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V = 3.7-2.2 = 1.5 is substituted in Eq. [A-l], the Li insertion 
amount  at the bending point is obtained 

el = V x / m  = 1.79x (calculated line 3 in Fig. 3) 
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Electrochemistry of Manganese Dioxide in 
Lithium Nonaqueous Cell 

I. X-Ray Diffractional Study on the Reduction of Electrolytic Manganese Dioxide 

Tsutomu Ohzuku,* Masaki Kitagawa, and Taketsugu Hirai* 
Electrochemistry and  Inorganic  Chemistry  Laboratory,  Depar tment  o f  App l i ed  Chemistry,  

Facul ty  of  Engineering,  Osaka  City  University,  Sumiyoshi ,  Osaka  558, J a p a n  

ABSTRACT 

X-ray diffractional (XRD) studies were carried out for the electrochemical reduction of heat-treated electrolytic MnO2 
(250 ~ and 400~ for 7 days). A series of XRD examinations indicated that the reaction proceeded without the destruction of 
the core structure of electrolytic manganese dioxide (EMD). The structural changes during the electrochemical reductions 
of both EMDs were described, assuming a tetragonal sublattice. Both heat-treated electrolytic MnO2s (HEMDs) behaved 
similarly in the tetragonal sublattice parameter vs. the reduction degree plots. During the first half of the reduction, 
HEMD phase having a tetragonal sublattice (a = 4~39-4.40A, c = 2~86-2.90A) was converted into a new LixMnO2 phase hav- 
ing an expanded tetragonal sublattice (a = 4.9-5.0A, c = 2.82-2.86A), i.e., in a two-phase reaction. In the 30-90% reduction, 
the a-axis increased continuously as a function of reduction degree, i.e., in a homogeneous phase reaction. The possible 
crystal structure of the deep discharge product Li~MnO2 (x > 0.8) is discussed, assuming a tetragonal unit cell (a = ca. 5A, 
c = ca. 2.85A) having the NiAs-type structure by analogy with Li=RuO2, and an orthorhombic unit cell, i.e., a = 2 • b A,  
b = ca. 5A, c = ca. 2.85A. From these, assuming an orthorhombic unit cell having a = 10.27A, b = 4.93A, and c = 2.85A, all 
diffraction lines from the reduction products of HEMD were indexed. 

Electrolytic manganese dioxide (EMD) is one of the 
most  important materials for both aqueous and non- 
aqueous cells. Extensive research has been done to under- 
stand the electrochemistry of EMD in aqueous solution. 
Few papers, however, have dealt with the electrochemis- 
try of EMD in lithium nonaqueous cells, partly because the 
l i thium/manganese dioxide cell is a newly developed sys- 
tem compared with conventional aqueous cell systems, 
but  mainly because the specific crystal structure of EMD, 
which is essential to understanding the electrochemistry 
of  EMD, is not  known. Since EMD contains large amounts 
of water, EMD cannot be used in li thium nonaqueous cells 
unless undesirable water is removed. In order to remove 
such undesirable water, and hopefully to give an appro- 
priate structure of EMD for lithium nonaqueous cell appli- 
cations, Ikeda et al. (1-4) proved the value of the heat-treat- 
ment  of EMD and commercially established the 
l i thium/manganese dioxide primary cell. The effect of 
heat-treatment, however, upon the cell performance, com- 
bined with the structural changes as a function of tempera- 
ture, has been still a source of dispute among several au- 
thors (5-9). 

Reaction mechanisms of heat-treated EMDs (HEMDs) 
have been examined by using electrochemical and analyti- 

*Electrochemical Society Active Member. 

cal techniques and have been proposed in different ways 
(5, 6, 10). However, little is known about the reduction 
mechanism of HEMD, especially in relation to the crystal 
structure of EMD. In this paper, we report results on the 
electrochemical discharge, open-circuit voltage, and de- 
tailed x-ray diffractional measurements,  and discuss the 
reduction mechanism of HEMD in lithium nonaqueous 
cells, assuming a tetragonal sublattice to represent EMD 
structure and its reduced form. 

Experimental 
Samples . - -An  EMD, having a particle size of 60-100 

mesh and an equi-acidic point of 2.23 on the pH scale, was 
obtained from TOSOH and well washed with distilled 
water at 85~176 for a week in a Soxhlet extractor. The 
washed EMD was dried at 80 ~ _+ 3~ for 2 days, and ground 
to a particle size below 200 mesh. The heat-treated EMDs 
(HEMDs) were prepared by heat-treatment of pre-dried 
EMD in air at 250~ [HEMD(250)] or 400~ [HEMD(400)] for 
7 days. Thus obtained HEMD samples were characterized 
by x-ray diffraction (XRD) (Type XD-3A, Shimadzu Cor- 
poration Japan) and chemical analysis. 

Electrochemical cell.---A flooded experimental  cell con- 
sisted of a li thium anode (15 x 20 mm 2) and a HEMD cath- 
ode (15 • 20 mm 2) separated by a polypropylene non- 
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w o v e n  cloth (FT-330, Byrean,  Japan).  The  ca thodes  were  
p repared  by press ing  a b lend of  90 weigh t  pe rcen t  (w/o) 
MnO2, 5 w/o ace ty lene  black, and 5 w/o Teflon organic  
b inder  onto a stainless steel screen (SUS304, Da in ippon  
Screen  Company,  Limited).  The  prepared  ca thodes  were  
dr ied  under  v a c u u m  at 150~ for more  than  12h before  use. 
The  anodes  were  prepared  by press ing  a l i th ium sheet  
onto  a stainless steel  screen re inforced wi th  1 ram-th ick  
n ickel  plate (15 • 20 mm2). 

