
but  this  is  at  a  rate  small  enough  for  a  few  charge- 
discharge  cycles  to  be  measured.  After  the  cell 
was  charged  to  5.3  volts,  it  had  no  discharge 

55  capacity  at  the  current  rate  used  (50  hour  rate).  A 
possible  explanation  for  this  phenomenon  is  that 
the  electrolyte  may  have  been  completely  oxidized. 
The  LixNiV04  was  not  destroyed  during  charging  to 

6 
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5.3  V  as  shown  by  the  top  scan  in  Figure  7. 
This  example  demonstrates  that  Li  in  LixNiV04 

can  be  reversibly  extracted  and  inserted  near  4.75 
V  versus  Li  metal.  Thus,  LiNiVCU  offers  a  voltage 
advantage  approaching  20%  over  LiMn2Cv 

Example  2 

A  coin  cell  type  Li/LiNiVCU  battery  was  con- 
structed  using  cathode  material  as  synthesized  in 
Example  1  and  using  electrolyte  A.  This  battery 
was  cycled  between  3.0  and  4.9  volts.  Figure  8 
shows  the  cell  voltage  plotted  versus  capacity.  Up 
to  about  80  mAh/g  of  cathode  capacity  is  attained 
during  the  first  charge  to  4.9  V,  but  only  about  45 
mAh/g  of  cathode  capacity  is  attained  during  the 
next  discharge.  This  is  far  smaller  than  the  theoreti- 
cal  capacity  expected  for  LiNiVCU  (148  mAh/g  if  all 
the  lithium  can  be  extracted  and  re-inserted).  How- 
ever,  the  discharge  capacity  demonstrated  herein 
constitutes  a  lower  bound  on  the  actual  capacity 
that  might  be  achieved  from  the  material. 

The  shifting  of  the  charge-discharge  cycle 
curve  in  Figure  8  is  indicative  of  more  coulombs 
being  consumed  on  charge  than  is  returned  on  the 
following  discharge.  The  significant  irreversible  ca- 
pacity  loss  between  the  first  charge  and  discharge 
(about  35  mAh/g  in  total)  and  the  further  significant 
shifting  of  cycle  curves  may  be  due  to  electrolyte 
oxidation  at  these  high  voltage  levels. 

This  example  demonstrates  that  reasonable  re- 
versible  capacity  can  be  attained  in  a  high  voltage 
lithium  battery  employing  LiNiVCU  as  a  cathode 
material.  The  maximum  performance  achievable 
may  be  limited  by  the  electrolyte  and/or  hardware 
employed. 

Example  3 

A  coin  cell  battery  similar  to  that  of  Example  2 
was  assembled  except  that  electrolyte  B  was  used. 
The  battery  was  initially  charged  to  4.9  V,  dis- 
charged  to  3.5  V,  and  then  charged  again  to  4.9  V. 
The  voltage  versus  capacity  curve  for  this  battery 
is  shown  in  Figure  9  and  is  similar  to  that  for  the 
battery  in  Example  2. 

The  battery  then  underwent  multiple  dis- 
charges  to  3.5  V  using  decreasing  constant  current 
steps  to  generate  the  capacity  versus  discharge 
rate  data  shown  in  Figure  10.  The  initial  discharge 
rate  was  equivalent  to  about  73  mA/g.  Five  minute 
equilibration  periods  were  used  in  between  dis- 
charges,  and  a  total  of  7  measurements  at  dis- 
charge  rates  of  73/2"  mA/g  where  n  =  0  to  6  were 
made. 

This  example  demonstrates  that  this  invention 
battery  can  be  operated  at  a  reasonable  rate. 

Example  4 

LiCoVCU  powder  was  synthesized  by  reacting 
stoichiometric  amounts  of  UC0O2  and  V2O3.  The 

5  powders  were  ground  together  and  were  then 
pressed  into  a  pellet  using  a  pressure  of  about 
1000  bar.  The  pellet  was  reacted  in  air  at  600  °C 
for  two  hours  and  then  at  700  °C  for  30  minutes. 
The  x-ray  diffraction  pattern  for  the  synthesized 

10  LiCoVCU  was  obtained  and  the  data  points  are 
indicated  by  the  open  circles  in  Figure  11.  A  cal- 
culated  pattern  for  LiCoVCU  (using  the  methods 
described  previously)  is  also  shown  by  a  solid  line. 
The  difference  between  the  patterns  of  the  syn- 

15  thesized  material  and  the  calculation  is  also  shown 
on  an  enlarged  scale.  Again,  this  material  is  also  an 
inverse  spinel,  with  the  majority  of  the  Li  atoms  in 
16d  sites. 

