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Abstract 

At least IO dfferent parameters have been deterrnmed zn sztu as well as ex sztu and 
statlstlcally analyzed to study changes m the physlcochenucal propertres of PbOp electrodes 
dunng the cycle hfe of tractron battenes The specific surface area, water content, 
mlcroporoslty and delta capacny are slgmficant and strongly correlated These varrables, 
together wth the high-frequency reststance, morutor the state of the posmve active 
matenal as a function of the charge/chscharge cycle-Me Inslgmficant vanatlons m the 
reslstance/capacltance and the Warburg term dunng the cycle hfe suggest that the changes 
m the propertles of posltlve active matenal are not associated wth the de\latlon m 
electrochenucal actlvlty A negative correlation between the water content and specfic 
surface area supports the assumption that the water ongmates from hydrated crystals, 
hydroxyl groups or protons present m PbOL A thermal decomposltlon mechamsm has 
been proposed that suggests that the number of vacancies III the crystal lattice decreases 
wth cychng and finally the posltlve active matenal attams an Ideal structure Furthermore, 
the area of mtergrowth of crystals or necks (as proposed m the Kugelhaufen model) 
seems to exert a slgmficant cause of the changes m the propertles of PbOz dunng the 
cycle life 

Dunng charge/discharge cyclmg, the performance of lead/acrd batteries 
IS unpaired by the softemng and sheddmg of the posltlve active matenal 
(PAM) [l-3] The latter phenomena are associated urlth structural changes 
and are the symptoms of substantial changes that take place m the propertles 
of the active material From studies of posltlve electrodes mth both optical 
and scanrung electron microscopy, Srmon and Caulder [4-S] have shown 
that, after formatlon, the nucrostructure IS rather dense and uruform After 
a few cycles, however, there is a change to a contmuous network of Pb02 
agglomerates that are surrounded by uniform voids As cycle life proceeds, 
the PAM converts first to a ‘corallold’ form and then becomes mcreasmgly 
soft and unstable At this stage, sheddmg occurs and this rapidly mcreases, 
m mtenslty, thus causmg a loss of plate capacity The decrease UI the stabrllty 
of the PAM dunng development of the corallold structure 1s accompamed 
by an mcrease UI electrical resistance It has been clauned [ 71 that this 

*Paper presented at UNESCO Expert Workshop Theory and Practice of the Lead/Acid 
System, Gausslg, F R G , Apnl 2-5. 1991 

037S-7753l9 l/$3 50 Cs 199 1 - Elsevler Sequoia, Lausanne 



resistance, together wnh Increased gnd corrosion, IS the reason for the 
gradual dechne UI plate capaclty 

Thermal decomposltlon data mdlcate [SJ that, m addltlon to the agemg 
of the PAM, there IS a change m the sohd-state propertles of the PbOL This 
can be explalned by a correspondmg change m the degree of disorder m 
the crystal structure The disorder may be due to Pb-vacancies m which 
Pb” + IS substituted by 4 protons accordmg to the formula 

Pb-‘+ 1 -,,.@-,-JOW-2 

Along mth the substltutlon of Pb4+ m the PbOz crystal, hydrogen can exist 
III form of hydroxyl groups, coupled urlth the reduction of Pb” + to Pb”, 
or as mterstltlal protons wth quasi-free electrons [9- 14 J 

The exponential contraction of the half-vndth-value of the X-ray dfiactlon 
signals of /3-PbOL Indicates that the changes II-I the material propertles are 
the result of PbOL attammg an ideal structure This means that the number 
of the defects m the crystal structure decreases wth mcreasmg cycle number 
[ 15, 161 These observations have given nse to the ‘hydrogen-loss’ model 
proposed by Caulder et al [S] which suggests that an mactlve form of PbO-, 
may be formed m mcreasmg amounts dunng cycling The electrochenucal 
actlvlty has been linked ulth the presence of hydrogen m the crystal lattice 
In spite of a large number of mvestlgatlons, a relationship between the 
content of hydrogen m the crystal lattice of PbOg and the capacity loss has 
not been established [ I i’-23 J The results of the various studies are more 
or less ambiguous or contradictory 

Recently, a new model to mterpret the structure of the PbO- electrode 
has been proposed [ 24, 25 1 U-I which the PAM IS consldered to be an aggregate 
of spheres and the propertles of the electrode are governed by the neck 
zones at the points of contact of these spheres (the Kugelhaufen electrode) 
Nevertheless, there IS no unequivocal model for descnbmg the transformations 
of the PAM dunng the progress of charge/dlscha.rge cycles 

