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Summary

Calculated X-ray powder diffraction data are presented, in both graph-
ical and numerical form, for ten phases relevant to the positive and negative
plates of the lead/acid battery. The data have been derived from recently
published, accurate, single crystal (X-ray) or powder (neutron) diffraction
crystal structure studies, and are therefore free from the effects of preferred
orientation, phase impurity, micro-absorption, and variation in particle size
and shape. Moreover, since the intensities of all possible Bragg reflections
consistent with the space group symmetry are calculated, there are no ambi-
guities in the assignments of the Miller indices of the peaks. The data are
given in the form of the complete, simulated Cu Ka diffraction profile from
1 to 100° 26 (or the first 512 reflections), and also as the integrated intensi-
ties relative to a maximum value of 100 for the range 1-60° 20 in each
pattern. Calculated Reference Intensity Ratios for the strongest peak in the
patterns relative to the (022) reflection of CaF, (fluorite) and the (113)
reflection of a-Al,0; (corundum), are also presented for use in quantitative
X-ray diffraction phase analysis of mixtures of these compounds in lead/acid
battery plates.

Introduction

All of the useful energy that can be stored in, or derived from, the lead/
acid battery is associated with the so-called ‘‘active material” in the positive
and negative electrodes (plates). These electrodes usually consist of a lead or
lead alloy grid which acts both as a current collector and a support for a
paste derived from a mixture of various lead oxides and dilute sulphuric acid.
The plates are dried, or “‘cured”, under controlled conditions of temperature
and humidity to produce a mixture of lead monoxide and several basic
sulphates of lead, and are then immersed in sulphuric acid to receive their
first, or “formation’’, charge. This electrolysis of the cured plates reduces the
paste in the negative plate to a sponge-like mass of lead crystals, and oxidizes
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the paste in the positive plate to a mixture of a-PbO, and $-PbO,. Thenceforth,
the operation of the battery proceeds according to the thermodynamically
reversible reaction

@ @ discharge @
PbO, + Pb + 2H,S0, =——— PbSO, + PbSO, + 2H,0 (1)

cathode anode charge anode cathode

Identification of the reactant and product phases during the above
charge and discharge processes, and accurate estimates of the relative abun-
dances and structural states of the phases, are of considerable importance
both for quality control during plate manufacture and for determination of
the cause(s) of capacity loss and eventual failure during battery operation.

By far the most commonly used method for determining phase identity
and abundance is X-ray powder diffraction analysis (XRD). In practice,
however, the lead oxide/lead sulphate system does not lend itself easily to
XRD methods of analysis because of problems arising from severe peak over-
lap, high scattering and absorption coefficients, and uncertainty in the
degree of crystallinity, the variability of particle size, and the extent of struc-
tural distortion {1 - 4].

In spite of these difficulties, the phases occurring in the formed positive
plate of the lead/acid battery have been the subject of extensive study by
XRD over the last twenty-five years [1, 3, 5 - 17]. By contrast, the formed
negative electrode has received much less attention [11, 18], primarily
because battery performance has been usually limited by the failure of the
positive plates. Some of the XRD studies of the anodic corrosion products of
lead and its alloys [6, 19 - 22] are also relevant to the negative plate,
although not all of these investigations have been carried out under condi-
tions encountered in the usual operation of lead/acid batteries. However, the
complex array of phase transformations that takes place during curing and
formation of battery plates has received extensive attention with XRD tech-
niques [18, 23 - 33]. In fact, it has recently been suggested [18] that plates
retain a ‘“memory” of their formation procedure and that the history of this
treatment determines their subsequent capacity and cycle life.

With a few notable exceptions, these XRD studies have concentrated on
the identification of constituent phases, or on the qualitative estimation of
changes in phase abundance from changes in the relative intensities of
characteristic diffraction peaks. However, phase identification is often a dif-
ficult task since many of the basic lead sulphates and lead oxides have similar
diffraction patterns, and the samples are often poorly crystalline and/or
present with significant preferred orientation. Accurate determination of
phase abundance is also difficult since peak intensities are not, in the general
case, a simple linear function of phase concentration in multiphase systems
[34, 35]. Even in those cases where an attempt has been made to obtain a
quantitative determination of the amount of each phase present, either from
experimental calibration curves [3, 7, 8,10, 12, 13] or by the addition of an
internal standard [15, 29], the accuracy and precision of the results is
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limited by uncertainty associated with the degree of crystallinity, preferred
orientation, micro-absorption, extinction, particle size, and lattice distortion
of the materials chosen as standards for the analysis.

