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The systematic search of new intermediate phases between
2H-BaCoO; and Ca,Co0,0, structures has shown, for the first
time, the existence of polymorphism in monodimensional phases
of the homologous series (4,8,0),(4;B,0,);. A new BagCo,0,,
phase, different from the trigonal phase previously reported, has
been synthesized. The new material is orthorhombic (SG Fd2d)
with unit cell parameters a, = 1.14, b, = 1.98, and ¢, = 1.75 nm.
Both orthorhombic and trigonal phases are built up of isolated
rows of polyhedra parallel to the c-axis formed by one trigonal
prism and six ocathedra sharing faces, but with a different spatial
arrengement between the chains. The orthorhombic structure can
be derived from a hcp stacking of BayO,, and Ba;Co,O4 layers.
© 2000 Academic Press
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INTRODUCTION

The ordered intergrowth between the 2H-BaNiOs (1) and
Sr,PtO¢ (2) structural types has led to a series of com-
pounds with the general formula (43B,04),(A43B30)s (3)
whose structures are made up of isolated rows of B oc-
tahedra and A’ trigonal prisms (4’ equal to or different from
B), running along the c-axis, the A cations occupying coord-
ination sites between the chains. Alternatively, these struc-
tures can be derived from a hcp stacking of 4304 and
A3BOg layers. The different stoichiometries that can arise
from a mixed packed of these layers have been discussed by
Darriet and Subramanian (4).

In recent years, several systems have been reported with
these characteristics. In most of them, the coordination
polyhedra are occupied by cations of different chemical

1To whom correspondence should be addressed.

nature (5,6). This is the case, for instance, for Sr,PtOg,
where Pt is in octahedral (O) coordination and Sr is in
a trigonal prism (P) environment. Mixed oxides with only
one cation occupying both polyhedra have only been de-
scribed for Co (7,8) and Ni (9, 10).

The systematic study of the 4-Co-O system (4 = Ba, Sr,
Ca) (3, 11, 12) has shown that the distance between 4 cations
is one of the main factors governing the structural type
which can be stabilized. From 2H-BaCoOj (13), the intro-
duction of prisms in the structure is accompanied by a pro-
gressive decreasing of the ¢,y parameter. Therefore, keeping
B = Co, to increase the P/O ratio it is necessary to reduce
the ionic radius of the A cation. Thus, when Ba is partially
substituted by Sr, the P/O ratio increases up to 1P/40 for
the Sr¢CosO;5 (7) composition. This P/O ratio can be
increased up to 1P/10 for the Ca;Co,0O¢ phase (8).

To prepare these materials, besides the adequate selection
of the A4 cation, an accurate control of both temperature and
annealing time is required. For instance, all samples up to
now reported in the Ba—Co-O system (3, 11, 12) have been
isolated at temperatures between 900 and 940°C. For
Ba:Co = 8:7, the trigonal BagCo-,0,; phase is stabilized at
920°C for 5 days. Its structure can be described as formed by
isolated chains running parallel to the c-axis, constituted by
six octahedra and one trigonal prism sharing faces, both
occupied by Co atoms, and separated by columns of Ba
atoms. This structure shows a modulation along the direc-
tion perperdincular to the Co prism planes. This is a general
feature of all these materials and can be associated with the
displacement of such Co atoms with respect to the center of
the trigonal prisms. The unit cell is trigonal (SG P321) with
parameters a = 0.99 and ¢ = 1.75 nm.

By keeping the same cationic ratio (8:7), a different phase
is obtained when the treatment conditions are changed. We
report in this paper the structure of a new orthorhombic
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BagCo-,0,; phase which constitutes the first example of
polymorphism of these monodimensional phases.

EXPERIMENTAL

The orthorhombic BagCo,0,,; phase was prepared by
heating in air stoichiometric amounts of BaCO3 and Co;0,
at 875°C for 6 days. The average cationic composition was
established by inductive coupling plasma. The local com-
position in every crystal was determined by energy disper-
sive spectroscopy (EDS) on a JEOL scanning electron
microscope JSM-8600 equipped with an energy-dispersive
system LINK AN10000. Results are consistent with the
nominal compositions. The oxygen content was determined
within + 1072 from the average oxidation state of cobalt
analyzed by titration using Mohr’s salt.

Powder X-ray diffraction was performed on a Philips
X’Pert diffractometer using CuKo radiation. Selected arca
electron diffraction (SAED) was carried out on a JEOL
2000FX electron microscope, fitted with a double tilting
goniometer stage (+45°). High-resolution electron micros-
copy (HREM) was carried out on a JEOL 4000EX electron
microscope, fitted with a double tilting goniometer stage
(£25°), by working at 400 kV. Samples were ultrasonically
dispersed in n-butanol and transferred to carbon-coated
copper grids. Image simulations were calculated using the
MacTempas package.

