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The chemical transformation corresponding to the equation 

Pb,O,(s) + 4H+(aq) = PbO>(s) + 2PbYaq) + 2H,O(I) 

has been studied chemically but especially by high-resolution electron microscope (HREM) observa- 
tions on specimens quenched at regular intervals during reaction. It was determined that attack by the 
acid solution is most rapid along (101) directions with a substantial component along JOOIl. “PbO” as 
well as PbOz go into solution as Pb” and water. This requires electrons to be supplied to the reacting 
surface. As a consequence, a receding (101) edge, free of PbOz precipitate. is usually maintained thin 
by the reaction. The precipitation of PbOz occurs as an independent process separated spatially from 
the dissolution reaction according to the equation 

Pb’+(aq) + 2HzO(l) = PbO:(s) + 4H-(aq) + 2c 

This reaction is reversible and the rapid exchange between Pb’+(aq) and PbOz promotes simultaneous 
and continuous recrystallization. This mechanism, elucidated by HREM techniques, is also consistent 
with the gross chemical kinetic and X-ray studies. c’ 1988 Academic Pre\\. Inc. 

Introduction 

Certain homogeneous compounds of 
mixed-valence cations are selectively 
leached by a suitable solvent. This leaching 
process removes into solution only part of 
the compound. It is to be expected that the 
mechanism of this process would be highly 
dependent upon the structures and struc- 
tural defects of the reactant and product 
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and also, to some extent, on the particular 
solvent used for leaching. It is desirable to 
generate plausible atomic-level reaction 
mechanisms for various categories of these 
reactions, which we will call “solvolytic 
disproportionation,” to continue a previous 
usage (1). To this end, high-resolution elec- 
tron microscopy is applied to the study of 
leached materials, quenched at various 
stages of the process. 

The intermediate oxides of Pr and Tb 
have been studied by this technique (2, 3) 
with surprising differences in the mecha- 
nism even for these very similar oxides. 
The intermediate oxides of both elements 
are fluorite related and the product remain- 
ing in both cases is the fluorite dioxide. 
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Sixty years ago Bruckner (4) observed that 
when Pb304 was reacted with acetic acid a 
lead superoxide acetate was formed. It is 
known (5) that when Pb304 is leached with 
dilute mineral acid, PbOz remains. How- 
ever, the process must be quite different 
than that for the rare earth oxides because 
structural differences between the reactant 
and product require a reconstructive 
change. Pb304 is tetragonal with (1 = 8.815 
and c = 6.605 A (6-d) while P-Pb02 is also 
tetragonal but with a = 4.955(3) and c = 
3.383(2) A (9). Transport phenomena in the 
solid and solution are different among the 
various examples, as are the species and 
reactions occurring at the liquid-solid in- 
terface. 

No mechanistic studies of the solvolytic 
disproportionation of Pb304 have been pub- 
lished although many aspects of its chemis- 
try relative to this process have been char- 
acterized. References to some of these 
studies will be made at the appropriate 
places below. 

Experimental Part 

Procedure 

The Pb304 from Baker (l-2334) was 
heated to constant weight (48 hr) at 475°C 
and stored in a desiccator over anhydrous 
CaS04 until used. 

Approximately lOO-mg samples of Pbj04 
and 25 or 50 ml of dilute nitric acid were 
placed in 150-ml beakers and stirred con- 
stantly. At 30-min intervals the pH and 
temperature of the contents of each beaker 
were measured. On these occasions the 
contents of one of the remaining beakers 
were filtered (thereby stopping the reac- 
tion) and washed with distilled water. The 
beakers, stirring bars, and glass filtering 
crucibles containing the remaining Pb304 
and the solid PbOz residue were then dried 
by heating at 110°C to constant weight. This 
procedure was continued until all the speci- 
mens (usually eight) had been weighed. 

The progress of the reaction was estab- 
lished by the mass of the residue, deter- 
mined as described above, and the assump- 
tion that only PbOz and unreacted Pb304 
remained. A 34.9% recovery corresponds 
to a completed reaction. The solid residue 
remaining after each interval was collected 
and stored in a desiccator for further study 
by X-ray analysis and by transmission elec- 
tron microscopy. 