When present in constant amounts, most of these problems can be
effectively ‘““‘flushed out” of the system by incorporation in the experi-
mentally determined calibration constants. However, when the samples
contain nontrivial amounts of non-diffracting (i.e., small crystallite size or
“amorphous”) material, as documented by a number of workers in the case
of the positive plate of the lead/acid battery [12, 13, 15, 36], the amor-
phous part will contribute to the mass of the phases, but not to the intensity
of their diffraction patterns. The carry-over of this effect into the calibration
constants can therefore lead to the propagation of errors into all subsequent
quantitative analyses.

One approach to the solution of the amorphous material problem is to
examine samples of the phase, obtained from different sources, and to use
the material with highest crystallinity for the analytical standard [2, 15, 37].
A second approach is to derive the calibration curves from powder diffrac-
tion data calculated from the detailed crystal structures of the individual
phases [17, 37 - 40]. Since the calculated XRD patterns are based on a
model in which the sample is composed of perfectly ordered and randomly
oriented crystallites, these patterns are free of prefarred orientation, micro-
absorption, surface roughness, and amorphous component effects. As well as
providing a set of theoretical calibration constants, the calculated patterns
may also be used to scrutinize samples prior to analysis while decisions are
being made about the technique and internal standard to be used [17].
Moreover, a detailed prior knowledge of the relative intensities of reflections
from each phase may also be required to undertake peak ‘‘stripping” in mix-
tures of phases with severe diffraction peak overlap.

In recognition of the important role which can be played by calculated
X-ray diffraction patterns in accurate phase identification and analysis,
the present paper gives details of the X-ray spectra of ten phases encountered
in the plates of lead/acid batteries. The patterns are presented in both a
graphical and numerical form, and include a calculation of the ‘“reference
intensity ratio’’ [38, 39] of the strongest peak in each pattern to facilitate
quantitative phase analysis of mixtures of the compounds.

Calculation of X-ray powder diffraction patterns

A search of the literature has been made in order to locate data on
those phases which are commonly encountered in lead/acid battery plates
and for which accurate crystal structure data have been published. The
results of this search, together with source data for the standard materials
CaF, and «-Al,0;, are summarized in Table 1. Where the unit cell and/or
structure of a compound has been refined more than once, only the more
recent and/or more precise data have been included in this Table. The list
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does not include all of the compounds which have been found in battery
plates since the crystal structures of several of the basic lead sulphates (i.e.,
B-2Pb0O-PbSO,, 3PbO-PbSO, 3PbO-PbSO4 H,O, and 4PbO-PbSO, [25,
55 - 59]), the so-called ‘‘intermediate oxides of lead (a-PbQO, and -PbO,
[60 - 65]), and the basic carbonates of lead (2PbCO, Pb(OH), and 6PbCO;-
3Pb(OH), [66 - 68]), have not yet been solved in sufficient detail to allow
their patterns to be calculated. Other compounds like BaSO, and the com-
pounds resulting from the alloy components (Sb, Ca, etc.) of the lead grids,
were not considered since they are present in amounts below the detection
limit of X-ray powder diffraction analysis.

X-ray powder diffraction patterns have been generated from the
structural data referenced in Table 1 using a local version of the Rietveld
least-squares structure refinement program [69], modified by Wiles and
Young [70] to incorporate the simultaneous treatment of two wavelengths
of radiation in a diffractometer. The profiles given in Figs. 1 to 5 were
calculated for Cu Ka; (A = 1.5406 A) and Cu Ko, (A = 1.5444 A) radiation
in a Philips diffractometer with fixed slits and no monochromator, and using
neutral atom scattering factors, Gaussian peak shapes and a step interval of
0.05° 20. The intensity ratio between the «; and «, wavelengths was taken
to be 2:1, and each reflection was assigned a constant full-width at half-
peak-height of 0.2° 20. The patterns were calculated over the 20 range
1 - 100° except for those cases where the total number of reflections (c; plus
«,) exceeded the program limit of 512, whereupon the upper limit of
the pattern was decreased accordingly (e.g., Figs. 3(a), 5(a) and 5(b)). The
row of vertical lines below each pattern represents the positions of all Bragg
reflections allowed by the space group symmetry of the compound, regard-
less of the value of their calculated intensity.

