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ABSTRACT 

A neutron powder  diffraction s tudy of a- and fl-PbO2, both chemically prepared and electrochemically formed in cycled 
battery plates, was carried out to correlate the electrochemical  activity of the lead-acid battery with the atomic arrangement  
of the electrode constituents. Our results are consistent  with the presence of hydrogen in the structure of/3-PBO2, but  the 
departure  of the occupancy factors from stoichiometricovalues are not large enough to unambiguous ly  establish whether  
there are lead or oxygen deficiencies. If  the Pb:O ratio corresponds to exact  stoichiometry, any hydrogen which is present  
must  be accompanied by a reduction of Pb § There is a significant increase in the lattice parameter  a of fl-PbO2 in cycled 
bat tery electrodes relative to the value found in chemically prepared B-PbO2. No change in the c parameter,  however, was de- 
tected. These dimensional  changes are consistent  with a configuration for hydrogen similar to that  observed in the rutile- 
type structure of SnO2, in which there are OH- ions oriented perpendicular  to the c axis. The profile parameters  obtained in 
this analysis show that  the crystalli tes offl-PbO~ in the positive plate material  of a bat tery cycled three t imes (Y3) are smaller 
than those in the chemically prepared compound (-450A vs. 800A), while there are no significant differences between the 
latter and fl-PbO2 in the positive plate material  of a bat tery cycled 36 t imes (Y36). The average structure of~-PbO2 cannot be 
accurately determined by profile analysis, at the present  time. The difficulties encountered in the refinement may be due 
to extensive defects, nonspherical  crystalli tes of small size, and/or small departures  of the structure from orthorhombic 
symmetry.  

The active mate r ia l s  of  the  l ead -ac id  b a t t e r y  are 
formed e lec t rochemical ly  by  charging  a commercia l  
pas te  made  f rom a mix tu re  of PbO and sulfur ic  acid. 
In the  charg ing  process, the  a-  and ~-phases of PbO2 
are formed at  the  posi t ive pla te  and spongy lead  at  
the negat ive  plate.  Dur ing  discharge,  both  forms of 
PbO2 t rans form into PbSO4. Posi t ive  ba t t e ry  plates  
cannot be fabr ica ted  by  d i rec t ly  pas t ing  the grids wi th  
chemical ly  p r epa red  a- and p-PbO2, for  these prove  
to be e lec t rochemical ly  inact ive  forms, i.e., a ba t t e ry  
made  with  these mater ia l s  would  not  spontaneous ly  
genera te  a cur ren t  when  connected to an ex te rna l  
c ircui t  (1). The reason for this different  behavior ,  re-  
su l t ing  sole ly  f rom the different  methods  of p r e p a r a -  
t ion of PbO~, is not  known at  present .  

Ano the r  phenomenon  not  ye t  unders tood is the loss 
of capaci ty  of a ba t t e ry  af te r  a n u m b e r  a cha rge -d i s -  
charge cycles. Al though  mechanica l  factors may  p lay  
a role in ba t t e ry  fai lures,  chemical  and  s t ruc tu ra l  
changes mus t  also be present  (1). Caulder  (2) has 
hypothesized tha t  an inact ive type  of PbO~ may  form 
in increas ing amounts  dur ing  cycling. This hypothesis  
is consistent  wi th  dif ferent ia l  t he rmal  analysis  (DTA),  
the rmograv ime t r i c  analysis,  h i g h - t e m p e r a t u r e  mass 
spect rometry ,  and pulsed nuc lear  magnet ic  resonance  
(NMR) measurements .  

The origin of the  e lec t rochemical  ac t iv i ty  has also 
been l inked  with the presence of a hydrogen  species 
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ure.  

in the  crys ta l  s t ruc tures  of a- and p-PbO~. NMR re -  
l a x a t i o n  studies show that  the  act ive mate r ia l s  contain 
smal l  amounts  of hydrogen  in two configurations, whi le  
the inact ive oxides, chemica l ly  o r  e lec t rochemica l ly  
prepared ,  showed that  the  bulk  of the hydrogen  is 
p redominan t ly  in only  one configuration (3).  

I t  has been suggested,  f rom resul ts  of DTA measu re -  
ments,  that  an e lec t rochemica l ly  act ive amorphous  
form of PbO2 exists in the  posi t ive p la te  mater ia l s  in 
addi t ion  to the a- and p-phases  (2). This amorphous  
oxide would undergo some s t ruc tu ra l  r eo rder ing  dur -  
ing cycling (wi th  loss of hydrogen  species) and would 
be conver ted  to an e lec t rochemica l ly  inact ive  Pb02 
with NMR, DTA, and mass  spectroscopic character is t ics  
s imi lar  to those obta ined  f rom the chemical ly  p r e -  
pared  mater ia ls .  

The s tudies  ment ioned  above lead  us to conclude 
that  the  oxide often labe led  as "PbO2" can in fact  be  
one of the fol lowing mater ia l s :  (i) ~-PbO2 and (ii) p- 
PbO2, as they  are  present  in the act ive ma te r i a l  of 
the posi t ive plate;  (iii) ~-PbO2 and (iv) p-PbO2 as 
present  in the posit ive p la te  a f te r  loss of capaci ty;  and, 
finally, (v) a-PbO2, (vi) p-Pb02,  and (vii) amorphous  
PbO2 chemica l ly  p repared .  

In o rde r  to unders tand  the na tu re  of  the  e lec t ro-  
chemical  ac t iv i ty  of the l ead -ac id  ba t te ry ,  i t  is im-  
por t an t  to de te rmine  if the re  a re  de tec tab le  s t ruc tu ra l  
differences be tween  the act ive and the inact ive forms 
of each phase. This, of  course, impl ies  the de t e rmina -  
t ion of the  de ta i led  crysqtal s t ructures  of the mater ia l s  
l is ted above. Studies  in this d i rect ion have been car -  
r ied out b y  powder  neu t ron  diffraction on the chemi-  
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cal ly  p repared  a- and ~-PbO~ (4, 5) and, more  re -  
cently,  on e lec t rochemica l ly  active ~-PbO2 (6, 7) and 
on the lead dioxides ob ta ined  f rom the posi t ive plate  
of the  l ead -ac id  ba t t e ry  (8). The resul ts  of these 
s tudies  show that,  whi le  the  s t ructure  of the ~-phase 
is wel l  de te rmined ,  that  of the a -phase  has not  ye t  
been unders tood in detail .  In  addit ion,  i t  seems tha t  
there  is considerable  d i sagreement  about  the presence 
of an "amorphous"  phase in the  p la te  mater ia ls .  

