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Using selected area eleciron diffraction (SAED) and high
resolution electron microscopy (HREM) results, a structural
model is proposed for a new perovskite-like material in the
BaCoQ;_, system: the SH BaCoQ,; polytype. According to
X-ray diffraction data unit cell parameters are a = 0.566(2)
and ¢ = 1197(4) nm (space group P3m1l). The structure is
based on a 5-layer stacking sequence ...ccchh..., where two-
fifths of the cobalt atoms are tetrahedrally coordinated by oxy-
gen due to the presence of a cubic layer with a BaO, composition.
The accommodation of anionic vacancies within the three re-
maining octahedral layers is discussed. © 1995 Academic Press, Inc.

1. INTRODUCTION

Accommodation of compositional variations in hexago-
nal perovskites AMO;_, (A = Ba; M = Fe, Mn, Co, Ni)
is strongly dependent on the ability of M cations to adopt
several coordinations. For a hexagonal close packing only
two layers are necessary to complete a unit cell in the
...hh... stacking sequence, leading to the ideal BaNiG;
2ZH hexagonal type (1). When the AO; layer stacking is
cubic, three cubic layers are needed to describe the unit
cell following a ...ccc... sequence. Between the purely
cubic and hexagonal forms, several structure types can be
theoretically generated (2). The site preference of the M-
reduced cation determines the stacking sequence.

Previous work in our laboratory (3-7) has shown that
oxygen deficiency in BaMnQO,_, is accommodated by the
introduction of Ba(Q, 5 cubic layers in the hexagonal close-
packing of 2H BaMnO; (8). This leads to materials con-
sisting of ordered or disordered intergrowths of octahedral
MnOy layers and pyramidal square MnOs layers along
the c-axis. Ordered phases are obtained when the anionic
composition is y = 0.5¢/(¢ + h), ¢ and A referring to the
number of cubic and hexagonal layers per unit cell, respec-
tively. Up to now, selected area electron diffraction
(SAED) data have proved the existence of 4 rhombohedral
(33R, 27R, 21R, and 15R) and 5 hexagonal (8H, 8H’, 6H,
10H and 4H) structural types within the range 0 <.y = 0.25.

In BaFeO,_,, Mossbauer spectroscopy studies (9, 10)
have shown that the oxygen vacancy distribution is related
to the possibility of a pyramidal or tetrahedral coordination
for Fe**. As a consequence, only two hexagonal types have
been reported within the compositional range 0 <y < 0.5,
A 12H structural type for 0.07 = y = 0.13 (i1) and a 6H
type along 0.20 = y = 0.35 (12). According to Jacobson
(13), neutron diffraction data suggest that a cubic layer
has a BaQ, g7s and a hexagonal layer a BaQ; 5 compaosition
in this system. However, since SAED studies (12, 14) indi-
cate that this structural type allows compositional varia-
tions, it seems obvious that the composition in the stacking
layers cannot remain fixed.

Powder X-ray diffraction (XRD) data in the BaCoOs_,
system reported by several authors (15-17) suggest the
existence of some phases in which the relationship between
oxygen nonstoichiometry, vacancy ordering, and micro-
structure is not fully understood. Co*' is found in both
octahedral and tetrahedral sites but the reduced cation,
Co®", has a strong site preference for octahedral coordina-
tion. A detailed structural study of the perovskite-like
phase 12H BaCoO,¢ by high-resolution electron micros-
copy (HREM)}) and profile analysis of powder neutron data,
performed by Jacobson and Hutchison (18), shows that
oxygen vacancies are nonrandom and are introduced by
the replacement of some BaOs layers by BaO; layers of
the type found in mixed metal oxides A;B.05 with the
palmierite structure (19). The introduction of BaO, instead
of BaO; layers has also been shown by Gibb (20) in SH
BaCOO_sMng_zoz_gg and 12H BaCOQJMﬂQ\SOz.s? phases,
which appear to be hexagonal perovskites with a mixture
of face- and corner-sharing octahedra, although the manga-
nese shows a strong preference for face-sharing sites, and
there is evidence to suggest that some of the cobalt occupies
tetrahedral sites by virtue of the introduction of BaO,
layers,

In order to establish the relationship between composi-
tional variations and the different structural types possibly
existing in the BaCoQ;_, system, we have undertaken a
study by means of SAED and HREM of samples prepared
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with accurate control of the oxygen content. We describe
in this paper the structural model proposed for a new
material, the 5H BaCoO, 44 phase.