The reflection intensities given in Tables 2 - 4 were obtained by inte-
gration of the Ka, profile data over three half-widths on either side of the
reflection centre, and have been presented in a format similar to that used in
the JCPDS Powder Diffraction File [42]. The reflection intensities are
normalized to yield a maximum value of 100 units, but, in order to limit the
Table to manageable proportions, the reflections listed are only those with a
d-spacing greater than 1.54 A (26 < 60° for Cu K« radiation) and an inten-
sity greater than two units on this scale. The peak positions are indicated by
their 260 value for Cu Ka, radiation, rather than by their d spacing, so that a
direct comparison can be made with Figs. 1 -5, and to the corresponding
experimental patterns. Since the problem of peak overlap is largely sample-
and instrument-dependent, no attempt has been made to combine the
reflections into overlapping groups; Figs. 1 - 5 give the complete diffraction
patterns under the experimental conditions stated in the legend of Fig. 1.
Furthermore, there are no ambiguities in the Miller indices of Tables 2 - 4
since each reflection can be assigned a unique intensity and 26 value.
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TABLE 2

Calculated X-ray powder diffraction data for Pb, a-PbO and §-PbO (Cu Ku, radiation:
20 (max) = 60°, I/I; (min) = 2.0)

Pb a-PbO B-PbO
20 (°) v hkl 20 (°) I hkl 26 (°) /1 hkl
31.27 100.0 111 17.64 2.6 001 15.03 49 100
36.26 50.3 002 28.62 100.0 011 22.12 3.2 110
52.22 34.6 022 31.83 31.6 110 29.08 100.0 111
35.72 11.3 002 30.32 24.9 200
45.63 15.7 020 32.60 21.6 020
48.59 25.2 112 37.81 16.7 002
54.76 304 121 45.12 15.0 220
59.26 10.0 022 49.21 12.3 202
59.90 10.8 013 50.77 11.7 022
53.10 18.9 311
56.03 14.5 131

TABLE 3

Calculated X-ray powder diffraction data for Pb304, Pb,03, a-PbO; and -PbO, (Cu Ko,
radiation: 20 (max) = 60°, I/I, (min) = 2,0)

Pb304 Pb,0; a-PbO, ﬁ'PbO;
200) UL, hkl 20¢) W, hkl 20¢) NI, hkl 20(¢) VI, hkl
14.20 113 110 12.72 25 001 23.26 216 110 2540 1000 110
24.31 28 021 20.29 24 011 28.47 1000 111 31.98 962 011
26,35 1000 121 25.61 7.5 002 30.03 856 020 36.23 284 020
27.14 51 002 21.79 50.1 200 32.74 174 002 49.09 68.1 121
28.63 131 220 2949 1000 212 34.30 193 o021 52.16 147 220
30.76 378 112 30.20 919 012 3597 116 200 54.12 81 002
32.09 487 130 31.79 3756 020 40.55 87 112 5888 158 130
34.03 262 022 32.09 153 210 45.02 73 022
36.74 22 230 3223 22 203 4753 -65 220
39.30 42 231 41.26 39 022 4943 154 202
39.86 56 222 4271 169 204 4943 126 130
44.54 101 141 42.72 333 220 50556 1756 221
46.02 111 240 46.88 31 402 55.86 146 113
47.48 190 123 48.32 52 202 5892 52 222
49.81 23.7 042 49.76 186 412 59456 60 023
52.06 2565 332 50.82 88 404
52.93 23 150 51.13 124 212
55.98 66 004 52.62 61 004
58.04 122 251 54.22 145 224
59.27 49 440 55.22 171 232

