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The crystal structure of tribasic lead sulfate (3PbO - PbSO,-
H,0) has been determined by a combination of single crystal
X-ray and powder neutron diffraction to R of 0.024. From X-ray
data, the space group is P1, a=6.378(1), b=17.454(2),
¢=10.308(2) A, «=75.26(3), p=79.37(3), y=88.16(3)°. The
structure can be represented with two types of layers: (i) hexa-
gonal nets of Pb and (ii) similar layers but with 1/2 of Pb
replaced by equal numbers of S and 2H. These layers are stacked
in the sequence ... BAABAA. ... Structural units can be identified
in tetragonal and orthorhombic PbO which are also present in
tribasic lead sulfate and provide a common basis for relating
these structures. These units are defined by Pb—O bonds which
are less than 2.5 A which represent the strongest linkages. Two
OH groups form weak hydrogen bonds to a single oxygen of
a sulfate group. Lead polyhedra show both a range in coordina-
tion and Pb-O distances consistent with oxygen forming
irregular polyhedra within the more regular cation framework.
An alternative formula, 4PbO - H,SO,, may better represent the
structure with the suggestion that H, and SO, groups replace Pb
rather than the incorporation of H,O groups. © 1997 Academic Press

INTRODUCTION

Two main lead sulfate phases (4PbO - PbSO, and 3PbO-
PbSO,-H,0) are formed as intermediate products in the
production of lead acid batteries used in automotive and
industrial applications and potentially in the electric vehicle
market. While these two phases have been recognized for
many years, e.g., (1), their crystal structures had not pre-
viously been determined and thus their possible influence on
the resulting active material is uncertain other than by
simple experience. Structural data may allow creative modi-
fication of crystal shape or other growth parameters to
optimize resulting porosity, strength, and surface area.
We have determined the crystal structure for one of these
phases, 4PbO - PbSO, (tetrabasic lead sulfate) (2), and here

report the structure of tribasic lead sulfate (3PbO - PbSO, -
H,0) as determined by both single crystal X-ray and
powder neutron diffraction techniques on two different
samples.

The solution of these two lead sulfate structures provides
the necessary structural data for Rietveld refinement of all
phases occurring during the various stages of battery pro-
duction. Structural studies are now possible either using
X-rays or neutrons where structural parameters and phase
abundance can be monitored either in static or dynamic
experiments. The static experiments require sacrificing of
batteries but allow both scattering experiments and mor-
phological studies. The dynamic experiments would allow
similar scattering studies but by using specially constructed
cells, in situ measurements can be made using neutrons
where various parameters such as charge/discharge rates
are controlled. This is especially important because these
experiments have not been made for lead acid battery sys-
tems which are one candidate for the power systems of zero
emission (electric) vehicles.

Because of the span in atomic number in these com-
pounds (H, O, S, Pb) and the high absorption, X-rays have
limitations in their study. Thus we have used a combination
of single crystal X-ray studies where the structural frame-
work is obtained followed by neutron studies of a powder
sample to locate the hydrogen atoms. In practice it is ex-
pected that neutrons will be the method of choice as X-rays
sample only to a limited depth in these high Z materials and
this may be nonrepresentative of the main battery active
material.

EXPERIMENTAL DETAILS AND
STRUCTURE SOLUTION

Two types of 3PbO-PbSO,-H,O samples were used in
this study with a single crystal sample providing data for
direct methods determination of the Pb, S, and O positions
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and a powder sample allowing location of the H positions
and subsequent refinement of all atom positions for the
powder sample. For single crystal X-ray data collection,
crystals were obtained from Dr. H. G. Kuzel who grew both
tribasic and tetrabasic lead sulfate together from a hydro-
thermal solution at moderate pressure in a thermal gradient
(3). Crystals were elongated plates but always twinned with
the twin plane corresponding to the large plate dimension.
Efforts to separate individuals were not always successful
because of the plastic nature of the compound. However, we
used the best sample obtained in this way for data collection
but only after verifying that diffractions were sharp and not
multiple.

