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Location of Cs lons in a Hollandite-Related Superstructure
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The techniques of electron diffraction, high-resolution electron microscopy, and energy dispersive
analysis of X-rays are applied simultaneously to preparations of mixed (Cs,Ba)-titanates. It is shown
that Cs does not substitute randomly for Ba in the hollandite-related phase Ba,Ti;O, but instead forms
a Cs-titanate having probable stoichiometry Cs,Ti,Oy. For some sample preparation conditions (=
1200°C) lamellae of a Cs-titanate phase were observed to coherently intergrow with Ba,TisO5. How-
ever, such intergrowths are probably metastable since for preparation temperatures = 1350°C two
distinct phases occurred, being essentially pure Ba,TisO», and Cs,TisO,. The Cs-titanate phase appears
to have structure different than previously reported, since neither single crystal electron diffraction
patterns nor X-ray powder patterns could be indexed using unit cell parameters reported previously for

C SzTi409 .

1. Introduction

The crystal structure of Ba,TisO, was
determined by comparison of experimental
high-resolution  electron  micrographs
(HREM) with images calculated using
structural models deduced from the micro-
graphs. Lamellae of hollandite-like tunnel
structure alternate with BaTiO;-like units,
so that Ba ion diffusion along the tunnels is
effectively blocked (1).

In this paper the degree of solid solubility
(if any) of Cs* in Ba,TiyOy is investigated.
This is important in view of possible immo-
bilization of »’Cs, a hazardous radionu-
cleide (half-life 33 years) by-product of
nuclear technology. HREM is used to
investigate the Cs-distribution through its
effect on the microtexture of the Ba,TiyOy
phase and in situ energy dispersive X-ray
analysis (EDXA) is used to correlate micro-
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texture with Cs distribution. However, it is
found that mixed (Ba,Cs)-hollandite-related
phases occurred only for a specific speci-
men preparation condition. In general it ap-
pears that the stable phases are Ba,TisOy
and Cs,Tis0Oy, which do not readily inter-
grow. Single crystal electron diffraction
and X-ray powder diffraction data are given
for the latter phase.

2. Experimental

Following the solution of the crystal
structure of Ba,Tis0, it was a logical next
step to attempt to replace some of the bar-
ium cations by cesium. Inspection of the
structure (see Ref. (1), Fig. 8b) showed that
a sequence of sites

(—Ba—[O—Ba—0)

occurs along the ‘‘hollandite’” tunnels,
where O indicates oxygen and [0 vacant
sites. There are two other Ba sites per tun-
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TABLE I

PREPARATION CONDITIONS FOR Cs-TITANATE PHASES

Specimen Initial
number stoichiometry Temperatures used Cooling history

1 Ba;Cs,Tis040 1000°C, 4 hr (air) Slowly cooled
(Carbonate) + 1150°C, 17 hr Quenched to RT ~30 sec

2 Ba;Cs, Tis04 1000°C, 4 hr (air) Slowly cooled
(Carbonate) + 1150°C, 17 hr Quenched

+ 1350°C, 18 hr Slowly cooled

3 Cs,Ti05; 800°C (Argon) 3 hr Slowly cooled
(Carbonate) + 1000°C, 3 hr (air)

4 Cs,Ti;304; 1000°C (air) Slowly cooled
(Nitrate) 3 hr

5 Cs4TigO0y 800°C, 4 hr (air) Quenched
(Carbonate) + 1000°C, 1 week

6 Cs,TisO9 1000°C, 36 hr Slowly cooled
(Nitrate)

7 Cs,BaTigOy3 1000°C, 26 hr Quenched
(Nitrate)

nel, substituting for O in the framework. It
therefore seemed most likely that one of the
Ba’* ions in tunnel sites could be replaced
by two Cs* cations, giving overall stoichi-
ometry Ba;Cs,Ti;g04 for maximum re-
placement, leading to occupancy of all tun-
nel sites by Ba, Cs, or O.

A sample of this stoichiometry was pre-
pared by mixing weighed BaCO;, CsCO;,
and TiO, powders, pressing pellets (~1.5 g)
and heating in enclosed, but not sealed,
platinum containers. Heat treatment was
1000°C for 4 hr, followed by 1150°C for 17
hr. This specimen was cooled to room tem-
perature by removing quickly from the fur-
nace tube and placing the container in con-
tact with a cold metal block. Portion of this
same preparation was reground and heated
at 1350°C for a further 18 hr, after which it
was slowly cooled. A third specimen was
heated at 1150°C for 6 hr, reground and
heated at 1400°C for 3 days, after which
time the specimen had totally evaporated.