As a par t  of a s tudy of lead  dioxides,  we have de-  
cided to refine the  s t ructures  of ~- and ~-PbO~ as they  
exist  at  different  stages of the  ba t t e ry  life and com- 
pa re  these s t ructures  wi th  those of the chemical ly  
p repa red  mater ia ls .  Neut ron  diffraction has been used 
throughout  this analysis  to t ake  advantage  of the 
favorab le  values of the  sca t te r ing  lengths  of oxygen 
and lead  and to avoid the  problems  connected wi th  
high absorpt ion and p re fe r r ed  or ienta t ion  which im-  
pose severe  l imi ta t ions  on the x - r a y  diffraction ex-  
per iments .  Since none of the  mater ia l s  of in teres t  can 
be p repa red  as single crystals ,  the powder  method  has 
been used in al l  the exper iments .  

Experimental 
Samples.--The mate r i a l  l abe led  Y-36 was obta ined 

f rom a commerc ia l ly  avai lab le  12 A - h r  (c/10 ra te)  
ba t te ry .  The ba t t e ry  contained acid wi th  a specific 
g rav i ty  of 1.260. The cycling regime consisted of a 
6.0A constant  cur ren t  d ischarge to a 10.50V cutoff 
(1.75 V/ce l l ) .  The ba t t e ry  was then recharged  at 4.0A 
constant  cur ren t  unt i l  a crossover constant  vol tage  of 
15.0OV (2.50 V/ce l l )  was reached.  Charging at  constant  
vol tage  was cont inued unt i l  110% of the previous  dis-  
charge  capaci ty  was obtained.  The in i t ia l  discharge 
capaci ty  of the ba t t e ry  was 7.47 A-hr .  Af te r  6 cycles, 
the capaci ty  had leve led  off to 7.20 A-hr .  The average  
capaci ty  of these first 6 cycles was 7.35 A-hr .  The final 
capaci ty  measurements  pr ior  to disassembly,  af ter  36 
cycles, was 6.30 A-hr .  This va lue  represen ted  a 15% 
decrease  in capaci ty  f rom the average  of the first 6 
cycles. A f t e r  disassembly,  the  PbO2 electrodes were  
washed in dis t i l led  wa te r  and vacuum dried.  The sam-  
ples used in the  diffract ion exper iments  were  then 
ground and a i r  dr ied  at  135~ 

The Y3 mate r i a l  was obta ined  f rom another  ba t t e ry  
cycled in the  same manne r  as above, and the PbO~ 
e lec t rode  was d isassembled  af ter  th ree  cycles. The 
average  capaci ty  of the  b a t t e r y  at this poin t  was 7.53 
A-hr .  

The chemical ly  p r epa red  ~-PbO~ used in this s tudy 
was Baker  reagent  grade ( lot  no. 4604) dr ied  in air  at  
130~ Chemical ly  p r epa red  ~-PbO2 was obta ined  b y  
oxidizing ammoniaca l  lead  aceta te  wi th  ammonium 
persulfate ,  and  the  compound was dr ied  in a i r  at  130~ 

Neutron di~raction measurements.~The neut ron  dif -  
f ract ion intensi t ies  were  measured  at room t empera tu re  
wi th  the h igh-reso lu t ion  f ive-detector  di f f ractometer  at  
the  Nat ional  Bureau  of S tandards  Reactor  (9), using 
the exper imen ta l  condit ions indica ted  in Table  I. The 
da ta  were  analyzed with  the Rie tve ld  method (10), 
modified b y  Pr ince  (11) to s imul taneous ly  process the 
intensi t ies  collected b y  the five counters  of the  dif-  
f rac tometer .  

Refinements and Results 
From the first stages of the s t ruc tu ra l  analysis,  i t  

was appa ren t  that  the  peaks  of al l  samples  examined  
had  tails  too broad to conform to a Gaussian d i s t r ibu-  
tion. This can be seen in Fig. l a  which  shows a Gaus-  
sian l eas t - squares  fit of the  reflection 002 of chemical ly  
p r epa red  ~-PbO~. The discrepancy be tween  observed 
and calcula ted intensit ies,  especial ly  evident  in the 
tai ls  and at  the peak  of the  reflection, can be signifi-  
can t ly  reduced  by  using, for  the  fitting, the  Pearson  
type  VII  funct ion (12), as shown in Fig. lb .  A com- 
par ison of the two figures shows that  the  value of the 

Table I. Experimental conditions used to collect the neutron 
powder intensity data for Pb02 

Monochromatic  beam: 
Wavelength: 
Horizontal  divergences:  

Monochromator  mosaic  
spread: 

Sampm container:  

reflection 220 of a Cu monochromator  
1.5416(3) A 
(a) in-pile col l imator:  10 rain. arc; 
(o} mo~lochromatle beam coll imator; 20 

rain. are; 
(c)  diffracted beam collima%or: 10 rain. 

arc 
15 rain. arc 

vanadium can --  10 m m  diam 
Angular ranges  scanned 10-40, 30.60, 50-80, 70-190, 90-120 

by each detector:  
Angular step: 0.05 ~ 

goodness of fit x, the background,  and the ful l  wid th  
at hal~ m a x i m u m  are  h igher  for the  Gaussian approx i -  
mat ion  than  1or the Pearson ~unction. The differences 
in the background  level  and in the ful l  width  at  half  
max imum,  caused by  the imprope r  descr ipt ion of the 
peak  shape, m a y  resul t  in an  erroneous evalua t ion  of 
the occupancy and t empe ra tu r e  factors of the a toms 
in the  s t ruc ture  and in underes t ima ted  values  of the 
sizes of the crys ta l l i tes  in the  sample.  Because of these 
results,  i t  was necessary  to use the Pearson  function 
in a l l  ref inements  r a the r  than  the usual  Gaussian dis-  
t r ibut ion.  At  this  stage, i t  was thought  necessary to 
repea t  the ref inement  of chemical ly  p repa red  ~-PbO2 
which had been prev ious ly  ana lyzed  (4) assuming that  
the profiles were  Gaussian.  