A  coin  cell  type  battery  was  assembled  using 
20  this  synthesized  LiCoVCU  as  the  cathode  material 

and  using  electrolyte  B.  The  battery  was  cycled 
repeatedly  between  3.0  V  and  4.5  V.  The  voltage 
versus  capacity  curves  for  this  battery  are  shown  in 
Figure  12.  Reversible  capacities  of  about  40  mAh/g 

25  were  obtained.  When  the  battery  was  charged  to 
4.9  V,  no  increase  in  the  subsequent  discharge 
capacity  was  obtained.  Significantly  less  irrevers- 
ible  capacity  loss  was  seen  between  the  first 
charge  and  discharge  and  less  shifting  of  the 

30  charge-discharge  cycle  curves  from  cycle  to  cycle 
was  seen.  This  may  be  a  result  of  reduced  elec- 
trolyte  oxidation,  since  the  operating  voltage  of  this 
battery  was  significantly  less  than  that  of  the  bat- 
tery  of  Example  2. 

35  Although  the  operating  voltage  of  this  LiCoVCU 
battery  is  lower  than  that  of  the  battery  of  Example 
2,  this  example  still  demonstrates  that  reasonable, 
reversible  capacity  can  be  obtained  using  this  ma- 
terial. 

40  As  will  be  apparent  to  those  skilled  in  the  art  in 
the  light  of  the  foregoing  disclosure,  many  alter- 
ations  or  modifications  are  possible  in  the  practice 
of  this  invention  without  departing  from  the  spirit  or 
scope  thereof.  For  example,  it  may  be  found  desir- 

45  able  to  prepare  batteries  wherein  other  materials 
are  employed  in  the  cathode  along  with  an  inverse 
spinel.  Additionally,  it  may  be  desirable  to  sub- 
stitute  minor  amounts  of  other  elements  for  the 
transition  metals  of  the  inverse  spinel  compound. 

50  Accordingly,  the  scope  of  the  invention  is  to  be 
construed  in  accordance  with  the  substance  de- 
fined  by  the  following  claims. 

Claims 
55 

1.  A  lithium  battery  wherein  a  portion  of  the  cath- 
ode  comprises  a  lithium  transition  metal  oxide 
having  an  inverse  spinel  structure. 

7 
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2.  A  battery  comprising 
(a)  an  anode 
(b)  an  electrolyte 
(c)  a  cathode 

wherein  at  least  a  portion  of  the  cathode  com- 
prises  a  lithium  transition  metal  oxide  having 
an  inverse  spinel  structure. 

3.  A  battery  as  claimed  in  Claim  2  wherein  the 
lithium  transition  metal  oxide  is  LiNiVCU, 
LiCoVO+  or  LiCuVCv 

14.  A  cathode  for  a  battery  comprising  at  least  in 
part  a  lithium  transition  metal  oxide  having  an 
inverse  spinel  structure. 

5  15.  A  cathode  as  claimed  in  claim  14  wherein  a 
portion  of  the  cathode  comprises  a  solid  solu- 
tion  compound  having  an  inverse  spinel  struc- 
ture  and  chemical  formula  LixMyNz04  wherein 
M  and  N  are  transition  metals,  y  and  z  are 

io  numbers  and  are  approximately  1,  and  x  is  a 
number  in  the  range  from  about  0  to  about  2. 

A  battery  as  claimed  in  Claim  2  wherein  the  16. 
anode  is  selected  from  the  group  consisting  of 
a  lithium  metal,  a  lithium  alloy,  and  a  lithium  is 
insertion  compound. 

A  cathode  as  claimed  in  claim  14  wherein  the 
lithium  transition  metal  oxide  is  LiNiVCU, 
LiCoVO+  or  LiCuVCv 

5.  A  battery  as  claimed  in  Claim  2  wherein  the 
electrolyte  comprises  one  or  more  lithium  salts 
dissolved  in  a  mixture  of  non-aqueous  sol- 
vents. 

20 

6.  A  battery  as  claimed  in  Claim  5  wherein  the 
electrolyte  comprises  LiPFG  dissolved  in  a  mix- 
ture  of  dimethyl  carbonate,  propylene  carbon-  25 
ate,  and  ethylene  carbonate. 

7.  A  battery  as  claimed  in  Claim  5  wherein  the 
electrolyte  comprises  UBF4  dissolved  in  a  mix- 
ture  of  dimethyl  carbonate,  propylene  carbon-  30 
ate,  and  ethylene  carbonate. 

8.  A  battery  haying  an  anode,  a  cathode  and  an 
electrolyte  wherein  a  portion  of  the  cathode 
comprises  a  solid  solution  compound  having  35 
an  inverse  spinel  structure  and  chemical  for- 
mula  LixMyNz04  wherein  M  and  N  are  transi- 
tion  metals,  y  and  z  are  numbers  and  are 
approximately  1,  and  x  is  a  number  in  the 
range  from  about  0  to  about  2.  40 

9.  A  battery  as  claimed  in  Claim  8  wherein  x  is  a 
number  in  the  range  from  about  0  to  about  1  . 

10.  A  battery  as  claimed  in  Claim  9  wherein  M  is  45 
Ni  and  N  is  V. 

11.  A  battery  as  claimed  in  Claim  9  wherein  M  is 
Co  and  N  is  V. 

12.  A  battery  as  claimed  in  Claim  9  wherein  M  is 
Cu  and  N  is  V. 

50 

13.  A  battery  as  claimed  in  Claim  8  wherein  minor 
amounts  of  other  metals  are  substituted  for  M  55 
and  N. 

8 
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