A l i th ium shee t  was m a d e  by press ing  a t ip wh ich  was 
cut  f rom a rod  (99.9% purity, Rare  Metall ic Company ,  Lim-  
ited). A ca thode  and anode  separa ted  by n o n w o v e n  cloth 
were  p laced  in a cavi ty  of  a conta iner  and ca. 0.2 ml  of  elec- 
t ro lyte  was in t roduced.  A conta iner  cons is ted  of  two  insu- 
lated stainless steel  plates (5 mm-thick)  separa ted  by a 
2 mm- th i ck  Teflon spacer  in which  a 25 • 35 m m  2 w i n d o w  
was made.  After  the  e lec t rodes  and separator  were  p laced 
in the  cavity, the  cell  was mechan ica l ly  sealed. In terna l  
e lec t rode  contac t  was a t ta ined by means  of  a stainless s teel  
spring. The  e lec t ro lyte  used  was 1M LiC104-propylene car- 
bonate- - (PC)/ te t rahydrofuran(THF)  (1:1) solution. All  pro- 
cedures  were  carr ied out  in a dry box. Other  sets of  experi-  
men ta l  condi t ions  are g iven  in the  Resul t s  section. 

Resul ts  
Continuous discharge curve.--Figure 1 shows the  con- 

t inuous  d ischarge  curves  of  HEMD(250) and HEMD(400) 
in 1M LiCIO4 P C f r H F  solution. Each curve  represents  the  
average  for more  than  20 cells. The  cells  were  d i scharged  
at 0.i m A  cm -2 (3-5 m A  g-] of  MnO2) at 30~ The cut-off  
vol tage  was 1.5V. 

The analyt ical  va lues  of  the  samples,  Mn w/o,  MnO2 w/o, 
and x in Mnox,  were  62.27, 95.39 and 1.968 for HEMD(250), 
and 62.62, 96.56, and 1.97_5 forHEMD(400),  respect ively.  As 
can be  seen in Fig. 1, the  work ing  vol tage of  HEMD(250) 
was ca. 130 m V  higher  than  that  of  HEMD(400) at the  ini- 
t ial  s tage of  the  reduct ion.  Both  samples  exh ib i t ed  a flat 
por t ion  in the  d ischarge  curve  at 2.98V and  2.84V for 
HEMD(250) and HEMD(400), respect ively .  The  shape of  
the  d ischarge  curve  of  HEMD(400) was more  flat than  that  
of  HEMD(250), as was already repor ted  (1-6, 8). The  dis- 
charge  capaci t ies  were  230-250 and 240-270 m A h  g-} based 
on the  sample  weigh t  for HEMD(250) and HEMD(400), re- 
spect ively,  i f  all data  e x a m i n e d  were  included.  Uti l izat ion 
for both  samples  was calcula ted to be 80-90% based on the  
avai lable Mn 4+ ions in a solid mat r ix  in this expe r imen ta l  
condit ion.  

Open-circuit voltage curves.--In order  to measu re  the  
open-c i rcui t  vol tage curves  dur ing  the  e lec t rochemica l  re- 
duc t ion  of  HEMD, in te rmi t ten t  d ischarge  tests,  3h on and 
5h off, were  carr ied out  at 0.1 m A  cm -2 (3-5 m A  g-1 of  
MnO2). The  cell  vol tages  at 5h after the  cur ren t  was 
swi tched  off  were  plot ted  in Fig. 2 as a func t ion  of  reduc-  
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Fig. 1. Continuous discharge curves of EMDs heat-treated at (a) 
250~ and (b) 400~ for 7 days. Electrolyte: 1M LiCIO4 PC/TH F (1:1). 
Current: 0.1 mA cm -2 {3-5 mA g-l) .  
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Fig. 2. Open-clrcult voltage curves of EMDs heat-treated at (a) 
250~ and (b) 400~ for 7 days. Electrolyte: 1M LiCI04 PC/THF (1:1). 

t ion degree  of  m A h  g-i  based on the  sample  weigh t  used. 
Both  curves  in Fig. 2 conta in  the  resul ts  for 3 cells. A dif- 
ferent  m o d e  of  in te rmi t t en t  d ischarge  tests,  6h on and 18h 
off, was also examined .  The  observed  open-c i rcui t  volt- 
ages, however ,  were  wi th in  the  scat ter  of  the  resul ts  shown 
in Fig. 2. Init ial  open-c i rcui t  vol tages  were  3.5-3.6V for 
bo th  HEMDs.  HEMD(250) shows h igher  open-ci rcui t  volt- 
ages in 0-190 m A h  g-1 of  reduc t ion  degree  than  that  of  
HEMD(400). A l though  the vol tage  plateaus for bo th  
samples  were  observed  in a low-rate  d ischarge  curve,  any 
vol tage  plateaus  were  not  observed  in the  open-ci rcui t  
vol tage  curves.  Open-c i rcui t  vol tages  of  HEMD(250) de- 
c reased  con t inuous ly  f rom 3.3V to 1.5V as a funct ion  of  re- 
duc t ion  degree.  The  open-ci rcui t  vol tages  of  HEMD(400) 
were  seemingly  more  flat than  that  of  HEMD(250). They,  
however ,  decreased  a lmos t  l inearly f rom 3.0V to 2.9V as a 
func t ion  of  reduc t ion  degree.  Uti l izat ion was calculated to 
be  90-95% based  on the  available Mn 4+ ions in a solid ma- 
t r ix  for both  HEMDs.  Uti l izat ion of  HEMD(400) was 
s l ight ly greater  than  that  of  HEMD(250), as was shown in 
Fig. 1 and 2. 