The in i t ia l  values of latt ice,  profile, and s t ruc tu ra l  
pa rame te r s  were  those ob ta ined  prev ious ly  for ~-PbO~ 
(4), and the ini t ia l  posi t ional  pa rame te r s  of a-PbO2 
were  those repor ted  by  Moseley et al. (5). The scat -  
te r ing  ampl i tudes  were  b ( P b )  = 0.94, b (O)  = 0.58 • 
10 -12 cm (13). 

The sample  of chemical ly  p r epa red  ~-PbO~ was free 
f rom diffraction effects due to impuri t ies ,  and the re -  
fore, the  ent i re  powder  pa t t e rn  was used in the re -  
f inement of the s t ructure .  The samples  Y36 and Y3, 
however ,  contain  both a-  and  ~-PbO2. The s tudy of 
the  ~-phase in these samples  could only be carr ied  out  
by  excluding,  f rom the  calculations,  the angular  r e -  
gions containing the diffract ion peaks  of the  a -phase  
and vice-versa .  

In  al l  cases, the background  was assumed to be a 
s t ra igh t  l ine of finite s lope and was refined for each 
of the  five channels  of the  diffractometer ,  together  
wi th  the profile and the s t ruc tu ra l  parameters .  

The value  of the  p a r a m e t e r  m appear ing  in the P e a r -  
son equat ion (12) can be de te rmined  e i ther  by  fit t ing 
isolated peaks  or  by  ca r ry ing  out a series of ref inements  
wi th  different  values  of the p a r a m e t e r  m and select ing 
the ref inement  which gives the lowest  R- fac to r  and 
the most  reasonable  t e m p e r a t u r e  parameters .  Obvi-  
ously, the first method  is preferable ,  bu t  it can only  
be used if  the peaks  selected for  the de te rmina t ion  of m 
are  wel l  isolated and pe rmi t  an accurate  evalua t ion  of 
the  background.  This can be seen in Fig. lc, which i l -  
lus t ra tes  the Gauss ian  l eas t - squares  fit to the  same 002 
reflection of fl-PbO2, per formed  over  an anguIar  range 
too smal l  for  an accurate  es t imate  of the  background.  
The fit, which would be considered sa t i s fac tory  wi th-  
out  p r io r  knowledge  of the  peak  shape,  would  y ie ld  
not  on ly  the  wron~ va lue  of m but  would  also resu l t  
in a background  level  so un reasonab ly  high that  i t  
might  affect even the a tomic  posi t ional  pa rame te r s  cal-  
culated in the refinements.  To avoid errors  of this 
type. we have  fol lowed the  second urocedure,  and the 
R - v a l - e s  vs. m obta ined for ~-PbO2 are  shown in 
Table II. 

~-PbOz. - -The  resul ts  of the  ref inements  of ~-PbO2 in 
al l  the  samples  analyzed are  given in Table III,  where  
they  are compared,  where  apulicable,  wi th  those re-  
por ted  by  urevious authors .  The calcula ted and ob-  
served  profiles, wi th  residuals ,  are  shown in Fig.  2. 
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As shown in the table, the latt ice pa rame te r  a of 
p-PbC~2 in Y3 and Y36 is significantly higher  than that  
of chemical ly  prepared  ~-PbO2, with a sh i f t /pooled  
error,  A/Z, of 30 and 24 for Y3 and Y36, respectively,  
[pooled er ror  = (~12 + ~22) ~/~]. On the other  hand, 
the value of c does not  va ry  significantly f rom sam- 
ple to sample  (max imum ~/Z -- 7.6). 

The posit ional parardeter  x of the oxygen atoms 
seems to decrease in the sequence fl-PbO2, Y36, Y3. The 
differences observed could indicate a trend, but  they 
are too smal l  to be considered significant (max imum 
h / z  ___ 5.0). The in tera tomic  distances and angles 
calculated for the samples analyzed are  repor ted  in 
Table  IV, in which the label ing of the atoms is the 
same as that  indicated in Fig. 3. As a result  of the 
observed changes in the a and x parameters ,  the dis-  
tance 0 ( 3 ) - 0 ( 4 )  increases and the distance Pb-O(1)  
decreases in the sequence fl-PbO2, Y36, Y3. The O (3)-  
O(5) distance, which is equal  to the pa ramete r  c of 
the uni t  cell, remains unchanged,  as does the distance 
0 ( 2 ) - 0 ( 5 ) .  This si tuation corresponds to a s t retching 
of the octahedral  basal plane 0 ( 3 ) - 0 ( 4 ) - 0 ( 5 ) - 0 ( 6 )  
along the direction [110] and to a compression of the 
octahedron along the direction [110]. The paramete r  xm 
repor ted  in Table III  is given by 

Fig. 1. Least-squares fits (continuous line) of the observed pro- 
file intensities (circles) for the reflection 002 of chemically pre- 
pared fl-PbO2: (a, top left) Gaussian fit (background - -  268, peak 
height - -  1675, 2# = 54.20, m - -  100, and X "-  2.11). (b, top 
right) Pearson fit (background =_ 247, peak height - -  1834, 2# = 
54.20, m - -  1.83., and X - -  1.36). (c, bottom) Gaussian fit over a 
limited angular range (background - -  309, peak height = 1672, 
2# - -  54.20, m ----- 100, and Z "-  1.63). (The parameter m is the 
Pearson parameter and determines the profile shape, and X is the 
goodness of fit.) 

