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Pr70r2 is an intermediate praseodymium oxide of mixed oxidation state. It is single phase with metal 
atoms occupying different types of crystallographic sites. In contact with dilute acid, among other 
solvents, the single-phase compound loses Pr” ions to the solution and the residue is oxidized to PrOZ. 
The morphology of the reaction, studied by electron microscopy, indicates that the dissolution follows 
extended crystal defects, probably dislocations, and involves the removal of all the oxide in the 
reaction path. This requires the transport of oxygen and electrons in the reaction zone where pra- 
seodymium is reduced with the concomitant oxidation of material adjacent to it. This reaction occurs 
without the destruction of the original framework because Pr70n and the other intermediate oxides are 
fluorite-related and transform to fluorite-type PrOz without reconstruction. C 1988 Academic Prrr\, Inc. 

Introduction 

Inhomogeneous solids frequently react 
with percolating solutions to dissolve a re- 
active fraction. This process, called leach- 
ing, is historically associated with the selec- 
tive removal of particular solid phases from 
a compositionally heterogeneous mixture, 
for example, the removal of native gold 
from its ores by cyanide complexation into 
solution. In this paper we are not con- 
cerned with heterogeneity at the level of 
separate phases as in gold ores but of het- 
erogeneity of valence states at the atomic 
level. We choose examples of single-phase 
materials in which the same metallic ele- 
ment, present in two oxidation states and 
usually occupying two different crystallo- 
graphic sites, is separated by the removal 
from the solid of one type of metallic ion. 
The other valence state remains in a solid 
residue. 
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The example to be reported here is the 
reaction of Pr70iZ with water or dilute acids 
to give ultimately a solution of Pr3+ (aq) and 
crystalline PrOI. This reaction was re- 
ported and discussed by Clifford (1). It is 
well known also in other systems such as in 
TbO, (I), Pb304 (2), and Mn304 (3). 

Clifford discussed the “solvolytic dispro- 
portionation” of Pro, (1.5 < x < 2.0) with a 
variety of solvolytic agents (I). Brauer and 
Pfeiffer (4) undertook to study further the 
range of conditions and agents that could 
bring about this interesting separation. 
More recently Caro and his co-workers (5) 
have utilized this reaction to prepare Pro2 
without resorting to high temperatures and 
pressures. 

The structure of Pr70i2 has been found 
(6) to be isostructural with UYhOIZ as illus- 
trated in Fig. 1. In Pr70i2 the four Pr3+ and 
three Pr4+ occupy the six-coordinated and 
six seven-coordinated cation positions 
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FIG. I. A projection of the unit cell of Pr70r2 along 
(211) (heavy solid lines). All the praseodymium atoms 
are cubically coordinated with oxygen in the fluorite 
structure as suggested by the cubes drawn about the 
metal atoms. There are two vacant oxygen sites (0) 
along the body diagonal of the parent fluorite unit cell 
in Pr,O,? as shown. The atoms at the corners of the 
unit cell drawn are six-coordinated while all others are 
seven-coordinated. 

about two empty oxygen sites along the 
threefold axis in the unit cell. The distribu- 
tion of the cations among their sites has not 
definitely been settled, however, the sym- 
metry of the rhombohedral structure (R3) 
could easily be achieved by placing a Pr(l) 
ion in the six-coordinated site and having 
the six seven-coordinated sites occupied by 
averaged Pr(2) ions with an averaged 
charge resulting from the known electron 
hopping conductivity (7). This structure is 
related to fluorite PrOz by the ordered re- 
moval of one-seventh of the oxygen atoms. 

The reaction studied in this work is 

Pr70rZ(c) + 12H+(aq) = 4Pr3+(aq) 
+ 3Pr02(c) + 6HZO( 1). (1) 

What is the mechanism of this selective dis- 
solution? It must involve a surface process 
with the loss of Pr3+ followed by a propaga- 
tion of the reaction into the bulk. Overall. 
the loss of Pr3+ to the solution results in the 
conversion of the oxygen-deficient fluorite 
structure to a filled fluorite structure by 
means of oxygen and possibly electron 
transfer. One must study the morphology of 
the reaction to determine the mechanisms 
that leave crystals of PrOz where none ex- 
isted before. Since the original Pr4+ ions are 
atomically dispersed, it would be helpful to 
investigate the reaction utilizing atomic- 
resolution electron microscopy. 