Specimens of the original material and of 
material quenched during reaction were ex- 
amined by X-ray powder diffractometry. A 
Rigaku DMax-IIB automatic diffractometer 
with a curved graphite monochrometer in 
the diffracted beam was used to collect pat- 
terns of diffraction maxima of each sample. 
CuK, radiation was used. The raw data 
were smoothed and the background sub- 
tracted using the software provided by the 
manufacturer. The final output gives num- 
bers to the peaks and prints a table giving 
20, calculated d-spacing, FWHM, and the 
relative intensity for each peak. The peaks 
in the diffractograms were compared to 
those listed on the relevant ASTM cards to 
determine the compounds present. 

Samples of the original, final, and each 
quenched intermediate preparation were 
also taken for examination on the JEOL 
200CX and the Philips-400ST electron mi- 
croscopes. The specimens were dispersed 
in alcohol by ultrasonic vibration and the 
dispersion applied to holey carbon films 
supported on copper microscope grids. Ob- 
servation was made by well-established 
techniques (IO). 

Results 

X-ray diffraction patterns of powders of 
the starting, final, and intermediate solid 
phases were used to monitor the course of 
the reaction. In Figs. la and I b the diffrac- 
tograms are shown for the starting and 
final materials, Pb304 and P-PbO?, respec- 
tively. The diffraction maxima are in ac- 
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FIG. I. (a) The X-ray powder diffraction pattern of the starting material, Pb,O,. (b) The X-ray 
powder diffraction pattern of the final reaction product, P-PbO?. 

cord with the literature values in both 
cases. Diffraction patterns of the solid resi- 
due taken after f, 1, 2, and 4 hr of leaching 
are shown in Figs. 2a-2d. These can be re- 
solved into an increasing amount of P-Pb02 
in the diminishing reactant, PbIO+ All re- 
flections are accounted for by a combina- 
tion of these two patterns. The quantitative 

determination of the relative amounts of 
Pb304 and PbOz was best determined from 
the weight of the residue, however. 

It was desirable to find a concentration of 
HN03 that would provide an optimum reac- 
tion rate. One hundred milligrams of Pb304 
was reacted with 25 ml of 1 N HN03 and 
the reaction was found to be over in d hr, 



76 KANG ET AL. 
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FIG. 2. (a) The X-ray powder diffraction pattern of reaction product after + hr showing a weak 
/3-Pb02 pattern growing in. (b) The X-ray powder diffraction pattern after I hr showing increased 
diffraction maxima due to P-PbOz. (c) The X-ray powder diffraction pattern after 2 hr showing more 
comparable amounts of P-Pb02 and Pb304. (d) The X-ray powder diffraction pattern after 4 hr showing 
only a small amount of the reactant, PbiOl, remaining. 

which is too short. Similar experiments 
were run at 0.1 and 0.05 N HN03 with the 
results shown in Table I. The half-times at 
0.10 and at 0.05 are about 0.8 and 2.0 hr, 
respectively. From these experiments a 
concentration of 0.078 N was selected for 
the runs expected to be over in approxi- 
mately 4 hr. The detailed results reported 

here are from these experiments. The 
weighted average of four runs for each time 
interval for the gravimetric measurements 
from the leaching experiments in 0.078 N 
HN03 are given in Table II. 

The collection of micrographs that is 
Figs. 3a-3e shows the progress of the over- 
all leaching process. In Fig. 3a the original 
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FIG. 2-Continued. 

material is shown to consist of a collection nm thick. After 4 hr the reaction is essen- 
of small particles of Pb304 of about 500- tially complete and the recrystallization is 
1000 nm in diameter. In Fig. 3b the deposi- well underway. Notice, for example, the 
tion of PbOZ after f hr of reaction is shown needle-like crystals projecting out from the 
to be distributed over the entire surface of mass as well as the appearance of well-fac- 
the original crystal to an average shell eted small crystals. After 8 hr, as shown in 
thickness of about 30 nm. After 1 hr the Fig. 3d, only P-Pb02 (or its modification 
reaction surface has decreased with the discussed in a separate publication) re- 
shrinking radius as shown in Fig. 3c. The mains as well-articulated crystals unassoci- 
surface shell of PbOz has thickened to about ated with the original Pbj04 particle that re- 
50 nm. At 2 hr it had increased to about 85 acted at a continually receding surface until 
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TABLE I 

OBSERVATIONSON THE RATESOF LEACHING PbqOj 
BY HNOz AND CH$ZOOH AT ROOMTEMPERATURF. 

