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The intermediate higher oxides of terbium are solvolytically disproportionated in acid solution to yield 
Tb?- (aq) ions and a residue of TbCL(c). The starting material and the final solid product have Ruorite- 

like structures requiring no reconstruction of the cation substructure. Tb,,Oz,, was leached with a 
mixture of concentrated hydrochloric and acetic acids and the product examined utilizing electron 

microscopy to reveal the mechanism of the reaction. It is apparent that all the oxide is dissolved from 
selected reaction pits to yield Tb” Caq) ions and H?O. This dissolution is accompanied by oxygen 

transport into remote regions where Tb,102,1 i\ oxidired to TbQ. This forms an insoluble skeletal 
fragment of the original crystal. The reaction pits occur at dislocationisurface intersections. 1 IYXX 

Introduction 

In the previous paper the mechanism of 
solvolytic disproportionation of Pr701? in 
dilute acid was discussed (I). It was found 
that coupled reactions accounted for the 
leaching process. As the solution of the tri- 
valent ions occurred the reduction of the 
contiguous tetravalent ions. accompanied 
by the transport of oxygen, resulted in the 
removal of all the oxide from the reacting 
region. This process enables the concomi- 
tant oxidation of part of the remaining crys- 
tal to Pro2 at some distance away. In this 
paper we compare this behavior with that 
of the analogous terbium oxide system. 

Solvolytic disproportionation of TbO, 
has been reported previously (2-4). In 
these studies it was found that the process 
was so slow under the conditions effective 
for Pro, that a more reactive environment 
had to be provided. The net result at the 
macroscopic level, however, was similar. 
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Pure Tb02 with a lattice parameter (1 = 
5.220 A was obtained. In fact, this is the 
only method that provides pure TbO, in 
substantial amounts (4). 

The reaction to be reported here involves 
a composition of approximately TbO,.,? 
which is a mixture of Tb7012 and TbllOzO. 
The structures of these two compounds are 
fluorite related and the solid reaction prod- 
uct is TbOZ (which has the fluorite struc- 
ture). The proposed structure of Tb,,OzO is 
illustrated in Fig. I. The tri- and tetravalent 
ions of Tb are present in the same basic 
cluster as in PrOz.mii (I). There is no hetero- 
geneity at a higher level, thus the reaction 
requires a reduction at the reaction site 
with an oxidation at some distant location. 

Experimental Part 

The terbium oxide was purchased from 
Research Chemicals Inc. as 99.999% pure 
as an oxalate ignition product. This mate- 
rial was placed in a muffle furnace at 1000°C 



SOLVOLYTIC DISPROPORTIONATlON OF Tb,,Olo 61 

0 OxYQe” 

. vacant oxygen site 

@ 6-Coordinated Pr 

0 7-Coordinated Pr 

FIG. I. A projection of the proposed unit cell of Tbi102,, along (21 I) (heavy solid lines). All the 
terbium atoms are cubically coordinated with oxygen in the fluorite structure as suggested by the cubes 
drawn about some of them. In Tb,,O?,, there are two vacant oxygen sites in each unit cell. The metal 
atoms chosen to be the corners of the unit cell are six-coordinated while all the other\ are either seven- 
or eight-coordinated. 

for 12 hr then allowed to cool slowly to The mixture was treated with equal parts 
200°C before removing it to a desiccator for by volume of concentrated hydrochloric 
further treatment. The two-phase mixture acid and glacial acetic acid at boiling tem- 
of Tb70r2 and TbllOzo thus obtained yielded peratures for 5 to 40 min. The product was 
the broad-lined powder diffraction pattern red-brown in color and shown to be TbOl 
shown in Fig. 2. by X-ray diffraction analysis (Fig. 2). Some 
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samples were treated for shorter times so equipped with a TV image pick-up and 
that the reaction could be arrested in prog- viewing system. 
ress. 