Some electron microscopic observations
indicated that a distinct cesium titanate
phase had formed (see Section 3 below). A

number of pure Cs-titanate preparations
were therefore attempted. These are de-
scribed in Table I. The stoichiometries
were chosen initially to ascertain the limit
of solid-solubility of Cs,0 in TiO, and to
look for the phase Cs,Ti4O4 (2). These spec-
imens were examined by X-ray powder dif-
fractometry.

Specimens were prepared for electron
microscopy by grinding under chloroform,
in an agate mortar with pestle, and deposit-
ing a drop of the suspension onto carbon
lace. Thin edges of wedge-shaped crystal
fragments were examined using a high-tilt
(+60°, +45°) side-entry goniometer in a
JEOL-100CX electron microscope, operat-
ing at 100 kV. Diffraction data were col-
lected from as many zone axes as was pos-
sible for each fragment. Two dimensional
lattice images were sometimes obtainable
with this machine, despite the relatively
poor spherical aberration coefficient, C; =
3.5 mm. X-Ray fluorescence spectra were
recorded, wherever practicable, using a
KEVEX detector using probe diameters of
500-1000 A.
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F1G. 1. [001] Zone axis electron diffraction patterns
for Ba titanate (a) and mixed (Cs,Ba) titanate (b). Note
incommensurate superlattice patterns and orientation
‘‘anomalies’’ in (b).

3. Results

(a) Mixed (Ba,Cs) specimens. Examina-
tion of the first mixed (Cs,Ba) preparation
(see specimen 1, Table I) using EDXA
showed two distinct spectra corresponding
to (i) a pure Ba titanate, having diffraction
patterns characteristic of Ba,Tiy0, (Fig.
1a); and (ii) a mixed (Cs,Ba) titanate having
diffraction patterns characteristic of an in-
tergrowth structure, where incommensur-
ate superlattice spacings and orientation
‘‘anomalies’’ may be seen (Fig. 1b). Figure
1a was readily indexed as the [001] projec-
tion of Ba,TisO, using the triclinic cell pa-
rametersa = 14.36 A, b = 14.10A, ¢ = 7.48
A, a=955A4,8=100.55, and y = 89.95°
(1). The HREM images corresponding to

three mixed (Cs,Ba) crystal fragments are
given in Figs. 2a—c. The regular approxi-
mately square 14 X 14 A lattice exhibited
by pure Ba,TiyO; (Ref. (1), Fig. 2b) be-
comes heavily faulted in mixed (Cs,Ba)
crystals, where lamellae exhibiting a 14 X 7
A oblique (80°) cell are shown. Many steps
occur, where intergrowth lamellae shift
plane. The lamellae are mostly quite nar-
row, lying approximately parallel to [010]
and consisting of one or two 14 x 7 A units.
Some wider block-shaped insets of the 14 X
7 A structure also occur. These are ~5-8
units wide and these may be *‘crosslinked”
by thin bands of dark contrast, indicating a
different type of defect structure. Such im-
ages proved to be characteristic of mixed
(Cs,Ba) titanate fragments. The EDXA
spectra corresponding to Figs. 2a—c (inset,
Fig. 2) show that increasing Cs/Ba ratio is
correlated with increasing density of inter-
growth structure. (Analysis of the spectra
yielded Cs: Ti ratios of 0.31, 0.49, and 0.66
for Figs. 2a, b, and c, respectively. Errors
of £20% may easily occur in such measure-
ments.)

Examination of the second mixed
(Cs,Ba) specimen (number 2 in Table I)
showed two distinct phases, one being Ba,
TiyO, and the other a cesium titanate. This
first became apparent in the EDXA spectra
and later in the electron diffraction pat-
terns. The latter were identical with the pat-
terns presented by all of the pure Cs-tita-
nate preparations listed in Table I.

(b) Electron diffraction patterns of Cs-
titanate. Figures 3a, b, and ¢ show three
distinct reciprocal lattice sections obtained
from specimens 4 and 5. These were gener-
ally sharper than those for most other prep-
arations, indicative of the larger crystallite
size obtained. However all of the pure Cs
titanate preparations showed identical re-
ciprocal lattice geometries. In all cases nee-
dle-like fibrous crystallites were obtained.
Tilting experiments were made difficult by
an apparent continuity in intensity in recip-
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FIG. 2. (a,b,c) HREM images mixed (Cs,Ba) titanate fragments. Note regular 14 x 14 A square
lattice containing intergrowth defects and lamellae of 14 x 7 A oblique (80°) lattice. The corresponding
EDXA spectra indicate increasing Cs—Ba ratio correlates with increasing density of intergrowth struc-

ture.