The crystal (details in Table 1) was mounted on an auto-
mated Picker—Krisel four-circle diffractometer with the
a axis offset 1° from the ¢ axis. Refinement using 20 diffrac-
tions (30 < 20 < 38°: 4 =0.71069 A), each the average of
automatic centering of 8 equivalent settings gave the cell
parameters (Table 1) consistent with triclinic symmetry.
A total of 4272 intensities were collected with the 0-20
technique, scan speed 2°/min, scan width 1.6-2.0° for range
5-55°20. Merging yielded 2136 intensities (R;,, = 0.036), all
of which were used in refinements: data collection range
h+8, k+9, | +13; mean intensity variation of three stan-

TABLE 1
Experimental Details and Crystallographic Data for
3PbO - PbSO,- H,O for X-Ray Diffraction

(A) Crystal-cell data

a(A) 6.378(1)
b(A) 7.454(2)
c(A) 10.308(2)
a(°) 75.26(3)
B() 79.37(3)
7(°) 88.16(3)
V(A3 465.79(3)
Space group P1

z 4
Formula 3PbO-PbSO,-H,0O
Deaie (gecm™3) 7.065

i (em™1) 72.30

(B) Intensity measurements
Tetragonal, 0.14 x 0.04 x 0.01 mm
Picker, Krisel control

Crystal size
Diffractometer

Monochromator Graphite
Radiation MoK,
Scan type 0-20
20 range 5.0-55.0
Diffractions measured 4272
Unique diffractions 2136

(C) Refinement of the structure

R 0024 R =3(IF| = |FD/TIF]
R, 0.054 R, =[x w(|F2| — [F2])? [y w|F2 "]
Variable parameters 119

“Goodness of fit” (GOF) 1.04
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dard diffractions 3%. An analytical absorption correction
was applied to the data using the u value and crystal
dimensions in Table 1. No systematic absences were re-
cognized consistent with the space group P1. The initial
model was derived from the direct methods program in
SHELXTL. All Pb and S atoms were included in a least
squares refinement using anisotropic temperature factors,
and the O positions were located in subsequent difference-
Fourier maps.

In the final model, 119 variables were refined: scale factor,
extinction parameter, positions for 13 atoms, and aniso-
tropic displacement factors. Neutral scattering factors found
internal to SHELXTL were used. The final least-squares
refinement minimized all F2s with oz2 computed from o1,
the square root of [total counts +(2% of total counts)?],
w = (67)" % R(F) = 0.024, R,,(F?) = 0.054, S = 1.04; largest
shift/e.s.d. ~0.000 for all parameters; maximum and min-
imum heights on final difference-Fourier map are +2.6 and
—19 eA73; computer programs: local data reduction,
SHELXTL. Final atomic coordinates and displacement
parameters are given in Tables 2 and 3, respectively.

The powdered sample used for neutron studies was pre-
pared by Halstab Division of the Hammond Group and
consisted of a micrometer-sized powder which was verified
to be nearly pure tribasic lead sulfate using standard X-ray
diffraction. This powder was placed in a vanadium canister
and mounted in the general purpose powder diffractometer
(GPPD) (4) at the Intense Pulsed Neutron Source (IPNS),
Argonne National Laboratory. Time-of-flight neutron dif-
fraction data were accumulated for 20 h. Data from detector

TABLE 2
Positional and Isotropic Displacement Parameters for
3PbO - PbSO,- H,O by X-Ray Diffraction

Atom X y z *Ueq"
Pb (1) 0.22887(4) — 0.38568(4) 0.02890(3)  0.0153(1)
Pb (2) 0.24292(4) 0.11800(4) 0.00669(3)  0.0165(1)
Pb (3) —0.22148(5) — 0.48306(4) 0.32200(3)  0.0201(1)
Pb (4) —0.18131(6) 0.00098(4) 0.31843(3)  0.0232(1)
S 0.3006(3) 0.2396(3) 0.3250(2) 0.0173(4)
o 0.3968(9) 0.2048(8) —0.2561(6) 0.0234(13)
0 (2 0.1353(8) 0.4156(7) —0.0926(6) 0.0143(11)
(OXR)] 0.0401(9) —0.2467(9) 0.2703(7) 0.0259(14)
(ONE)] —0.1145(8) 0.1008(7) 0.0864(6) 0.0162(11)
0 (5 0.1329(9) 0.3037(9) 0.2403(7) 0.0303(15)
O (6) —0.4914(9) 0.3015(11) 0.2367(7) 0.0382(18)
(O X)) 0.2666(12) 0.3180(10) 0.4427(7) 0.0402(18)
O (8) 0.2905(11) 0.0361(10) 0.3677(7) 0.0356(16)
“#*Ueq is defined as
3 3
3% ¥