Specimens to be observed in the micro- 
scope were dispersed in dry acetone and a 
drop of the suspension applied to a holey 
carbon film supported on a microscope grid 
for drying. The specimens thus prepared 
were examined in a JEM 200CX high-reso- 
lution microscope fitted with a top-entry 
stage and with a double-tilt specimen 
holder. The electron source is LaB(,. It is 

Results 

The diffraction patterns of the final prod- 
uct were indexed as fluorite with CI.~~O, = 
5.215 + 0.002 A (compared to ~~-r~(), = 5.220 
-t 0,003 A by Brauer and Pfeiffer(2). The 
pattern, as shown in Fig. 2. is sharp with no 
extra lines. This does not preclude the pos- 
sibility of very small amounts of undetected 
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FIG. 2. A powder X-ray diffraction pattern of TbO, (top). The broadened lines result from the two- 
phased mixture ofTb701r and TbllCLli. A powder X-ray diffrwztion pattern of the product TbOl is at the 
bottom. 
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mc 
‘I(;. 3. A high-resolution image of the TbO, starting material. The variou< surface\ and thcit 
lrphology are labeled A. R, C. and D. Two dislocations are marked E and F. 

lower oxides or hydrated products. There 
was no grinding or other alteration of the 
reactant or product microcrystals before 
observation in the electron microscope. A 
high-resolution image of one of the crystals 
of the TbO, starting material is shown in 
profile in Fig. 3. Several characteristics 
should be commented upon. This is a [l lO]r 
(F refers to fluorite) zone image so that the 
rows of spots in the array correspond to 
columns of terbium atoms deployed along 
( 1 I I )r planes. 

Extended regions of straight surface oc- 
cur with the (I I I) planes at points A and B. 
The rest of the surface profile consists of 
either a rather irregular line of (I I I) steps in 
the curve at C or a nearly straight portion at 

D that is approximately (133) with some 
small irregularity. These observations have 
already been discussed in detail elsewhere 
(5). 

The other major feature to be noticed is 
the low concentration of dislocations, for 
example, at F. These dislocations, which 
have been characterized (6) as I16 (?li] 
(ITI), are no doubt the site of the observed 
leaching reaction to be described. It is very 
likely that these dislocations carry a charge 
due to the interruption of the regularly 
placed ionic charges in the perfect crystal. 

Images of typical Tb02 product crystals 
after the leaching of TbO, by the acid solu- 
tion are shown in Figs. 4a and 4b. The leach 
pit, in Fig. 4a. is clearly outlined by Fresnel 



KANG AND EYRING 

frin ges as are the major surface steps of the edges are generally {I 1 l} planes. The angle 
cry: stal. The crystal is just off a (I 10) zone between the facets is .57”, characteristic of 
and the contours of the leach pit and the the intersection of {I 1 I} planes in the fluo- 

FIG. 4. The morphology of chemically leached TbO,. (a) A leach pit developed with ( Ii 1) walls in the 
early stages of reaction. (b) The final product consisting of a network of TbQ material enclosing fully 
developed leach pits. 
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FIG. 5. A white-dot surface profile image from a leached sample. Notice the predominant (I I I) edge 
at A. Relic? of the reaction remain at B and C. 

rite structure. The studies of dynamic ef- 
fects in thin edges in TbO, (7) indicated that 
the (1 I I} edges were the least active in the 
electron beam in vacuum. It is apparent 
that they behave in a similar benign way in 
the solution attack and that reaction on, for 
example, {I IO} or (21 I} planes is more vig- 
orous. Figure 4b shows the final product of 
leaching of a TbO., crystal after boiling it in 
a solution of equal parts concentrated HCI 
and glacial HAc. This low-magnification 
image shows the selective multidimensional 
nature of the attack. 

The edge of a leached TbO? crystal is 
shown with high resolution in Fig. 5. There 
is a reasonably straight {I I I} planar edge on 
the left. The role of the {I I I} planes are 
emphasized in the development of the rest 
of the surface. The varied contrast in the 

atomic rows appearing as white dots at the 
surface is due to the different numbers of 
atoms in the surface rows. It is clear that 
the centers of some atomic rows are dis- 
placed from surface positions extrapolated 
from the bulk. 

It is to be expected that the remnants of 
the leaching reaction should be evident in 
the thin surface profiles of the TbOz prod- 
uct. This is indeed the case. There are two 
types of residual features to be remarked 
upon. The first is that only the residues of 
dislocations are evident. (The dislocation 
density in the whole crystal has been re- 
duced markedly.) For example, in Fig. 6 at 
A is the last vestige of an edge dislocation 
in which a reduced number of planes are in 
the surface. (The white dots are rows of Tb 
atoms.) The second type of residue of the 

FIG. 6. A white-dot surface profile image of the edge of a leached crystal showing a remnant of a 
dislocation at A. 
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FIG. 7. Images of incompletely reacted w-face~. Notice in each of (a). (b), and (c) a raised portion 
that is highly disordered. The raised region is probahly colvated and *as in the process of dissolution. 

reaction is illustrated in three examples in 
Fig. 7. In each example there are broadly 
raised regions believed to show a definite 
step in the dissolution process. It is clear 
that these raised parts of the crystal are 
generally disordered and almost amorphous 
in some regions. This suggests that projec- 
tions that remain in an advancing reaction 
front first disorder, then dissolve, having 
freed oxygen to further oxidize the interior. 
The disordering would probably be due to 
the solvation of the transforming region. 