Time (hr) Fraction reacted (a) 

0.50 
I.0 
1.5 
2.0 
2.5 
3.0 

0.50 
0.93 
1.50 
1.93 
4.47 
2.93 
3.42 

0.5 
I.0 

In 0.1 N HNO? (25 ml) 
0.51 
0.77 
0.83 
0.93 
I.0 
I.0 

In 0.05 N HNO, (50 ml) 
0.063 
0.202 
0.450 
0.516 
0.636 
0.732 
0.895 

In 10% CH#ZOOH (25 ml) 
0.88 
1.00 

Now. In I .O N HNO? (25 ml) the reaction i$ over in 
less than 0.5 hr. 

the reaction was complete. During and fol- 
lowing the leaching there is relatively rapid 
recrystallization of the PbOz that grew from 
nuclei attached to the crystal surface and 
remained as electron conduits to the reac- 
tion surface. 

The high-magnification image (Figs. 4a 
and 4b) gives a clear picture of the reacting 
surface after a hr. The rough surface con- 
sists of grains of reacting Pb304 that can be 
identified at A by their scalloped edges and 
fringes. The PbOl crystals are, at this stage, 
rather rounded and highly disordered. After 
I hr the PbOz crystals have recrystallized 
into a disordered mass but notice, in Fig. 
4c, the firm attachment of the crystals to 
the substrate. The needle-shaped crystals 
cover a range in length from about 6 to 12 
nm. 

Fig. 5 is a composite image at high reso- 
lution of a region of the reacting crystal 
shown in Fig. 4. On the right is a Pb304 

crystalline domain arrested in its reaction 
after f hr. The inserted patch on the left is 
the growing PbOz crystal. The composite is 
necessary since both regions could not be 
brought into focus and orientation at the 
same microscope settings but they do show 
the accurate juxtaposition of the spatially 
differentiated dissolution and precipitation 
centers. Optical diffraction pattern insets il- 
lustrate clearly the distinction between the 
order in the two structures. Notice the 
quite imperfect quality of the PbOz crystal 
including tilt twins and stacking faults. An 
amorphous region at (A) may well repre- 
sent the earliest unstructured precipitation 
of PbOz that at a later stage was laid down 
in a more ordered fashion. 

The optical diffraction patterns (ODP) 
are obtained from areas of 1 mm diameter 
on a negative produced at a magnification 
of 520,000~ in the microscope. This means 
that this microoptical diffractogram is taken 
from an area of the crystal 2 nm in diame- 
ter. This diffractogram demonstrates a 
powerful method for obtaining confirma- 
tional evidence on the nature of different 
structures very close together as occur 
commonly in reacting systems in the solid 
state. The ODP from the ordered region 
near A indicates the rutile-type structure in 
the LlOOl direction with a c/cl ratio of 1.46 
and an angle between (001) and (111) of 

TABLE II 

THY LEACHING OF Pb,O, WITH 25 ml 
OF 0.078 N HNO,“,” 
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FIG. 3. (a) A high-magnification image of the starting material. Notice that it consists largely of 
chunky (spherical) particles about 1 pm in diameter. (b) An image of the PbiO, particles with theil- 
spongy crust of P-Pb02 after 1 hr of reaction. (c)The image of the reacting system after I hr. Notice the 
increase in the thickness of the precipitated Pb02. (d) An image after 4 hr showing the P-PbO?. nom 
largely recrystallized, with only a small fraction of the Pb,04 unreacted. (e) An image of the recrystal- 
lized P-Pb02 after 8 hr when the leaching reaction is complete. 
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FIG. 4. (a.b) Images of the reacting surface of PbiOd after i hr. Notice the mixture of reacting grains 
of Pb,O, with their sculptured faces as at A and rather globular growing crystals of P-Pb02 at B. (c) The 
image of a reacting crystal after 1 hr shows the development of the thatch of interconnected crystals of 
P-Pb02 that leave room for the ionic diffusion required to permit the reaction to continue. These 
needle-like crystals rooted on the Pbi04 surface maintain electrical contact as the interlinked sponge 
continues to grow. 