2. EXPERIMENTAL

BaCoO,_, was prepared from stoichiometric amounts
of BaCO; and Co,0,. The mixture was ground in a ball
mill and fired at 750°C for 1 day. Then, the sample was
heated at 1000°C in air for 20 days with intermediate grind-
ing. After annealing, the sample remained unchanged, no
variation being ohserved with ulterior treatments at the
same temperature.

After such a treatment, a value of y = 0.26 was obtained
as determined by thermogravimetric analysis developed
on the basis of a CAHN D-200 electrobalance. The sample
was reduced under H; at 300°C. Since the final product of
the reduction process was a mixture of BaO and Co, the
oxygen content was established from the weight difference
between the starting BaCoO;_, and the final product.

Powder X-ray diffraction (XRI}) was carried out on a
SIEMENS D-5000 diffractometer with a graphite mono-
cromator and using CuKe radiation. SAED was carried
out on a JEOL 2000FX electron microscope. HREM was
performed on a JEOL 4000EX electron microscope.

3. RESULTS AND DISCUSSION

The powder XRD pattern of BaCoQ,5, is shown in
Fig. 1. This pattern does not correspond to any of the
hexagonal phases up to now described in the BaCoOs;.,
system, but it can be indexed on the basis of a hexagonal
cell with @ = 0.566(2) and ¢ = 1.197(4) nm. Since the
distance between Ba(O; layers along the ¢ axis is ~0.23
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FIG. 1. Powder XRD pattern of BaCoO;74.

nm, the cell dimensions suggest a five-layer (5L) stacking
sequence. In order to determine the anionic vacancy distri-
bution along the crystal and to propose a structural model
for this new material a SAED and HREM study was pei-
formed.

The SAED patterns along [010] and [001] zone axes
are shown in Figs. 2a and 2b, respectively. A hexagonal
symmetry is clearly appreciated in both patterns, all diffrac-
tion maxima being indexed on the basis of the previous
unit cell.

A HREM lattice image obtained along the [010] direc-
tion is displayed in Fig. 3. All the crystals studied were
apparently ordered. The columns in the image ate sepa-
rated by a distance consistent with the d-spacing measured
using XRD and SAED. Moreover, the observed contrast
pattern corresponds to a 5L unit cell with stacking sequence
...cechh., . (3, 4). It may thus be concluded that a new
hexagonal phase, the 5H-type, has been isclated in the
BaCoOj;-, system.

FIG. 2. {(a) SAED pattern of BaCoO5 1, along [010]. (b} Idem along [001].
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FIG.3. Highresofution image along [010] of BaCoO, 7,. The stacking
sequence corresponding to the unit cell is marked.

For a 5H lattice showing hexagonal symmetry, the only
possible hexagonal BaOs-layer closest packing sequence,
as shown in the International Tables for Crystallography
(21)is ... ABCBC... ,i.e., (4){(1) in the Zhdanov notation
{P3m1 space group). Assuming an ideal five-layer se-
guence with P3m1 symmetry, the corresponding positions
are: 1 Ba in (a); 2 Bain (d), z = 4/5; 2 Ba in (d), z =~
2/5;2 Coin (d), z = 1/10; 2 Co in (c), z = 3/10; 1 Co in
(b); 6 O in (i), x = 1/6, z = 1/5;6 O in (i}, x = 5/6, 7 =
2/5,3 O in (e).

A structural model for such a SH phase with composition
BaCo0, is shown in Fig. 4. It consists of three face-sharing
octahedra linked by two corner-sharing octahedra along
the c-axis. Such a structural model is the result of an alter-
nation of cubic and hexagonal BaQs layers, following the
sequence ...ccchh. .. along the c-axis, in agreement with
the sequence found in the HREM image.