X m =  ( ~ )  [(C2/a~) + 2] 

and represents  the par t icu lar  value  of x for which all  
the Fb-O distances are equal. In all the samples 
studied, Xm is significantly larger  than x, i.e., the axial  
distances Pb-O (1, 2) are smal le r  than the equator ia l  
distances Pb-O (3, 4, 5, 6). This resul t  is of theoret ical  
importance in the s tudy of ru t i l e - type  AB2 oxides (14), 
and it is in agreement  wi th  the conclusions of a p re -  
vious analysis of chemical ly prepared  ~-PbO~ (4) .  2 
The occupancy factor, n, of the lead atom differs f rom 
the theoret ical  value  by 5r or less. 

The parameters  U, 17, and W shown in Table III  
appear  in the equation 

H~ = U t a n  S0 + V t a n 0  + W [1] 

in which H is the ful l  width at hal f  m a x i m u m  (fwhm) 
o f  the ins t rumenta l  profile at the diffraction angle 0. In  

In the first study of chemically prepared ~-PbOe, a Gaussian 
peak shape was adopted, and subsequently it was found that the 
Pearson function should have been used instead. In spite of the 
use of the Gaussian approximation, the agreement between the 
results of the two determinations is very close for all structural 
parameters, and this may be partly due to the fact that in the  
first analysis the tails of the difEractton lines were excluded f r o m  
the refinement. 
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Table II. R-factors vs. the Pearson parameter m obtained for/~-PbO~ 

~-PbO~, chemically prepared 

m R~ RP Rw R~ 

6.61 8.55 10.86 4.66 
4 5.62 7.4t 9.36 4.66 
3 5.25 7.14 9.02 4.66 
2 5.00 6.83 8.77 4.66 
I 5.76 9.23 12.07 4.66 

~-PbOs in Y3 

m RN RP RW R~ 

~o 8.43 4.90 6.23 3.51 
2 4.#,8 4.18 5.29 3.51 

~-PbO~ in Y36 

m R~ Rp Rw R~ 

6.09 6.62 8.38 6.22 
3 5.62 6.10 7.70 6.22, 
2.5 5.48 6.07 7.66 6.22 
2 5.37 6.08 7.67 6.22 

The R-factors are defined in the following way 

R~=100 • { Y~ll(~ -l(calc)l ~ 
~l(obs) 

R , = l O 0  • { Zw[y(~ - y(calc)]S ~ 

ZIy(obs) y(calc) [ 
RP = i00 x 

R~,=I00 X ~ N - P + C  ) lp" 
~w[y( obs) }~ 

In the above formulas N is the number of statistically inde- 
pendent observatmns. P the number of parameters refined. C 
the number of co,straints.  I the integrated intensities, and y the 
profile intensities of weight w. 

Fig. 4, the values of H are plotted against 0 for the 
three samples analyzed. 

a-PbOs.~The orthorhombic phase of PbO2 is always 
present in the active material of the positive plate in 
varying quantities. In general, its proportion with re- 
spect to ~-PbO2 decreases as the number of battery 
cycles increases. It has been pointed out (5) that a- 
PbO2 refines poorly, and it has been suggested that 
this behavior may be related to the defect structure of 
the compound. 

The results of the structural and lattice parameter 
refinements obtained in this study are given in Table 
V, where they are compared with some of the results 
obtained by other authors. The calculated and ob- 
served profiles are shown in Fig. 5. It is evident from 
the table that the agreement between the various re- 
sults is poor and that the determinations of both lat- 
tice and structural parameters are associated in all 
cases with unusually high standard deviations. Anneal- 

Table IV. Interatomic distances (A) a.d angles (deg) of fl-PbO2 
in the samples analyzed 

Chemically 
prepared ~-PbO~ Y36 Y3 

Pb-O (3, 4, 5, 6) 2 . 1 6 7 9 ( 3 )  2 . 1 7 1 2 ( 6 )  9.,1758(9) 
Pb-O (I, 2) 2.1501(5) 2.1475(I0) $.142(2) 
O (3)-O (4) 
O (5)-O (6) J~ 2.708(1) 2.721(2) 2.734(3) 
O (I)-O (3, 4, 5, 6) 

3.0532(2) 3.0538(4) 3.0531(5) O (2)-O (3, 4. 5. 6) J 
O (4)-0 (6) 

k 

j~ 3.3861(1) 3.38#-4(2) 3.3856($) O (3)-O (5) 
O (3)-Pb-O (4) 
O (5)-Pb-O (6) } 77.30(2) 77.59(4) 77.84(6) 

ing the samples at 160 ~ 180 ~ and 200~ for 120 hr 
did not improve the quality of the powder patterns and 
the agreement between observed and calculated val- 
ues of the parameters. Refinements of the lattice con- 
stants were also attempted by using the 20 values re- 
ported in the literature (15, 16). In all cases, there 
were differences between observed and calculated val- 
ues of 20, which cannot be attributed to experimental 
errors. Also the results given by Hill (8) on this 
phase of PbO2 (Table V) show that the values of the 
lattice and structural parameters depend on the method 
of preparation of the compound. In addition, the large 
values of the standard deviation reported for the vari- 
ous samples are an indication that these parameters 
could not be determined as precisely as those of p- 
PbOs. 

The uncertainties in the peak positions and peak 
intensities make it impossible to subtract the contribu- 
tion os ~-PbO2 from any pattern containing both the 
=- and fi-phases, and this is the reason why the re- 
finements of ~-PbO2 in Y36 and Y3 had to be done 
by excluding, from the calculations, quite large angu- 
lar intervals. 

Discussion 
Stoich/ometry.--Previous authors (18) have pointed 

out that both a- and ;~-PbO2 are nonstoichiometric. At 
first, it was thought that these oxides had oxygen 
deficiency and that their electric conductivity could 
be, in some way, associated with the excess lead 
present in the structure. Subsequent neutron diffrac- 
tion measurements by Jorgensen et al. (6, 7) showed 
that no oxygen vacancies were present in electrically 
active ~-PbO2 and that, instead, the structure seems to 
be lead deficient. These authors found that the re- 
fined occupation numbers of lead were 0.97(2) for 
#-PbO2 cycled in H2SO4 and 0.95 (1) for/s-PbOs cycled 
in D2SO4. The values do agree with those obtained by 
Hill (8) for #-PbO2 present in the positive plate ma- 
teriais. If, therefore, we assume that #-PbO~ is lead- 

Table III. Results of the refinements of the structure of fl-PbO2 in the samples analyzed. Space group: P4/mnm; 
Z = 2, The figures in parentheses are the sta.dord deviations on the last decimal figure. 