Uaa(a a;).
1

i=1j
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TABLE 3
Anisotropic Displacement Parameters for 3PbO - PbSO, - H,O by X-ray Diffraction

Atom Uiy U,» Uss Us,s Uis Ui,

Pb (1) 0.0144(2) 0.0124(2) 0.0190(2) — 0.0040(1) — 0.0028(1) — 0.0005(1)
Pb (2) 0.0162(2) 0.0140(2) 0.0201(2) — 0.0053(1) —0.0045(1) 0.0018(1)
Pb (3) 0.0275(2) 0.0152(2) 0.0148(2) —0.0025(1) 0.0015(1) —0.0024(1)
Pb (4) 0.0382(2) 0.0160(2) 0.0138(2) —0.0057(1) 0.0028(1) — 0.0040(1)
S 0.019(1) 0.021(1) 0.012(1) —0.005(1) —0.001(1) —0.001(1)
o (1) 0.026(3) 0.019(3) 0.023(3) — 0.006(3) 0.002(3) 0.000(2)
0 (2 0.018(3) 0.011(3) 0.013(3) — 0.006(2) 0.001(2) —0.001(2)
0 (3) 0.024(3) 0.022(3) 0.031(4) —0.005(3) —0.003(3) —0.005(2)
0 (4) 0.019(3) 0.013(3) 0.014(3) —0.003(2) 0.002(2) —0.001(2)
0 (5) 0.021(3) 0.036(4) 0.030(4) 0.001(3) —0.007(3) 0.002(3)
0 (6) 0.023(3) 0.060(5) 0.027(4) — 0.004(4) 0.002(3) —0.010(3)
o (7) 0.070(5) 0.036(4) 0.016(3) —0.016(3) 0.002(3) —0.003(4)
0 (8) 0.052(4) 0.022(3) 0.028(4) —0.001(3) —0.003(3) 0.004(3)

banks centered at 2@ = + 148°, where a Bragg peak resolu-
tion, Ad/d(FWHM) = 0.25% can be achieved, were used for
Rietveld profile refinement (5). A total of 1012 diffractions
were present in the d-spacing range 1.0-2.8 A, covering 3937
data points. Starting positional parameters for Pb,S and O
atoms were obtained from the X-ray determination. Be-
cause the Bragg peaks were quite broad (roughly three times

TABLE 4
Experimental Details and Crystallographic Data for
3PbO - PbSO, - H,O for Neutron Diffraction

3PbO-PbSO,-H,O0 PbO-PbSO,

a(A) 6.3682(2) 13.7539(12)
b(A) 7.4539(3) 5.7034(4)
(&) 10.2971(4) 7.0746(7)
o(°) 75.33(1)
(°) 79.40(1) 115.87(1)
7(%) 88.34(1)
V(A3 464.27(2) 498.82(8)
Absorption coefficient (A1) 0.27(4)
Data collection time (hr) 20
Scattering angle 148°
d-spacing range (A) 1.0-2.8
Diffractions 1012
Data points 3937
R, 0.026
Ry, 0.019
Rp2 0.032
Variable parameters 91
s 1.60
Vol. fraction (%) 81(3) 19(3)

