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Crystals of CeO,, grown from a flux of sodium tetraborate, were reduced in dry hydrogen to composi-
tions in the interval CeO,7,—CeO, ;5. Selected compositions were studied using a high-resolution
electron microscope. The phase CeO, ;4 (Ce;0,,) was confirmed to have the same unit cell as does
Pr;0; and Tbh;0,;. CeO, g3 (Ce,,Ox) was found to be isostructural with Tb,;0,9. Two new phases in the
interval were established unequivocally. One of them, probably Ce 4044, is triclinic witha = 6.627, b =
11.478, ¢ = 10.123, o = 100.9, B8 = 90.0, and y = 95.5, has not previously been observed in any rare
earth oxide system. Another, Ceg0;,, appears to be isomorphous with Tbg,O11,. The two intermediate
phases previously reported in this interval, CeyOs and Ce;y05, were not observed, nor was Ce,0,;.

Diffraction evidence also points to three additional phases in the interval not previously seen.
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Introduction

Aside from the intrinsic scientific interest
in the phase relationships of the CeO,_;—0,
system there is an immense practical inter-
est due to the many uses to which this ma-
terial is put both in a pure and doped state.
Few systems have received more attention
with respect to their phase relationships
and the nature of the defects caused by the
loss of oxygen from the parent fluorite,
CeO,. Suffice it to say that over the years
successive phase diagrams have become
more and more complex and the models for
the defects have come to be considered
some types of oxygen vacancies or vacancy
cluster complexes (I-5).
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In recent years the technique of HRTEM
has shed a great deal of light on the phase
relationships in the analogous systems
PrO,-0; and TbO,-0, (6-8). All three
higher oxide systems exhibit a homologous
series of intermediate oxides having the
generic compositional formula R,0,,-,,
admitting some exceptions. As between
the PrO, and TbO, systems the composi-
tional isomerism is not matched in their
structures. Although the prototypic phase
R;0,, appears to be isostructural in the
three cases (8-10), polymorphism is the
rule.

Until now only neutron and X-ray dif-
fraction techniques have been utilized to in-
vestigate the structures in the CeQ, system
and these have left much uncertainty. Table
I summarizes some resuits of these studies
and Fig. 1 incorporates most of the infor-
mation. In view of the uncertainties, even
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TABLE I

X-RAaYy AND NEUTRON DIFFRACTION STUDIES OF SOME MEMBERS OF THE SERIES Ce,0,,_»

Phase O/Ce Author(s)/Ref. Crystal data Remarks
B (1.8333) Sgrensen (5) Monoclinic, isostructural with PrgOy; High-temperature X-ray diffraction,
O/Ce not determined

5 1.818 Anderson and Wuensch (I7) bee, 1A3, a = 10.999 A, isostructural Single-crystal X-ray diffraction
with C-Cey03

& 1.812-1.804 Bevan (12} Rhombohedral (pseudohexagonal, a Powder X-ray diffraction
=38%04,c=95384)

8 1.817 Ray et al. (13) Characteristic peaks from neutron
diffraction, no data

e 1.80 Height and Bevan (14) Triclinic, different from PrygOyg Annealing 430 days at 375°C

£ 1.803 Ray et al. (13) Characteristic peaks from neutron
diffraction, no data

£ 1.785 Bevan (12) Rhombohedral (pseudohexagonal, a Powder X-ray diffraction
=3914, c=19.5024)

117718 Height and Bevan (14) Triclinic distortion of the fluorite- Annealing 180 days at 375°C
type pseudocell, different from
ProOy6

1.778 Anderson and Wuensch (11) Two-phase intergrowth of & and ¢ Single-crystal X-ray diffraction

L1.770 Ray et al. (13) Characteristic peaks from neutron
diffraction, no data

¢ 1.714 Anderson and Wuensch (11) Hexagonal, P63mmc, a = 3.29 A ¢ Single-crystal X-ray diffraction
=589 A

¢ 1.722-1.710 Bevan (12) Rhombohedral (pseudohexagonal, a Powder X-ray diffraction
=3.921 A, ¢ = 9.637 A) and
associated superstructure lines

¢ 1.714 Height and Bevan (14) Rhombohedral (pseudohexagonal, a
=10.341 &, ¢ = 9.6668 A)

¢ 1.714 Ray and Cox (/0) Rhombohedral, a = 6.79 A o= Neutron diffraction

99.4°, space group R3 (pseudohex-
agonal, a = 10.37 A, ¢ = 9.67 A),
isostrucural with Pr;0;; and

Tb7012

contradictions, apparent in these results it
was decided to apply the electron optical
techniques to CeQ,—-0; that have proved so
powerful in sorting out the complexities of
the analogous PrO, and TbO, systems.