XRD pattern change during the reduction of HEMD.-- 
Figures  3 and 4 show the  x-ray diffract ional  pa t te rn  
changes  wi th  progress ive  reduc t ion  of  HEMD(250) and 
HEMD(400), respect ively .  S ince  the  locat ions  of  di f f ract ion 
l ines (20), and the  shapes  of  l ines as a func t ion  of  reduc t ion  
degree,  were  impor tan t  in cons ider ing  the  s t ructure  
changes  dur ing  the  reduc t ion  of  HEMDs,  the  observed  
X R D  pattel~as at the  different  depths  of  d ischarge  were  
g iven  in the  same figure. 

The  HEMD(250) sample  shows 4 main  diffract ion l ines at 
3.83, 2.42, 2.12, and 1.63A in d-values, which  are deno ted  as 
peaks  (a), (b), (c), and (d) in Fig. 3. S o m e  addi t ional  diffrac- 
t ion l ines were  also observed  in X R D  data. These  peaks,  
however ,  were  not  well-defined,  due  to t he  dis tor t ion in 
shapes  and the  weakness  in thei r  intensit ies.  Peak  (a) in 
Fig. 3 seems to be  shif ted cont inuous ly  toward  the  lower  
diffract ion angle  f rom 29.3 ~ to 25.0 ~ in 20, which  corre- 
sponds  to the  expans ion  f rom 3.83A to 4.47A in d-values 
wi th  progress ive  reduc t ion  of  HEMD(250). Peak  (b) also 
seems  to be  shif ted slightly, f rom 47.2 ~ to 46.2 ~ in 20. Peaks  
(c) and (d), however ,  did not  shift  cont inuously .  The  dif- 
f ract ion intensi t ies  of  peaks  (c) and (d) were  s l ight ly de- 
c reased  as the  reduc t ion  p roceeded  and n e w  diffract ion 
l ines  appeared  at the  ne ighbor ing  posit ions.  At  100 m A h  
g-] or 125 m A h  g-1 of  reduc t ion  degree,  these  peaks  
coex is ted  clearly in X R D  data and the  diffract ion l ine at 
ca. 86.5 ~ in 20 b e c a m e  apparen t  in its shape. Fu r the r  reduc-  
t ion of  the  sample  resul ted in the  d i sappearance  of  peaks 
(c) and (d) and the  appearance  of  n e w  peaks subs t i tu t ing  
for peaks  (c) and (d). F r o m  100 m A h  g-1 to 245 m A h  g-1 of  
r educ t ion  degree,  the  new peaks cont inuous ly  shif ted to- 
ward  lower  diffract ion angles, indicat ing con t inuous  lat- 
t ice expans ion  dur ing  the  lat ter  par t  of  HEMD(250) reduc-  
tion. As can  be  seen  in Fig. 3, r educ ing  HEMD(250) in a 
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Fig. 3. X-ray diffractional pattern changes of heat-treated EMD 
(250~ 7 days)during the reduction in o lithium nonaqueous cell. 

( b )  
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20 I deg ( FeK= ) 

Fig. 4. X-roy diffractional pattern changes of heat-treated EMD 
(400~ 7 days) during the reduction in a lithium nonoqueous cell. 

l i thium nonaqueous cell does not give a line-richer pat- 
tern. A selective broadening at peak (a) still exists in XRD 
patterns of all reduced HEMD(250) samples. The series of 
XRD patterns in Fig. 3 indicates that there are no destruc- 

tive changes in structure during the electrochemical re- 
duction of HEMD(250) in li thium nonaqueous cells. 

Figure 4 shows the XRD pattern changes of HEMD(400) 
during the reduction. The diffraction pattern of 
HEMD(400) is very similar to that of pyrolusite (beta- 
MnO2). The peaks (a)-(e) may be indexed as (110), (101), 
(111), (211), (002), and (301), respectively, assuming a 
tetragonal lattice. Of these, diffraction lines at 2.42, 2.12, 
and 1.63A in d-values were almost the same as those ob- 
served in HEMD(250). In reducing the sample, the peaks 
(a), (c), (d), and (f) became weakened in their intensities, 
and new peaks substituting for the peaks (a), (c), and (d) 
became clear in their line shapes. At 100 mAh g-1 or 150 
mAh g-1 of reduction degree, the coexistence of peaks (c) 
and (d) and their relatives was evidently observed in XRD 
patterns. For further reductions, these peaks continuously 
shifted their positions toward lower diffraction angles. The 
peaks (b) and (e) seem to be continuously shifted slightly 
in their positions. However, if the line shapes of these 
peaks were carefully observed, especially the peak (b), one 
can recognize that the apparent peak shifts are due to the 
changes in intensities of the overlapping two diffraction 
lines, which are very closely situated. 

General observations in XRD data of HEMD(400) are the 
same as those of HEMD(250), i.e., no destructive changes 
are seen in structure during the electrochemical reduction 
of HEMD(400) in lithium nonaqueous cells. 

Heat ing  the reduction product of  HEMDs. - - In  order to 
confirm the existence of li thium ions in a solid matrix, the 
samples having several reduction degrees were heated at 
700~ for 3h in air. Before heating, the electrochemically 
reduced samples were rinsed thoroughly with THF. The 
product of the HEMD sample, which was soaked in an 
electrolyte and then heated at 700~ was bixbyite (alpha- 
Mn20~). The reduced samples below ca. 130 mAh g-~ of re- 
duction degrees for both HEMDs gave the mixed products 
of bixbyite and cubic spinel. The deeply reduced samples 
above ca. 170 mAh g-1 gave a cubic spinel which has an 
identical XRD pattern to LiMn204 (cubic: a = 8.24A). Fig- 
ure 5 shows the XRD pattern of the reduction product of 
HEMD(250) at 245 mAh g-~ of reduction degree and its 
product heated at 700~ for 3h. Miller indexes in Fig. 5 
were given based on a cubic lattice (a = 8.24A). The final 
reduction product of HEMD(400) also gave the same 
product. 

p_ 

O ,. 

