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Summary

X-ray diffraction, differential scanning calorimetry and wet-chemical
techniques have been used for the quantitative phase analysis of leady
oxides prepared by both the Barton pot and the ball mill processes and
obtained from a world-wide selection of lead/acid battery and lead oxide
manufacturers. Results indicate that large differences in composition,
crystallinity, particle size, morphology, surface area and pore-size distribu-
tion exist both within and between the products obtained from the two
processes. In general, ball mill oxides have smaller particles, are less crystal-
line, have a lower §-PbO content, have a higher content of free lead, and
higher surface areas than oxides produced by the Barton pot method.
Optical microscopy and porosimetry measurements reveal significant dif-
ferences in the morphology and pore-size distributions of the oxides that
are consistent with the phase analysis results. Storage of both types of
oxide for even short periods of time at room temperature results in a signifi-
cant conversion of the free lead and non-crystalline material to @-PbO.
Such variations in the chemistry and the morphology of leady oxide are
expected to influence the physicochemical characteristics of the pasted,
cured and formed active material in lead/acid plates, as well as the subse-
gquent performance of these plates under charge/discharge cycling service.

Introduction

The basic starting material for lead/acid battery plates is generally
referred to as “leady’ or “grey’’ oxide. Commercial leady oxide usually
contains 65 - 83 wt.% of lead monoxide (PbO) and 17 - 35 wt.% of finely
divided lead [1, 2]. This oxide is the main ingredient of the pastes used
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for flat positive and negative plates, but it is blended with up to 50 wt.%
red lead (PbyO,) when material is prepared for tubular positive plates. There
are two basic methods for manufacturing leady oxide, the Barton pot pro-
cess {brand names: Balox, Chloride, Hammond, Linklater, Minimet) and
the ball mill process (brand names: Chloride, Hardinge, Heubach, Shimadzu,
Tudor).

In the Barton pot process for making this material, molten lead is
oxidized by air at a specified temperature (330 - 400 °C) in a reaction pot.
Usually, a spray of molten lead droplets is fed into the reaction pot and any
accumulated bulk molten metal is broken up again into droplets by a re-
volving paddle that forces the lead against a fixed baffle arrangement inside
the pot. Sometimes, the lead is melted ditectly in the reaction pot itself.
In both procedures, a stream of air, blown over the molten droplets, oxidizes
the lead and, once this reaction is in progress, the temperature is maintained
by the oxidation itself. The resulting oxide powder is carried by the air
stream into a size classification apparatus where the specified particle-size
range is separated out and the coarser material is returned to the pot. By
careful control of the pot temperature, the paddle rotation speed, the rate
of air flow, and the size of the operating load (determined by the rate of
solid or molten lead feed), battery oxide of the desired chemical composi-
tion can be obtained. Generally, the particle-size distribution of the resulting
oxide is satisfactory for good reaction with sulphuric acid in the paste-
mixing process (i.e, a high acid-absorption value), However, in order to
avoid pasting and plate-making difficulties, some battery manufacturers
pass the Barton pot oxide through a hammer mill to produce finer particles
with greater reactivity.

Alternatively, leady oxide may be prepared in a ball mill process. Here,
lead balls, cylinders, or entire lead ingots are tumbled in a steel drum that
is rotated with its central axis in the horizontal plane. The heat generated
by the friction between the lead pieces is sufficient to start oxide formation
in the presence of an air stream blown through the drum. This, in furn,
generates more heat and the particles of lead that are rubbed off by the
abrasion are converted to leady oxide of the required chemical composition.
Cooling the drum with air or water prevents excessive heating. The oxide
is removed by discharge through small holes in the periphery of the drum
(e.g. Tudor mills, operated at 70 - 90 °C), or by entrainment in an air stream
passed through a cylindrical drum {(e.g. Shimadzu mill), or by overflowing
at a cone-shaped exit that is fitted with screens (e.g. Hardinge mill, operated
at 160 -190 °C). The air-sweep principle is now applied also to Hardinge
mills, and both these and Shimadzu mills ave usually fitted with cyclone
classifiers. Oxide of consistent quality can be obtained through careful con-
trol of the residence time of the material in the mill. In the Shimadzu and
Hardinge mills, this is achieved by adjusting both the flow rate and the
temperature of the air stream, the mill speed, the mill charge temperature,
and the amount of mill charge. More detailed accounts of leady oxide
production methods are given in refs, 2 - 4,



143

The advantages and characteristics variously claimed for the Barton
pot process (without subsequent grinding) and the ball mill process are
given in Table 1. Often, these are bold statements in the literature with
little or no supporting experimental data; we are not aware of any de-
tailed comparison of the two oxide production methods. In summary,
the Barton pot process is considered to be more economical (i.e. has less
energy demand} and to give an oxide that is easier to handle, whereas the
ball mill method produces an oxide that has smaller particles with greater
chemical reactivity during pasting (i.e. a higher acid-absorption capability)
and, subsequently, a formed active material with higher initial electrical
capacity. However, after a short period of service in batteries, differences
in the performance of plates prepared by using either of the two types of
oxide are generally considered by battery manufacturers to be negligible,
given that the process variables of the oxide production are optimum. As
will be seen below, we question such a sweeping generalization — one that
is made irrespective of the type or service of the battery.

The leady oxide produced by both of the above processes generally
consists of a mixture of lead particles with both modifications of lead
monoxide, and possibly with a small proportion of Pby0O, (red lead or min-

TABLE 1

Comparison of Barton pot (unground} and ball mill processes for leady oxide production

Parameter Barton pot Ball mill
Economics Initial cost lower —
Most energy efficient -
Operation Oxide easier to handle, less Higher production rate per
prone to aggregation weight (more lead under pro-
Process easier to control cess)
Higher production rate per
unit space
Higher conversion of lead to
lead oxide
Oxide Ozxide and lead particles more Lead particles flatter and
equidimensional thinner
Greater apparent bulk density Oxide particles smaller (iower
Higher 3-PbO content median particle diameter) and
Longer shelf life more reactive
Higher free-lead content
Paste Paste mixing and pasting Higher acid absorption

Plate characteristics
Curing

Formation

easier

Better paste consistency at very
low densities

Process faster

Stronger active material
Greater surface area
Higher initial capacity
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ium), The lead monoxide occurs as a red form, known as &-PhQ (litharge)
that has a tetragonal crystal structure, and as a yellow form known as $-PbO
(massicot) with an orthorhombic structure. The transition temperature of
a-PbO to $-PbO is around 480 °C (the actual temperature depends markedly
on the oxide preparation history [3]). The internal temperature of a ball
mill is well below this temperature, but this may not be the situation with
the Barton pot process. Thus, whereas ball mill leady oxide usually contains
very little 8-PbQ, a significant quantity of this monoxide can be present in
the Barton pot material.