The non-hnear couphng of the different matenal propertles complicates 
the mterpretatlon of the expenmental results Therefore, umvanate or blvanate 
methods are not suitable approaches for mvestlgatmg the electrochenustry 
of the PbOL electrode m porous systems A multlvanate method, that LS 
mamly based on Prmclpal Component Analysts (PCA) together mth the state 
space concept, has therefore been apphed here to study this phenomena 

A formal approach to a muitlvanate method 1s based on the concept 
that the agemg of the active mater& can be expressed by the change m a 
p-dunenslonal state function The state of a complex system IS given by p 
measurable variables, whereby each vanable describes the behavlour of one 
matenal property 

A useful geometnc representation of the state of the active matenal 
could be conceived by settmg up a Euclidian space of p dunenslons, one 
for each vanable In this case, the state of a specified sample can be 
represented by a pomt m the p-dunenslonal space The measurement of each 



of the p variables on 1~ different samples therefore gives an accumulation 

of YL pomts 111 the p-dunenslonal space 
The change m the state of a sample produced by the progress of charge: 

discharge cycles IS now given by a curve m the p-dlmenslonal space In a 
formal descnptlon, the set of p observations on ?l mdependent samples can 

be summartzed m the p Xn dtmenslonal observation matrix R 
The change m the state of the samples as a result of the cyclmg procedure 

maps the mltlal matnx R on to the new matrix R’ Usmg a mathematical 

formulation, the mappmg IS generated by the non-lmear and tune-dependent 

matrL\ T, I e , 

R'(r)= T(t) R (I =0) (1) 

If only the state of the completely charged mass IS momtored and It IS 

assumed that every cycle consists only of a simple discharge followed by 
a charge process, then, as a useful slmphficatlon, a non-tune-dependent 
matrur T' IS obtamed In this representation, one cycle transforms the mass 

properties R. to the propertles R,, the next to R-, and so on, I e , 

R,=7”‘Ro=TTIT R. (2) 

If special cycle condltlons only affect the short-tune-memory of the PAM, 
as represented by the transformation 

R,,, = T,eyRo (3) 

there extsts a cycle condltlon T,,, , which compensates the vanatlon of the 

material propertles 

RO = T,,, R,,. 

The agemg of the active matenal as a result of a progress of charge/discharge 
cycles IS gn’en, therefore, by the u-reversible part of R, nameI> 

R,, = R - R,,, (4) 

Although, to date, It IS not known how T can be expressed, the mvestlgatlon 
of the pomt dlstnbutlon m the state space gives considerable mslght mto 

the transformation of the PAM dunng the cycle hfe 
In a practical approach, the different states of the samples at the begmmng 

and at the end of the cycle test can be \rlsuahzed as two pomt clusters III 
a plane that IS gven as a sectlon through the regon of the state space that 

covers the highest pomt denslty Thus sectlon IS given by the first two pnnclpal 
components of the PCA 

The basic Idea of the PCA IS to find a lmear transformation of the 
startmg coordmate system u-~ such a way that each of the axes of the new 
coordmate system IS a hnear !i.mctron that gives a closest fit to the points 
m the space 1261 As a lumtatlon, the lmear function has to be orthogonal 
The first a.x~s, or p~c~pal component (PCl), passes through the centre of 

gra~ty of the pomts m the state space The second pnnclpal component 
(PC2) passes through the centre of gramty orthogonal to PC1 and so on 

The new coordmates are the elgenvalues of a matrix R which IS bullt 
up by the complete set of observations Therefore It follows that 



- the largest elgenvatues contain the most useful mformat~on retatmg to 
the specific problem, 

- the rernainmg elgenvalues mamty comprise noise, 
- by plotting the largest elgenvalues agamst each other, a plot of the 

dlstnbutlon of the pomts m space IS obtamed 1271, 
- the \ranables that have slgmficant contnbutlons to one elgenvector are 

correlated The components of the elgenvectors are calculated m a 
standardized form This means that each component IS present m the 
range - 1 and + 1 As a rule-of-thumb, absolute component values higher 
than 0 5 Indicate slgmficant contnbutlons 

On account of the latter feature, it IS possible to achieve a separation 
between the errors and the slgmflcant data of expenmental results and to 
elicit mformatlon about the mam correlation between the vanabtes The 
calcutatlon of the PCA was carned out usmg a muucomputer The software, 
which has been apphed, was based on modules from the IMSL-Statlstlc 
FORTRAN Library 