J "i " 

10 20 30 40 50 60 70 80 90 100 
20 1 deg ( FeK( x ) 

Fig. 5. X-ray diffractional patterns of a reauction product of heat- 
treated EMD (250~ 7 days) and its heated product at 700~ for 3h in 
air. 
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These  resul ts  c o m b i n e d  with  the  results  on the X R D  pat- 
tern  changes  dur ing  the  e lec t rochemica l  reduc t ion  of  
H E M D s  in l i th ium nonaqueous  cell  indicate  that  the  reac- 
t ion consists  of  e lec t ron inject ion and l i th ium ion inser t ion 
into a solid mat r ix  wi thou t  the  des t ruc t ion  of  the  core 
EMD structure.  

Discussion 
S t r u c t u r a l  c h a n g e s  d u r i n g  t h e  r e d u c t i o n . - - T h e  specific 

descr ip t ion  of  the  crystal  s t ruc ture  of  H E M D  toge ther  wi th  
EMD is necessary  to discuss  the  react ion m e c h a n i s m s  of  
H E M D  in l i th ium nonaqueous  cells. In  prev ious  papers  
(7-9), we have  d iscussed  the  crystal  s t ructures  of  EMD and 
H E M D  in relat ion to the  e lec t rochemica l  react ivi t ies  and 
phys icochemica l  propert ies .  A l though  there  are several  
a rgumen t s  on the  crystal  s t ructure  of  EMD, there  is gen- 
eral a g r e e m e n t  that  EMD has at least pyrolus i te  (1 x 1) and 
ramsdel l i te  (1 • 2) domains  in a hexagona l ly  c lose-packed 
o x y g e n  matr ix.  Accord ing  to our  previous  resul ts  (8, 9), 
EMD does not  change  its core s t ructure  on heating.  The  
di f ference be tween  EMD and H E M D  is the  concent ra t ion  
and dis t r ibut ion  of  ramsdel l i te  (1 x 2) and pyrolus i te  
(1 • 1) (possibly epsilon-MnO2) domains  in a solid mat r ix  
(7, 9, 10). S ince  the  uni t  cell  v o l u m e  of  ramsdel l i te  is two 
t imes  greater  than  that  of  pyrolusi te ,  s o m e  main  diffrac- 
t ion l ines f rom the  in te rgrowth  products  of  pyrolus i te  and 
ramsdel l i te  may  be  descr ibed  as suming  the  te t ragonal  
sublat t ice.  For  example ,  i f  we as sume  the  Miller indexes  of  
the  ma in  peaks  (b), (c), and (d) in Fig. 3 for HEMD(250) to 
be  (101), (111), and (211), the  latt ice constants  of  a tetrag- 
onal  sublat t ice  are calculated to be a =  4.40A and 
c = 2.90/L Similarly,  the  latt ice constants  of  HEMD(400) 
are calcula ted to be a = 4.39A and c = 2.86A by assuming  
the  Miller  indexes  of  the  main  peaks  (a)-(e) in Fig. 4 to be  
(110), (101), (111), (211), (002), and (301). Thus,  HEMD(250) 
and HEMD(400) have  the  same  te t ragonal  sublat t ice  con- 
stants. 

S ince  no des t ruc t ive  changes  in s t ructure  have  been  ob- 
se rved  in Fig. 3 and 4 for HEMD(250) and HEMD(400), re- 
spect ively,  the  s t ructural  changes  of  H E M D  due  to the  
e lec t rochemica l  reduc t ion  may  be descr ibed  us ing an as- 
s u m e d  te t ragonal  sublatt ice.  In  order  to obta in  te t ragonal  
subla t t ice  constants  in r educed  forms of  H E M D s  as a func- 
t ion of  reduc t ion  degree,  the  cor responding  main  peaks  
(b), (c), (d), and (e) in Fig. 3 and 4 are a s sumed  to be  (101), 
(111), (211), and (002). F igure  6 shows the  thus-obta ined  lat- 
t ice constants  f rom X R D  data in Fig. 3 and 4. Open  trian- 
gles and circles in Fig. 6 indicate  the  changes  in d imens ion  
of  a lat t ice dur ing  the  e lec t rochemica l  reduc t ion  of  
HEMD(250) and HEMD(400), respect ively,  in l i th ium non- 
aqueous  cell. As can be  seen in Fig. 6, HEMD(250) and 
HEMD(400) behave  s imilar ly in the  latt ice constants  v s .  the  
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Fig. 6. The lattice parameter vs. the reduction degree plots for the 
electrochemical reduction of HEMDs in lithium nonaqueous cell. Lat- 
tice parameters were obtained assuming the peaks (b), (c), (d), and (e) 
in Fig. 3 and 4 to he (101 ), (111 ), (211 ), end (002) in a tetragonal sub- 
lattice. Open circles and triangles indicate the results from 
HEMD(400) end HEMD(250), respectively. 

reduc t ion  degree  plots. Dur ing  the  first c a .  50% of reduc-  
t ion (0-150 m A h  g-l), a te t ragonal  sublat t ice  hav ing  
a = 4.39-4.40A and c = 2.86-2.90A does  not  change  in its lat- 
t ice constant .  At  c a .  30-50% of  reduct ion,  lat t ice expans ion  
in the  a-axis  and a li t t le shr inkage in the  c-axis b e c o m e  ap- 
parent ,  toge ther  wi th  the  coex is tence  of  two phases  having  
dif ferent  lat t ice constants .  In  30-90% reduct ion,  the  a-axis  
of  a n e w  te t ragonal  sublat t ice  expands  con t inuous ly  wi th  
progress ive  reduct ion,  whi le  not iceable  change  in the  
c-axis was not  observed.  