RP = Z(Yo - Yc)/Z(Y)
Ryp =[EW(YS — Y2 /Ew(Y,)*]'?
Rp2 = Z(Io - IL)/Z(I())

the instrumental resolution) and the symmetry low, the
Rietveld refinement was limited to a minimal set of para-
meters. Refined structural parameters included lattice
parameters, fractional coordinates and isotropic Debye—
Waller factors for all atoms, and site occupancies for hydro-
gen atoms, a total of 68 structural parameters. In addition,
an overall scale factor, absorption coefficient, and peak
shape parameters were refined. The background was fit with
a 14-parameter function [available in the GSAS refinement
suite (5)] which includes modeling of a diffuse scattering
contribution from the sample. A minor phase, PbO-

TABLE 5
Positional and Isotropic Displacement Parameters for
3PbO - PbSO,- H,O by Neutron Diffraction

Atom X y z *Ugq"

Pb (1) 0.2307(12) —0.3875(11) 0.0262(9) 0.022(3)
Pb (2) 0.2442(16) 0.1182(13) 0.0101(11) 0.051(4)
Pb (3) —0.2191(11) — 0.4803(10) 0.3166(7) 0.025(2)
Pb(4) —0.1837(15) —0.0025(15) 0.3204(10) 0.052(4)
S 0.295(4) 0.240(3) 0.321(2) 0.018(5)
H(1) 0.449(4) 0.838(3) 0.303(2) 0.04(6)

H(2) 0.162(4) 0.754(3) 0.318(3) 0.05(8)

o 0.391(2) 0.210(2) —0.257(1) 0.023(3)
0 () 0.127(2) 0.414(2) —0.089(1) 0.012(3)
O (3) 0.044(3) —0.245(2) 0.271(2) 0.056(5)
O@4) —0117(3) 0.080(2) 0.097(2) 0.054(5)
O (5) 0.131(2) 0.296(2) 0.241(2) 0.038(4)
O () —0476(3) 0.298(3) 0.240(2) 0.075(6)
O ((7) 0.254(2) 0.323(2) 0.441(1) 0.040(3)
O (8) 0.278(2) 0.033(2) 0.375(2) 0.054(4)

“*Ueq is defined as

303
/3y Y Ujafal(a;-a)).

i=1 j=1
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FIG. 1. Observed (dots) vs calculated (solid) neutron diffraction profiles for 3PbO - PbSO, - H,O as function ofd(;\). Below these two profiles are the
calculated peak positions for the main phase and the minor PbO - PbSO, contaminant phase. At the bottom is the difference plot of observed minus
calculated profiles.

PbSO,, was found to be present and its lattice and peak and isotropic thermal parameters are given in Tables 4 and
shape parameters were refined, but the positional para- 5, and a comparison of the observed and calculated profiles
meters, taken from (6), were not refined. with residual is shown in Fig. 1. It should be emphasized

Subsequent difference Fourier maps clearly showed the that the two samples were prepared differently and the
position of the two hydrogen atoms and these were included  difference between X-ray and neutron cell, positional, and
in subsequent profile refinements. Final lattice, positional, thermal parameters may reflect real structural differences.

Layer
type

FIG. 2. Projection of cations (Pb, S, H) parallel to [100]. In this view, two types of layers parallel to (001) can be recognized. Layer A is composed of
Pb, S, and H while Layer B is composed entirely of Pb. These layers are stacked in the sequence .. BAABAA ...
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DISCUSSION AND STRUCTURE
Layers, Chains, and Nets

Figure 2 shows a projection in which the cation arrange-
ment appears as alternating layers each parallel to (001)
with the stacking sequence .. BAABAA.. The two A layers
which are related by a center of symmetry include all S, H,
Pb3, and Pb4 while Layer B is composed entirely of Pbl
and Pb2. Both the A and the B layers in turn can be
decomposed into chains parallel to the b axis formed by
edge- and face-sharing PbOg and PbOg polyhedra in the
A layer and PbOs and PbOg polyhedra for the B layer,
respectively. In each case these chains are weakly linked
both within and between the layers. The overall cation
geometry within each layer can be represented as a hexa-
gonal net. For layer A, 2/3 of the nodes are occupied by Pb
and 1/6 each by SO, and 2H. For layer B, all nodes are

FIG. 3. Idealized cation arrays in layers A and B. Layer A includes
both S and 2H replacing Pb while maintaining the hexagonal net. Layer
B has the same hexagonal net but with only Pb. These two layers are
stacked in the sequence .. BAABAA..
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occupied by Pb. These idealized layer nets are illustrated in
Fig. 3 and details of each layer are discussed below.