RESULTS AND DISCUSSION

Figure 1 shows the powder X ray diffraction patterns
corresponding to orthorhombic BagCo-,0,; (o-phase) and
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trigonal BagCo-,0O,; (t-phase). As can be observed, both
patterns show similar characteristics. The most intense re-
flections can be assigned to a 2H cell, suggesting that both
samples keep the ... hh... stacking sequence corresponding
to 2H-BaCoOQj;. Besides, the ¢ parameter of the hexagonal
subcell is, in both samples, smaller than that shown by the
2H phase. Such a decreasing of the ¢ parameter has been
associated in rhombohedral phases with the presence of
some Co in prismatic coordination (12, 13). According to
that, the new (8:7) sample seems to exhibit structural charac-
teristics similar to those of the trigonal phase, i.e., a hexag-
onal stacking sequence of layers with Co atoms occupying
both octahedral and prismatic holes. The additional order-
ing suggested by the presence of low-intensity maxima and
the true symmetry and structure of the new phase have been
elucidated by SAED and HREM.

Figure 2 shows the most relevant SAED patterns corre-
sponding to 0-BagCo-,0,;. The most intense reflexions
along the [1210],y4 zone axis correspond to (1010),; and
(0001),y planes (Fig. 2a). A four-fold modulated superstruc-
ture is also seen along [2021]%y and equivalent directions.
The [1120],4 reciprocal plane is identical to the previous
one. However, the SAED pattern along [2110],y seems to
be different (Fig. 2b). Once again, the most intense reflexions
correspond to (0110),4 and (0001),,4 planes but only a two-
fold superstructure appears along [0111]%y. This fact sug-
gests the lost of hexagonal symmetry.

A similar situation is observed in the SAED patterns
along [11007],y (Fig. 2¢c) and [0110] 4 (Fig. 2d). The first one
shows as strongest reflections the (1120),;; and (0002),4, an
eight-fold modulated superstructure being observed along
[4482]%y. Only (3 3 I) satellite reflexions with [ = §,3,3, 1 are

114

300

I@.u.)

10

101

~——

1 L 1 1 1 1

—+—T-Ba Co O
8 7 21
—0-Ba Co O
8 7 21

10
26

FIG. 1.

Powder X-ray diffraction patterns corresponding to 0-BagCo-0,; and t-BagCo,0,;.
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FIG.2. SAED patterns corresponding to 0-BagCo,0,, along the following zone axes: (a) [1210],y, (b) [2110],y4, (¢) [1100],4, and (d) [0110],y.

seen. The second one shows as strongest reflexions the
(2110),34 and (0002),y, a four-fold superstructure being ob-
served along [4222]%. Finally, the [1010],y4 reciprocal
plane is identical to that shown in Fig. 2c.

To confirm the true symmetry of this phase, a microdif-
fraction study has been carried out. Figure 3a shows the
SAED pattern along [0001],y and Fig. 3b the correspond-
ing microdiffraction pattern. Only diffraction maxima cor-
responding to a hexagonal basic cell are observed in Fig. 3a.
However, the microdiffraction pattern exhibits an F..d sym-
metry (14), confirming the orthorhombic symmetry.

On the basis of these results, all diffraction maxima can be
indexed according to an orthorhombic unit cell (subindex
o in previous figures) with parameters a, = 1.14 nm (2a,y),
bo = 1.98 nm (2,/3ay), and ¢, = 1.75 nm (4c,y), with the
following reflexion condictions:

00l, | = 4n; h00, h = 4n; 0kO k = 4n;
hkO, h + k = 4n, h, k = 2n.

Okl, k +1=4n, k, | =2n; hOl, h, | = 2n;
hkl, h + k,h + L k + 1 =2n.

Such systematic reflection conditions led to the Fd2d
space group for the 0-BagCo-,0,; phase. From these elec-
tron diffraction data, all X-ray diffraction maxima can be
indexed as shown in Table 1.

To propose a structural model on the basis of these
results, let us to emphasize that the most intense diffraction
maxima correspond to the 2H subcell. This indicates that in
the 0-BagCo-,0,; phase, the hexagonal packing is main-
tained. Besides, the decreasing of the ¢,y parameter corre-
sponding to the orthorhombic phase (¢,/4) can be associated
with the presence of Co atoms in prismatic trigonal coord-
ination. The formation of such prisms implies the substitu-
tion of BaOj layers by BaCo,O; 3, layers (0 < x < 1).