55.6” as expected from /3-Pb02. The ODP 
from region B is from the (010) orientation 
of a Pb304 crystal. The ratio of the recipro- 
cal vectors c/u is 1.37 (1.34 from ASTM 
cards) and the angle between the (100) and 
the (101) directions is 53” (53.3” calculated). 
The scalloped surface profile along the thin 
(101) edge reveals the progress of the reac- 
tion quenched during the process. 

After 1 hr the reaction has proceeded to 
the point of showing developed projections 
of the growing and recrystallizing PbOf 
crystals as seen in Fig. 6. In Fig. 6 one ob- 
serves a growing Pb02 crystal with exten- 
sive defects; perhaps it is even polycrystal- 

line. This crystal is attached at its base to 
the Pb304 reactant and probably is grown 
from the dissolving material forming the de- 
pression on either side. The protruding 
Pb02 crystal shown in Fig. 7 is generally 
more perfect but a modified structure is ap- 
parent at its growing tip and many stacking 
faults still remain. 

In Fig. 8 an image of a PbOz crystal after 
8 hr of growth and recrystallization shows a 
rather well-formed /?-Pb02 core in the [ 1001 
orientation with a new structure, most ap- 
parent at the tip, and as an overall moirC 
pattern. The new structure will be dis- 
cussed elsewhere. 
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FIG. 5. A composite, high-resolution micrograph showing the details of disproportionation solution 
at B and the deposition recrystallization at A. Notice evidence of rapid reaction on the { 101) face with 
its scalloped edge while no apparent reaction takes place on the {loo} faces. The P-Pb02 crystal at A 
grows at the expense of the dissolving substrate. The image maintains the spatial relationship ot 
dissolution and deposition. It is a composite because it was not possible to image both regions 
simultaneously with the same microscope settings of focus and tilt. 

Discussion The Gross Kinetics 
The solvolytic disproportionation of 

Pb304 has been studied by chemical, X-ray, 
and electron microscopic means. The X-ray 
patterns could be interpreted entirely as the 
growth of P-Pb02 into Pb304 as a function 
of time until only Pb02 remained. The 
chemical studies provided information on 
the macroscopic kinetics of the reaction by 
revealing the relative amounts of the two 
materials as a function of time. The elec- 
tron microscopic results are consistent with 
the X-ray and chemical results and together 
these studies allow a detailed mechanism to 
be proposed. 

Wadsworth (11) describes the derivation 
of a rate law that would apply to a homoge- 
neous spherical particle undergoing leach- 
ing while forming a reaction product on the 
surface. The model assumes chemical at- 
tack on a homogeneous spherical particle 
forming a porous layer of solid reaction 
products on its surface. The kinetics are 
controlled by both the rate of reaction at the 
receding spherical surface of the particle 
and the rate of transport of Pb2+(aq) to the 
nucleated product layer between the reac- 
tion zone and the outer periphery of the 
particle. This model is based upon steady- 
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FIG. 6. An image illustrating the growth habit of the precipitating crystal. The principal growth 
direction is (011) but the crystal is clearly faulted. 

state conditions in which the rate of diffu- 
sion of Pb*+(aq) through the pores in the 
shell outside the reaction zone equals the 
rate of leaching at the reaction zone. Diffu- 
sion of H+(aq) to the reaction zone is not 
rate controlling. The rate laws given are 

[l - (1 - (Y)“~] = kht, (1) 

where (Y = the fraction reacted, kl, is a con- 
stant, and t = time, for reaction on a sphere 
of decreasing radius, and 

1 _ & - (1 - a)*/3 = k;t, (2) 

where kg is a constant, for the transport of 
solvent through the growing product layer. 