The experimental composition, BaCoQ,; 5, indicates a
high concentration of anionic vacancies in the SH structure.
Since HREM images show apparently ordered crystals and
SAED patterns do not show evidence of streaking sug-
gesting the existence of either stacking faults or different
types of disorder, it may be supposed that oxygen vacancies
are randomly distributed along the crystal.
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For a BaCoOj; composition, a 2H-type structure, show-
ing the stacking sequence ...hh... , has been described
{15). The modification of such a structural type as a conse-
quence of the introduction of cubic layers is associated
with the appearance of anionic vacancies. It seems obvious
that oxygen vacancies must be concentrated along such
layers. Moreover, considering that the most probable coor-
dination for both Co** and Co' are octahedral and/or
tetrahedral, it must be assumed that introducing two layers
with Co* in tetrahedral coordination entails reducing one
of the cubic layers to a BaO, composition. Accordingly, a
structural model as shown in Fig. 5 may be proposed for
the SH structural type, in which the oxygen initially in
position 3(e) in BaCoQs has moved to a position 2(c) in
BaCoQ,_,. As a consequence of this ordered arrangement
of vacancies, two-fifths of the cobalt atoms are tetrahe-
drally coordinated by oxygen. The CoQ, tetrahedra are
corner-linked to strings of three face-sharing octahedra
containing the remaining cobalt ions, as in 12ZH Ba
CoO;,4 (18).

The introduction of only one BaQ; layer in the SH unit
cell should lead to the composition Ba;Cos0y,, ic., Ba
CoQy gy, which is a composition more oxidized than the
one experimentally obtained. 1t should then be necessary
to suppose the presence of anionic vacancies randomly
distributed within the BaOj; layers.

On the other hand, if we assume that the Co*' ions
are tetrahedrally coordinated and Co®* are in octahedral
coordination, the resulting composition should be
BaCoi%Codh 0,70, which is slightly reduced relative to the
composition obtained by thermogravimetry.

In fact, the experimental composition practically corres-
ponds to 50% Co** and 50% Co**. Due to the strong prefer-
ence of Co** ions for fourfold coordination, the two tetra-
hedral sites should be occupied by two Co*t ions. As a first

FIG. 4. Structural model corresponding to an ideal SH-BaCoO; phase.
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FIG. 5. " Structural model proposed for the 5H-BaCo0O;_, phase.

approximation, we can then suppose that three octahedral
sites of every unit cell are occupied on average by 2.5
Co®* ions and the remaining 0.5 Co** ions are randomly
distributed. However, regarding the 5H structural type
(Fig. 5), only the central octahedron shares two triangular
taces with two other octahedra, The cobalt ion situated at
this central position, must be subject to stronger repulsions
than the other two, since the distance to the neighboring

a

f--47nm

t-1.5nm
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she P3ml space group. Ba atoms are represented as black dets.

f--48.5nm
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FIG. 6. Possible stacking sequence of Co ions in the SH-Ba
CoQ; 74 material.

atoms is shorter. In order to decrease such repulsions it
seems more appropriate to suppose that the fraction of
Co® ions occupying the octahedral sites must be situated
at the central octahedron. Thus, it seems that the most
stable stacking sequence of Co ions along the octahedral

f.-.50nm

¢ ¢ h h c ¢

(a) Calculated images on the basis of an ideal SH structural type atong the [010] projection. (b) 5H structural model along [010], with
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sites should be ... Co**//(Co** + Co®}//Co** ... as shown
in Fig. 6.

According to this stacking sequence, it appears that the
two hexagonal layers corresponding to the SH structural
type present lower oxygen content than BaQ;. Following
this reasoning, if the central cubic layer has a BaO, compo-
sittont while the two remaining cubic layers have Ba(Q;,
the required composition of the two hexagonal layers to
get the experimental composition must be BaQ,gs. Such
a small concentration of anionic vacancies suggests that
they could be randomly distributed along the hexagonal
layers and are not detected by SAED.

Obviously, although the above distribution of the Co
ions seems to be the most favorable, we cannot discard
the possibility that Co** and Co** are randomly distributed
and that the anionic vacancies are also randomly distrib-
uted along the 4 BaQs layers per unit cell. If so, the compo-
sition corresponding to such layers would be BaQ;g;s.

It is worth recalling that a structural model similar to
that for the above-described BaCoOs_, SH phase has been
pI'OpOSEd by Gibb for BaCOU_goMng_zooz_go (20) It can be
assumed that the difference observed in the anionic compo-
sition between BaCoO; 7, and Ba(Co, Mn)OQ, g, is due to
the strong preference of Mn*' for octahedral sites, thus
avoiding the presence of anionic vacancies along the BaO;
layers. In any case, we cannol preclude the possibility of
isolating a free-vacancy SH BaCoQ, g, phase although the
experimental conditions used up to now lead to a mixture
of both 5H and 2H-like phases for such a nominal compo-
sitior.