Experimental

The preparation of single crystals. Single
crystals of CeO, were prepared from CeO;
powder (99.9%, Koch-Light, Colnbrook,
England) in a flux of sodium tetraborate
(99.5%, Aldrich, Milwaukee, Wisc.) (15).
About 8 g of CeO, and 100 g of Na;B,0O;
were mixed in a platinum crucible covered
with a platinum lid. The crucible was
heated for 3 days to 1150°C, cooled to
800°C at the rate of 5°C/hr, then removed

from the furnace. After dissolving the flux
in hot water, the clear, colorless crystals
were filtered from the solution, washed,
and dried at about 150°C. The crystals were
irradiated in a reactor operating at 100 kW
(thermal neutron flux ~9 x 10! n/cm? sec)
for 2 hr. Analysis was made on a 228.4-mg
sample of flux-grown CeO,_;. A standard
containing 49.4 ug of sodium was irradiated
at the same time. The CeO,-; specimen
contained 419 = 10 ppm of sodium.

The reduction of CeO, powder and single
crystals. The sensitivity of reduced cerium
oxides to oxygen and water vapor demands
that all operations on the reduced materials
be accomplished in the absence of these
gases. To this end, the apparatus illustrated
in Fig. 2 was constructed enabling the re-
duction of CeQO, at temperatures up to



314

KNAPPE AND EYRING

i \ B
]
- | |
1400 1 5:9.2 |_s-468 [
| A
|\\ / ~
4 \\/ ~J -
: | C°1so°37d|
!
1200 1 \ s-1790 !s- 1 -4 'r
\ a :14.90:_ L ||
\ ('; | | i N | o
\ l TR
o 1000 - ! Ce.,0,, Ce, 0, c‘ea¢|u|
. ! | i ;o
R a | - _ _ 1%
[} |
1S
5 800 by -
- |
] 8+0 | © ! a
- E / L
[ ] |
a o/
E  600- ! A
() /
[ I !
. ll / a'+a -
—
400 4 - - - - _ __ v | f -
I I
! D
i | L
T { 4: $ O+ a
200 - ! D -
| |
I | : : i
! Lo
! [
1 1 11
T 1] T T v L] T L) T
1.50 1.60 1.70 1.80 1.90 2.00

Composition x, in Ce Oy

Fi1G. 1. Phase diagram of the CeO,~0, system prior to this work. The region addressed here is in the

composition range 1.714 < x < 1.818.

1000°C in a dry hydrogen atmosphere and
the covering of the reduced crystals to pro-
tect them during their removal from the re-
duction apparatus. Specifically, a molybde-
num crucible contained the CeO, during
reduction and this could be covered with a
tight-fitting iron lid by means of a magnet
before removal from the apparatus (/6).
Since water is a product of the reaction and
the H,/H,0 ratio determines the fugacity of
O, it was advantageous to maintain the
pressure of H,O at a low level, enabling the

reductions to be accomplished at lower
temperatures. An alumina boat containing
P,Os was placed in the cold end of the appa-
ratus to maintain a low partial pressure of
H,0. Figure 3 confirms the necessity of re-
ducing the water vapor partial pressure if
one is to prepare specimens at 1000°C or
below. Compare curves A and B and notice
particularly (curve C) that single crystals
required lower temperatures than do pow-
ders to reach the same reduced composi-
tion.
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FiG. 2. The reduction apparatus for CeO,. The specimen in MC can be sealed for removal from the

apparatus. The P,Os controls the H,O pressure.