The relative proportion of the two polymorphs of PbO is important
in the production of battery plates since reports have claimed [5, 6 and
references therein] that it gives rise to different basic lead sulphate phases
during the curing process: «-PbO produces tribasic lead sulphate (3PbO-
PbS0O,-H,0), while 8-PbO gives tetrabasic lead sulphate {4PbO-PbSO,).
These sulphate phases, in turn, produce different plate perforinance char-
acteristics during charge/discharge cycling. Since it is generally agreed [7]
that o-PbQ is the preferred starting phase for the paste-making process,
particularly for flat positive plates, the operating conditions for the Barton
pot must be carefully controlled to ensure that the buik of the oxide is
in this form. Thus, guantitative determination of oxide composition is a
necessary prerequisite to the satisfactory control of the oxide manufacturing
process. :

Earlier studies of the phase composition of leady oxides [5, 8, 9] have
attempted to develop a routine X-ray diffraction (XRI}) method for moni-
toring changes in oxide composition but have suffered from one or more
of the following limitations: (i) no estimate has been made of the Pb,0,
content of the leady oxide; (ii) all analyses have been normalized to 100
wt.%, i.e. no estimate has been obtained for the content of non-crystalline
or amorphous* material; (iii) the free-lead content has been determined by
unrefined wet-chemical or XRD methods; (iv) the X-ray calibration con-
stants have been determined by experiment from “standard” materials
of uncertain crystallinity and purity; (v) the amount of each phase has been
estimated from the intensity of (at most} only two diffraction peaks; and
(vi) few {(if any) studies have been undertaken on commercially produced
leady oxides. _

In this work, we describe methods for the accurate determination of
the phase composition of leady oxides that address all of the above experi-
mental limitations of earlier work. In addition, we present the results of
studies on the composition, crystallinity, morphology, porosity and surface
area of oxide samples obtained from both ball mill and Barton pot com-
mercial processes, and from a variety of manufacturers,

*The term “amorphous’ is used here to refer to material that does not give rise to
normal XRD pesaks hecause: (i) it is truly structureless; (ii) it has a very small crystallite
size (i.e. only about 100 A or less); or (iii) it contains a very large concentration of
crystal defects.
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Experimental

Phase analytical procedure

As indicated above, the two most commonly used methods of leady
oxide production involve the oxidation of metallic lead either from the
molten state (Barton pot) or from the solid state by rolling and grinding
(ball mill}. The product of both processes is an intimate mixture of ®-PbO,
$-PbQ, Pb;0, and metallic lead. As will be seen below, these phases do not
always occur as discrete particles. For example, some of the lead particles
are only partially oxidized and are present as a metallic core within the
oxide product; further, PbO particles may be contained within Pb;0, par-
ticles as the oxidation proceeds. Encapsulation of lead causes hitherto
unrecognized problems in the experimental determination of its abundance
in the mixture when using an XRD phase analysis technigque: the oxide
coating strongly absorbs X.rays and, therefore, selectively diminishes the
magnitudes of the beams both incident to, and diffracted from, the lead
particles, Furthermore, small lead particles have a large surface-area/mass
ratio and consequently have a high chemical reactivity. Thus, the more
commonly used “in factory” wet-chemical methods of lead determination
that rely on the selective dissolution of the oxides can result in the removal
of some of the more finely divided lead particles, thereby producing an
underestimate of the total lead content of the sample.

We have avoided these problems by using the technique of differential
scanning calorimetry (DSC) to determine the free-lead content of the oxide
samples prior to XRD and/or wet-chemical analysis. The DSC technique is
able to measure the lead content independently of its particle size, shape, or
degree of encapsulation by the oxides. The method measures the heat of
melting of the lead particles in a given oxide sample and compares this with
the enthalpy of fusion of an equivalent mass of pure lead. The amount of
non-crystalline, or amorphous, material in the sample is calculated by the
difference from 100 wt.% using the DSC estimate of the lead content in
conjunction with the XRD-determined lead oxide content. In the absence of
a DSC determination, the free-lead content is estimated by a refinement of
the more generally used acetic acid dissolution method.

Differential scanning calorimetry

Differential scanning calorimetric (DSC) measurements were carried
out using a SETARAM DSC III instrument (for a description of this equip-
ment and its functions see Ref. 10). Heat flow data were collected on a
Hewlett Packard 3421 A Data Acquisition and Control Unit, and processed
by a Hewlett Packard 85 microcomputer.

The DSC instrument was supplied with a “Joule effect” cell that was
equipped with an electrical resistance heater controlled by an adjustable
power supply. Calibration was achieved by placing the cell in the detection
zone and measuring the enthalpy of fusion of 10 to 50 mg samples of high
purity lead (Koch Light 99.9999%). The observed enthalpy of fusion was
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—22.77+0.05 J ¢! and the melting point was 327.3 + 0.1 °C. The cor-
responding critically assessed [11] values are —23.16+ 0.02 J g"! and
327.4 °C, respectively, Comparison of these values with those observed
experimentally demonstrates that the DSC calibration was accurate to
within *1%, The enthalpy value used to calculate the lead contents was
—22.77 J g !'. For measurements of the freelead content of the leady
oxides, the samples were weighed into open alumina micro-boats and
heated under a stream of argon (5 ml min™!). The DSC instrument was
programmed to heat a sample quickly to 322 °C, then at 1°C min™! to
342 °C.