Experimental Part 

The conditions used by Brauer and Pfeif- 
fer (4) were approximated to produce Pro? 
from Pr,OIz. One sample of Pr,Ou was 
leached by boiling it in water for 3 hr fol- 
lowed by the dissolution of the Pr(OH)3 
formed by a 10% acetic acid solution. An- 
other was prepared by stirring Pr70r2 pow- 
der in a 5% acetic acid solution for 8 days. 

The praseodymium oxide was obtained 
from Research Chemicals Inc. as the igni- 

After treatment, each sample was washed 

tion product of an oxalate 99.999% pure. 
This material was subsequently heated in a 

carefully, first in distilled water, followed 

muffle furnace at 1000°C for 12 hr. The fur- 
nace was then turned off and allowed to 

by a wash in absolute alcohol, then stored 

cool slowly in air to 200°C before removal 
to a desiccator for storage. The oxide, after 
treatment in the muffle furnace, was an- 

in a desiccator for examination in the mi- 

nealed for 2 days at a temperature of 850°C 

croscope. 

under 10 Torr of oxygen to assure a compo- 
sition of Pr,012. 

Each oxide specimen to be studied by 
HREM was dispersed in dry acetone and a 
drop of this suspension was applied to a 
holey carbon film on a microscope grid. 
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Fir;. 2. X-ray powder diffraction pattern of leached Pr;O,?. (a) PI-~O,~ leached with watcl- to give ;L 

mixture of Pr(OH); and Pro,. Miller indice for the hydroxide a~-t‘ in parentheses. (b) Pr-OIZ leached 
with water and treated with acid to remove the Pr(OH),. 

The specimens thus prepared were exam- 
ined in a JEM 200CX top-entry, high-reso- 
lution microscope with a double-tilt speci- 
men holder and a LaBh filament. The 
microscope was equipped with a TV image 
pick-up and viewing system. 

Results 

X-ray diffraction patterns of the final 
leached product from the treatment with 
boiling water is shown in Fig. 2a. This pat- 
tern has reflections from both PrOz and 
Pr(OH)3. Treatment with 10% acetic acid to 

leach out the Pr(OH)3 leaving only PrOz is 
shown in Fig. 2b. 

The crystals remaining after leaching 
consisted of a framework of re-entrant nar- 
row wells from which the Pr(OH)! or Pr?O? 
had been removed leaving a skeleton of 
Pro?. Although there appeared to be a pre- 
ferred orientation of these re-entrant voids 
they did occur in many directions. Exami- 
nation of Figs. 3a and 3b will show that this 
description fits more closely the water- 
leached crystal (Fig. 3a) than the acid- 
leached crystal Fig. 3b), yet they are not 
greatly dissimilar. The angles between the 
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FIG;. 3. An electron micrograph showing the final Pro? remaining after leaching. (a) The water-x 
-ached PI-O: product. RI) The acid-leached PrOL product. 
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FIG. 4. A (1 IO) high-resolution electron micrograph along (I 10) of a reacted crystal showing the 
excessive removal of material from a faulted region near the surface. 

profiles of the tips of the penetrating fingers 
are approximately 35 or 60”. These angles 
are close to that between [ 1101 and [ill] 
planes suggesting that in this case as well as 
in the original material the [ 11 l] planes are 
more stable (8). 

Diffraction contrast images of the origi- 
nal particles of Pro, indicate plentiful dislo- 
cations that usually intersect the surface at 
an angle. A leached crystal reveals the na- 
ture of the regions yielding to the attack. In 
Fig. 4 it is apparent that material has been 

removed from the vicinity of a distorted or 
dislocated volume of the crystal. The 
faulted region perpendicular to the surface 
may be located by looking at a low angle 
along various atomic rows in the photo- 
graph. It seems likely that such dislocations 
are reaction sites and that the reaction fol- 
lows these defects forming the re-entrant 
fingers. 