Layer A

Layer A is shown in detail in Fig. 4 and includes
oxygens and hydrogen in addition to Pb. Figure 4a shows
the same view as in Fig. 2 while 4b shows a plan view of the
A layer parallel to [001] which can be compared to the
idealized view of layer A given in Fig. 3. The Pb3 and Pb4
polyhedra form an alternating edge-sharing and face-shar-
ing chain parallel to [010] and these chains are then cross-
linked by SO, groups within the A layer (Fig. 4b). The two
oxygens in the edge sharing each have long Pb—O distances
near 2.9 A, while the face-sharing oxygens have two (O1 and
03) short Pb—O bonds near 2.4 A and one (O7) near 2.9 A.
The O7 oxygen forms the link with the adjacent A layer with
long distances of 2.9 A to each of the Pb3 and Pb4, sugges-
ting weak linkage between these two adjacent A layers. The
oxygens (O2 and O4) which form the link to the B layer each
show short distances near 2.3 A. All Pb—O distances where
the oxygen also belongs to the SO, group are in the range of
2.8 to 3.2 A, giving a weak linkage within the A layer
between adjacent chains. The hydrogen atoms within a
chain provide only weak links to adjacent chains by hydro-
gen bonding to sulfate groups. In plan (Fig. 4b), the Pb3,
Pb4, SO,, and H1-H2 form a slightly distorted hexagonal
net as indicated by the dashed lines which can be compared
to the idealized layer A net shown in Fig. 3. This pattern
suggests that the SO, group and the H pair can replace the
Pb atoms while maintaining this hexagonal net geometry;
this net can also be recognized in the B layer as described
below.

Layer B

Layer B is illustrated in Fig. 5 where Fig. 5a is the same
projection as in Fig. 2 and Fig. 5b is the plan view of Layer
B onto (001); both Fig. 5a and Fig. 5b include oxygen
atoms as well as lead. Figure 5a shows a dense chain of
joined PbOs and PbOg polyhedra with the sequence
... Pb2—-Pb1-Pb1-Pb2-Pb2 ... and each sharing an edge.
For Pb2-Pb2, the common oxygens are both O4, for
Pbl1-Pbl, the common oxygens are both O2, and for
Pb1-Pb2, the common oxygens are O2 and O4. If the
Pb2-03 distance of 3.38 A is considered a bond, then
Pb1-Pb2 would be face-sharing polyhedra and Pb2 would
be six coordinated. These chains are not linked within Layer
B except indirectly by O1 and O6 which are both common
with Layer A (Fig. 5b). Examination of Fig. 5b also shows
that the lead atoms are in a hexagonal net as indicated by
the dashed lines. This is the same pattern recognized in
Layer A except for the SO, and H, substitution and can be
compared with the idealized Layer B net shown in Fig. 3.
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FIG. 4. (a) Projection of Layer A parallel to [100]. The sequence ... Pb4—Pb3—Pb4 ... can be seen where the Pb3 and Pb4 edge share O5 and O6 on
the left and face share O1, 03, and O7 on the right. (b) Layer A in plan view projected onto (001). The ... Pb4-Pb3—-Pb4 ... chains are horizontal and
cross-linked by SO, groups. Hydrogens reside between these chains.