Plots of the DSC heat flow as a function of sample temperature for
pure lead and three leady oxides are shown in Figs. 1(a) - (d). The size of
the DSC peak varies directly with the amount of metallic lead in the samples,
that is, with the weight of sample used (about 50 mg in the case of the pure
lead in part (a) and about 100 mg for the oxide samples in parts (b) - (d))
and the weight fraction of lead in the sample (100, 14, 11 and 39 wt.% in
parts (a) - (d), respectively). It can also be seen that the shape of the DSC
peak obtained from pure lead is markedly different from that observed for
the leady oxides. This is due to the different thermal responses of the oxides
present in the latter samples. Moreover, the DSC peak profile varies consid-
erably between the different oxides, reflecting differences in the shape,
size and degree of encapsulation (and chemical reactivity) of the lead par-
ticles in these samples. However, the melting point of the lead varies by
less than 0.5 °C between the four samples, and this demonstrates the reli-
ability of the DSC method for free-lead determinations.
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Fig. 1. Variation of heat flow with temperature in the vicinity of the melting point of
lead in samples of (a) Koch Light 99.9999% Pb, (b) Australian Barton pot oxide (BP16
in Table 3) (14.4 wt.% Pb), (¢) New Zealand Barton pot oxide BP17 (10.7 wt.% Pb),
and (d) U.K. ball mil! oxide BM4 (38.6 wt.% Pb).
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Dissolution with acetic acid

Experimental conditions for the determination of the free-lead content
of leady oxides by the well-known acetic acid method [12] were optimized
by conducting tests on pure lead and on leady oxide samples of known
(DSC) free-lead content. The following procedure was finally selected and
is a refinement of various methods quoted in the literature [13-15]. A
mixture of 2 ml of glacial acetic acid, 20 ml of 15 wt.% ammonium acetate
and 0.3 g of ascorbic acid was made up to a volume of 125 ml with distilled
water and heated to a temperature of 75 - 80 °C. The hot liquid was poured
into a flask containing 3 g of the oxide sample and the solution was stirred
with gentle heating. The coagulated lead residue was recovered by filtration,
dried under nitrogen, and weighed. Comparison of the acetic acid (HAc)
determinations with the results of DSC measurements carried out on the
same samples indicates that the acetic acid method is accurate to within +2
wt.% lead (see Fig. 3(a) and Table 3 below).

X-ray powder diffraction

X-ray powder diffraction analysis is the most commonly used method
for determining the relative abundances of crystalline compounds in multi-
phase mixtures. Accurate XRD determination of phase abundance is, how-
ever, not a trivial task since the diffraction-peak intensities from a particular
phase are not, in the general case, a simple linear function of the concentra-
tion of the phase and, furthermore, the peak intensities cannot be related
to those of another phase without extensive, and often laborious, calibration
[16]. In addition, phase analysis of the lead oxide system is particularly
difficult because of problems arising from: (i) severe diffraction-peak over-
lap; (ii} high absorption coefficients; and (iii) uncertainties in the degree of
preferred orientation, crystallinity, stoichiometry and variability of particle
size [5, 8, 9, 17 - 20, and references therein].

The XRD method selected here for the analysis of leady oxide is a
version of the internal-standard technique previously developed in our
laboratory for the study of formed positive plates [21, 22]. This technique
was specifically chosen because it is more accurate than other XRD proce-
dures and because it allows determination of the amount of both crystalline
and amorphous material in the sample.

The fundamental equation relating phase concentration W and dif-
fracted peak intensity I in the internal-standard method is

_ 5L W,
I, R,

where RI;, the so-called ‘“reference intensity ratio’’, is a constant for a given
phase i in the presence of a standard phase s added in the weight proportion
W,. The weight fraction W; of the phase / is obtained by measuring the
diffracted peak intensity ratio I,/I, for known values of W, and RI;. Ceric
oxide (CeO,) was selected as the internal-standard material and was fired at
1200 °C for 24 h to decrease the diffraction peak width and to ensure
stoichiometry.

1)

t
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For the reasons outlined previously [18 - 20], the values of RI; were
obtained not by experimental calibration, but by calculation from first
principles using the known crystal structure and X-ray scattering properties
of the individual phases. That is, from the expression
RL = % & (2)

Qs Di
where @ is the calculated powder diffraction intensity, and D is the product
of the unit-cell volume and the mass of the unit-cell contents (in atomic
mass units) for each phase. The unit-cell dimensions and atomic positional
and thermal vibrational parameter values necessary for the calculation of @
and D for each of the phases «-PhQ, 8-FbO, Pb,0, and Pb were obtained
from the literature [18, 19, 21, and references therein].

In order to minimize the effects of preferred orientation and peak
overlap in. the a-PbQ and -PbO components, the intensity of three separate
reflections was measured for both of these phases. Similarly, the above-
mentioned problems with lead encapsulation by oxide required that three
peaks from the lead phase also be measured. However, for the Pb,04 and the
internal-standard Ce(O,, only one (intense) reflection was measured. After
an extensive series of trials, the diffraction record between 25.0° and 55.4°
20 was selected and divided up into a total of eleven discrete scanning
regions for the phase analysis procedure (see Fig. 2(a) below).

Table 2 gives numerical details of the scanned regions, together with
the calculated and observed values of the peak intensities for several “‘stan-
dard” samples. Simulated powder diffraction patterns for 1:1 mixtures
(by weight) of each of the phases with CeQ, over the range scanned in the
phase analysis procedure are given in Figs. 2(a) - (d). These patterns simulate
the phase analysis record obtfained from a standard X-ray diffractometer
using nickel-filtered Cu K& radiation: the peaks have a full width at half-
maximum of 0.17°, and an intermediate Lorentzian peak shape. The upper
and lower rows of vertical lines immediately below each pattern represent
the positions of all possible Bragg reflections allowed by the space-group
symmetry of the firet- and second-mentioned phase in each pattern, respec-
tively. The three small rectangular areas below the pattern in Fig, 2(a) are
the regions selected for background determination.