The combined rate law is 

1 - {a - (1 - (Y)2’3 
+ p[l - (1 - (Y)“3] = yet. (3) 

In this expression p and y are complex con- 
stants that cannot accurately be evaluated 
in this case. Results of the calculations of 
Eq. (l), (2), and (3) are given in Table II. 
(The constant /? in Eq. (3) is taken to be 
one.) Although the scatter in the results 
from the kinetic measurements is so large 
that a quantitative treatment is not profit- 
able, the relatively better fit to Eq. (3) than 
for either Eq. (1) or Eq. (2) is not inconsis- 
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FIG. 7. The image of a growing crystal of /3-PbOL in which there is disorder from stacking faults but 
no twin or tilt boundaries. Notice. however. the appearance of a different crystalline form at the tip. 
The principal axis of the crystal is [Ol I]. 

tent with the mechanism proposed below crystallite formation process to be pro- 
on the basis of high-resolution electron mi- posed. It is well known that dilute 
croscopic observations. The reason for the HN03(aq) dissolves PbO(s) according to 
scatter is most probably attributable to an the following equation: 
absence of temperature control with a vari- 
able excursion of temperature of a few de- PbO(s) + 2H+(aq) = Pb?+(aq) + H20. 

grees depending on ‘the stirring system 
used. 

The Reaction Mechanism at the Atomic 
Scale 

The details in the HREM images (Fig. 5) 
of Pb304(s) at various stages of dissolution 
enable an atomic-scale mechanism for the 
dissolution and subsequent PbOl micro- 

(4) 
On the other hand, PbOz(s) is relatively in- 
soluble in dilute HN03 (12). The data of 
Hara (Fig. 9) illustrate the solubility differ- 
ences well (13). Lead solubility data for 
both PbO(s) and PbOz(s) maintained in con- 
tact with agitated HN03 solutions of vari- 
ous strengths for 1 hr are reported and PbO 
is approximately 5 x IO3 times more soluble 
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FIG. 8. The image of a fully developed crystal ofp-Pb02 that has an envelope of a modified structure. 
The moirC pattern over the surface is probably due to the overburden of “modified” P-PbOZ that 
covers the surface. 

than Pb02(s) in 1 N solutions. PbOz dissolu- 
tion occurs with reduction of the lead ac- 
cording so the reaction (14) 

Pb02(s) + 2HN03 + Pb(NO& 
+ Hz0 + Oz. (5) 

Solid Pb304 is composed of octahedrally 
coordinated Pb4+ ions joined together by 
Pb2+ ions which are nestled in a distorted 
tetrahedron of oxygen ions (6-8). Figure 10 
illustrates the structure of Pb304. The octa- 
hedra share edges to form chains which run 
parallel to the c-axis [OOl], and share apices 
in { 1 lo}. Two joined octahedra constitute 
the c-axis. The Pb2+ ions are located on 
(110) planes, while Pb4+ ions are situated 
along the {OlO}, {IOO}, {020}, and (200) 

planes. When the Pb304 structure is viewed 
along {loo}, the octahedra edge-shared 
along c appear unconnected in rows parallel 
to h. Another octahedral row displaced 
rearward by 0.5 b and offset by 0.5 a lies 
immediately behind every row. 

From the [OlO] image (Fig. 5) it can be 
deduced that to a first approximation disso- 
lution occurs principally along { IOl}, and 
secondarily along {OOl}, with minimal dis- 
solution along (100). Other images are con- 
sistent with that presented in Fig. 5; the 
principal plane of dissolution usually makes 
an angle of -127” with a plane at which 
minimal dissolution occurs, consistent with 
the calculated inter-planar angle of 53.1” be- 
tween (100) and (101). Along the edge of 
(IOl), the dissolution plane, sharp points of 
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FIG. 9. A plot of the solubilities of lead and its ox- 
ides as a function of the concentration of nitric acid 
(from I iara ( 13)). 

