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Studies on the physicochemical properties and performance
charactenstics of the PbO, electrode*
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Abstract

At least 10 different parameters have been determined n situ as well as ex sutu and
statistically analyzed to study changes in the physicochemical properties of PbO, electrodes
duning the cycle Lfe of traction batteries The specific surface area, water content,
microporosity and delta capacity are significant and strongly correlated These variables,
together with the high-frequency resistance, monutor the state of the positive actuve
matenal as a function of the charge/discharge cycle-life Insignificant vanations in the
resistance /capacitance and the Warburg term dunng the cycle life suggest that the changes
i the properties of positive active matenal are not associated with the deviation in
electrochemucal activity A negauve correlation between the water content and specific
surface area supports the assumption that the water onginates from hydrated crystals,
hydroxyl groups or protons present in PbO, A thermal decomposition mechamism has
been proposed that suggests that the number of vacancies 1n the crystal lattice decreases
with cycling and finally the positive active matenal attains an 1deal structure Furthermore,
the area of intergrowth of crystals or necks (as proposed in the Kugelhaufen model)
seems to exert a significant cause of the changes in the properties of PbO, dunng the
cycle hfe

Durning charge/discharge cychng, the performance of lead/acid batteries
1s 1impaired by the softening and shedding of the positive active matenal
(PAM) [1-3] The latter phenomena are associated with structural changes
and are the symptoms of substantial changes that take place in the properties
of the active material From studies of positive electrodes with both optical
and scanning electron microscopy, Simon and Caulder [4—6] have shown
that, after formation, the mucrostructure 1s rather dense and unuform After
a few cycles, however, there i1s a change to a continuous network of PbO,
agglomerates that are surrounded by uniform voirds As cycle hife proceeds,
the PAM converts first to a ‘coralloid’ form and then becomes increasingly
soft and unstable At this stage, shedding occurs and this rapidly increases,
n ntensity, thus causing a loss of plate capacity The decrease n the stability
of the PAM during development of the coralloid structure 1s accompanied
by an increase mn electncal resistance It has been claimed [7] that this
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resistance, together with increased gnd corrosion, 1s the reason for the
gradual decline in plate capacity

Thermal decomposition data indicate [8] that, in addition to the ageing
of the PAM, there 1s a change in the solid-state properties of the PbO, This
can be explamed by a corresponding change in the degree of disorder n
the crystal structure The disorder may be due to Pb-vacancies in which
Pb'* 1s substituted by 4 protons according to the formula

Pb4+ 1 -11402_2—1(0}{)—1

Along with the substitution of Pb** 1n the PbO, crystal, hydrogen can exist
in form of hydroxyl groups, coupled with the reduction of Pb** to Pb’",
or as mterstitial protons with quasi-free electrons [9-14]

The exponential contraction of the half-width-value of the X-ray diffraction
signals of B-PbO, indicates that the changes in the maternal properties are
the result of PbO, attaining an 1deal structure This means that the number
of the defects in the crystal structure decreases with increasing cycle number
[15, 16] These observations have given rise to the ‘hydrogen-loss’ model
proposed by Caulder et al [6] which suggests that an inactive form of PbO,
may be formed in increasing amounts during cycling The electrochemucal
activity has been hnked with the presence of hydrogen in the crystal lattice
In spite of a large number of investigations, a relationship between the
content of hydrogen in the crystal lattice of PbO, and the capacity loss has
not been established [17-23] The results of the various studies are more
or less ambiguous or contradictory

Recently, a new model to interpret the structure of the PbO, electrode
has been proposed [24, 25] in which the PAM 1s considered to be an aggregate
of spheres and the properties of the electrode are governed by the neck
zones at the pomnts of contact of these spheres (the Kugelhaufen electrode)
Nevertheless, there is no unequivocal model for describing the transformations
of the PAM dunng the progress of charge/discharge cycles

The non-linear coupling of the different matenal properties complicates
the mterpretaton of the experimental results Therefore, univanate or bivanate
methods are not suitable approaches for investigating the electrochemstry
of the PbO, electrode in porous systems A multivanate method, that is
mainly based on Principal Component Analysis (PCA) together with the state
space concept, has therefore been applied here to study this phenomena

A formal approach to a multivanate method 1s based on the concept
that the ageing of the active material can be expressed by the change 1n a
p-dimensional state function The state of a complex system is given by p
measurable variables, whereby each vanable descrnibes the behaviour of one
material property

A useful geometric representation of the state of the active matenal
could be conceived by setting up a Euchdian space of p dimensions, one
for each vanable In this case, the state of a specified sample can be
represented by a point in the p-dimensional space The measurement of each
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of the p vanables on n different samples therefore gives an accumulation
of n pomts 1n the p-dunensional space

The change 1n the state of a sample produced by the progress of charge/
discharge cycles 1s now given by a curve In the p-dimensional space In a
formal description, the set of p observations on n independent samples can
be summarized in the pxXn dimensional observauon matrix R

The change 1n the state of the samples as a result of the cychng procedure
maps the mitial matnx R on to the new matrix R’ Using a mathematical
formulation, the mapping 1s generated by the non-linear and time-dependent
matrix T, 1e,