Chemically Jorgensen (7) 
prepared ChemicaUy 

Parameter ~-PbO~ Y36 Y3 ~-PbOs:D ~-PbO2:H Naidu (14) prepared 

Hill (8) 
Fresh Failed 

battery battery 

z(o)  0.3068(1) 0.3061(2) 0.3052(3) 0.3070(2) 0.3070(2) 
n(Pb) 0.493(2) 0 . 4 9 0 ( 4 )  0 . 4 7 7 ( 4 )  0 . 4 7 5 ( 5 )  9.485(10) 
a 4.9554(1) 4.9608(2) 4.9621(2) 4.9526(1) 4.9500(1) 
c 3.3861(1) 3.38,t4(2) 3.3856(2) 3.3789(1)  3.3771(1) 
zm 03084 0.3062 0.3082 0.3062 03082 

oxygen B 0.90(9) 
~8~1 = ,ass* 87(3) 91(70) 103(9) 96(8) 
/~  90(9) 103(?,,0) 110(18) 86(17) 
,8~ -56(4)  -84(8)  -50(4)  -68(6)  

Lead B 0.51(5) 
~:t = ~ 54(3) 70(6) 44(6) 53(7) 
/~  32(7) 73(14) 38(14) 53(15) 
js~ -2 (3 )  -32(7) -7 (3)  7(5) 
U 3858 ( 150 ) 46.61 ( 280 ) 3534 (450) 
V 1979(55) 1579(105) 2079(190) 
W 1291(15) 12,66(30) 1770(40) 

0.3066(2) 0.30,54(5) 0.3072(2) 
0.493(5) 0.475(8) 0.479(4) 

4~568(5) 4 .9556(1 )  4.9642(4)  4,9558(1) 
3.3866(2) 3 .3867(1 )  3.3867(3)  3.3820(1) 
0.3083 

113(6) 145(17) 127(5) 
115(14) 207(86) 168(13) 
-70(9) --52(19) --60(9) 

78(4) 99(16) 83(4) 
44(11) 103(51) 74(10) 
-9(6) --6(19) --5(6) 

* The anLsotropie temperature factors are ~lj • 1O,. /3~ -- ~ = 0 for Pb and O atoms. 
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Fig. 2. Calculated (continuous line) and observed (circles) profiles, wlth residuals, over the five angular ranges for (a) fi-Pb02 in Y3 
(b) fl-PbO~ in Y36 and (c) chemically prepared ~-Pb02. 

deficient, the stoichiometry of the compound could be 
expressed by the formula 

fl-pb+41-xH+4xO 2 

Our results support the v iew that the structure of 
~-PbO2 is not oxygen deficient. In addition, the oc- 
cupancy factors of lead obtained in our refinements do 
agree closely with those given by Jorgensen et al. (6, 

7) and by Hi l l  (8). We feel, however, that it is not 
possible to conclude that the structure is lead deficient. 
First of all, the departures from stoichiometry are 
only 5e at the most, and second, the refined values of 
the occupation parameters may be affected by a num- 
ber of factors which are difficult to account for. More 
specifically, an imprecise definition of the background 
level, especially at high values of 20, and/or uncer- 
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Fig. 3. Unit cell of /~-PbO2. Atoms are represented by their 
thermal ellipsoids. The labeling of the atoms is the same as that 
in Table IV. Arrows indicate the direction of oxygen displace- 
ments accompanying cycling. 

t a i n t i e s  in  t h e  d e s c r i p t i o n  of  p e a k  s h a p e s  m a y  c a u s e  
d e p a r t u r e s  of  t h e  t y p e  o b s e r v e d  fo r  ~-PbO2.  I n  a d d i -  
t ion,  t h e r e  a r e  no  c h e m i c a l  r e a s o n s  w h i c h  w o u l d  r e -  
q u i r e  l e ad  def ic iency,  n o t  e v e n  i f  h y d r o g e n  m u s t  b e  
a c c o m m o d a t e d  in  t h e  s t r u c t u r e  (19) .  I n  fact ,  M o s e l e y  
et  al. h a v e  o b s e r v e d  a c lose  c o r r e l a t i o n  b e t w e e n  t h e  
q u a n t i t y  of  h y d r o g e n  f o u n d  f r o m  n e u t r o n  t r a n s m i s s i o n  
m e a s u r e m e n t s  a n d  t h e  d i f f e r e n c e  b e t w e e n  t o t a l  P b  a n d  
P b  +4, d e t e r m i n e d  b y  a n a l y t i c a l  m e a n s .  C o n s e q u e n t l y ,  
t h e y  h a v e  p r o p o s e d  t h a t  t h e  c h a r g e  b a l a n c e  r e q u i r e d  
b y  t h e  i n c o r p o r a t i o n  of  h y d r o g e n  in  t h e  s t r u c t u r e  is 
m a i n t a i n e d  b y  r e d u c t i o n  of p b + 4  to, m o s t  p r o b a b l y ,  
P b  +2 a n d  h a v e  g i v e n  fo r  t h e  c o m p o u n d  t h e  f o r m u l a  

f l -Pb + 41-x/2Pb + 2~/~H + ~O.2 

O x y g e n  o r  l e a d  def ic ienc ies  a r e  n o t  n e c e s s a r y  to e x -  
p l a i n  t h e  e l e c t r i c  c o n d u c t i v i t y  of  PbO2.  I n  fac t ,  

5 0  

4 5  

4 0  

3 5  

3 0  

2 5  

/ 
/ 

/ /  

. _ . A . . . ~ / A / s ' /  

2(: 

0 20 40 60 80 100 120 

Fig. 4. The values of the full width at half maximum, H, calcu- 
lated from the least-squares values of U, V, and W, using Eq. [1] ,  
are plotted vs. ~ for /~-PbO2 ( e ) ,  Y36 ( G ) ,  end Y3 (L~). 