Oxide samples were dried for 2 h at 120 °C prior to analysis. For each
sample, approximately 0.6 g of the material was added to about 0.3 g of
CeQ, (with exact weights recorded for use in the later data analysis) and
the resulting mixture was ground for 3 min in a Retsch-type MM2 mixer/
mill. This grinding time was selected as a compromise between the desire
to produce a reduction in particle size together with an increase in phase
homogeneity of the samples, without causing a significant convermsion of
5-PbO to «Pb(. The sample was then back-pressed into an aluminium
holder and the surface scraped flat with a straight edge. The holder was
mounted in a Philips PW1060 diffractometer equipped with an autoscanner
attachment. Integrated X-ray intensities were collected over the eleven scan
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Fig. 2. Simulated Cu Ko XRD patterns for 1:1 (by weight) mixtures of CeO, with (a}
a-Ph0O, (b) f-PRO, {c) Pb30,, and (d) Pb, In (a) the eleven ranges of 2§ scanned for the
intensity measurements are indicated by number, along with the three regions used for
background determination. The two rows of vertical lines immediately below each pat-
tern represent the positions of all possible Bragg peaks from the two components in the
mixture.

ranges described above using a step width of 0.01° 28, and a step counting
time of 0.4 s; these settings correspond to a continuous scanning rate of
1.5° min™! and an analysis time of about 40 min per sample. The data were
punched on to paper tape for subsequent computer analysis,

For mixtures of all five compounds (namely «-PbQ, §-Pb0O, Pb,O,, Pb
and CeQ,), only three of the eleven scan regions (numbers 1, 3 and 7 in
Table 2 and Fig. 2) contain peaks from a zingle phase ($-PbO or Pb;0,).
These free-standing peaks were used at the start of the phase analysis pro-
cedure (after the subtraction of background) to define the amounts of
Pby04 and $8-PbO present. Using the known relative intensities of the peaks
from these two phases in the other eight scan regions, the peak intensities
for the remaining phases were then determined by peak “‘stripping”, When
the free-lead content of the sample had been previously determined by
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either the DSC or the acetic acid method, this lead value was introduced
into the diffraction data analysis program as an independent measurement.,
The weight percentages of the oxides (-PbQO, 3-PbO and Pb,0,) were then
determined from egn. (1), using equal weights for all peaks measured from
a given phase, and taking into account the sample weight corresponding to
the lead particles encapsulated by oxides that were not detected by the
XRD procedure, The accuracy of the determination of the abundance of
a particular phase in a sample is difficult to estimate since it will depend on
the intrinsic degree of preferred orientation, microabsorption, etc. However,
multiple determinations carried out on the same samples by different oper-
ators suggest that the error is about 3 wt.%.

Any difference between the sum of the oxide and lead weight percent-
ages and 100% was then considered to represent the amount of amorphous
material in the sample. Analysis of the amorphous content is the least
reliable of the phase determinations since any errors in the oxide and lead
weight percentages can accumulate in this measurement; its reliability can
conly be inferred from the range of values obtained for a wide variety -of
samples. For example, the minimum and maximum amorphous material
contents for any sample should be 0.0 wt.% and 100.0 wt.%, respectively,
and samples giving intense, sharp diffraction patterns should be reasonably
crystalline, with relatively low amorphous contents. In the phase analysis
results reported below (Table 3), the minimum amount of amorphous
material was observed to be —5.0 wt.% (Barton pot leady oxide, BP2), and
the maximum amount was 41 wt.% (standard §-PbQ). This range is accept-
able; analysis of a large body of data indicates that the absolute error in the
amorphous content is in the vicinity of 27 wt.%.

In the absence of an independent determination for the free-lead
content, the phase analysis program can estimate the abundance of this
phase from the diffraction data itself, based on a series of calibration experi-
‘ments that compensate for the effect of lead encapsulation. However, the
values so obtained are less reliable than the DSC and the acetic acid mea-
surements, especially for lead contents greater than about 30 wt.% (see Fig.
3(b}, and Table 3 below).

Pore-size end surface-area measurements

Mercury porasimetry

Mercury intrusion porosimetry was used to determine the total spe-
cific pore volume, the cumulative and differential pore-size distributions
(for both pore volume and pore surface area), and the bulk and .skeletal
dengities,

The determination of both the size and the volume of pores with a
mercury penetration method is based on the behaviour of non-wetting
liquids in ecapillaries. When a liquid, such as mercury, makes a contact
(wetting) angle with a solid that is more than 90°, an externally applied
pressure jis required to force the liguid into the capillaries that constitute
the porosity of the solid. If each of these capillaries is assumed to be an
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Fig. 3. Comparison between the freelead content of various leady oxides measured by
acetic acid dissolution and that determined by {a) DSC, and (b) XRD methods. The lines
represent the 1:1 relationship between the two quantities; the filled and open circles rep-
resent leady oxides manufactured by the ball mill and Barton pot processes, respectively,

infinitely long cylinder that can be intruded by the liquid, then the diameter
d of the cylinder is related to the applied pressure p by the relationship

d=—4dvycos8/p , (3)

where + is the surface tension of the liquid (i.e. mercury) and @ is the con-
tact angle. Measurements of the volume of mercury intruded for a given
weight of solid as a function of inereasing pressure yield the cumulative,
specific pore-volume plot as a function of decreasing pore diameter, Esti-
mates of the abundances of pores of various sizes are obtained by plotting
the pore-volume changes for small pore-diameter intervals against the pore
diameter (i.e. the differential pore-size distribution is obtained).

The bulk density of the solid is derived from the amount of mercury
surrounding the sample at the lowest pressure; 0.01 MPa (1.4 psia) in this
work, If the total specific pore volume is taken into account, then a skeletal
density is caleulated that includes all pores of diameter greater than 0.003
um; the latter value corresponds to the maximum pressure of the equipment
available, 380 MPa (55 000 psia) in this work. The difference between this
skeletal density and that obtained from XRD data gives 2 measure of the
volume of the inaccessible pores and those with diameters less than 0.003
pm.

Finally, the specific pore surface area can be determined from the pV
work expended in forcing mercury into the pores, that is, from the work
required to cover the pore surface area A. The latter is given by the integral

Vmax

A=—(1{ycos @) pdV (4)
Vmin

where V;, and V., are the intruded mercury volumes for maximum- and

minimum-size pores, respectively. Sufficiently small volume increments are
assumed by sampling at closely spaced pressure values,
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The properties described above were examined for leady oxides using
a Micromeritics Model 9200 mercury porosimeter at pressures in the range
0.01 - 380 MPa (i.e. pore-diameter range 125 - 0.003 ym).