In  compar ing  a new te t ragonal  sublat t ice  of  HEMD(400) 
wi th  that  of  HEMD(250), the  lat t ice cons tant  of  the  fo rmer  
a-axis  is greater  than  that  of  the  lat ter  a-axis  in the  30-60% 
reduct ion.  However ,  the  deeply  r educed  HEMD(250) and 
HEMD(400) samples  exh ib i t ed  a lmos t  the  same latt ice 
constant ,  i .e. ,  a = ca .  5/~ and c = ca .  2.85A, sugges t ing  that  
HEMD(250) and HEMD(400) fo rmed  a lmos t  the  same  crys- 
tal s t ruc ture  as a final reduc t ion  product .  

Such  a te t ragonal  (sub)latt ice hav ing  l i th ium ions in a 
ma t r ix  r eminds  us of  the  reduc t ion  p roduc t  of  RuO2 in a 
l i th ium nonaqueous  cell (11, 12). In  reduc ing  RuO2 having  
the  rut i le  structure,  l i th ium ions are inser ted  into octahe-  
dral  sites wi th  changes  in its latt ice cons tan t  and oxygen  
pa rame te r  (12). The  e lec t rochemica l  reduc t ion  of  RuO2 
proceeds  topotact ica l ly  in two phases.  The  reduc t ion  prod- 
uc t  of  RuO2 has pr imar i ly  a te t ragonal  latt ice (a = 4.98_0A, 
c = 2.77_4A) with  oxygen  paramete r  0.26 (space group P42/ 
m n m )  (12), more  closely related to the NiAs- type  structure,  
i .e . ,  a hexagonal ly  c lose-packed a r rangement  of  o x y g e n  
ions in wh ich  half  of  the  octahedral  sites are occupied  by 
Ru ~§ ions and ha l f  of  the  octahedra l  sites by Li  § ions (11). 
In  the  LixRuO2 system, the  a l ternat ion of  space groups  
f rom the  rut i le  type  to the  NiAs-type,  toge ther  wi th  lat t ice 
expans ion ,  induce  a two-phase  e lec t rochemica l  react ion in 
a topotac t ic  m a n n e r  (12). 

Nardi  (6) sugges ted  a s t ructural  change  in the  MnO2 from 
its initial hexagona l  c lose-packed conf igurat ion to a cubic  
c lose-packed conf igurat ion in the  10-40% reduc t ion  of  
MnO2 f rom his e lec t rochemica l  s tudy  on non-heat - t rea ted  
EMD and heat- t reated EMD (350~ 8h). A l though  the  re- 
sults descr ibed  here  well  agree wi th  his observat ions,  the  
a l ternat ion f rom a hexagonal ly  c lose-packed 02_ arrange- 
m e n t  to a cubic  c lose-packed s t ructure  is hardly  recog- 
n ized in our  X R D  study. Burns  (10) also sugges ted  the  for- 
mat ion  of  a Li=Mn204 phase  having  a spinel  f r amework  
wi th  te t ragonal  s y m m e t r y  as the  deep  discharge  p roduc t  
of  EMD in l i th ium nonaqueous  cells. A te t ragonal  
LixMn204 phase  (a = 5.63A, c = 9.16A) (8, 13, 14) having  a 
spinel  f r amework  (space group;  I4{amd), however ,  was 
no t  observed  in this expe r imen ta l  condi t ion  even  for over- 
d i scharged  H E M D  samples.  

F igure  7 shows an idealized crystal  s t ruc ture  of  LiMnO2, 
hav ing  a te t ragonal  latt ice (space group P42/mnm; oxygen  
pa ramete r  0.25) and its calculated X R D  pat terns  wi th  
a = 5.0A and c = 2.85A. The observed  4 main  peaks  f rom 
the  reduc t ion  p roduc t  of  HEMDs  were  exp la ined  as 
(200)(101), (210)(211), (220)(211), and (301)(002). The  ob- 
se rved  intensi ty  of  the  (110) l ine and the  broad diffract ion 
l ine at ca. 4.4-4.6A in d-value were  not  exp la ined  by a sim- 
ple s t ructura l  mode l  in Fig. 7. The  locat ion of  a broad dif- 
f ract ion l ine at c a .  4.4-4.6A, however ,  may  be  exp la ined  as 
a (110) l ine f rom an o r tho rhombic  uni t  cell wh ich  consists  
of  two  te t ragonal  sublatt ices,  i .e. ,  a = ca .  2 • b A ,  b = 

4.9-5.0A, and c = 2.82-2.86A. Assuming  an o r tho rhombic  
uni t  cell  hav ing  a = 10.27A, b = 4.9_3/~, and c = 2.85A, in- 
dexes  (h, k, 1) for all the  diffract ion l ines observed  f rom the  
reduc t ion  p roduc t  of  HEMDs  at c a .  250 m A h  g-1 of  reduc-  
t ion degree  may  be  ass igned as shown in Table  I, toge ther  
wi th  the  ass ignment  assuming  a te t ragonal  uni t  cell. 

As can be seen in Table  I, the  reduc t ion  p roduc t s  ob- 
ta ined f rom HEMD(250) and HEMD(400) have  the  same d- 
va lues  of  the  diffract ion lines, indicat ing that  both  prod- 
ucts  conta ined  the  same crystal  s t ructure.  A possible  
s t ruc ture  having  an o r tho rhombic  uni t  cell wi th  a = ca .  