R u e t s c h i  a n d  C a h a n  (20) h a v e  p o i n t e d  o u t  t h a t  f r e e  
e l e c t r o n s  m a y  be  d u e  to O H -  g r o u p s  s u b s t i t u t i n g  fo r  
o x y g e n .  Th i s  m o d e l  is r e a l i s t i c  b e c a u s e ,  as m e n t i o n e d  
in  t h e  i n t r o d u c t i o n ,  t h e  p r e s e n c e  of  b o u n d  h y d r o g e n  
in  ~ -PbO2  h a s  b e e n  e s t a b l i s h e d  b e y o n d  d o u b t  b y  a 
n u m b e r  of  w o r k e r s  [e.g., Ref.  ( 3 ) ] .  I n e l a s t i c  n e u t r o n  

Table V. Results of the structural and lattice parameters refinements a-PbO2 RN "- 11.55, Rp - -  5.59, RW = 7.63, 
RE - -  3.46, m = 1 space group Pbcn, Z - -  4 

A) Lattice p a r a m e t e r s  
a b c 

B) S t r u c t u r e  

From neutron profile refinement* 4.9627(10) 5 . 9 5 8 8 ( 1 3 )  5.4812(8) N 
Y3 (20'2)** 4.980(9) 5.964(13) 5.473(6) N 
Y3 (130) *** 4.986(10) 5.952(9) 5.472(6) N 
Annealed 4.967 ( 10 ) 5.970 ( 20 ) 5.482 ( 8 ) N 
Hill (8) : chem. prepared 4.9898(3) 5.9474(4) 5.4656(3) N 
Hill (8): acid electroformed 4.9947(11) 5 . 9 6 1 4 ( 1 5 )  5.4707(11) N 
Bagshaw et at. (15) 4.993 (3) 5.946 (2) 5.459 (3) X (§ 
Syono et aL (16~ 4.998(1) 5.958(1) 5.465(1) X 
M o s e l e y  e t  aL (5)  4.990(1) 5.932(1) 5.441(1) X 
Zas lavski i  e t  aL (17) 4.927 5.927 5.474 X 

L e a d  

Hln (0) 

This study Moseley et aL (5) Zaslavskii et aL (17) Chem. prep. Acid el. 

X 0 0 0 0 0 
y 0.1596 (8) 0.173 (7) 0.178 0.1779 (7) 0.1706(13) 
z 1/4 1/4 1/4 1/4 1/4 
B 0.13 ( 9 ) - -  - -  0.77 ( 12 ) 0.23 ( 22 ) 

Oxygen 

x 0.2546(12) 0 .2(2)  0.276 0.2685(10) 0.2618(19) 
y 0.4005(7) 0.35(0) 0.419 0.4010(7) 0.3977(15) 
z 0.4225(7) 0,39(9) 0.425 0.4248(7) 0.4250(14) 
B 0.07(9)  - -  ~ 1.31(18) 2.58(33) 

U = 43300(4025) ,  v = 21050(1690),  W = 6185(230) 
* The structure was refined using the data obtained from chemically prepared ~-PbO~. 

** Peak at 2# = 49.48 ~ indexed as 202. 
* ** Peak at 2# = 49.48 ~ indexed as 130. 
<*) X and N indicate that the corresponding measurement w a s  m a d e  with x-rays and neutrons, respectively. 
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studies  on chemical ly  p r epa red  p-PbO~, Y3, and Y36 
have  indica ted  that  the  hydrogen  is incorpora ted  in 
the  s t ruc tu re  and is not  present  in pockets  of pure  

~J 

~ 

- - . . . . . . . . .  ~ k  :" 

l o o  140 180 22O 260  300  340  3 a o  4~0  4 6 0  
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900 ~40 9SO i020 *OSO 1100 )*'~o 11e0 1220 12~0 28(o) 

Fig. 5. Calculated (continuous line) and observed (circles) pro- 
files, with residuals, over the five ung-lar ranges for chemically 
prepared ~-Pb02. 
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or loosely bound water (21). The presence of hy- 
droxyl ions, OH-, has been established in other rutile- 
type oxides, such as SnO2 (22) and TiO2 (23). In SnO2, 
for example, the substitution of doubly charged oxy- 
gen ions with OH- ions is associated with the replace- 
ment of Sn +4 with Fe +~ or Cr +8, which have sLmilar 
sizes. It has also been observed, in polarized infrared 
studies on single crystals of SnO2, that OH- ions are 
formed with oxygen atoms of type 1 and 2 (Fig. 3) 
and~ are oriented perpendicular to the c axis of the 
tetragonal cell. A similar situation seems to also be 
present in TiO2 (23). The same orientation of the Oil- 
ions in ~)-PbO2 is very consistent with our results. In 
fact, both hydrogen content and length of the e axis 
are higher in Y36 and Y3 than in the chemically pre- 
pared compound, while the c axis remains practically 
unchanged in the two groups of samples. The above 
considerations, therefore, lead to the conclusion that 
our results, as well as those of Jorgensen et =l. (6, 7) 
and of Hill (8) may be interpreted by saying that the 
p-phase is either stoichiometric or departs from stoi- 
chiometry to such an extent that the deviations cannot 
be detected with certainty with diffraction measure- 
ments of the type used in the reported experiments. 

It has been impossible to meaningfully refine the 
occupation numbers of lead in a-PbO2 and, therefore, 
no conclusions regarding the stoichiometry of this 
compound can be reached with our results. 