Image calculations (Fig. 7a) of the structural moedel pro-
posed (Fig. 7b) were performed using the multislice
method (22), under the following conditions: Af = —47,
—48.5, and —30 nm; sample thickness (t) = 1.5 and 2.0
nm. The best fit seems to correspond to Af = —48.5 and
r = 1.5 nm. However, a good correspondence between
calculated and experimental images is observed only for Ba
atoms, since calculations have been performed considering
the ideal cationic positions of an undistorted 5H-type, as
shown in Fig. 4, Obviously, the introduction of a BaO,
layer must modify, at least, the atomic positions close to
such a layer. In order to obtain more accurate information
on such positions, a neutron diffraction study is in progress.

331

ACKNOWLEDGMENTS

We acknowledge the financial support of CICYT (Spain) through Re-

search Projects MAT 91-0331 and MAT 93-0207.

[

10.

11.

12.

13,
14.

15.

16.
i7.

18.
19.
20.
21.

22.

REFERENCES

. J. 1. Lander, Acta Crystatiogr. 4, 148 (1951).
. L. Katz and R. Ward, Inorg. Chem. 3(2), 205 (1963).

. M. Parras, I. Alonso, J. M. Gonzilez-Calbet, and M. Vallet-Regi,
Solid State Ionics 63—65, 614 (1993).

. J. M. Gonzdlez-Calbet, M. Parras, J. Alonso, and M. Vallet-Regi, J.
Solid State Chem. 106, 99 (1993).

. J. M. Gonzilez-Calbet, M. Parras, J. Alonso, and M. Vallet-Regi, J.
Solid State Chem. 111, 202 {1994).

. M. Parras, J. Alonso, J. M. Gonzdiez-Calbet, and M. Vallet-Regf, J.
Solid State Chem. 113, 78 (1994).

. M. Parras, J. M. Gonzdlez-Calbet, J. Alenso, and M. Vallet-Regi, /.
Solid State Chem. 117, 21 (1995).

. A, Hardy, Acte Crystallogr. 15, 179 (1962).

. }. C. Grenier, L. Fournes, M. Pouchard, P. Hagenmuller, M. Parras,
M. Vallet-Regi, and J. M. Gonzélez-Calbet, Z. Anorg. Allg. Chem.
576, 108 {1989).

M. Parras, L. Fournes, J. C. Grenier, M. Pouchard, M. Vallet-Regi,
J. M. Gonzidlez-Calbet, and P. Hagenmuller, J. Solid State Chem. 88,
261 (1990).

M. Parras, M. Vallet-Regi, J. M. Gonzdlez-Catbet, J. C. Grenier, P.
Hagenmuller, and J. Rodriguez-Carvajal, Eur. J. Solid State Inorg.
Chem. 26, 299 (1989).

M. Parras, M. Vallet-Regi, J. M. Gonzalez-Calbet, and J. C. Grenier,
J. Solid State Chem. 83, 121 (1989).
A. J. Jacobson, Acta Crystallogr. B 32, 1087 (1976).

I. M. Gonzilez-Calbet, M. Parras, M. Vallet-Regi, and J. C. Grenier,
J. Solid State Chem. 86, 149, (1990).

M. Zanne, A. Courtois, and C. Gleitzer, Bull. Soc. Chim. Fr.,
4470, (1972).

T. Negas and R. 8. Roth, “NBS Special Publication 364,” 1972.

J. R. Greaves, “Thermodynamic Properties of Mixed Metal Oxides,”
D .Phil. thesis, Oxford University, England, 1969.

A.J. Jacobson and J. L. Hutchison, J. Solid State Chem. 35,334, (1980),
J. M. Longo and L. R. Clavenna, Ann. N.¥. Acad. Sci. 272, 45 (1976).
T. C. Gibb, J. Mater. Chem. 2(4), 387 (1992).

“International Tables for X-Ray Crystallography,” Vol. 1L, p. 342.
Kinoch Press, Birmingham, UK, 1959,

NCEMSS Program, Naticnal Center for Electron Microscopy, Mate-
rials Center for Electron Microscopy, Materials and Chemical Science
Division, Lawrence Berkeley Laboratory, Berkeley, CA, 1989,