Since other mercury porosimetry investigations conducted in our
laboratories on formed negative-plate material have shown that the mercury
in the glass cup of the penetrometer becomes very viscous and wets the
surfaces of both the cup and the material under study, suggesting amalgam-
ation with the lead phase in the material, we expected parallel studies on
leady oxides to result in a similar amalgamation of the lead particles con-
tained therein. However, after each run, the mercury had a low viscosity
and a high contact angle, thus indicating that there was no significant amal-
gamation of the lead particles in the oxide. It is probable that in the case of
leady oxides the lead particles are protected from amalgamation by an
oxide coating formed during manufacture or by aging (see below).

BET surface area

The surface areas of both the internal pores and the external surface of
solids are best determined by the physical adsorption of gases or vapowrs.
The amount of gas adsorbed by a solid is obtained from a comparison of
the equilibrium pressures in a closed systemn of constant volume when
empty and when containing the solid sample. These data are used to cal-
culate the volume of gas required to cover the surface with a monolayer of
gas and, in turn, the total surface area is determined using an assumed value
for the area covered by a molecule {or atom) of the adsorbate gas. The
calculations are based on the assumption that for solids with pores of diam-
eter greater than 20 A, at least five to seven layers of gas will be adsorbed
before condensation occurs. Brunauer et al. [23] showed that the volume
V of gas adsorbed at an equilibrium pressure p is related to the monolayer
volume V, by the relationship (known as the BET equation)
vV Cpipo
Vo (1—p/po)ll+(C—1)p/p,]
where p, is the saturation pressure of adsorbate gas at the temperature of
the experiment, and C is a constant related to the heat of adsorption and
must have a value greater than about 5.

Recasting egn. (5) into linear form gives

L = €1 £ + _}_._ (6}
Vipo—p) VoC Py V€
from which V= 1/(slope + intercept) for a linear regression line corre-
sponding to points in the range 0.05 < p/p, < 0.35.

The surface areas of the leady oxides reported here were obtained using
krypton adsorption at the temperature of liquid nitrogen. Krypton was
selected as the adsorbate gas because the oxides have a low surface area and
therefore require a gas for which small quantities would result in a saturated
vapour at the experimental temperature (350 Pa at —195 °C for Kr). The

(5)
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samples were outgassed at 150 °C overnight, or until the pressure was less
than 1.3 mPa. The adsorption measurements were carried out on a Carlo
Erba Model 1820 instrument modified locally for automated operation
with krypton.

Results and discussion

Analysis of “standard”’ leady oxide components

Table 2 contains a list of the intensities of the scanned peaks for
representative samples of commercial “‘standard” lead, «-PbO, §-PbO and
Pb;0,. For all samples, the integrated observed peak intensities for each
scan region agree reasonably well with the calculated values, although there
is clearly some degree of residual preferred orientation manifest in certain
peak intensities (e.g. the pair of peaks 311 and 122 for 8-PbQ). This is not
surprising since both «-PbQ and §-PbQ have a pronounced layering in their
structures and crystallize with a plate-like habit. As indicated above, an
attempt has been made in the analytical procedure to minimize this pre-
ferred orientation by measuring the intensity of three peaks from both of
these phases.

The phase analysis results given in Table 3 for the above standard
materials (¢-PbQ, 8-PbO and Pby0,) confirm that commercially manufac-
tured samples are not always completely phase-pure, especially if the samples
have been stored for long periods of time in uncontrolled conditions. Fur-
thermore, some of the samples are very poorly crystalline, containing up to
41% of their mass as amorphous material (e.g. §-PbO). Similar levels of
non-crystalline material have been observed previously in many samples of
lead dioxide {bcth 0:PbQ, and 3-PbQ,) prepared both by chemical and by
electrochemical methods [18, 21, 22, 24 - 28]. These results underline the
importance of using calculated, rather than observed, reference intensity
ratios in the fundamental phase-concentration/peak-intensity relationship
(egqn. (1)). Otherwise, the ‘“hidden™ amount of amorphous material con-
tained in the standard oxides used for experimental calibration would be
propagated through all of the subsequent analyses of oxides of unknown
composition,

Analysis of leady oxides

A total of 34 commercially prepared leady oxides from four coniti-
nents has been received as part of our continuing studies of oxide chatac-
teristics and their effect on paste and plate manufacture and subsequent
cycling performance in batteries subjected to deep-discharge service. Ten of
these samples were produced by the ball mill process, and the remaining
24 samples by the Barton pot method (Table 3). All but two of the samples
(BM5 and BP11 in Table 3) were produced during “normal” operation-of
the manufacturing process. Most of the oxides have been characterized
by all three of the analytical methods outlined above; many have been
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photographed with an optical microscope for qualitative determination of
particle size, phase relationships, and morphology; and some have been
subjected to quantitative particle-size and surface-area measurements. In
the following discussion, we shall concentrate on those oxides that could
be analysed very soon (i.e. less than a week) after production (termed
“fresh” oxides). The oxides for which there was a longer delay between
manufacture and analysis (mostly due to transport delays) display broadly
similar properties to fresh samples made by the same process, but they have
phase compositions that have altered systematically as a function of storage
time (see below). These latter samples are termed ‘“‘aged” and will be dis-
cussed in a later section on the effects of oxide storage.

Phase analysis determinations of both fresh and aged samples are sum-
marized in Table 3. Oxides produced by the ball mill process have been
separated from those produced by the Barton pot method. Ball mill oxides
can be distinguished from those made by the Barton pot process {ignoring
exotic samples BMb and BP11) by: '

(1) a slightly lower content of crystalline «-PbO (36 — 61 wt.%, mean

48.0 wt.% versus 37 — 70 wt.%, mean 52.8 wt.%);

(2) a much lower crystalline B-PbO content (0 - 4 wt.% versus 4 - 28

wt.%);

(3) a greater content of free lead (23 = 41 wt.% versus 10 —+ 32 wt.%);

{4) a slight tendency to have a higher content of amorphous material

(8 = 21 wt.%, mean 14.8 wt.% versus 0 = 12 wt.%, mean 9.6 wt.%).
Thus, the conversion of lead to crystalline oxide (a-PbO +3-PbO +
Pb,0,) is lower for the ball mill process (40 - 60 wt.%) than for the Barton
pot process (65-95 wt.%). The concentration range of Pbj;0, remains
constant for the two processes, but at a very low level (<3 wt.%).