Concentration of HNO3 (N) 

Solubilities of lead and its oxides. 
(1) metallic lead 

(2) litharge 
(3) minium 
(4) lead dioxide 

crease to four and the Pb4+ ions must as- 
sume tetrahedral coordination or oxygen 
atoms from water molecules must complete 
the coordination sphere. Either way, this 

contrast protrude from regions that appear 
rounded, but are probably composed of 
{IOO}, (101) and (001) faces. 

The proposed mechanism involves acid 
dissolution of the Pb2+ ions which are ex- 
posed in the (001) faces at the termini of the 
PbOz octahedral chains. Attack occurs be- 
tween the chains along (110) and (001) ac- 
cording to the reaction: 

Pb304(c) + 4H+(aq) = Pb02(s) 
+ 2Pb2+(aq) + 2Hz0. (6) 

Removal of the Pb2+ ions that hold the 
chains together as well as some of their as- 
sociated oxygen ions allows the octahedral 
chains at the edge of the crystal to break 
loose. In order to dissolve, the Pb4+ atoms 
in this “released” part of the chain must 
next be reduced to the divalent state ac- 
cording to the following equation: 

PbO?(s) + 2~~(s) + 4H+(aq) = Pb2+(aq) 
+ 2H20(1). (7) 

This dissolution process is discussed later. 
Loss of the “PbO” means that the Pb4+ ion 
can no longer be sheathed by six oxide ions. 
Either its oxygen coordination must de- 

<l 1 llO> 

Pb’” . (-l/4 : -3/4) @ f-114 : -3/4) 

Pb” 0 (0) 0 0 (0) 

Q (-112) @ (-l/2) 

FIG. 10. A schematic representation of the Pb,04 
structure; ab projection at bottom, a,c elevation 
(viewed upward from the ab projection) at the top. The 
strings of shaded octahedra containing Pb(IV) share 
edges along c while the Pb(I1) are deployed in the { 110) 
planes. In the ac elevation shown the Pb(II) are 
eclipsed, thus attack on PbO must occur along (110) to 
release the Pb(IV) columns that are then vulnerable to 
reduction and dissolution. 
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Pb4+ ion is vulnerable and susceptible to 
reduction. Loss of a PbOZ “octahedron” 
exposes the octahedron behind it to attack 
along {I IO}, allowing the dissolution pro- 
cess to continue. Thus, dissolution occurs 
with individual PbO: “octahedra” being re- 
moved and, in the process, exposing octa- 
hedra which lie deeper in the fragment for 
subsequent removal. Since the unit cell is 
tetragonal, dissolution can also occur on 
faces perpendicular to that observed in Fig. 
5. This dissolution process ensures that if 
the dissolving fragment is wedge-shaped it 
remains wedge-shaped. A spherical parti- 
cle, on the other hand, can only have disso- 
lution occur at its exposed surface and need 
not become wedge-shaped. The sharp 
points of contrast that protrude from the 
edge of the dissolution plane may imply 
that instead of individual “octahedra.” a 
row of “octahedra” breaks loose simulta- 
neously, but, of course, remains attached 
to the dissolving particle until each Pb4+ ion 
has been reduced. A row of ions could 
share oxygen atoms more advantageously 
and retain a higher coordination number 
than could a single ion. 

Reduction of the Pb”+ ion would appear 
to be a slow step in the dissolution process. 
Since PbOz is relatively insoluble in dilute 
HNOI, the PbOz chains can either break off 
and be removed from the reaction area, or 
can dissolve by a redox process. The rapid 
growth of rigidly attached microcrystallites 
supports a redox mechanism. (There is no 
evidence of the extremely small particles 
consisting of associated (octahedrally coor- 
dinated) chains that would pass through the 
filter and give low gravimetric results.) 

The proposed mechanism requires the 
presence of Pb*+(aq) ions. These ions can 
come initially from two sources. The first 
and principal source involves selective dis- 
solution of the Pb” ions from the crystal 
edge. The excursions apparent in Fig. 5 at 
the dissolving edge probably result from 
this initial selective dissolution process 

and, once formed, persist. The second 
source is the Pb4+ left after the Pb?+ “glue” 
has been removed. These Pb4+ ions can dis- 
solve according to Eq. (5) by being reduced 
to Pb?+ with concomitant liberation of oxy- 
gen. 