The leaching reaction was arrested in 
some instances by removing crystals before 
the completion of the reaction and washing 
them in distilled water followed by an alco- 
hol rinse. In these samples the pits fre- 
quently were not completely through the 

crystal yielding images of ordered interme- 
diate phases. Sometimes the reaction went 
completely through the sample yielding 
thin-edged holes that could be studied at 
high resolution. 

Figure 8a shows a diffraction pattern and 
in Fig. 8b an image of a thinning edge com- 
pletely transformed to Tb20i (C-type) 
which would certainly have been leached 
away had the reaction been allowed to con- 
tinue. The C-type sesquioxide is the end 
product of the reduction reaction, thus 
showing definitely that the excess oxygen 
originally present in this region has diffused 
away leaving a highly ordered region of 
TbzOJ. 

Figure 9 shows the partially oxidized 
phases that are formed during dispropor- 
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FIG. 8. A diffraction pattern (a) and the image (b) 

showing that, in the process of solvolytic dispropor- 
ti~>nation. regions of C-type Th?O, arc formed prior to 
their dissolution. 

tionation as the reaction proceeds to pro- 
duce TbOz. In Fig. 9a the thin regions 
marked A, B, and C show projected unit 
cells with 3, 4, and 8 atomic columns. 
These are orientational variants of the p(2) 
form of Tb2.+OJ4. Figure 9b shows domains 

of the well-known p(2) form of Tb14044 in 
the thinned region at D. Region E is an ori- 
entational variant of region D and is an in- 
verted image of region A of Fig. 9a having a 
projection of three atomic rows per unit 
cell. 

To demonstrate that the regions marked 
A, B, C, and D of Figs. 9a and 9b are indeed 
orientational variants of p(2), TbZ40d4, opti- 
cal diffraction patterns were obtained from 
each region of the micrographs. These pat- 
terns together with those calculated are 
shown in Fig. IO. 

In some cases the reaction ended when 
the pit was virtually the full depth of the 
crystal as shown in Fig. 1 I. It appears that 
here two leach pits are developed on oppo- 
site sides of the crystal and only a thin layer 
of essentially TbOz remains; so thin in fact 
that a hole has appeared leaving very thin 
edges on its periphery. The edges of the pit 
are again primarily {I 1 I} planes. Fringes in- 
dicate compositional variation over the thin 
region. 

An enlargement of the region of the hole 
appearing in Fig. 11 is shown in Fig. 12. 
The image is that of a TbOl crystal in the 
(I IO) zone. There are, however, some 
moire fringes and other evidence of compo- 
sitional variation even in this thin region. In 
only one small region of this profile image is 
there a reasonably straight edge and that is 
essentially along a {I I I} plane. However, 
most of the edges are formed roughly by 
(11 I} planes. The apparently amorphous re- 
gions on the surface and some areas with 
unmatched fringes may represent a residual 
unoxidized and probably solvated material 
as discussed above. Some surface steps 
also appear suggesting that the reaction oc- 
curs layer by layer one metal atom layer 
wide. 

Discussion 

The general outline of the leaching reac- 
tion in TbO., is clearly parallel to that in 
Pro, but with striking differences. The gen- 



FIG. 9. High-resolution images of an oxidized intermediate phase formed during solvolytic dispro- 
portionation. (a) Three regions are marked A, B, and C where three orientational variants of Tbz40d4 
exist having 3-, 4- and 8-metal atom columns in the projected unit cell, respectively. (b) An image of 
domains of Tb,,O,, in the [211] zone, D, and the orientational variant, E, that is an inversion of that 
marked A in (a). 
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(2) TbOl.,33 Diffraction Patterns 

(b) m11,=1q(*) 

FIG. 10. Observed optical diffraction patterns and those calculated for the orientational variants of 
,132). Tb24044, The parts (a), (b), (c), and(d) refer to the regions A. B, C, and D of Figs. Ya and Yb. The 
corresponding orientations between fluorite and p(2) are indicated. 