The higher amorphous content of the ball mill oxides is in agreement
with the empirical observation (Table 1) that the milling procedure gives a
higher proportion of small particles. The uniformly low crystalline §-PbO
content of the ball mill oxides is consistent with the expected preferential
formation of the low-temperature polymorph, a-PbQ, at the lower operating
temperature of the bail mill relative to the Barton pot process. The Barton
pot oxides do, however, display a wide range of $-PbQ contents (4 - 28
wt.%, with an upper value of 77 wt.% if sample BP11 is taken into account),
and thereby suggest that the operating parameters of the different Barton
pots can vary considerably between manufacturers. Since it is generally
hela [7] that the concentration of $-PbO should be below about 15 wt.%
for satisfactory plate performance, it is clear that some of the Barton pots
are operated under less than optimum conditions.

In order to test the variability in the composition of ball mill leady
oxide during a specific production run, samples were obtained from a
manufacturer both at start-up and at mid-run of the mill. Phase analysis
showed that at mid-run the oxide {BM2 in Table 3) had an &-PbO content
higher by 19.6 wt.%, a free-lead content lower by 11.5 wt.%, and an amor-
phous content lower by 8.7 wt.% than that in the oxide at start-up (BMB5).
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These differences are almost as large as those obtained between samples
from different manufacturers. If uniformity in the oxide composition for
a particular pasting batch is desired, then these results suggest that urgent
attention should be given to the variations in process parameters both
within and between leady oxide production runs.

The amount of amorphous material in all (i.e. fresh and aged ball mill
and Barton pot) oxides examined so far is less than 27 wt.%. However,
other studies performed in our laboratories indicate that the amount of this
component rises to values above 40 wt,% after curing [29].

Aging of leady oxides during storage

The composition of leady oxides can change during storage at room
temperature owing to the continued oxidation of the particles of free lead.
Since these oxides may be held over in the factory between plate-pasting
runs, it is possible that the change in oxide characteristics during the inter-
vening time could significantly alter the performance of the final battery
plate product. We have, therefore, endeavoured to measure guantitatively
the rate and extent of these compositional modifications, and to determine
the identity of the oxidation product, for samples of both Barton pot and
ball mill oxides, The experimental programme involved both one-shot and
periodic phase analysis of samples stored at low temperature (2 °C) and at
room temperature (~ 23 °C). The results are summarized in Table 4 and
in Fig. 4,

The data show that the free-lead content remained reasonably stable
when the oxides were kept at reduced temperature, At room temperature,
the major effects of storage are broadly similar for ball mill and Barton pot
oxides, namely:

(1) a significant decline in the freelead content, e.g. 20 wt.% to 7 wt.%

aver a petiod of two months for BP4 (Table 4);

(2) a correspondingly large increase in the &-PbQO content, e.g. 62 wt.%

to 76 wt.% for BP4;

FREE LEAD /wt %

a
T
1

0 R N S N SR R
o) jie] 20 3c a9
STORAGE TIME / days

Fig. 4. Free-lead content (acetic acid) of samples of bail mill leady oxide as a function of
storage time at 2 °C and room temperature (~ 23 °C),
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(8) a relatively small (absolute) increase in the 8-PbO content (leading,
in the case of ball mill oxides, to an overall decrease in the ratio of
o-PbC to §-PbO);

(4) a decrease in the amount of amorphous material.

It was expected that the lead would oxidize predominantly to the
low-temperature polymorph, o-PhQ, but the decrease in amorphous material
was not anticipated. We note that, whereas the changes in free-lead content
are mainly dependent upon temperature, the conversion of amorphous
material to crystalline product (predominantly o-PbQ) is also dependent
upon the time interval of storage (e.g. 61 = 70 wi.% «-PbO for BM1 stored
at 2°C for 1 month). On the other hand, inspection of the surface-area
and pore-gize distribution data (see Table 5 and discussion below) does not
indicate any trend in the pore-structure properties with sample age or
storage temperature. '

In Fig. 4, the change in the freelead content (acetic acid method) of
two samples of the same ball mill oxide has been plotted as a function of
storage time. One sample was stored at room temperature (~ 23 °C), the
other was kept at 2 °C, The data clearly demonstrate that at room tempera-
ture, the free-lead content decreases at a relatively constant rate of about
0.5 wt.% per day for the first three weeks of storage, whereupon the rate
declines to less than 0.2 wt.% per day for the remaining period of storage
(about three weeks), On the other hand, the sample kept at 2 °C shows a
decline in free-lead content of only about 0.15 wt.% per day over the entire
storage period (about six weeks). Similar calculations performed on Barton
pot oxides show that, in general, the rate of free-lead conversion appears to
be somewhat lower for Barton pot oxides than for ball mill oxides (Table
4), indicating that the shelf-life is longer for the former material (as noted
in Table 1).

As yet, we have not studied the effect of compositional and mor-
phological changes of leady oxide on the performance of cured and formed
plates manufactured from the oxide, Industry generally accepts thai the
initial free-lead content of the oxide should be in the range 15 - 25 wt.%,
The above studies indicate that when an oxide is manufactured with a
freelead content slightly above or near the upper limit of this range, the
oxide can be stored for lengthy periods under cool conditions. On the other
hand, it is possible that an oxide with an initially low free-lead content may
become unsuitable for use in paste-making if it is not utilized soon after
production.