R(@)=T¢) R(t=0) (1)

If only the state of the completely charged mass 1s monitored and 1t 1s
assumed that every cycle consists only of a simple discharge followed by
a charge process, then, as a useful simplification, a non-time-dependent
matrix T' 1s obtained In this representation, one cycle transforms the mass
properties R, to the properties R,, the next to R, and so on, 1 e,

R, =T'Ry=TTITT R, (2)

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

Rre\, = TrevRO (3)

there exists a cycle condition T, . which compensates the vanation of the
material properties

RO = Tre\ Rre\,

The ageing of the active matenal as a result of a progress of charge /discharge
cycles 1s given, therefore, by the irreversible part of R, namely

Ry=R—-R,, (4)

Although, to date, 1t 1s not known how T can be expressed, the investigation
of the pownt distribution 1in the state space gives considerable 1nsight into
the transformation of the PAM during the cycle life

In a practical approach, the different states of the samples at the beginning
and at the end of the cycle test can be wvisualized as two point clusters n
a plane that 1s given as a section through the region of the state space that
covers the highest point density This section 1s given by the first two pnncipal
components of the PCA

The basic 1dea of the PCA is to find a lhnear transformation of the
starting coordinate system in such a way that each of the axes of the new
coordinate system is a hnear function that gives a closest fit to the points
in the space [26] As a lumitation, the hnear function has to be orthogonal
The first axis, or principal component (PC1), passes through the centre of
gravity of the pomnts in the state space The second principal component
(PC2) passes through the centre of grawity orthogonal to PC1 and so on

The new coordinates are the eigenvalues of a matrix R which is built
up by the complete set of observations Therefore 1t follows that



— the largest eigenvalues contain the most useful information relating to
the specific problem,

— the remaining eigenvalues mainly comprise noise,

~— by plotung the largest eigenvalues against each other, a plot of the
distrnbution of the points in space 1s obtamed [27],

— the vanables that have significant contributions to one eigenvector are
correlated The components of the eigenvectors are calculated in a
standardized form This means that each component 1s present in the
range — 1 and +1 As a rule-of-thumb, absolute component values higher
than 0 5 indicate significant contributions

On account of the latter feature, 1t 1s possible to achieve a separation
between the errors and the significant data of expernimental results and to
elicit information about the main correlation between the vanables The
calculation of the PCA was carned out using a mmnicomputer The software,
which has been applied, was based on modules from the IMSL-Statistic

FORTRAN Library

As mentioned above, 1n order to construct the state space, 1t 1s necessary

to define a set of vanables that describe the properties of the PAM As a

first approach, the electrode should be divided into a set of 4 sub-systems

that determine simultaneously the performance charactenistics of the whole
system, namely

1 Macro/microstructure of the PAM

2 Solid-state properties of the PAM

3 The interface electrolyte/PbO,

4 The wmterface PbO,/gnd

Each sub-system 1s characterized by a set of variables as follows

Characterization of sub-system 1

The macro/microstructure ts realized with the vanables surface area,
total porosity, pore size distribution, micro-porosity (pore radmus < 1000 A),
electnic resistance (determined as the high-frequency resistance of the imped-
ance spectrum)

Characterization of sub-system 2

The solid-state properties are realized with the vaniables water-content,
high-frequency resistance The PAM samples were drnied at 60 °C for 24 h
under vacuum and then stored in a desiccator at room temperature The
water content was determined 1n the temperature range 240 to 450 °C using
the Karl Fischer titration method

Characterization of sub-system 3

The electrolyte/PbO, 1nterface 1s characterized by the exchange-current
density and the double-layer capacity The determination of these values was
achieved indirectly by impedance spectroscopy Measurements were conducted
between 60 kHz and 0 02 Hz with a reference voltage of 1 175 V This 1s
20 mV above the open-circuit value A typical result 1s given in Fig 1
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Fig 1 Impedance data for electrolyte/PbO., interface

Fig 2 Equivalent circuit for processes occurnng at PbO, electrode

Assuming that the mmpedance can be expressed as a sernes/parallel
combination of resistors, capacitors and Warburg terms, the model shown
in Fig 2 was used for the mterpretation of the measurements The model
consists mamnly of the mgh-frequency resistance Ryr and three RC-terms A
Warburg term 1s included in the first 2 RC-terms It i1s assumed that the
first term 1ncludes the kinetics of the proton exchange mm the macropores
while the second term represents the water decomposition in the micropores
The third term consists of a high resistance (> 1 (1) and a capacitance (150
to 250 F) The magnitude of the capacitance can be compared with the
delta capacity [10, 25, 28-30] It 1s also assumed that the kinetics and,
therefore, the electrochemical activity are related to the vanables W1 to C2

Characterization of sub-system 4

The gnd/PbO, interface indirectly results from the degree of the gnd
corrosion This 1s determuned by the change i the electncal resistance of
the gnd