10A, b = ca .  5A, and c = ca .  2.85A, m a y  be  ramsdel l i te - type  
s t ruc ture  [(1 • 2)-tunnel s tructure]  or  (1 • 3)-tunnel struc- 
ture  having  a hexagona l ly  c lose-packed a r r angemen t  of  
o x y g e n  in which  l i th ium ions are located at oc tahedra l  
sites. 
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Fig. 7. An idealized crystal structure of LiMnO2 having a tetragonal 
lattice (space group P42/mnm; oxygen parameter 0.25) (top), and its 
calculated XRD patterns (bottom), with a = 5.0~ and c = 2.85~. Ar- 
rows indicate the possible Jahn-Teller distortion of the [Mn3+O62-] unit 
octahedron. Xs indicate the octahedral sites in which lithium ions are 
located. 

R e d u c t i o n  m e c h a n i s m  o f  H E M D  in  l i t h i u m  n o n a q u e o u s  
c e l l s . - - S i n c e  t h e  s t ruc tu ra l  c h a n g e s  f r o m  HEMD(250)  a n d  
HEMD(400)  to  a n e w  Li~MnO2 p h a s e  c a n  b e  d e s c r i b e d  as 
l a t t i ce  p a r a m e t e r  c h a n g e s  u s i n g  a t e t r a g o n a l  sub la t t i ce ,  we  
can  d i scuss  t he  r e d u c t i o n  m e c h a n i s m  of  H E M D  in  l i t h i u m  
n o n a q u e o u s  cell. 

D u r i n g  t h e  first  ha l f  of  t he  r educ t ion ,  a n  H E M D  p h a s e  
h a v i n g  a t e t r a g o n a l  sub l a t t i c e  (a = 4.39-4.40A, c = 2.85- 
2.90A) is p rog res s ive ly  c o n v e r t e d  in to  a n e w  Li~MnO2 
p h a s e  h a v i n g  an  e x p a n d e d  t e t r a g o n a l  sub l a t t i c e  
(a  = 4.9-5.0A, c = 2.82-2.85A), a n d  th i s  is a t w o - p h a s e  reac- 
t ion.  D u r i n g  th i s  per iod ,  l i t h i u m  ions  are  i n s e r t e d  in to  oc- 
t a h e d r a l  s i tes  in  a n  H E M D  m a t r i x  b y  c h a n g i n g  its sub la t -  
t ice  p a r a m e t e r s  w i t h  t h e  a ids  of  t h e r m a l  v i b r a t i o n  a n d  

Table I. Analysis of x-ray diffraction data on the deep discharge 
product of heat-treated electrolytic MnO2 in lithium nonaqueous cell 

Peak No. dob/A ~ dodA b (h,k,1) r dr r (h,k,1) d dr d 

1 4.47 4.4-4.6 - -  - -  (1,1,O) 4.44 
2 3.5-3.6 3.60 (1,1,0) 3.52 (2,1,0) 3.56 
3 2.47 2.45 (2,0,0) 2.49 (2,0,1) 2.49 

(1,0,1) 2.48 
4 2.22 2.20 (2,1,0) 2.23 (2,1,1) 2.23 

(1,1,1) 2.22 
5 1.76 1.76 (2,2,0) 1.76 (4,1,1) 1.78 

(2,1,1) 1.76 
6 1.47 1.48 - -  - -  (601) 1.47 
7 1.43 1.43 (0,0,2) 1.43 (0,0,2) 1.43 

(3,0,1) 1.44 

a Reduction product of HEMD(250) at 245 mAh g-1 of reduction 
degree. 

Reduction product of HEMD(400) at 250 mAh g-1 or reduction 
degree. 

Assuming tetragonal unit cell (a = 4.98/~, c = 2.86A). 
d Assuming orthorhombic unit cell ( a =  10.27A, b = 4.93A, 

c = 2.85A). 

e lec t r ic  field ac ross  a p h a s e  b o u n d a r y .  S i n c e  t he  p h a s e  
b o u n d a r y  b e t w e e n  H E M D  p h a s e  a n d  a n e w  Li~MnO~ 
p h a s e  m o v e s  w i th  p rog re s s ive  d i scharge ,  a n  in t e rna l  s t ress  
in  a n e w l y  f o r m e d  LixMnO2 p h a s e  m a y  i n d u c e  a la t t ice  dis- 
o rde r  in  t he  ma t r ix .  C o n s e q u e n t l y ,  s u c h  a p rog re s s ive  
p h a s e  a l t e rna t i on  was  no t  o b s e r v e d  b y  X R D  m e t h o d  in t he  
f irst  ca. 25% reduc t ion ,  un t i l  a n  i n t e r n a l  s t ress  was  re- 
m o v e d  a n d  a we l l -o rde red  LixMnO2 p h a s e  was  inc reased .  

In  t he  30-90% reduc t ion ,  l i t h i u m  ions  are  i n s e r t e d  in to  
u n o c c u p i e d  o c t a h e d r a l  s i tes  a n d  mig ra t e  t h r o u g h  oc tahe-  
d ra l  sites,  poss ib ly  via  t e t r a h e d r a l  s i tes  d u e  to ene rge t i c  
p r e f e r e n c e  (10), in  a n e w  Li=MnO2 phase .  F u r t h e r  l i t h i u m  
ion  c o n c e n t r a t i o n  a n d  M n  ~+ f o r m a t i o n  re su l t  in  a con t inu -  
ous  e x p a n s i o n  of  t e t r a g o n a l  sub l a t t i c e  in  a LixMnO2 p h a s e  
( x  = ca.  0.3-0.9). Th i s  is a h o m o g e n e o u s  p h a s e  reac t ion .  A 
t e t r a g o n a l  sub l a t t i c e  in  a n e w  LixMnO2 m a y  b e  r e l a t ed  to 
t h e  NiAs- type  s t r u c t u r e  as was  d i s c u s s e d  in t he  p r ev ious  
sec t ion .  As  far as t h e  NiAs- type  s t r u c t u r e  is c o n c e r n e d ,  ep-  
s i lon-MnO2 has  b e e n  d e s c r i b e d  as h a v i n g  t he  NiAs- type  
s t r u c t u r e  (15), w h i c h  is also a pa r t i cu la r  e n d  m e m b e r  of  
gamma-MnO2 (9, 15). 