Hydrogen X-ray studies, the refined atomic positions for the neutron
data agree well with those for X-ray data. Using the hydro-

The neutron diffraction data allowed the determination gen positions from the neutron data and the parameters for
of the hydrogen positions in this structure. While the sample the other atoms from the X-ray data, the geometry of
used for the neutron study was not the same as that for the the hydrogen positions within tribasic lead sulfate can be

o

a=6.38A

-

b=7.45A

FIG. 5. (a) Projection of Layer B parallel to [100]. The sequence ... Pb1-Pb1-Pb2—-Pb2—Pbl ... represents a chain of edge sharing polyhedra where
adjacent Pbl polyhedra share two O2 along an edge, adjacent Pb2 polyhedra share two O4 along an edge, and the Pb1l and Pb2 polyhedra share an O2
and an O4 along an edge. (b) Layer B in plan view projected onto (001). The individual chains are clearly shown with no bonding between except for O6
and O1 through the A layers above and below this layer. The hexagonal net formed by the Pb atoms is shown by dashed lines. Atom shading as in Fig. 4.
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FIG. 6. Geometric details of hydrogen coordination. The two hydro-
gens have long bonds of 2.51 and 2.0 A to 08, belonging to the SO, group.
In turn the two hydrogens have much shorter bonds of 0.96 and 1.13 Ato
O3 and Ol, respectively, and show / O8---H2-0O3 = 121° and / O8---
H1-0O1 = 121°. All atoms lie approximately in a plane parallel to (001).

defined. Figure 6 presents this configuration for the hydro-
gen atoms.

To a first approximation all coordination is in the plane
parallel to (001). Both hydrogens are within hydrogen bond-
ing distance of O8 which belongs to the SO, group and all
are included in layer A. The hydrogen O8 distances are 2.00
and 2.51 A, suggesting very weak bonding. The H2 and H1
hydrogens in turn are bonded to O3 and O1, respectively,
with distances near 1.0 A.

Lead Polyhedra

The lead polyhedra are far from regular and range from
PbOs to PbOyg but the coordination number depends on
what Pb—O distance can be considered to be a bond. Bond
length data in Table 6 used a maximum of 3.20 A. Each of
the four lead atoms are pictured with their coordination in
Fig. 7 as viewed parallel to [ 100], the same view as shown in
Fig. 2. Hydrogens are included in these polyhedra and
all distances are indicated. For each of the four polyhedra,
there are three short PbO distances ranging from 2.25 to
2.39 A. The averages for these three for each polyhedron are
2.31,2.31,2.31, and 2.34 /OX, respectively, for Pbl through
Pb4. The remaining Pb—O distances range from 2.63 to near
3.20 and average 2.86,2.83,2.86, and 3.03 /OX, respectively, for
Pbl through Pb4. Each of the four polyhedra has one
additional long Pb—O distance as shown in Fig. 8§ but not
given in Table 5 (Pbl-06 =3.44 A, Pb2-03 = 3.41A4,
Pb3-07 = 3.51 A, and Pb4-08 = 3.33 A).
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TABLE 6
Bond Lengths for 3PbO - PbSO,- H,O Based on X-Ray Data
(Except for H)

Pb(1)-0 (2) 2296(5 Pb(2)-O (4) 2272(5) Pb(3)-0 (2) 2.254(5)
—04) 232205 04 2329(5) ~0(1) 2330(6)
~0(2) 2323(5) ~0((2) 2334(5 ~0(3) 2356(6)
—0(5) 2.741(6) —0(1) 26250) —0(6) 2.788(7)
~0 (6) 2.863(7) ~0 (5 3.036(7) ~0(5) 2.845(6)
—0(3) 2973(7) ~O(7) 2953(6)

Pb (4)-O (4) 2280(6) H (1)-O (1) 1.126(28) S-0(7) 1.455(7)
0 (1) 2370(6) —O(8) 2.000(24) ~O(8) 1.468(7)
~0(3) 2.385(6) —0(6) 1477(6)
~0(5) 2921(6) ~0(5) 1.494(6)
—O(7) 2937(7) H((2)-O0@3) 096(4)

—0(6) 3.001(7)
~0(8) 3.123(7)
0 @) 3.173(7)

Oxygen Coordination

Table 7 presents the coordination of each oxygen and
these can be divided into several groups based on the
general Pb—O bond length and coordination environment.

Group 1: O2 and O4, which are bonded only to Pb each
show four short Pb—O bonds.

Group 2: 05,06, and O7, which are bonded to S and Pb
show either three or four long Pb—O bonds.

Group 3: Ol and O3 each have one short O—H bond,
two short Pb—O bonds, and either one or two long Pb—O
bonds.