The colorless single crystals of CeO, that
had been weighed in the capped molybde-
num crucible, were exposed to H; in the
apparatus and reduced at temperatures of
500-650°C. They became dark blue with a
composition CeO, (1.68 = x = 2.0). After 3

days at temperature the reaction tube was
evacuated, the sample heated at about
950°C for 1-3 days and finally annealed at
350-600°C for several days. When the CeO,
crystals, contained in the molybdenum cru-
cible, were cooled to room temperature the

1.50§

A O Brover etal. (14)

V¥ @ A this work “2/’205
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OfCe
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F1G. 3. The results of experiments in which cerium dioxide is reduced in hydrogen.
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crucible was capped with the iron lid,
weighed on a balance, and then placed in a
drybox filled with N, desiccated by P,Os. It
has been established that crystals undergo-
ing treatment such as this retain their sin-
gle-crystal character (8, 11).

Preparation of the microscope speci-
mens for observation. All preparations of
the specimen for electron microscopic ex-
amination were performed in the drybox.
The dark blue crystals of CeO, were ground
in an agate mortar and placed in a small
vial. The fragmented CeO, crystals were
suspended in cyclohexane (C¢H;;) and
some transferred to a microscope grid cov-
ered with a holey carbon film as it was
dipped into the suspension. The grid was
then secured onto the microscope tilting
specimen holder and the assembly placed
into a special glass tube for transport to the
microscope. Cyclohexane was dropped
onto the grid supporting the CeO, crystals
to protect them from laboratory air while
the tilting holder was positioned in the mi-
croscope specimen chamber and pumped
down for insertion into the evacuated mi-
croscope column.

Electron microscopic observations. The
reduced crystals, held on a top-entry dou-
ble tilt specimen holder, were examined in
a JEOL JEM 200CX microscope using axial
illumination by 200-kV electrons. The gen-
eral techniques used have been described
previously (18). A dedicated computer sys-
tem with its peripherals (19) is used to digi-
tize and process the images obtained, cal-
culate an image from a model structure, and
compare quantitatively the observed and
calculated images. The system also enables
the calculation and comparison of electron
diffraction patterns.

Observation of continuous reduction of
CeO, with H,. CeO, (8.676 mmole) powder
in a molybdenum crucible was placed in a
quartz tube inside a furnace. P,Os outside
the furnace kept the H, that had been intro-
duced relatively dry as in the reduction ex-
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periments described above (Fig. 2). The
system was fitted with a mercury manome-
ter to follow the change in H, pressure as
the reduction proceeded and H, was con-
sumed.

In order to correct for the temperature
gradient in the apparatus, a hydrogen-
charged system without a specimen was
heated and the pressure measured over the
temperature range to be studied. The extent
of reaction was followed by observing the
corrected H; pressure as a function of time.
The H, was considered a perfect gas. The
volume of the apparatus was determined to
be 400 = 5 mi.

Results and Discussion

Table II lists the oxide specimens exam-
ined in the electron microscope, the condi-
tions of preparation, the average composi-
tion determined by weight, and the phases
observed by electron diffraction. Phase
designations that will be used in this discus-
sion are as follows: o — Ce;03.5 (C-type), ¢
— Ce;0y2, M13, M29, M39, M19 — Ce90s4,
£ = CeyOi6, £ — Ceg0is, 8 — CesO112, 8 —
Ce 104, and @ — CeO,_;. The symbol M
followed by a number indicates the multi-
plicity of the electron diffraction pattern
relative to the fluorite subcell. A name is
not suggested since in these cases the com-
position has not been determined unambig-
uously. In each case the diffraction patterns
as shown in Figs. 4 or 5 are unambiguous.
The disordered, nonstoichiometric o and «
phases were not of particular interest in
these experiments and will not be discussed
further. The presence of about 0.04% Na in
the crystals is not believed to be enough to
affect the conclusions drawn.

Ce;0y, (iota phase). Pr;0y, and Tb;0;
have a fluorite-related structure whose es-
sential defect element, a {135}guorite plane of
six-coordinated metal atoms with the pairs
of oxygen vacancies canted at a fixed angle
across the plane, has been described earlier
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TABLE I