Crystallite size.--The non.Gaussian shape of the 
reflections, observed in this study and in previous 
analyses (24), can be explained in a number of ways. 
The simplest and, probably, the most reasonable ex- 
planation is that the samples do contain erystallites 
wi th  a d i s t r ibu t ion  of sizes. If  this is the  case, then  the 
pure  profile (i.e., the profile due sole ly  to the sample)  
is nonGaussian,  and therefore,  its convolut ion wi th  the 
Gauss ian  ins t rumenta l  profile is also nonGatissian.  I f  
we assume tha t  this in te rp re ta t ion  is correct ,  we mus t  
conclude that  the d i s t r ibu t ion  of crys ta l l i te  sizes of 
F-PbO2 does not  differ ve ry  much f rom sample  to 
sample  since the best  ref inements  were  obta ined  in al l  
cases wi th  a va lue  of the Pearson  p a r a m e t e r  m of about  
2. 

The pa rame te r s  U, V, and W of Eq. [1] depend  on 
the expe r imen ta l  condit ions and should  be ident ica l  
for  ident ical  geometr ic  configurations of the  diffrac-  
tometer  (25). Thei r  var ia t ion  f rom sample  to sample,  
indica ted  in Table  I I I  and in Fig. 4, m a y  be due to a 
n u m b e r  of factors, inc luding  crys ta l l i te  size effects. 
This can be  seen in the  fol lowing way.  I f  the  c rys ta l -  
l i tes  a re  sufficiently small ,  there  wil l  be a b roaden ing  
of the reflections according to Sher re r ' s  equat ion 

h -- (K~)/D cos 0) [2] 

where  h is the Iwhm of the pu re  profile, )~ is the w a v e -  
length  of the radia t ion,  D is the l inear  d imens ion  of 
t h e  crysta l l i tes  in the  di rect ion pe rpend icu la r  to the 
reflecting planes,  and K is a constant.  The expe r imen ta l  
in tens i ty  d is t r ibut ion  is the  convolut ion  of the  profiles 
due to the ins t rument  and to the  sample.  If, for  the  
sake  of s implici ty,  we assume tha t  the shape of both  
profiles is Gaussian,  then  the to ta l  fwhrn/-/tot is given 
by  

H2tot - -  H 2 -~ h 2 "-- [ (K2}~S/D ~) + U] tan2 # 

-(- V tan  0 + [ (K~),2/D 2) + W] [3] 

If  D is constant ,  i.e., if  the  shape of the  crys ta l l i tes  is 
spherical ,  o r  app rox ima te ly  spherical ,  Eq. [1] and [3] 
have the same form, a l though the numer ica l  values  of 
the  coefficients a re  different.  Thus, the  curves  of Fig. 4 
can be in te rp re ted  as due to c rys ta l l i te  size effects. I f  
we adopt  this in te rpre ta t ion ,  we  m a y  conclude tha t  the 
crys ta l l i tes  of F-PbO2 in Y3 are  smaller ,  on the average,  
than  those in the chemical ly  p repa red  compound,  whi le  
there  a re  no significant differences be tween  the l a t t e r  
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and ~-PbO2 in Y36. A rough estimate of the crystal- 
lite size in our samples indicates that the average di- 
mension in chemically prepared p-PbO~ is about 800A, 
while in Y3 it is around 450A. These results are in 
broad agreement with those of Kordes (24), who found 
a mean size of 600-700A for the p-phase of the positive 
plate. No estimates of sizes were attempted for a-PbO2 
in this study. 

Lattice parameters of ~-PbO2.--As mentioned pre- 
viously, the lattice parameter a of ~-PbOa in Y3 and 
Y36 is significantly greater than that of the chemically 
prepared compound, while the c parameter remains 
unchanged. These results seem to be in disagreement 
with those obtained by Jorgensen et al. (7). These 
authors found that both parameters are smaller in the 
electrochemically prepared phase than those reported 
for the chemically prepared compound. However, if the 
Jorgensen parameters for PbO2: H are mulitplied by a 
scale factor of 1.00248, 3 the new values agree to within 
one standard deviation with those obtained in this 
study for Y3. The constant factor relating the two 
determinations may be the result of errors in the cali- 
bration of the diffractometers used for the measure- 
ments in the two laboratories. It is interesting to note 
that Hill (8) observes the same variation of the pa- 
rameter a as we do. His parameter c, however, is the 
same for chemically prepared p-PbO2 and for ~-PbO~ 
present in the plate of a "fresh battery," but it is sig- 
nificantly lower for ~-PbO2 obtained from a "failed 
battery." 

Refinements on a-PbO2.--As mentioned previously, 
the difficulties encountered in the refinements of ~-PbO2 
have been attributed to the presence of defects in the 
structure. This may certainly be true, since electron 
microscopy studies have shown that these defects are 
extensive (5, 19). Other factors, however, may also 
play a role. For example, the large discrepancies be- 
tween calculated and observed 20 values in lattice pa- 
rameter refinements may be due to small departures of 
the structure from orthorhombic symmetry. The nature 
of the discrepancies in 20 are also clearly shown in 
Fig. 5 for some reflections. A second possible cause for 
the poor profile refinements of a-PbOa may be due to 
the fact that~ some diffraction peaks do not follow the 
behavior indicated by Eq. [1]. This is an indication 
that the crystallites have nonspherical shape. 

As the errors associated with the parameters are 
large, no differences between results can be estab- 
lished. We must, therefore, conclude that the data on 
the structure of a-PbG~ are unreliable and that it is 
probably more useful to examine the detailed features 
of the compound with techniques other than diffrac- 
tion, e.g., by electron microscopy. 

Amorphous PbO2.~The presence of an amorphous 
form of PbO2 has been proposed as a contributing 
active material of the positive plate (2) and to explain 
the nonG.aussian profiles of the diffraction lines (24). 
The term "amorphous," however, has been used in a 
rather vague way to describe the lead-acid battery 
materials. In one case (26), it was meant to indicate 
the fraction of PbO2 having crystallite sizes equal to, 
or less then, about 100A. 