55.28 59 014

55.65 132 032

5740 30 400

5762 22 215

57.76 27 422

59.00 56 222

59.91 65 410
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TABLE 4
Calculated X-ray powder diffraction data for a-2PhQ-PbSQ,; PbO-PbhSO,4 and PbSO,
(Cu Ka, radiation: 20 (max) = 60°, I/I, (min = 2.0)

a-2PbO-PbSO,4 PbO-PbSO, PbSO,
20 () I hkl 20(°) W hkl 20 () I hk!
11.27 309 001  13.90 160 001  16.46 23 110
15.03 87 101  14.29 161 200 2081 723 101
18.69 55 101  14.96 11.3 201 20.93 284 020
19.92 57 110  17.2 30 110  23.33 511 111
21.54 36 111 2002 169 111  24.56 199 120
23.47 61 102  24.02 11.7 201 2558 280 200
24.27 75 111  24.04 54 111  26.71 825 021
27.46  100.0 012 2531 106 311  27.69 668 210
29.83 406 210 2665 1000 310 2968 1000 121
29.91 667 211 2801 87 002 3235 379 211
30.08 134 201 3013 750 112  33.17 441 002
30.32 127 202 3019 230 402  34.20 99 130
30.97 375 020 3117 173 312  37.32 175 221
32.38 48 112 3137 3563 020 3955 185 022
33.05 39 021 3463 27 220  40.27 48 310
36.42 34 121 3493 47 221 4110 6.4 230
37.72 100 013  36.24 147 511 41.70 27.3 122
37.91 145 202 3694 136 202 4235 52 202
38.24 150 203  37.42 52 401  43.73 453 212
39.22 89 122 3832 64 203 4376 50.1 311
39.23 3.8 103 3955 46 601  44.54 351 231
40.97 33 311 3965 58 510  44.64 336 140
42.69 36 301 3990 147 221 4595 223 041
43.11 165 221 4034 6.6 602  47.69 3.7 222
43.89 8.2 222 4152 34 313 4838 71 132
46.23 84 004 4255 37 022  50.88 187 330
48.01 56 114  43.83 75 600  52.49 75 103
48.96 2.7 313 4410 243 422 5256 21 400
49.73 135 222 4599 54 603  53.32 2.6 241
49.99 18.0 223 4756 73 511  53.67 42 113
50.92 2.2 104  49.23 148 222  53.74 85 410
50.92 8.4 401  49.26 99 113  53.82 82 331
52.43 23 402 4935 54 712  55.43 69 023
52.97 129 032 4961 46 421  55.73 26 150
53.67 33 321  49.67 23 131  56.59 41 411
54.38 59 230  50.33 22 223  56.72 18.4 142
54.43 112 231 5181 44 404 5711 107 123
56.69 60 024 5197 55 622  58.74 61 213
58.63 93 411 5271 42 204
59.01 99 413 5303 115 330
59.61 2.2 033  54.50 39 801

54.89 46 620

55.08 127 132

55.61 51 514

55.72 24 332

56.73 50 623

57.32 43 114

58.59 51 512

59.06 39 531
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Calculation of reference intensities

If W; and I; are the weight percentage and X-ray intensity, respectively,
for a particular reflection (or group of reflections) of phase i in a mixture of
n phases, and if W; and I; are the corresponding values for a reference phase
Jj, then a quantity RI;; exists [71 - 74] such that:

RI; = (W;/W)UI;/1). (2)

The quantity RI is known as the ‘“‘reference intensity ratio” and is a constant
for the particular set of reflections from the two phases when these phases
are present in a fixed weight proportion. After determination of the appro-
priate RI values relative to the reference phase j for all of the phases i in the
mixture, then the weight percentages of these phases can be obtained from
the so-called direct-comparison, or matrix-flushing, relationship [35, 73, 74]:

Wi = (L/RI)L Y (L/RL)] (3)
i=1

Alternatively, if the reference phase j is not normally present in the experi-

mental sample, but has been added in the weight proportion W;, the weight

percentage of any phase i in the mixture can be obtained from the well

known internal-standard relationship [34, 35] :

Wi = (Ii/1;)(W;/R1};). (4)

Values for RI can be obtained by measuring the observed intensities of
the reflections from mixtures of known composition, or by calculating the
intensities a priori from the known crystal structure parameters of each
phase. As discussed above, the use of calculated diffraction data offers several
advantages in quantitative phase analysis studies. Indeed, the usefulness of a
data file of reference intensity ratios has been acknowledged by the JCPDS
International Centre for Diffraction Data, firstly by the publication of a file
of observed ratios of the peak height of the strongest line of a phase to the
strongest line (113) of corundum (a-Al,0;) in a 1:1 mixture (by weight) of
the two phases, and secondly by the extension of this file to include other
reference materials [75].