PREPARATION AND DESCRIPTION OF ELECTRON MICROSCOPE SPECIMENS

Reduction Annealing Phases observed
in the electron
Temp., °C Time, hr Temp., °C Time, hr O/Ces microscope
500 40 950 24 1.94 3+«
950 — 650 100
490 20 950 110 ~1.91¢ 5+ a
520 70 920 5 1.87 8+ a
540 — 350 150
515 65 950 24 1.85 3+ a
520 110 — — 1.85 )
530 40 950 100 1.83 )
550 20 950 48 1.82 8
750 48
550 90 950 240 1.81 5+ &
750 48
530 100 950 15 ~1.80° 8
370 120
570 40 950 100 1.80 I}
950 — 650 48 1.80 8
560 90 860 20 1.79 &' + M19 + M29 + M39
580 100 930 40 1.79 5+ & + Mi13
930 — 540
585 24 940 48 ~1.78¢ 8§ + MI9
940 — 550 100
610 65 360 70 1.78 M19
630 40 940 20 1.78 MI9 + &
950 — 650 70
580 65 940 120 1.77 )
600 85 930 5 1.77 M19
600 — 370 170
590 70 940 24 1.76 5+ M19 + o
20 — 430 100
625 70 920 15 1.76¢ & + M19
380 70
635 70 930 3 1.76 M19
650 — 370 120
600 90 940 4 1.75 M19
450 15
635 90 950 5 1.75 v+ MI19 + 8
950 — 500 48
570 635 940 24 ~1.72% L
590 24
645 100 930 3 1.72 L
600 — 370 250
650 65 950 24 1.68 L+ o
950 — 600 75

2 Composition after annealing.
b Composition uncertain due to difficulties during preparation.
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M7 (110}

M29 {130

M39 (141
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M62{00 g2

F1G. 4. Electron diffraction patterns of the phases observed in the composition range CeO, 74—
CeO, 15 in addition to the M19 phase shown in Fig. 5. The fluorite zone designations are given where

the unit cell is unknown.

(6, 7). This structural feature seems to be
repeated either as a plane or as a buckled
element in most of the known higher oxide
structures of the rare earths (/). Figure 6
shows the known projections for M7, M11,
and M19 and consistent projections for
M13, M29, and M39 on (211)g. The X-ray
and neutron diffraction studies of Ce-;O,
(10, 14) have shown it to be isostructural
with Pr;Oy; and Tb;0,. In this study elec-
tron diffraction patterns from the [211],
(130), and (121) zones confirm that the unit
cell is the same, but no images of this struc-
ture were good enough for structural confir-
mation. However, there is no reason to
doubt that this prototype phase is isostruc-
tural in the three higher oxide systems and

that the structural feature characteristic of
these phases plays an important role in
many of the stable phases that occur.

M19 — Ce034. This phase has no. pre-
visouly been reported in any of the higher
rare earth oxide systems. It was observed
in 10 preparations in this work as indicated
in Table II. It was the only phase observed
in some runs when the average composition
was near CeQ; 73. (There are 19 Ce atoms in
the unit cell and probably 34 oxygen at-
oms.) Good diffraction patterns from four
different zones of these crystals were com-
pared with those calculated from the de-
duced unit cell as shown in Fig. 5, as fol-
lows: [211]g_= [100]y, [141]z = [010],
[012]f = [101],s, and [201]g = [101};s. The
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[217] g = [100] 1g [141) ¢ = [010] 19
[012) g = [10T]4g [201] ¢ = [101] 49

FIG. 5. Observed and calculated electron diffraction patterns for M19. The corresponding zones in
the fluorite structure are indicated.

transformation matrix for M19 is as the sequence of [153] followed by [135]
a 1 —12 12\ /a point along [022] and is characteristic of the
even members of R,0,,-, common in PrO,
b =12 2 121 b and TbO, systems. If this is significant it

C/ M19 -1 -12 312 C/ fluorite -

known unit cell vectors in the R,0,,_, se-
ries. For example, the a-axis is the same as
in R;04;. The c-axis has the same projec-
tion as the body diagonal of R,O;; or the b-
axis of R;1O4. The b-axis could be seen
variously to be the long diagonal of RgOy4,
or the short diagonal of R,0,,, etc. How-
ever, one is tempted to emphasize the rela-
tionship between the ¢ axis and the unit cell
of R70_'2' F r(?m this point of Vle“.’ the struc- FI1G. 6. Projections of the unit cells of intermediate
ture might arise from the undulating vectors  phages along [211] of the fluorite structure. M29 and 39
[135] and [351] that point along [284] much are less certain.