rocal space. On tilting about the short re-
ciprocal axis lattice row through the origin
the intensity of the other rows of spots did
not always show the expected decrease in
intensity and replacement with new recip-
rocal lattice rows, corresponding to higher
order zone axis projections. Instead, the in-
tensity was often noticeably constant with

tilt angle over ~ +30°. It eventually became
clear, after some HREM images were ob-
tained, that the crystallites often formed
bundies containing a range of orientations,
and in addition even single crystallites were
often severely bent or twisted about the
long axis. The diffraction patterns selected
for Fig. 3 were much sharper than most of
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F1G. 2—Continued.

those obtained, and should be more suitable
for measurements.

(¢) X-Ray diffraction patterns of Cs-tita-
nate phase. Two distinct patterns were ob-
tained throughout the range of starting
preparations from TiO; to Cs,Ti4Oy. These
corresponded to rutile (TiO;) and the pat-
tern obtained for Cs,Ti,O alone. The latter
gave d-values and relative intensities (Table

II) which were quite distinct from those re-
ported in Ref. (2).

(d) Electron microprobe analysis of Cs-
titanate. The Cs:Ti ratio was determined
to be close to 0.5, by comparison of a poly-
crystalline aggregate directly with a poly-
crystalline synthetic preparation having
Cs:Ti = 0.5. This result, together with the
X-ray powder patterns suggests that the Cs-
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FiG. 3. (a,b,c) Three different zone axis diffraction
patterns of pure Cs-titanate phase. Reciprocal lattice
dimensions are indicated.

titanate phase has stoichiometry close to
CSzTi409.

4. Discussion

(a) Previous work on cesium titanate
and related systems. So far as we are aware
the only phase diagram existing for the Cs-
Ti-O system was published by Schmitz-
DuMont and Reckhard (2). Two titanate

phases were reported, namely Cs,Ti,Os and
Cs,Ti;O. The latter was made by melting
Cs,Ti,O5 and TiO, in a sealed tube. How-
ever, no preparations were made in the
range Cs,0.6TiO,—TiO,, it being assumed
(on the basis of Debye—Scherrer powder
patterns) that Cs,Ti;Os was in equilibrium
with TiO,. Neither unit cell parameters nor
crystal structure were reported for
Cs,Ti Oy, although the Debye-gram was
published. A Cs-hollandite phase Cs, TiO,
was reported by Lundberg and Andersson
(3). This phase was prepared by reduction

TABLE II

LiST OF OBSERVED d-VALUES
AND RELATIVE INTENSITIES
FOR Cs,Ti;Oy PREPARATION

d Relative

(A) intensity
10.23 34

(8.85) (v. weak)
6.47 51
5.93 16
5.68 22
5.09 16
4.96 85
4.67 17
4.25 51
4.06 79
3.97 39
3.81 21
3.35 37
3.32 27
3.19 22
3.03 37
2.95 49
2.93 100
2.87 27
2.85 63
2.68 20
2.61 17
2.54 17
2.37 32
2.27 12
2.23 27
2.12 76
2.05 12
1.90 20
1.70 20
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of Cs,Ti,0s in hydrogen at 900°C for a few
hours. The tetragonal unit cell parameters
were reported as a = 10.28 A, ¢ = 2.97 A.
Preparation of Cs,TisOy was reported re-
cently (4), following ion-exchange of Cs*
for T1* in T, Ti4O4 by reaction of CsCl on
T1,Ti O, at 460°C under 102 Torr vacuum.
The structure was reported as isostructural
with T1,Ti4O (5), with monoclinic unit cell
parameters a = 20.16 A, b =3.789 A, c=
12.03 A, and B = 107.0° (space group
C2/m). The powder pattern was described
as being entirely distinct from that reported
in (2).

Recent work (6) has shown that K;Ti,Oq
may be readily converted into K,TigO;
upon hydrolysis of K,TisOq, followed by
heating at 500°C. A new compound
H,Tig0,; (believed to have the same octahe-
dral framework structure as K,TigO,7) has
now been reported (7). This was again pre-
pared following hydrolysis of either
K,Ti;O9 or Na,Ti;Oy. Intermediate hydrol-
ysis products may be formulated
K, . H.Ti;Os (x = 2) or K;_, Ti,Oy_,(OH),.
No analogous studies were reported for the
Cs-titanates, although one may predict
comparable behavior, in view of the well-
known hydroscopic and deliquescent prop-
erties of cesium oxides. Complete dehydra-
tion of H,Ti30;7 leads to the formation of a
phase TiO,(B), having monoclinic cell
parameters a = 12.163 A, b = 3.735 A,
c =6.513 A; B = 107.3 A, as first reported
in (6).