As mentioned above, m order to construct the state space, it IS necessary 
to define a set of vanables that descnbe the propertles of the PAM As a 
lirst approach, the electrode should be dnnded into a set of 4 sub-systems 
that determme simultaneously the performance charactenstlcs of the whole 
system, namely 
1 Macro/microstructure of the PAM 
2 Sohd-state propertles of the PAM 
3 The mterface electrotyte/PbO, 
4 The ultet-face PbOz/gnd 
Each sub-system IS characterized by a set of variables as follows 

Characttmzatzon of sub-system I 
The macro/microstructure IS realized wnh the vanables surface area, 

total porosity, pore sue dlstnbutlon, micro-porosity (pore radms < 1000 A), 
electnc resistance (determmed as the high-frequency resistance of the unped- 
ante spectrum) 

Charactertzatwn of sub-system 2 
The solid-state properties are reahzed wth the variables water-content, 

high-frequency resistance The PAM samples were dned at 60 “C for 24 h 
under vacuum and then stored m a desiccator at room temperature The 
water content was detennmed m the temperature range 240 to 450 “C usmg 
the Karl Escher titration method 

Charactmzatmn of sub-system 3 
The etectrolyt.e/Pb02 mterface is characterized by the exchange-current 

densky and the double-layer capacity The detemunatlon of these values was 
achieved mduectly by unpedance spectroscopy Measurements were conducted 
between 60 kHz and 0 02 Hz wth a reference voltage of 1 175 V This IS 

20 mV above the open-cucmt value A typmd result IS @ven m Fig 1 
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REAL x 10 *-2 IOhml Cl c2 

Fig 1 Impedance data for electrolyte/PbO,, Interface 

Fig 2 Equwalent cwcwt for processes occumng at PbOp electrode 

Assummg that the unpedance can be expressed as a senes/parallel 
combmatlon of resistors, capacitors and Warburg terms, the mode1 shown 
UI Rg 2 was used for the mterpretatlon of the measurements The model 
conslsts mamly of the h&-frequency resistance RHF and three IX-terms A 
Warburg term 1s Included m the first 2 IX-terms It ls assumed that the 
first term mcludes the kmetrcs of the proton exchange m the macropores 
while the second term represents the water decomposltlon m the mlcropores 
The thud term consists of a high resH.a,nce (> 1 a) and a capaccltance (150 
to 250 F) The magrutude of the capacitance can be compared wth the 
delta capacity [IO, 25, 28-303 It IS also assumed that the lanetIcs and, 
therefore, the electrochemical actlvlty are related to the vanables WI to C2 

Charactmzatwn of sub-system 4 
The gnd/Pb02 mterface mdrrectly results from the degree of the gnd 

corrosion This IS deternuned by the change m the electrical resistance of 
the gnd 

In order to reduce the number of state vanables and to come to a 
comprehensible relatIonshIp between agemg and electrochemistry, an attempt 
was made to elunmate vanables Vanatlons III the latter are mamly mfluenced 
by short-tune memory effects For this reason, two Merent groups of 
commercial tractlon battenes were mvestlgated the tirst group comprised 
batteries that had undergone only 3 months of laboratory testmg, the second 
group were battenes that had completed -50 months of seMce The older 
battenes were under a random stress condltlon III an mdustnal envrronment 
By contrast, the 3-month-old battenes had expenenced only 50 cycles under 
standard condltlons 

Before measurement of the state vanable, all battenes were subJected 
to a standard cyclmg procedure m order to ensure a comparable start 
condltron From all the Merent battenes, a total of 42 electrode samples 
were placed m a special test set-up (Fig 3) so as to detentune the capacity 
and the unpedance diagram After removmg, waslung and drymg the test 
electrodes, the other vanables were determmed 
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Rg 3 Schematic of test cell 

Independent measurements of 13 vanables on 42 dflerent samples give 
a cluster of 42 pomts m the 13-dunens~onal state space Correspondmg to 
the two drfferent cycle lives of the samples, these clusters of pomts should 
be dlvlded mto two groups To prove thus hypothesis the prmclpal component 
analysis (PCA) IS applied 

In a first attempt, 10 vanables (namely, gnd resMance, water content, 
spectic surface area, porosity, mlcroporoslty, h@-frequency resM.ance, R 1, 
Cl, R2 and C2) were taken mto the PCA The results are shown III Table 
1 The fkst 4 elgenvalues represent 80% of the total vanance 