Figure 6 contains a projection of the unit b
cell along [211]. b
The projected unit cell of M19 is a re- b
markable assemblage of projections of c ¢ / b
a
Lo a

. @
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introduces a new planar structural feature.
If the unit cell of M19 contains four oxygen
vacancies, according to this viewpoint, it
has a composition Ce9034 or CeO; 75 con-
sistent with the average compositions of the
preparations in which it is found.

Only one diffraction pattern of the hun-
dreds taken had spots along {022) suggest-
ing an even-n member of the series. This
was a poor pattern without a clear indica-
tion of the multiplicity. For all practical
purposes only odd-n members occur with
any frequency in this composition interval.

M]3. An electron diffraction pattern
(EDP) designated M13 is shown in Fig. 4.
The projected unit cell along (211) is out-
lined in Fig. 6 where it can be compared
with the projections of other unit cells
known or suggested in the RO, materials.
The composition of this crystal is unknown
but if it were to correspond roughly to the
average composition of the preparation in
which it was found it would be Ce;0y;
(CeOy 7). No diffraction pattern with a mul-
tiplicity of 13 was obtained from another
zone, hence, the true unit cell is unknown.
This crystal was observed when reduction
was carried out at 580°C for 100 hr as listed
in Table II.

M?29. This phase of uncertain composi-
tion is clearly indicated by the (130)r dif-
fraction pattern shown in Fig. 4. A compati-
ble unit cell along (211)r is shown for
comparison with other compounds in Fig.
6. If this crystal reflects the overall compo-
sition of the preparation (Table II) it would
be Cey0s; (CeOy19). No other crystals of
multiplicity 29 were observed, hence, a unit
cell cannot be obtained.

M39. Two different electron diffraction
patterns were obtained from one crystal re-
duced at 560°C (Table II). These were along
(221)r and (141)g. The latter is shown in
Fig. 4. A compatible projected unit cell is
shown in Fig. 6. It may be possible to deter-
mine the unit cell from these electron dif-
fraction patterns but this has not been done.
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The composition might be CesOy
(Ce0, 79) compatible with the average com-
position of the preparation.

Ceg;0112 (delta prime). Diffraction pat-
terns from a number of zones of a new
phase frequently seen together with the &-
phase are similar to those from the Tbg;O4,
(8") phase (6, 20). The pattern_shown in
Fig. 4 is from the [001] zone ([210]g) of &'.
Many diffraction patterns with a multiplic-
ity of 62 were observed ieaving no doubt
that this new phase has the same unit cell as
Tbe;0112. The transformation matrix is (6)

a —12 0 +52\/(a
bl =1 -2 -2 -1 ||b
c/e 2 -1 0 C/ fluorite -

No images of &' useful for structural inter-
pretation were obtained.

Ce Oy (delta). 1t is clear from Table 11
that diffraction patterns with a multiplicity
of 11, indicating the &-phase, were found in
specimens having compositions between
Ce0O;+ and CeOjg9. In most cases two
phases were found, CeO, when the compo-
sition was greater than CeO,gs and MI19
when it was less. Ce ;04 was found alone
at compositions of CeOy gy1s3. It is impor-
tant to say that observations were not ex-
haustive since only thin edges of crystals
were observed almost at random. Further-
more, the compositions were determined
by weighing and there could be errors on
the high composition side due to possible
oxidation.

Several zones of 8 were observed estab-
lishing the same unit cell as was found for 8-
Tb;10 (Pr;;0, has a different unit cell).
This suggests that the structure is probably
the same. Good images of 8-phase were ob-
tained. One of these was used to compare
with one calculated assuming the same
structure proposed for Tby;Oy (8). Figure 7
is a portion of the image with two regions
marked A and B. These regions were used
for comparison with calculated images for
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F1G. 7. An image of Ce;05. The two regions to be averaged for the comparisons shown in Figs. 8
and 9 are marked A and B, respectively.