In our studies of the phase composition of the positive plates of lead/
acid batteries it has been demonstrated [17, 76, 77] that CaF, is a suitable
internal standard for this system. Consequently, reference intensity ratios

-have been calculated (Table 5) for the most intense peak in each of the 10
battery phases listed in Table 1 relative to the most intense peak (022) of
CaF, in a 1:1 mixture (by weight), using the expression:

RIicar,= (Qi/Qcar,)(Dcar,/D;) (5)

where @ is the reflection intensity calculated in ref. 70, and D is the product
of the unit cell volume and mass of the unit cell contents (in amu), for each
phase. In order to place these reference intensity ratios on a more universal
scale, Table 5 also contains RJI values for the most intense peak of each phase
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TABLE 5

Reference intensity ratios (RI), calculated for the strongest reflection in various lead/acid
battery phases relative to the (022) reflection of CaF; and the (113) reflection of a-Al,0,

Reference intensity ratio (RI)

Compound Reflection CaF, a-Al,03

Pb (111) 6.503 26.74

a-PbO (011) 5.684 23.37

B-PbO (111) 4.876 20.05 (6.60)*
Pb;0, (121) 3.234 13.30

Pb,0; (212) 2.318 9.532

a-PbO, (111) 4.064 16.71

B-PbO, (110) 3.500 14.39
a-2Pb0O-PhSO, (012) 1.975 8.121
PbO-PbSO, (310) 1.857 7.636

PbSO, (121) 1.038 4.268 (3.50)*
CaF, (022) 1.000 4.112 (2.40)*

*Qbserved RI value relative to a-Al,03 obtained from ref. 75.

relative to the (113) peak of the more commonly used internal standard
a-Al,05. Note that for certain combinations of these phases the peaks chosen
for the reference intensity calculations in Table 5 may be rendered inappro-
priate by overlap with other peaks. In these cases the reference intensity
ratios of other non-overlapping peaks may be calculated using the values in
Table 5 in conjunction with the intensity data in Tables 2 - 4.

Discussion and conclusions

With a few notable exceptions [29, 78], published studies of the
observed X-ray diffraction profiles of phases encountered in lead/acid bat-
teries are of limited use by themselves, because of the poor crystallinity of
the samples, the presence of more than one phase, the limited ranges of dif-
fraction angles and intensities quoted, and/or the absence of exact details of
the experimental conditions under which the pattern was collected and the
sample was prepared [5, 14 - 16, 19, 22, 33, 57, 65, 79]. When compared
with the well defined, calculated XRD patterns in Figs. 1 - 5, the experi-
mental patterns clearly demonstrate problems associated with preferred
orientation, particle size distribution, cell dimension changes, small amounts
of impurity phases, etc., in the plate samples under study [17, 76, 80].

Similar arguments apply to much of the numerical diffraction data that
have been published [2, 25, 44, 56, 57, 78, 81 - 84], including some of the
patterns appearing in the JCPDS Powder Diffraction File [75]. For example,
the relative peak intensities for a-PbQ, (card No. 11-549) and «-2PbO-PbSO,
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(card No. 22-391) are both in serious error when compared with the data in
Tables 3 and 4. In addition, there are many examples of minor indexing mis-
takes in other patterns which limit their usefulness for quantitative work.

Only three of the calculated reference intensity ratios in Table 5 can
be compared with experimental values in the JCPDS Powder Diffraction File
[75], and in each case there is very poor agreement. The experimental values
are, of course, potentially inaccurate because of the use of peak heights,
rather than integrated intensities, and the possible presence of extinction,
micro-absorption and preferred orientation, etc. [38, 39]. Indeed, in the
case of 3-PbO the experimental value is a factor of three too small.

As a check on the calculated and empirical values of RI for CaF,/
a-Al,O3, astudy was made of a 1:1 (by weight) mixture of BDH “extra pure”
CaF, and Linde A synthetic a-Al,0; of mean particle size 0.3 um. Using
integrated intensities obtained from a diffractometer fitted with a step-scan
attachment, an R/ value of 3.97 was obtained, in good agreement with the
calculated value of 4.11 (Table 5). However, the corresponding value based
on peak heights was 1.65, even lower than the JCPDS value of 2.40 (Table 5).
Results such as these further emphasize the importance both of making com-
parisons between experimental and calculated data in the assessment of
battery materials during X-ray powder diffraction studies, and of using
integrated peak intensities and calculated calibration constants in quantita-
tive phase analysis.
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