In Fig. 5 several aspects of the leaching 
process are revealed. This image was taken 
of a crystal after being stirred 8 days in 5% 
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remnant of the reaction including a residue of PrO 
ture of Pri2021 set in a thin section of PrO, al C. 

F~ti. 5. A (I 10) high-resolution electron micrograph along (I IO) of a reacted crystal showing a 
at A, an amorphous region at B. and a superstruc 

acetic acid and shows a residual thin region 
left when material was removed. Consider 
three features as follows: A thin bridge of 
PrOl near the outside surface connects two 
thicker regions of dioxide. Further along 
the channel, a partially ordered bridge 
again links the two thicker regions. The 
fringes at the connecting edges clearly ex- 
tend through the interface although they are 
rather irregularly spaced. The middle of the 
bridge appears nearly amorphous suggest- 
ing some reaction, perhaps hydration, dur- 
ing the reaction or when washing. The re- 
maining thin region is primarily Pro,; 
however, there is clearly the periodicity of 
the intermediate phase (Pr120Z2) manifest in 
the superstructure. This clearly is an in- 
completely oxidized region. 

Discussion 

The solvolytic disproportionation of 
Pr,O,? may be represented as follows. At 
some point of attack the crystal is dissolved 
by the action of water followed by treat- 
ment with acid or more rapidly with acid 
directly. This is illustrated by the X-ray dif- 
fraction patterns of Figs. 2a and 2b that 
show the disappearance of the trivalent pra- 
seodymium from the fluorite-related phase. 

417Pr7012(c) + 6HzO(I) = 4Pr(OHMa) 
+ 6/70(c) (2) 

or 

4/7Pr701Z(c) + 12H-(aq) = 4Pr3+(aq) 
+ 6Hz0( I) + 6/70(c), (3) 
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followed by a reaction in the interior as the 
oxygen is transported by diffusion along a 
gradient away from the reaction site, 

3/7Pr,012(c) + 6/70(c) = 3PrOz(c). (4) 

The overall reaction is, then, 

Pr70t2(c) + 6H20(1) = 4Pr(OH)3(s) 
+ 3PrOl(c) (5) 

or 

Pr-iOr2(c) + 12H+(aq) = 4Pr3’(aq) 
+ 3Pr02 + 6H20(1). (6) 

Reaction (5) is followed by the selective 
dissolution of Pr(OH)3 using 10% acetic 
acid, 

4Pr(OH)3(c) + 12H+(aq) = 4Pr’+(aq) 
+ 12H20(l). (7) 

leading to the same final overall reaction as 
written in Eq. (6). 

The oxidation state of the diffusing oxy- 
gen could be neutral as indicated in Eqs. 
(2), (3), and (4) or it could be either O- or 
O?-. In either of these last alternatives elec- 
trons would have to be transported in the 
opposite direction to anion flow. Any of 
these transport mechanisms are plausible 
since the oxide is both a good oxygen con- 
ductor and an electronic semiconductor 
(7, 8). Oxygen transport in either polycrys- 
talline or single crystals of Pr,O,: was found 
to be by neutral oxygen interstitials utilizing 
oxygen exchange studies and a point-defect 
model (9). For example, the reactions (3), 
(4). and (5) would become 

4Pr70r2(c) + 84H’(aq) + 6e-(c) 
= 28Pr3+ + 42H?O(l) + 60-(c) (3’) 

3Pr70rZ(c) + 60-(c) = 2IPrO,(c) + 6~(c) 
(4’) 

7Pr,01z(c) + 84H+(aq) = 28Pr3+(aq) 
+ 21PrOZ(c) + 42H20(1). (5’) 

None of the experiments described here aid 
in deciding the oxidation state of the diffus- 

ing oxygen. The smaller uncharged oxygen 
might be the most mobile. 