Amorphous materials do not possess periodicity in 
one, two, or three dimensions and produce diffuse dif- 
fra,ction patterns characterized by broad halos. The 
first maximum would be evident in the 10~ ~ angular 
range of the first detector. We have found no evidence 
of such diffuse scattering in any of our powder pat- 
terns. This result is in agreement with the observations 
of Jorgensen et al. (7) on electrochemically prepared 
~-PbO2. On the other hand, Hill (8) has found "non- 
crystalline" material varying between 3 and 49 weight 
percent in the various samples analyzed. The disagree- 

s The factor becomes 1.00195 for PbO~:D, showing that the sub. 
stitution of H with D is accompanied with expansion of both 
lattice parameters. 

merit between Hill's results and ours may be only 
apparent because it may depend simply on the defini- 
tion of the term "amorphous" given in each case. If 
we define as "amorphous" a material without periodic- 
ity, as we have done previously, then we may conclude 
that amorphous PbO~ is either not present in our 
samples or it is present in quantities nondetectable by 
diffraction methods of the type used in this study. 

Conclusions 
The results given in the previous sections can be 

summarized as follows: (i) The refined occupancy fac- 
tor calculations indicate that the Pb:O ratio in/~-PbO2 
is exactly or very near 1:2. Incorporation of hydrogen 
in the structure may be accompanied by reduction of 
Pb +4. (ii) Dimensional changes in p-PbO2 are con- 
sistent with the presence of OH-  ions in the structure, 
oriented along the [110] direction, as has been found 
in SnO2 (22). (iii) The average structure of a-PbO2 
cannot be accurately determined by profile analysis at 
this time. The difficulties encountered in the refinement 
may be due to extensive defects, nonspherical crystal- 
lites, or small departures of the structure from ortho- 
rhombic symmetry. (iv) Based on the profile param- 
eters, we may conclude that the crystallites of ~-PbO2 
in Y3 (,~ 450A) are smaller than those in the chemi- 
cally prepared compound (,., 800A), while there are no 
significant differences between the latter and ~-PbO2 
in Y36. 
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Mathematical Analysis of a Zn/NiOOH Cell 

H. G u *  

General Motors Research Laboratory, Electrochemistry Department, Warren, Michigan 48090 

ABSTRACT 

A mathematical model has been developed to predict the time dependent behavior ofa Zn/NiOOH cell. The model uses 
experimentally determined polarization expressions to describe the losses between the positive and the negative elec- 
trodes. The electronic losses in the plane of the electrode are simulated by a network of resistors. The potential distribution, 
the current distribution, the cell voltage, the power capability, and the energy of a cell can be predicted. The mathematical 
model provides an analytical tool to evaluate, for example, the trade-offs between power capability and current collector 
mass, needed to design an electric vehicle battery. 

An electrode current collector carries current from 
the battery terminal to active sites on the electrode 
where electrochemical reactions take place. With a 
large electrode, the electronic losses in the current col- 
lector can be appreciable such that an uneven dis- 
tribution of reaction current and an uneven polariza- 
tion exist on the electrode surface affecting both the 
specific power and the specific energy. Accelerated 
degradation and shorting of electrodes may result due 
to excessive localized gassing on the electrodes. 

A current collector with high conductivity will give 
a uniform current distribution. Most often, a high con- 
ductivity current collector is synonymous with a heavy 
current collector. However, one can also improve the 
current distribution without increasing the overall 
weight of the current collector by strategically orient- 
ing the members of a current collector to evenly dis, 
tribute the current. A mathematical model that can 
predict cell performance will facilitate the design of 
these strategic current collectors. Eventually, a com- 
puter program can be developed that will suggest.an 
optimized current collector design for the specific ap- 
plication of a battery. 

Tiedemann, Newman, and Desua (1) applied the 
resistive network model to bare lead-acid battery 
grids. The potential distribution on the grid was ex- 
amined by assuming a uniform current density. Vari- 
ous grid designs were compared based on the magni- 
tude of the maximum potential difference between the 
tab and the grid node. Using the same approach, Vaaler 
and Brooman (2) examined the current distribution 
of pasted positive lead-acid battery plates relative to 
an equipotential surface. Electrode kinetics were not 
included. Tiedemann and Newman (3) then expanded 
their earlier model to examine the transient behavior 
of a lead-acid cell. Cell polarization between the posi- 
tive and the negative electrodes was expressed by 
using an empirical equation whose coefficients were 
determined based on the porous electrode model de, 
veloped by Tiedemann and Newman (4). Recently, 
Sunu and Burrows (5) used a resistive model to ex- 
amine the potential distributions of the positive plate 
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and the negative plate of a lead-acid cell individually 
under uniform current density. They compared plates 
with different widths based on the tab.to.corner poten- 
tial difference. The plate area was not kept constant in 
the comparison. Good agreement was shown between 
their mathematically predicted and experimentally 
measured potential distr~butiens. 

The present work describes the use of a resistive 
model to predict the transient behavior of a Zn/NiOOH 
cell with current collectors of different conductivities. 
The polarization characteristics of the Zn/NiOOH sys- 
tem was determined experimentally on small elec- 
trodes and the empirical equation obtained was used in 
the model to predict system behavior of cells with full 
size electrodes. The potential distribution, the current 
distribution, the cell voltage, the power capability, and 
the energy capability can be calculated to aid in the 
design of a Zn/NiOOH battery. Although the mathe- 
matical model can be applied to predict both charge 
and discharge behaviors, only the discharge behavior 
of a Zn/NiOOH cell will be discussed in this paper. 

The Mathematical Model 
The model simulates the electrode by a network of 

resistors where each model node is joined to adjacent 
nodes by resistors. For each node on the positive cur- 
rent collector, there is a node directly opposite to it 
on the negative current collector. Between opposite 
nodes, the reaction current is related to the potentials at 
the nodes by the empirical equation obtained experi- 
mentally on a cell with small electrodes approximately 
the size of the unit element (area) associated with a 
mathematical node. With reference to Fig. 1, the equa- 
tion related to node j on an electrode was obtained by 
applying Kirchoff's law 

- - - ~  - - + - - - ~  - - + i j A j = O  
Rt R~ R3 R4 

[1] 

where r are the potentials (V), R's are the effective 
resistances (a) between nodes on the electrode, ij is 
the reaction current density (A/crn2), and Aj is the 
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