For a redox mechanism to operate, clcc- 
tron transport must take place through the 
solid, whereas Pb?+ ion transfer occurs 
through the solution. The specific conduc- 
tances of Pb301 and PbO: are 4.3 x IO ‘I 
and 2.48 C’ cm-‘, respectively (1.5. 16) 
thus PbOz can readily support electron 
transfer. However, Pb301(s) is reported to 
be a p-type semiconductor (15). In PbO, all 
Pb”+ ions are octahedrally coordinated with 
the chains of octahedra formed by sharing 
oxygen ions. It is proposed that electron 
transfer occurs through the octahedra left 
after the Pb?+ ions are dissolved such that 
Pb?’ ions precipitate from solution as PbO? 
onto a crystal face close to that of the dis- 
solving face according to the reaction. 

Pb”(aq) + 2Hz0(l) = PbO?(s) 
+ 4H+(aq) + 2~(s). (8) 

As these Pb?+ ions are oxidized on the 
surface of the growing crystal to Pb3+, elec- 
tron transfer occurs through the fragment 
to reduce an “octahedral” Pb”+ ion either 
in the (101) face, or more likely, already 
being released from the face, thereby allow- 
ing it to become solvated as a Pb?- ion ac- 
cording to reaction (7). These Pb” ions 
then diffuse through the solution across a 
concentration gradient to the growing crys- 
tallite. Oxide ions necessary for lead diox- 
ide growth come from the solvent. The 
rapid growth of the crystal of PbO?(s). evi- 
denced by the disorder apparent in the im- 
age. is an indication of the speed with 
which electron transfer can occur. The 
PbOl microcrystallites recrystallize contin- 
uously as reversible precipitation reaction 
(8) takes place. In this recrystallization pro- 
cess both transport and exchange occur. 
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The proposed mechanism is consistent 
with (101) being the face from which disso- 
lution occurs most rapidly. In the proposed 
dissolution process a particle initially 
would have a jogged (001) face at which the 
octahedral chains of PbO, terminate. Disso- 
lution initiates at this (001) face. making ex- 
cursions into it (parallel to c) and simulta- 
neously dissolving Pb’+ along {I IO} at the 
edge of the particle. The Pb4+ octahedron at 
the edge breaks loose from the main body 
of the crystal and dissolves. as described 
above. creating a step at the surface of the 
particle. Attack now takes place in the 
same manner. removing the row immedi- 
ately below that which was just removed. 
and simultaneously removing the row) bc- 
hind the one -just removed. Since the Pb4’ 
ions are centered at 0.25 and 0.7s along Z. a 
( 101) face has been created and will propa- 
gate as row after row of octahedra are re- 
moved. 

As the particle becomes wedge-shaped 
some arcas near the edge will become 
thinned and will erode through. Such ero- 
sion would also appear as indentations in 
the (001) face, and is apparent in Fig. 5. but 
the principal thrust of the dissolution pro- 
cess remains (101) with (001) secondary. 

Why should crystallite growth occur? 
Clearly, lattice energy alone would dictate 
that even disordered PbO?(s) in a micro- 
crystal is more stable (i.e., of lower energy) 
than is PbO?(s) in a shred left by dissolution 
of the surrounding Pb’+ and associated ox- 
idc ions. Furthermore. PbOz(s) is known to 
be t-educed rapidly by both the one- and 
two-electron reducing agents. Cr?’ and U4’ 
(17. 18). From radiotracer exchange reac- 
tion studies, Pb”(aq) and PbOz(s) are 
known to undergo exchange rapidly (19), 
with the rate of exchange being very depen- 
dent upon the surface condition of the 
PbO?(s). Freshly prepared PbO?(s) has been 
reported and subsequently confirmed to un- 
dergo rapid exchange with Pb’+(aq), equiv- 
alent to an amount equal to IO to 20 atomic 

layers of the solid (19, 20). Such rapid ex- 
change is reported to be irreproducible and 
to decrease with aging of the PbO?. 