crystal thicknesses of 22 and 26 unit cells
6.49 A each) thick at a defocus of ~300 A.
These regions are near the edge of the crys-
tal where the reduced phase is apparent.
The comparisons are shown in Figs. 8 and 9
for regions A and B, respectively. The
agreement, as indicated by the fractional
mean absolute difference (FMAD) and the
correlation coefficient (CC) (these would be
0 and 1, respectively, if the match were per-
fect) is in the range expected of a good
match from previous results on known
specimens (/9). We conclude from this that
the structure proposed for Tby0y is the
same as that found for Ce;;Oz. The match
gets significantly worse as one moves to
thicker regions of the crystal as might be

expected. Several other plausible models
were used for image comparison with
agreement outside an acceptable range.
The continuous reduction of CeQ,. It is
apparent from the results indicated above
that there is a discrepancy between obser-
vations made by Height and Bevan (14) and
Ray et al. (13) as shown in Table I above.
These reports indicate that CeyO;s and
CegOys are intermediate phases between
Ce;0,, and Ce 104, whereas neither was
observed in these experiments. Therefore,
a slow and continuous reduction of CeO, by
H, was followed in an effort to observe
breaks in the reduction curve that would
indicate the precise compositions of the or-
dered phases in this region. Breaks at com-
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Fi16. 8. A comparison of the averaged image of region A of Fig. 7 with that calculated from the
proposed structure under the known conditions. The comparisons give a fractional mean average
deviation of 0.080 and a correlation coefficient of 0.864 where, for a perfect fit, the numbers would be 0
and 1, respectively.

positions CeO, 7, and CeO;5 were unam-
biguous while breaks in the interval
between are inconclusive.

Conclusions

We conclude from these studies that
Ce;04, is isostructural with Pr;O;; and
Tb,0,; and with several ternary oxides with
this overall metal-oxygen ratio. Ce 0y is
shown to be isostructural with Tb,;;0,, but
quite different from the phase believed to
be Pr;0y (PrggOie0).

Three other phases in the CeO, system
previously reported, CesQOyg, Ce9Ojs, and
Ce 201, were not indicated in these stud-
ies. Instead, a phase Ce 9034 was observed,
its unit cell determined, and a plausible
structure suggested. Diffraction patterns
for the phase Ceq04p were observed in
many specimens and in many zones. This
appears to be isomorphous with the known
phase TbgOqy;, designated &'. At least
three other phases were indicated to form
in this composition range.

Slow reduction of CeO, with hydrogen
did not give an unambiguous indication of
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F1G. 9. A comparison of the averaged image of region B of Fig. 7 with that calculated from the
proposed structure under the known conditions. The comparisons give a fractional mean average
deviation of 0.089 and a correlation coefficient of 0.870 where, for a perfect fit, the numbers would be 0
and 1, respectively.

the stable compositions between CeO, 7
and CeO 3, hence, one cannot say that the
phases observed in this composition inter-
val should replace or augment CegOy6 and
Ce 19013 or whether there are metastabilities
to be considered. Clearly, more work must
be done to resolve these questions. It
would be desirable to attempt to index the
diffraction patterns obtained earlier by
others on these new unit cells. Finally, it is
becoming clear that the original simple ge-
neric formula, R,0,,-,, with n = 7 being the
structural prototype, does not hold for
some new phases observed in the rare earth

oxide systems. Therefore, a more general
formulation of these fluorite-related oxides
is required. It is necessary to determine the
structures of some key intermediate com-
pounds, perhaps by neutron diffraction, in
order to establish the interrelationships
more definitely.

One striking observation is that the CeO,
intermediate phases correspond structur-
ally much more closely to the TbO, system
than they do to that of PrO, which should
have more nearly the same metal-nonmetal
radius ratio. This suggests that the sub-va-
lence electronic similarity between Ce and
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Tb, each with one electron beyond the
empty or one-half-filled f orbitals, is more
important than the radius ratio in determin-
ing the structure of these intermediate
phases.
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Note added in proof. After this manuscript was sub-
mitted for publication, the paper by M. Ricken ez al.
appeared in this Journal [Vol. 54, pp. 89-99 (1984)].
They measured the specific heat of CeO,_, in the same
composition region covered by our experiments. They
observe the ‘‘known’’ phases Ce,0,,_, with n = 7, 10,
and 11, but, in addition, two other phases where 2—x
in CeO,_, is 1.79 and 1.808, respectively. These last
two phases would correspond exactly to our M19 and
Ceg0,); (8') phases. Furthermore, they comment (p.
97) that another peritectic line suggests a phase be-
tween 1.79 and 1.80. This could be our M29 with
Ce0, 153 or M39 with CeO, ;95 or both. This obvious
agreement with our results with the added observation
of CeO; 30, NOt seen by us, confirms the intricate com-
plexity of CeO,-, (1.82 > 2—x > 1.71).
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