Optical microscopic examination of leady oxide morphology

Visual observation of spatial relationships between the component
phases in leady oxides (or indeed any complex mixture of compounds) is
of particular importance in attempts to rationalize measurements of their
surface area, particle and pore-size distribution, and chemical and/or elec-
trochemical reactivity. The general trend in recent years has been to uge
scanning electron microscopy (SEM) for studies of this kind since this
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technique allows very high magnifications to be achieved simultaneously
with a good focal depth-of-field. However, SEM equipment is expensive
(and therefore is not generally available to infrequent users such as battery
manufacturers), requires extensive training for its operation, and produces
sample images only in shades of grey. On the other hand, examination of
leady oxides under a high-quality optical microscope has many advantages:
the equipment is relatively inexpensive and easy to operate, sufficiently
high magnifications can be achieved if polished mounts of the material are
prepared, and the component phases can be readily distinguished on the
basis of their different colours.

Leady oxide powder was prepared for optical examination by mixing
a small quantity of the oxide with epoxy resin, meounting this in a cavity
in a carbon-impregnated epoxy block, allowing it to set, and then polishing
the surface with 600 grade silicon carbide paper followed by successive
polishing with 6, 3 and 1 um diamond pastes. The polished mounts were
then examined under normal-incidence polarized white light in a Reichert
optical microscope at magnifications of 180X, 360X and 1800X. Colour
photographs were taken of areas of particular interest.

Figure 5(a) is an optical micrograph of a fresh U.K. ball mill leady
oxide sample 1 (BM3 in Tabhle 3). The light brown, elongated or flaky,
particles are free lead (23 wt.%), and the yellow/green regions are either
a-PbO (53 wt.%) or 5-Pb0O (2 wt.%); the small amount of Pb,0, present in
this sample (3 wt.%) cannot be distinguished at this magnification. A cor-
responding micrograph of a fresh Australian Barton pot leady oxide sample
1 (BP8 in Table 3, Fig. 5(b}) is quite different in appearance. In this oxide,
the dark-brown lead particles {32 wt.%) are roughly equidimensional in
shape, the individual particles of vellow/green o-Ph0O (40 wt.%) and §-PbO
(19 wt.%) can just be discerned, and a single large particle of orange Pb,0,
(1 wt.%) is visible in the upper-middle portion of the micrograph,

Optical micrographs of other U.K. manufacturers’ fresh ball mill oxide
sample 2 {BM4; 41 wt.% free lead) and Barton pot oxide sample 2 {BPb;
21 wt.% free lead) are given in Figs. 5(c) and (d), respectively. The same
characteristics are observed, namely, the ball mill oxide has elongated lead
particles and PbO particles of sub-microscopic size, whereas the Barton pot
oxide has equidimensional lead particles and larger PbO particles. These
results are consistent with the higher amorphous content and smaller mean
particle size observed for ball mill oxides relative to Barton pot varieties
(see Table 3 and discussion below}).

It is, however, only when the oxides in Figs. 5(c) and (d) are examined
under high magnification (Figs. B{e) and (f)) that the detailed spatial rela-
tionships between the lead and oxide particles become clear. The individual
PbO particles in the ball mill oxide are still barely visible, but the PbO
particles in the Barton pot oxide are shown to be well separated, roughly
spherical, and of fairly uniform size. The background colour of the PbO in
the two types of oxide is also- quite different. Since both oxides contain
only about 2 wt.% Pbj0,, the Barton pot oxide appears redder in colour



(a) FRESH
BALL MILL I
(x350)

23w1.% Pb
53wl.% - PbO
2wl % B - PbO

(c)FRESH
BALL MILL 2
(x350)

4lwt. % Pb
37wt % - PbO
I wh.% B~ PbO

(e)
OXIDE (c)
(x1800)

(g) AGED
OXIDE (c)
(x350)

34w1.% Pb
50wt. % o-PhO
3wt.% B -PbO

(b) FRESH
BARTON POT |
(x350)

32wt.%Pb
40wt % oX-PbO
19wt % B ~PbO

(d) FRESH
BARTON POT 2
(x350)

21wt.% Pb
54wl % &~Pb0
&wh.% B-PbO

(f)
OXIDE (d)
(x1800)

(h) AGED
OXIDE (d)
(x350)

Fig. 5. Optical micrographs of polished mounts of leady oxide samples. (Reduced in
reproduction x%.)
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probably because of its higher a-PbO content (54 wt.% relative to 37 wt.%)
and its lower content of free lead (21 wt.% relative to 41 wt.%)}. We note
that, in general, the ball mill oxides are green/grey in colour and the Barton
pot oxides are red/brown (Table 3). This colour difference occurs over a
wide range of a-PbQ to §-PbO ratios and it is clear that the dominant factor
in determining oxide coloration is the content of free lead: oxides con-
taining large amounts of free lead tend to be grey/green, while those with
smaller amounts are red/brown.

The two micrographs in Figs, 5(e) and (f) clearly demonstrate the large
difference in free-lead content of the two oxides under study, i.e. 41 wt.%
versus 21 wt. % free lead for ball mill oxide versus Barton pot oxide. The
lead particles in both oxides show a large variation in size and are, in some
cases, surrounded by quite thick reaction rims of oxide. This encapsulation
of the lead particles, together with their size wvariability (and, therefore,
chemical reactivity), demonstrates why X-ray diffraction and wet-chemical
methods of free-lead determination, unless carefully controlled, are unlikely
to provide accurate estimates of the amount of unreacted lead. This also
applies to wet-chemical analytical techniques that do not specifically provide
for the presence of the ‘“‘mixed” oxide Pb;0,, containing lead in the 2* and
4* oxidation states,

Figures 5(g) and (h) are low-magnification micrographs of the two
leady oxides shown in Figs. 5(c) and (d), respectively, after storage at room
temperature for extended periods (28 days and 360 days, respectively).
The decline in free-lead content of the ball mill oxide from 41 wt.% to 34
wt.% (cf. Figs. 6(c) and (g)), and of the Barton pot oxide from 21 wt.% to
b wt.% (¢f. Figs. 5(d) and (h)) is clearly visible, particularly with respect to
the remaining number of very small particles of lead.