In order to reduce the number of state vanables and to come to a
comprehensible relationship between ageing and electrochemistry, an attempt
was made to eliminate vanables Variations in the latter are mamly mfluenced
by short-time memory effects For this reason, two different groups of
commercial traction batteries were Investigated the first group comprised
batteries that had undergone only 3 months of laboratory testing, the second
group were battenes that had completed ~ 50 months of service The older
batteries were under a random stress condition in an industrial environment
By contrast, the 3-month-old battenes had expernenced only 50 cycles under
standard conditions

Before measurement of the state vanable, all batteries were subjected
to a standard cycling procedure 1n order to ensure a comparable start
condition From all the different batteries, a total of 42 electrode samples
were placed 1n a special test set-up (Fig 3) so as to determine the capacity
and the immpedance diagram After removing, washing and drymng the test
electrodes, the other variables were determined
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Fig 3 Schematc of test cell

Independent measurements of 13 variables on 42 different samples give
a cluster of 42 pownts in the 13-dimensional state space Corresponding to
the two different cycle lives of the samples, these clusters of points should
be divided mto two groups To prove this hypothesis the principal component
analysis (PCA) 1s applied

In a first attempt, 10 vanables (namely, gnd resistance, water content,
specific surface area, porosity, microporosity, high-frequency resistance, R1,
C1, R2 and C2) were taken into the PCA The results are shown in Table
1 The first 4 eigenvalues represent 80% of the total variance

The first vector comprises mamnly the water content (Cy,o), specific
surface area (BET), microporosity, high-frequency resistance (Ryr) and C1
This represents a significant correlation between these vanables The second
eigenvalue shows a significant correlation between the specific surface area
and the vanables Ry, R1 and C1 given by the mmpedance spectroscopy.
The third eigenvalue represents a significant correlation between porosity
and gnd corrosion The other eigenvalues represent indifferent weak cor-
relations between all variables and mainly comprise noise
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If the first pnncipal component 1s plotted against the second, a weak
separation of the two pownt groups i1s observed (Fig 4) Both groups are
associated with the different age of the samples

A detalled analysis of the second and third principal components shows
that the corresponding vanables are not or indefinitely dependent on the
age of the samples Thus, in the view of the aim of this study, the associated
vaniables in the next step of the analysis are neglected

The variables that yield the most significant contnbutions to the first
eigenvector are taken into a new PCA Other results have shown that the
vanables W1 and C3 of the impedance spectroscopy should also be considered
The result of this PCA 1s presented in Table 2 With the exception of the
high-frequency resistance, all vanables make significant contributtons to the
first eigenvalue This means that these vanables are strictly inter-dependent
The second eigenvalue mainly consists of the high-frequency resistance with
significant contrnibutions from the microporosity and C3 The other eigenvalues
compnse noise or show an internal correlation of W1 and C3

The plots of the first principal components show two separated clusters
of points that represent the two groups of battery samples with different
cycle numbers (Fig 5) This shows that the concept of state space combined
with PCA 1s an efficient approach for analyzing the ageing of the positive
active material in lead/acid batteries

Principal Components
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Fig 4 Pnincipal component analysis of (0O) old battenes, (V) new battenes
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Fig 5 Pnncipal component analysis of (J) old battenies, (Y") new battenes

Conclusions

The specific surface area, the water content, the microporosity and the
delta capacity are significant and strongly correlated These variables, together
with the high-frequency resistance Ry, montor the state of the positive
active maternial as a function of the charge/discharge cycle life

The nsignificant vanations in the resistance /capacitance and the Warburg
term during the cycle life suggest that the changes in the properties of the
positive active matenal are not associated with the deviation in electrochemical
activity

A negative correlation between the water content and specific surface
area supports the assumption that the water orniginates from hydrated crystals,
hydroxyl groups or protons present in PbO, Therefore, the following thermal
decomposition mechanism seems very likely

PbOZHJ_ nHzo > Pbl_1124+Pb1v22+022_H1 M '";Hzo «—>
Pb, " Pb, 270, 1% (M +Z/2)H0 —s PbO, + (n +.2/2)H.0

The average water content decreases from 0 67 + 0 03% 1n laboratory test
batteries (3-month-old) to 0 46+0 01% in the 50-month-old samples Con-
sidering the mechanism suggested above, these results show that the number
of vacancles n the crystal lattice decreases with cycling The lack of correlation
between the high-frequency resistance and the water content indicates that



149

the decrease in the number of vacancies 1s not linked to a significant increase
In the resistance of the positive active material The absence of a correlation
between the degree of corrosion and the high-frequency resistance shows
that increase 1n the latter cannot be explained by a passive layer in the
corrosion zone at the grid/active-matenal interface or by changes mn the
solid-state properties of the positive active matenal Therefore, the increase
in the high-frequency resistance appears to be due to the resistance resulting
from the surface area caused by the mmtergrowth of PbO, crystals During
ageing, the positive active materal attains more and more an 1deal structure
This suggests that both the number of vacancies and the disorder in PbO,
crystals gradually decrease

From the above results, 1t can be concluded that changes in the properties
of the PbO, electrode during cycle life in terms of changes in the area of
the mtergrowth of crystals or necks (1e, the Kugelhaufen model) are of
significant importance i the electrochemustry of PbO,.
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