The HREM data and the exchange mech- 
anism proposed for the Pb104 selective 
solvation process indicate both why the cx- 
change is irreproducible and why it de- 
creased with aging. In the exchange rcac- 
tions freshly precipitated PbOz(s) was in 
contact with ‘“Pb’ . The environment was 
comparable to that present in the “leach- 
ing” experiment. Initially rapid exchange 
occurred. with Pb02(s) on faces unfavor- 
able to growth dissolving and “Ph” oxidiz- 
ing and precipitating on faces which exhibit 
favorable growth characteristics. With 
time. the PbO?(s) was converted to Pb02 
microcrystallites. Initially. of course’. a 
higher ratio of “‘Pb?’ precipitated, but as 

nonradioactive Pb dissolved and cquili- 
brated. a solution progressively more rich 
in the latter substance developed, and a 
steady state of precipitation resulted. This 
hypothesis effectively explains the irrepro- 
ducible observations of Hone cut trl. ( /Y). 

In summary. one of the driving forces of 
the reaction appears to be the minimization 
of surface energy and development of lat- 
tice energy. This minimization can be 
achieved most efficiently by a redox-solu- 
tion-precipitation mechanism. This mecha- 
nism would seem to be applicable only in a 
specimen which: 

(a) is an electrical conductor to some dc- 
gree. 

(b) is capable of undergoing a redox reac- 
tion. and 

(c) has one oxidation state which is solu- 
ble and one which is insoluble in the rcac- 
tion medium. 

Conclusions 

The mechanism of solvolytic dispropor- 
tionation is characteristic of the system in- 
volved and depends entirely upon the struc- 
tures and chemical properties possessed by 
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the species and defects involved in the solid 
state and in the solution. It has been possi- 
ble to put together an atomic-level mecha- 
nism from the examination, in the high-res- 
olution electron microscope, of the reacting 
solid-state system, quenched as the reac- 
tion progressed. The mechanism for the 
solvolytic disproportionation of Pb304 can 
be summarized as follows. 

1. Dilute HN03 attacks the clean surface 
of polycrystalline Pb304 leaching out the 
Pb?’ according to the reaction 

Pb304(s) + 4H+(aq) = PbO?(s) 
+ 2Pb”(aq) + 2H20(1) (6) 

and the concentration of Pb”+(aq) begins to 
rise. 

2. Two coordinated processes then 
begin, necessarily simultaneously. The 
PbOl(s) formed in reaction (6) is highly re- 
active since it is produced incompletely co- 
ordinated at the surface of the Pb304 crystal 
and in particles of molecular size. This in- 
stability results in the solution of Pb02 ac- 
cording to 

PbOz(s) + 2~(s) + 4H+(aq) 
= Pb?+(aq) + 2H20(1) (7) 

accompanied by the precipitation of Pb’+ at 
a nearby site where a crystal of PbOz is nu- 
cleating or growing. This latter reaction is 
Eq. (7) in reverse. The driving force is the 
free energy difference between molecular- 
sized species containing Pb4+ and a reason- 
ably well-crystalized PbO?. Diffusion of 
Pb*+(aq) through the solution accomplishes 
the mass transport necessary. The elec- 
trons, transported through the solid, com- 
plete the circuit. 

Still another reaction occurs concur- 
rently. The imperfect crystals first precipi- 
tated grow at a reasonably fast rate to form 
more perfect crystals with certain preferred 
facets and growth directions (needles along 
(011) with (010) and (001) facets). This is 
accomplished by the rapid exchange repre- 
sented again by the reversible eq. (6). 

This mechanism results from (1) a struc- 
ture from which one fraction cannot be re- 
moved without leaving the other normally 
impervious fraction vulnerable to disinte- 
gration, and (2) a system consisting of a 
rapidly reversible pair, Pb2+ (aq) and Pb4+ 
(s), that preserves a relatively clean reac- 
tive surface and removes the otherwise in- 
hibiting solid product to another site. The 
product forms an interconnecting porous 
crust around the reactant that assures the 
necessary electron conduction required for 
the reaction to go to completion without 
throttling it. The overall rate law followed 
is consistent with these atomic-level obser- 
vations. 
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