S i n c e  t he  e l e c t r o c h e m i c a l  r eac t ion  of  H E M D  p r o c e e d s  in  
two  p h a s e s  in  t he  first ha l f  of  t h e  r educ t ion ,  t h e  r eve r s ib l e  
e l ec t rode  po t en t i a l  is e x p e c t e d  to be  a c o n s t a n t  as a func-  
t ion  of  r e d u c t i o n  degree .  T h e  revers ib i l i ty ,  howeve r ,  is 
poo r  in  th i s  r eg ion  (16). In  th i s  t w o - p h a s e  region,  H E M D  
p h a s e  a n d  a f o r m e d  Li=MnO2 p h a s e  coex i s t  in  a ma t r ix .  
H E M D  still  con t a in s  a s t ruc tu ra l  water ,  m o r e  p rope r ly  
OH-  ions  in  a mat r ix ,  b e c a u s e  of  t h e  s t ruc tu ra l  a n d  phys i -  
c o c h e m i c a l  n a t u r e  of  MnO2 (17). I f  a n  e x t e r n a l  c u r r e n t  is 
s w i t c h e d  off  in  th i s  t w o - p h a s e  region,  H E M D - c o n t a i n e d  
O H -  ions  in  a m a t r i x  m a y  b e  e q u i l i b r a t e d  w i th  H20, w h i c h  
is a c o n t a m i n a t i o n  on  par t ic les  or  in  t he  e lec t ro ly te  u s e d  
(no rma l ly  be low 100 m g  1-1), a n d  a Li=MnO2 p h a s e  m a y  b e  
also e q u i l i b r a t e d  w i t h  Li  § ions  in  t he  e lect rolyte ,  t o g e t h e r  
w i t h  a n  e q u i l i b r i u m  b e t w e e n  H E M D  p h a s e  a n d  a n e w  
Li=MnO2 phase .  S ince  s u c h  ( two or th ree )  r eac t i ons  t ake  
p lace  d u r i n g  a n  open-c i r cu i t  cond i t ion ,  o b s e r v e d  open-c i r -  
cu i t  vo l t ages  in  Fig. 2 a n d  t h a t  of  l o n g - t e r m  tes t s  on  t he  
OCV recove ry  (6) m a y  s h o w  a m i x e d  po t en t i a l  b e t w e e n  
t h e m .  Charac t e r i s t i c  fea tu res  of  a t w o - p h a s e  r eac t i on  m a y  
b e  re f lec ted  in t he  s h a p e s  of  t he  low-rate  d i s c h a r g e  curve ,  
i.e., t h e r e  is a flat po r t i on  in  t he  d i s c h a r g e  curve.  

In  t he  l a t t e r  h a l f  of  t he  r educ t ion ,  t h e  r eac t i on  p r o c e e d s  
in  a h o m o g e n e o u s  phase .  A l t h o u g h  t h e  r e c h a r g e a b i l i t y  of  
H E M D  is d e s c r i b e d  as poo r  e v e n  at  a l im i t ed  d e p t h  of  dis- 
c h a r g e  (5), a n e w  LixMnO2 p h a s e  is h i g h l y  r e c h a r g e a b l e  in  a 
l i t h i u m  n o n a q u e o u s  cell, i.e., typ ica l ly  LixMnO2 (x = ca. 
0.3-0.9), w h i c h  c o r r e s p o n d s  to ca.  150-200 m A h  g-1 of  re- 
c h a r g e a b l e  capac i ty  (16). Reve r s ib l e  e l ec t rode  po t en t i a l s  in  
th i s  h o m o g e n e o u s  r eg ion  a n d  a m o r e  specif ic  d e s c r i p t i o n  
of  t h e  c rys ta l  s t r u c t u r e  of  th i s  n e w  Li=MnO2 p h a s e  wil l  b e  
d i s c u s s e d  in  a s epa ra t e  p a p e r  in  r e l a t ion  to t he  r echa rge -  
ab i l i ty  of  H E M D  in  a l i t h i u m  n o n a q u e o u s  cell. 

Summary 
I n  th i s  paper ,  we  h a v e  dea l t  w i t h  t he  r e d u c t i o n  m e c h a -  

n i s m  of  hea t - t r e a t ed  EMD in l i t h i u m  n o n a q u e o u s  cells. A 
ser ies  of  X R D  e x a m i n a t i o n s  i n d i c a t e d  t h a t  t he  r eac t i on  
c o n s i s t e d  o f  e l ec t ron  in j ec t ion  a n d  l i t h i u m  ion  i n s e r t i o n  
in to  a sol id m a t r i x  w i t h o u t  t he  d e s t r u c t i o n  of  t he  core  
s t r u c t u r e  of  EMD. The  s t ruc tu ra l  c h a n g e s  d u r i n g  t he  elec- 
t r o c h e m i c a l  r e d u c t i o n  of  H E M D  were  d e s c r i b e d  a s s u m i n g  
a t e t r a g o n a l  subla t t ice .  