The first vector comprises mamly the water content (CHzo), specific 
surface area (BET), nucroporosity, h@h-frequency resMance (RHF) and Cl 
Thus represents a slgrufkant correlation between these vanables The second 
elgenvalue shows a slgrukant correlation between the speck surface area 
and the vanables RHF, Rl and Cl @ven by the unpedance spectroscopy. 
The third elgenvalue represents a sign&ant correlation between porosity 
and gnd corrosion The other elgenvalues represent uxhfferent weak cor- 
relations between all vanables and mamly compnse no=e 
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If the first pnnclpal component IS plotted agamst the second, a weak 
separation of the two pomt groups IS observed (Fig 4) Both groups are 

associated urlth the drfferent age of the samples 

A detailed analysts of the second and thud prmclpal components shows 
that the correspondmg vanabtes are not or mdefimtety dependent on the 

age of the samples Thus, m the view of the aim of this study, the associated 
vanables m the next step of the analysis are neglected 

The vanables that yield the most sign&ant contnbutions to the first 

elgenvector are taken mto a new PCA Other results have shown that the 

vanables Wl and C3 of the Impedance spectroscopy should also be consldered 
The result of this PCA IS presented m Table 2 With the exceptlon of the 
high-frequency resistance, all vanables make slgmficant contnbutlons to the 
first eigenvalue This means that these vanables are strictly mter-dependent 
The second elgenvalue mamly consists of the high-frequency resistance wth 

slgruficant contnbutlons from the mlcroporoslty and C3 The other elgenvalues 
compnse noise or show an mternal correlatron of Wl and C3 

The plots of the first prmclpal components show two separated clusters 

of pomts that represent the two groups of battery samples urlth different 
cycle numbers (ng 5) This shows that the concept of state space combmed 
\lth PCA IS an efficient approach for analyztng the agemg of the posltlve 
active matenal m lead/acid battenes 

-2 -1 0 1 2 a 
PC1 

Rg 4 ?‘nnc~pal component analysis of (0) old batteries, (V) new battenes 

__ 
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Principal Components 
s~qllficmt VrrlableS 

2 , 

-4 -9 -2 -1 0 
PC1 

1 2 9 

Rg 5 Prmclpal component analysis of (0) old batteries. (r) new battenes 

Conclusions 

The spectfk surface area, the water content, the nucroporoslty and the 
delta capacity are slgmficant and strongly correlated These variables, together 
wth the high-frequency resistance RHF, momtor the state of the posltlve 
active matenal as a function of the charge/&charge cycle hfe 

The mslgnlficant vanatlons m the reslstance/capacltance and the Warburg 
term dunng the cycle hfe suggest that the changes m the propertles of the 
posmve active matenal are not associated wth the devlatlon m electrochenucal 
activity 

A negative correlation between the water content and specific surface 
area supports the assumption that the water ongmates from hydrated crystals, 
hydroxyl groups or protons present m PbOz Therefore, the followmg thermal 
decomposltlon mecharusm seems very hkely 

PbOLH, nHzO - Pb,_,,z4+Pb,~L’+OLL-H, + r&H,0 - 

Pb,_,,z4+Pb.,La+OL_r,,22- (r~+s/2)H~O 5 PbO, + (n + .r/.Z)H,O 

The average water content decreases from 0 67 f 0 03% m laboratory test 
batteries (3-month-old) to 0 46 + 0 01% III the SO-month-old samples Con- 
sldenng the mechamsm suggested above, these results show that the number 
of vacancies III the crystal lattice decreases mth cyclmg The lack of correlation 
between the high-frequency resistance and the water content mdlcates that 
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the decrease m the number of vacancies LS not lmked to a slgmficant mcrease 
III the resistance of the posltlve active matenal The absence of a correlation 
between the degree of corrosion and the high-frequency resistance shows 
that mcrease m the latter cannot be explamed by a passive layer m the 
corrosion zone at the gnd/actlve-matenal mterface or by changes m the 
sohd-state propertles of the posltlve active matenal Therefore, the mcrease 
m the h@Ai-equency resistance appears to be due to the resistance resultmg 
from the surface area caused by the mtergrowth of PbOz crystals Durmg 
agemg, the posltlve active matenal attams more and more an ideal structure 
This suggests that both the number of vacancies and the disorder m PbOz 
crystals gradually decrease 

From the above results, It can be concluded that changes m the properties 
of the PbOP electrode durmg cycle hfe m terms of changes m the area of 
the mtergrowth of crystals or necks (I e , the Kugelhaufen model) are of 
slgmficant unportance m the electrochenustry of PbOz. 
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