These reactions, although occurring here 
with PrTOr2, could occur with any of the 
intermediate mixed-valence oxides be- 
tween Pr203 and Pro:. Furthermore, it is 
reasonable that there would be ordered 
phases temporarily formed as the lower ox- 
ide is oxidized toward Pro? or reduced to- 
ward Pr203. An example of this is clear in 
Fig. 5 on the right side of the thin region 
where an ordered superstructure has been 
formed. This superstructure, with four pra- 
seodymium atoms in the cross section of 
the projected unit cell, is PrllOZZ. 

In this study, the electron microscope 
has revealed the actual course of the reac- 
tion by imaging the products. In Fig. 3a, for 
example, it is clear that the reaction with 
boiling water has proceeded preferentially 
along certain directions in the crystal, leav- 
ing behind the product hydroxide to be 
leached subsequently by the acetic acid so- 
lution. A similar morphology is indicated in 
the image shown in Fig. 3b when the crystal 
is leached with dilute acid. The conclusion 
to be drawn is that certain paths in the crys- 
tal are easy reaction paths and that these 
are almost certainly dislocations shown to 
be plentiful by dark-field imaging. The point 
of attack would be the point of emergence 
of the dislocation with the surface. Figure 4 
shows the residue of dislocations in the re- 
acted crystal and Fig. 5 shows the termina- 
tion of a reaction at a fault along which it 
has presumably traveled. 

It is to be expected that the reaction can 
proceed as the Pro2 formed becomes reduc- 
ible by the exit of oxygen from the reaction 
region. This diffusion apparently occurs 
most easily along faults such as dislocations 
and the reaction terminates only when the 
specimen is oxidized completely to Pro?. 
The skeleton of Pro? remaining would then 
be the permanent record of the more dislo- 
cation-free regions of the original crystal. 

Figure 5 would seem to have preserved a 
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by removal by the acid solution. This is sug- 
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rounded by PrOz on either side. 

References 

Conclusion 

The solvolytic disproportionation of 
Pr7012 occurs along preferred easy reaction 
paths that have dislocation complexes at 
their cores. This morphology is due to the 
fact that all the oxides involved are fluorite- 
related and a continuous framework of the 
dioxide remains even as the leached mate- 
rial has been removed along re-entrant fin- 
gers in several directions of easy reaction. 
The oxygen diffuses along dislocations in 
the solid, effectively transporting Pr3+ to 
the reaction site for dissolution. It will be of 
interest to examine other examples of 
solvolytic disproportionation to reveal the 
path of reaction. 

I. A. F. CLIFFORD, in “Rare Earth Research II“ (K. 

S. Vorres. Ed.), pp. 45-X). Gordon & Breach, New 
York (1964). 

2. C. BRUCKNER. CIIw-Zfg. 51, S5 (1927). 

3. 0. R. GIOVANOLI. W. FEITKNECHT. R. MAURER. 

AND H. HANI, Chimicc 30, 307 (1976). 
4. G. BRAUER AND B. PFEIFF-ER. J. Lcs.\-Cow~z. 

Mrtuls 5, 171 (1963). 

5. R. C. KARNATAK, M. GASC~IER. H. DEXPEIU. .I. 
M. ESTEVA. P. CARO. AND L. AI.RFRT, J. kc.\- 
Conwn. Metals 110, 377 (1985). 

6. R. B. VON DREELE. L. EYRING. A. L. BOW~TAN. 

AND .I. L. YARNELL, Ac,ttr CI-v.vtrr//ogr. Swt. H 31, 
971 (1975). 

7. H. INABA AND K. NAITO, .I. So/it/ Strrtc, Clle,u. SO, 

100 (1983). 
8. Z. C. KANC;, 0. J. SMITFI. DUD L. EYRINC;. Swf: 

.Sc,i. 175, 684 (1986). 
9. K. H. L.4u. D. L. Fox. S. H. LIN. AND L. EYIIIN~;. 

ffi,d~ Temp. Sci. 8. I29 (1976,. 