Group 4: O8 shows three long Pb—O bonds, coordina-
tion to S, and two long O—H bonds.

TABLE 7 .
Oxygen Coordination and Distance (A)*

Pbl Pb2 Pb3 Pb4 S H1  H2
(0) — 2.63 2.33 2.37 — 112 —
02 230,233 233 2.25 — — — —
03 297 341 2.36 2.39 — — 096
04 232 2.27,2.33 — 2.28 — — —
O5 274 3.04 2.85 292 149 — —
06 2.86, 3.44 — 2.79 3.00 148 — —
o7 — — 351,295 294 146 — —
08 — — — 3.12,3.17, 147 200 251

333

“Distances given for Pb—O to 3.51 A although not all may be considered
bonding.
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FIG. 7. Geometry of coordination polyhedra of four lead atoms. Hydrogen positions are also shown. All are drawn as projected parallel to [100].
Included are four long Pb—O bonds, Pb1-06 = 3.44 1&, Pb2-03 =341 A, Pb3-07 = 3.51 A, and Pb4-08 = 3.33 A. These are not given in Table 7 but

are discussed in the text.

Structural Relationship between Tribasic Lead Sulfate and
Two PbO Structures

Close examination of the structures of orthorhombic (7)
and tetragonal (8) PbO and that of tribasic lead sulfate
shows a basic structural unit common to all three. For this
comparison, we consider only Pb—O distances less than
2.5 A as these should be the strongest bonds. When only
these Pb—O bonds are considered, both PbO structures
appear very similar and are composed of compressed bands
as shown in Figs. 8b and 8c. This unit in orthorhombic PbO
shows a greater compression (shortened repeat) but other-
wise is identical to the same unit in tetragonal PbO. These
bands are linked by similar short bonds as shown by the
vertical linkages in Figs. 8b and 8c. In tribasic lead sulfate,
as illustrated in Fig. 8a, these same bands can also be
recognized. In one case the band is virtually identical to that

in the PbO structures, while adjacent bands preserve the
same topology but with half the Pb sites replaced by equal
numbers of sulfate and OH groups. Schematically this is
illustrated in Fig. 8 where the unshaded atom sites in both
PbO structures are replaced by sulfate and OH groups
while the shaded portion of the PbO structures are preser-
ved to form the tribasic lead sulfate structure.

The chemical formula for tribasic lead sulfate as generally
written, 3PbO - PbSO, - H,0, may be more accurately writ-
ten as 4PbO - H,SO, to emphasize that H,O is not present
in the structure but rather O—H and SO, units substitute
for Pb.

Relevance to Lead—Acid Batteries

In addition to providing a description of the tribasic
lead sulfate structure, the above discussion shows a clear



STRUCTURE OF 3PbO-PbSO,-H,0

FIG. 8. Projections of (a) tribasic lead sulfate, (b) tetragonal PbO, and
(c) orthorhombic PbO to illustrate structural similarities. Only Pb—-O
bonds of less than 2.5 A are shown as these are considered to represent the
strongest bonds and define the similar structural units in these three
structures. A common structural unit is a slightly compressed band shown
shaded in each structure and running left to right. Both PbO structures are
composed only of these units. In tribasic lead sulfate, portions of these units
(shown by open symbols in the PbO structures, are replaced by both sulfate
and 2(OH) groups as illustrated in (a).
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similarity between the lead oxides and this lead sulfate.
During production of lead acid batteries, sulfuric acid
(H,SO,) is added to either or both polymorphs of PbO to
produce sulfates. The structural similarity strongly suggests
that the reaction,

4PbO + H,SO, — 3PbO-PbSO,-H,0,

may involve nucleation and growth on preexisting PbO.
While this is certainly not proved by the structural
similarity, various observations in the literature suggest
that the sulfate is controlled to some extent by the poly-
morph of PbO present in the reactants. Both have similar
structural elements, but one may favor the formation of
tribasic lead sulfate over other sulfates. Dynamic neutron
diffraction experiments where intermediate compounds
might be identified during reaction may provide definitive
mechanisms.
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