Pore-size distribution and surface area of leady oxides
The results of pore and surface studies on the oxides are summarized
in Table 5 and Fig. 6. The cumulative pore volumes for ball mill oxides

3
£ 100 S P e U ———
w {a} % i th} ’
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5 80 h el B E < gof / ]
el frx Sl oiral BN ‘ w Barton pot exice]  /
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5 ' /
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Fig. 6. Comparison of (a) cumulative pore volume and (b) surface area of typical ball
mill and Barton pot leady oxides. The volumes and areas are expressed as percentages of
the total values and are plotted as a function of the pore diameter on a logarithmic scale,
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when plotted (not shown here) as normal probabilities versus In d are indic-
ative of two broad overlapping normal distributions. Over 95% of the total
pore volume is accounted for by pores with diameters in the range 90 - 0.13
um. On the other hand, analogous normal probability plots of data for
Barton pot oxides show the existence of two differently shaped normal
distributions of pores: the one in the 80 - 1.5 um pore-diameter range,
which accounts for 40% of the total pore volume, is identical in shape to
that of ball mill oxides; while the other between 2.4 and 0.3 um has a much
narrower spread. This is manifest on the cumulative plot as a sharp rise over
a narrow pore-diameter range (Fig. 6(a)). Indeed, 45% of the total pore
volume is contained within this narrow distribution of pores. Similar obser-
vations obtained in an earlier study [30] were attributed to the lower
content of §-PbO in the oxides made by the ball mill process, leading to a
higher BET specific surface area and a higher discharge capacity of plates
made from this oxide.

The differential pore-volume distributions show (Table 5) that the
most frequent (modal) pore diameter for ball mill oxides is typically ~0.2
um, whereas for Barton pot oxides the value is ~ 1.5 um, It is not surprising,
therefore, that surface areas for ball mill oxides are significantly greater
than those for their Barton pot counterparts, namely 1.7 m? g versus 0.7
m? g™ (Fig. 6(b)). It will be seen from Table 5 that the specific surface
areas derived from porosimetry are, at best, in qualitative agreement with
the much more reliable BET data,

It is noted (Table 5) that the skeletal densities of leady oxide samples
from both processes are low (average 7.3 g cm‘31 compared with the XRD-
derived individual densities of PbO, Pb;0,4 and Pb (9.5, 9.1 and 11.35 g
ecm™?, respectively). This implies particle porosities of ~ 20%; these could
be either due to inaccessible pores with diameters greater than about 0.003
#m, or to micropores for which there is no evidence from either porosimetry
or gas adsorption, Indeed, recent measurements of the bulk hydrogen con-
tent of formed positive-plate material [28, 31, 32] suggest that significant
quantities of hydrogen (as adsorbed hydroxyl groups) reside on ‘‘internal”
particle surfaces and/or in trapped pores that remain inaccessible to surface-
area measurements. It is also possible that a correlation exists between the
low skeletal densities and the amorphous content of the oxide, and this
aspect will be examined further.

Conclusions

A full quantitative analysis of the phases present in commercial leady
oxides used in battery plate manufacture requires a combination of careful
X-ray diffraction measurements with an independent determination of the
free-lead content. This is because some particles of lead are only partially
oxidized during the ball mill or Barton pot process and are therefore en-
capsulated by the lead oxide phases so produced. In the present study,
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the phase analysis is accomplished by the development of an XRD technique
that utilizes CeO, as an internal standard, and takes the free-lead content
obtained either by measuring the enthalpy of melting of lead by differential
scanning calorimetry, or by dissolving away the oxides in a development of
the well-known acetic acid method. The X-ray reference intensity ratios
and relative peak intensities of all of the component phages are determined
by calculation from the crystal structure parameters, rather than by measure-
ment experimentally. This procedure minimizes problems normally encoun-
tered with the phase purity, preferred orientation and crystallinity of stan-
dard samples used for calibration.

The phase analysis results have revealed significant differences between
the chemical compositions of ball mill and Barton pot leady oxides. In
general, fresh ball mill material contains significantly less (crystalline) §-PbO
than Barton pot material, The preferential formation of §-PbO in the Barton
pot is expected since this is the high-temperature polymorph and the Barton
pot process operates at high temperatures. The &-PbQO and Pb,0O, contents
of both types of oxide are about the same, with the latter oxide being
present in only minor amournts. Overall, the rate of conversion of lead to
crystalline lead oxides is lower for the ball mill process. This is reflected by
greater proportions of amorphous material and free lead in this type of
oxide. .

A significant observation is that there can arise marked differences in
the composition of Barton pot oxide, particularly as regards the proportion
of 3-PbO, Several samples of Barton pot oxide were found to contain 3-PbQ
contents at a level considered detrimental to plate performance. In these
cases, the suitability of the process variables in operation at the time of
production of these oxides is open to question. Furthermore, both Barton
pot and ball mill oxides show large variations in free-lead content within
and between production runs. Storage of the leady oxide at room tempera-
ture can result in significant conversion of the free lead and amorphous
material to PbO (predominantly the a-PbO polymorph). Oxide stability
appears to be higher for Barton pot than for ball mill oxides (independent
of the free-lead content), and can be improved for both oxide types by
storage under cool conditions.

Mercury porosimetry and gas adsorption measurements allow ball mill
and Barton pot oxides to be readily distinguished by.virtue of their individ-
ual characteristic pore=size distributions and markedly different surface
areas, The most obvious differences between the two types of oxides are,
firstly, that ball mill oxides have pores forming two overlapping distributions
whereas Barton pot oxides have one broad distribution and one of narrow
spread, and secondly, that the specific surface areas of ball mill oxides are
significantly higher than those of Barton pot oxides.

Traditionally, the lead/acid battery industry has accepted that the
physico-chemical characteristics of leady oxide exert little influence on
battery performance after a short period of service. The study reported here
has revealed that marked changes in leady oxide chemistry and morphology
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can occur with different production methods, during the same production
run, or on storage of the oxide. Such changes gquestion batteryman’s lore.
We suggest that differences in the nature of the leady oxide could produce
a significant effect on the eventual electrochemical, chemical and mechanical
properties of battery plates. Experiments are currently in progress in our
laboratories to test this proposal. Should our findings show that there is
indeed a dependence of battery behaviour on leady oxide properties, then
the vital question that remains to be answered is whether there is an opti-
mum oxide composition and/or morphology conducive to good performance
in each of the different applications of the lead/acid battery.
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