D u r i n g  t h e  first  ha l f  of  t he  r educ t ion ,  a n  H E M D  p h a s e  
h a v i n g  a t e t r a g o n a l  sub l a t t i c e  (a = 4.39-4.40A, c = 2.86- 
2.90/~) was  c o n v e r t e d  in to  a n e w  Li=MnO2 p h a s e  h a v i n g  a n  
e x p a n d e d  t e t r a g o n a l  sub la t t i ce  (a = 4.9-5.0A, c = 2.82- 
2.86A), i.e., a t w o - p h a s e  reac t ion .  In  t he  30-90% reduc t ion ,  
l i t h i u m  ions  are  i n s e r t e d  in to  u n o c c u p i e d  o c t a h e d r a l  s i tes  
a n d  m i g r a t e  in  a n e w  Li=MnO2 phase ,  w h i c h  is cha rac te r -  
ized b y  a c o n t i n u o u s  inc rease  in  a -axis  b a s e d  o n  a te t rag-  
ona l  sub l a t t i c e  as a f u n c t i o n  of  r e d u c t i o n  degree ,  i.e., a ho-  
m o g e n e o u s  p h a s e  reac t ion .  The  pos s ib l e  c rys ta l  s t r u c t u r e  
of  t he  deep  d i s c h a r g e  p r o d u c t  L i ~ I n O 2  (x > 0.8) was  dis- 
c u s s e d  a s s u m i n g  a t e t r a g o n a l  u n i t  cell  (a  = ca.  5A, c = ca.  
2.85A) h a v i n g  t h e  NiAs- type  s t r u c t u r e  b y  ana logy  w i t h  
Li=RuO2 a n d  a n  o r t h o r h o m b i c  u n i t  cell, i.e., a = 2 x b A ,  
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b = ca. 5A, c = ca. 2.85A. From these, assuming an ortho- 4. 
rhombic unit cell having a = 10.27A, b = 4.9_3A, and 
c = 2.85A, all diffraction lines from the reduction products 5. 
of HEMD can be indexed. 6. 
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Compatibility of Molybdenum Current Collectors in Lithium- 
Alloy/Iron Disulfide Cell Environment 

Ram A. Sharma 
General Motors Research Laboratories, Department of Physical Chemistry, Warren, Michigan 48090-9055 

ABSTRACT 

Stability of molybdenum metal was determined in a Li-A1 or Li-Si/FeS2 cell environment using a steady-state potential 
technique and a cyclic voltammetry technique. By the steady-state potential technique, molybdenum was found chemi- 
cally stable with li thium chloride-potassium chloride eutectic electrolyte at potentials smaller than -1.5V with respect to a 
l i thium-aluminum reference electrode at about 700 K. It reacted with the electrolyte at the potentials equal to or greater 
than -1.5V. However, this reaction was probably caused by some impurities such as t i tanium or zirconium in the molyb- 
denum. Addition of li thium sulfide to the electrolyte suppressed the above reaction, but a molybdenum sulfide forming 
reaction started at -1.55V with respect to the Li-A1 reference electrode. The reaction of molybdenum with the electrolyte 
forming a chloride occurred at about 2.1V. These observations were in agreement with those made by the cyclic voltam- 
metry technique. Continuous sweeping from 1 to 1.85V indicated that molybdenum was not passivated by sulfidation at 
700 K in these melts. However, the sulfidation reaction may not be too severe to preclude the use of molybdenum metal 
structures as current collectors in FeS2 electrodes. 

In studies of l i thium-aluminum or lithium-silicon/iron 
disulfide compact cells, high self-discharge is observed 
with increasing test duration. In these cells, a molybde- 
num metal structure as current collector in the iron disul- 
fide electrode, and boron nitride cloth separator to elec- 
tronically isolate the positive and negative electrodes in 
LiC1-KC1 eutectic electrolyte, are used. The cell is operated 
at -700 K and undergoes two major voltage plateaus at 
1.34 and 1.75V corresponding to two compounds, FeS and 
FeS2, respectively, during cycling (1). The molybdenum 
current collector has to be chemically stable with LiC1-KC1 
electrolyte saturated with Li2S at the beginning and during 
most of charging, and with the practically pure electrolyte 
near the end of charging under these cell operating condi- 
tions. Post-mortem studies of these cells indicated a slight 
molybdenum current collector reaction with sulfur spe- 
cies in the positive electrode forming molybdenum sul- 
fide. The boron nitride separator was also observed to de- 
velop electronic conduction. 

A static immersion test indicated practically no .reaction 
of molybdenum metal with the electrolyte saturated with 
Li2S during a 1000h test at 725 K; only a purple coloration 
of the sample was observed. Studies at Argonne National 
Laboratory have also shown molybdenum to be corrosion 
resistant in the above melts (2). Raleigh et al. (3) have also 
reported molybdenum to be stable in these melts, but the 
stability has been reported to be due to passivation. 

This investigation was conducted to determine the sta- 
bility of molybdenum in an environment similar to that of 
a Li-alloy/LiC1-KC1 eutectic/iron disulfide cell and at typi- 
cal charge/discharge potentials. 

Experimental 
Steady-state potential technique.---All of the experimen- 

tal work was done in a helium atmosphere glove box. The 
data were obtained by a cell (Fig. 1) in which a molybde- 
num electrode, a stainless steel screen electrode, and lith- 
ium chloride-potassium chloride electrolyte were used. 
The two electrodes sandwiched the boron nitride separa- 
tor when it was used and their potentials were set by two 
separate electrical circuits and a lithium-silicon reservoir 
counterelectrode in the cell. The electrical circuit shown in 
Fig. 2 and described in Ref. (4) consisted ofa  dc power sup- 
ply, a dual channel recorder for recording potential and 
current, and a digital meter  to measure the potential and 
the current. A tubular furnace (150 mm high, 75 mm diam) 
was used in conjunction with a variable transformer to 
heat the cell. Chromel-Alumel thermocouples and a milli- 
volt  potentiometer were used for temperature measure- 
ments. 
ELectrodes.--Various types of molybdenum electrodes 
were used. They were made from a molybdenum sheet or 
bar of 99.95% purity. The bar and sheet were manufactured 
from molybdenum powder of the composition given in 
Table I. 