(b) Unit cell parameters for the Cs-tita-
nate phase. Both the HREM images (Figs.
2a,b,c) and the electron diffraction patterns
(especially Fig. 3a, which is virtually identi-
cal with the [010] projection of Ba,TigOy
(cf. Ref. (1), Fig. 1b), suggested a close re-
lationship of the Cs-titanate to Ba,TigO,. In
fact we were able to index the patterns
shown in Fig. 3 using a triclinic unit cell a =
14.35A,0=14.38A,¢c =7.20A, 0 = 95.5°,
B = 100.6°, and y = 78.0°. This was based
upon the reciprocal lattice section (Fig. 3a)

having [010] in common with Ba,TigOx,.
However, when this same cell was used to
analyze the X-ray powder pattern (Table IT)
the agreement between predicted and ob-
served 26 values was not convincing. In ad-
dition we could not find, by electron dif-
fraction, [100] and [001] principal zone axis
orientations, despite repeated tilting experi-
ments. It was finally concluded that the
pure Cs-titanate phase is not necessarily
closely related to Ba,TisOy.

Many attempts have been made to index
both the electron diffraction and X-ray
powder diffraction patterns using published
data for the known Cs-titanate and other
alkali-titanate phases (see review in Section
4(a) above). So far our results are inconclu-
sive. The electron diffraction patterns
clearly indicate a repeat of =14.6 A, which
is =5x the 2.97-A distance characteristic of
edge-shared strings of [TiO¢] octahedra, as
occur in the rutile, hollandite, Ba,TigOy,
and alkali-titanate structures. However, we
have not yet been able to identify subcell/
supercell relationships which would allow
derivation of a unit cell consistent with both
the electron diffraction and X-ray powder
data.

Further attempts are being made to grow
single crystals suitable for X-ray analysis,
since the 14.6-A spacing, which is predomi-
nant in electron diffraction patterns, does
not occur in the X-ray powder pattern. It is
possible that in the vacuum (1077 Torr) of
the electron microscope, and perhaps un-
der the influence of the electron beam,
there is a change of structure and/or stoichi-
ometry, although we have not been able to
obtain definitive electron microscopic evi-
dence for such a change. A degree of hy-
drolysis, giving Cs,_,Ti,O3(OH),, is one
probable chemical change being investi-
gated, since attempts at in situ EDXA anal-
ysis of pure Cs-titanate preparations were
often frustrated by apparent disappearance
of the Cs peak on prolonged (=20-30 min)
examination. At the same time there was no
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apparent change in the reciprocal lattice ge-
ometry.

5. Discussion

It has been shown above that a previ-
ously unsuspected Cs-titanate phase exists.
It appears to have stoichiometry Cs,Ti O,
but has structure different than reported in
Refs. (2, 6).

The nature of the Cs-rich phase which
was observed to intergrow with Ba,TigO,
in Fig. 2, and its stability requires further
investigation. So far it has been found only
in preparations heated to 1150°C whereas it
is unstable with respect to (Ba,TigO, +
Cs,Ti,Oq) at higher temperatures. A num-
ber of structural models, including Ba,
TigO,p-related Cs,TigO5(OH), (or Cs,-,
Ti;O3(OH),; x = 1.11), hollandite-type
Cs,(Ti}*, Tigr )0 (1.33 = x = 1.66), and
the alkali-titanate analog Cs,Tiy0;y were
considered as possibly forming inter-
growths with Ba,TiyO4. A higher resolution
electron microscope study, using com-
puter-simulated image-matching techniques
is planned.

From the point of view of radioactive
137Cs disposal it is clear that use of titania-
rich ‘‘hollandite’’ preparations (8, 9), when
the Ba,TiyO, phase may readily occur in
SYNROC preparations, needs to be very
carefully examined. Use of inappropriate
heat treatments may lead to exsolution of
37Cs into the Cs,Ti,0, phase reported here.
It cannot be assumed ¢ priori that Cs*! ran-
domly and stably replaces Ba?*, either in
Ba,Tiy0,y or in other hollandite-related
phases which occur in SYNROC prepara-
tions. As shown above the combination of

HREM, EDAX, and electron diffraction
techniques offers a method for control of
the degree of exsolution of various phases
which may occur in complex phase assem-
blages, such as SYNROC.
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