FIG. 11. A high-magnification image of a reacted fragment showing a fully developed leach pit with 
(111) walls. 
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FIG. 12. A high-resolution image of the region of the leached hole of Fig. IO. Notice the moir6 
pattern at the right. the disordered projection at the bottom, and the region marked Tb(OH); with 
considerable order. each suggesting incomplete oxidation. 

era1 reaction sequence must be the same: 7/l lTb,,OIO(c) + 1411 IO(c) 
that is, = 7TbOZ(c). (2) 

4/11Tb,,0z0(c) + 12H+(aq) = 4Tbj+(aq) resulting in 

+ 6H@(I) + 14/Ilo(c)* (1) Tb,,(&(c) + 12H+(aq) = 4T$+(aq) 

followed by + 7TbOz(c) + 6H,O(I). (3) 
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Similar reactions can be represented if the 
oxygen species being transported is O- or 
O= with the concomitant transport of elec- 
trons in the opposite direction (I). One can- 
not settle the question of the species of oxy- 
gen transported in these experiments, thus 
none of the possibilities can be ruled out. 

This reaction then allows the TbllOZO to 
be completely removed from the reaction 
site and the valence disproportionation 
tiith oxygen transport that amounts to the 
reduction of Tb4+ at the surface and the cor- 
responding oxidation of a Tb3+ ion in the 
interior. Thus, a pit forms at the easy reac- 
tion location. 

The morphology of the final product 
shows a TbOz crystal with very broad pits 
having generally (Ill) walls (Fig. 11). This 
means that the (1 11) faces are less reactive 
during the solution reaction at the solid- 
liquid boundary as they are less kinetically 
active in a vacuum (7). The pits are postu- 
lated to arise from a reaction beginning at 
and following along a dislocation in the 
original crystal. These dislocations are 
clearly seen in Fig. 3, for example, at F and 
E. The pit in Fig. 4 has formed and has 
become broadened early in the reaction. 
This behavior is in marked contrast to that 
observed in R-0, (I) where the pits are rela- 
tively long and narrow. 

The conditions that produced leaching in 
Pro, were ineffective in TbO.,. This behav- 
ior is consistent with the very much slower 
reaction of TbO, with oxygen than the cor- 
responding reaction with Pro., commonly 
observed (8). Higher temperatures and 
quite different conditions are required for 
the solvolytic reaction for TbO, (2, 3). The 
morphology of the solid-state reaction is 
observed to be distinctly different as well. 
In both cases, the intermediate oxides are 
removed from a localized reaction zone 
with an accompanying oxidation of the in- 
termediate oxide at some nonleaching site. 
This requires the transport of oxygen along 

faults such as dislocations as well as 
through the bulk. The morphology of the 
leached pit reflects the balance of oxygen 
diffusion by these two routes. (Oxygen dif- 
fusion in Pr,012 is rapid (9) but no quantita- 
tive comparisons with TbO., have been 
made.) It is clear that under conditions that 
produce leaching the ratio of oxygen trans- 
port in the bulk to that along defects is 
greater in TbO, than in Pro., since the pits 
in the Pro, product are deep and narrow 
while they are relatively broader in the 
Tb02 product. 

Another difference is in the conditions 
of the solvolytic attack. The leaching of 
Pro, was carried out at room temperature 
whereas that of TbO., was at about 100°C to 
achieve tractable reaction times. Of course, 
this reflects the larger reactivity of the more 
basic Pro, to water and acids. The contrast 
in morphology of attack reflects these dif- 
ferences in the physical and chemical char- 
acteristics of Pro, and TbO,. 

Conclusion 

The solvolytic disproportionation attack 
by acidic water solution on TbI,OZo re- 
moves material from a reaction site (proba- 
bly a surface-dislocation intersection). The 
removed material has the composition (and 
sometimes the structure) of Tb203. This re- 
quires that oxygen be transported from the 
reaction zone and effect a concomitant oxi- 
dation in a remote region of the crystal. The 
reaction as it progresses forms broad pits 
that reflect the relative resistance of the 
crystal faces to attack (i.e., the (111) faces 
are the less reactive). It will be important to 
examine other examples of solvolytic dis- 
proportionation where the crystal struc- 
tures of reactant and product are incompat- 
ible and require a reconstructive solid-state 
transformation in the formation of the oxi- 
dized residue. 
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