On the other hand, the layer symmetry must be compat-
ible with the orthorhombic symmetry of the unit cell. From
an hexagonal AOj; layer with a,y and b,y parameters, the
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substitution of three oxygen atoms by one B cation follow-
ing the [1120],y4 and equivalent directions leads to a layer
with the A3BO4 composition and rhombohedral symmetry
(ag = bg = \/ 3a,y), as shown by Subramanian and Darriet
(4). However, if such substitution takes place along [1010],4
and equivalent directions, the resulting layer, with the com-
position AgB,0;5, shows orthorhombic symmetry and
parameters da, = 2d,y, by = 2\/3012H (15). The features of
this layer are compatible with the above diffraction data.
Figure 4 shows a schematic representation of an AgB,0O;g
layer in comparison to the stoichiometric AO; layer (or
AgO,, per orthorhombic unit) and the rhombohedral layer
(A3BOg).

Besides, the four-fold superlattice along the ¢ axis sug-
gests this phase is composed of eight layers. Taking
into account the chemical composition of the sample,

TABLE 1
Observed and Calculated Powder XRD Data for BagCo,0,,
(a =1.148(3) nm, b = 1.989(4) nm, ¢ = 1.746(6) nm; Z = 8)

dgps (nm) dete (nm) 1/l hkl
0.8650 0.86425 0.4 111
0.4972 0.49737 0.4 040
0.3281 0.32814 98 044
0.2866 0.28708 100 400
0.2488 0.24867 6.3 080
0.2184 0.21833 6.2 008
0.2159 0.21609 482 084
0.1998 0.19991 39 048
0.1848 0.18386 1.8 139
0.1737 0.17378 18 408
0.1723 0.17220 14 1110
0.16582 0.16579 1.6 0120
0.1638 0.16407 2.5 088

f[m 0o

[0001]5,=1001],

(a) SAED pattern of 0-BagCo-,0,; along [0001],y; (b) microdiffraction pattern along the same projection.

BagCo-,0,; (z = 8), this material must be formed by four
AgO,4 layers and four AgB,0 g layers hexagonally stacked.
In order to determine the sequence of these layers a HREM
study has been performed.

Figure 5a shows the HREM image corresponding to the
[100],//[2110],y zone axis. The contrast alternation ob-
served in the thinnest area of this crystal (zone A) shows that
the hexagonal packing is maintained. In the thickest area
(zone B) besides the basic 2H substructure, an additional
ordering doubling b,y and ¢,y is observed. Along the
¢,y axis, the contrast variation corresponds with the alter-
nation of a bright dot with three less intense dots. These
bright dots could be associated with individual columns of
metallic atoms. The different brightness of the dots corres-

ORTHORHOMBIC
SYMMETRY

RHOMBOHEDRAL [11.20]21.1
SYMMETRY

(1010,

FIG. 4. Schematic representations of 405 (or 4305, per orthorhom-
bic unit), rhombohedral 4;BOg, and orthorhombic AgB,0,5 layers.
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FIG. 5. (a) HREM image of 0-BagCo,0,; along [100],. A simulated
image is shown in the inset (At = 5 nm, Af = 0 nm). Schematic representa-
tion of the structural models A (b) and B (c) projected along [100],. Both
models are formed by parallel isolated rows of polyhedra, running parallel
to the c-axis; the difference between them resides in the polyhedral distribu-
tion of the chains.

ponds to sites with different electronic density, in such a way
that the brightest dots can be assimilated to the Ba config-
uration in between the Co columns, and the three less
intense dots should correspond only to the Ba configura-
tion. The same situation can be found along the b, axis if a
displacement of % ¢, is considered. As a consequence, rows of
low-intensity equivalent dots alternate, parallel to the
b, axis, with rows of nonequivalent dots. This contrast
variation can be attributed to 43O, layers alternating with
AgB,0;g layersin a 1:1 sequence. This layer sequence could
give rise to two different structural models (A and B).
Figure 5b represents the first model (model A) viewed
along the [100], (//[2110],y) direction. Along this direction
(perpendicular to the image plane), the structure can be
described as formed by isolated rows of octahedra sharing

faces, running parallel to the c-axis, alternating with similar
isolated rows, now composed of two octahedra and one
trigonal prism sharing faces. Besides, the last row is dis-
placed ic, following the b, direction.

The second one (model B), as represented in Fig. 5¢c along
the same projection, can be described as formed by isolated
rows, running parallel to the c-axis, of six octahedra and one
trigonal prism. Along the b, axis, one row is displaced
1 ¢, with respect to the adjacent one, and along the a, direc-
tion, rows are displaced 3¢,. Both models could fit with the
features observed in the image. In both cases, the disposition
of Co prisms is in agreement to the rectangular array of the
bright dots observed in the image of Fig. 5a (marked in the
image). Besides, light and dark bands parallel to
[0111],y//[011], (marked with arrows) correspond to par-
allel bands of high electronic density (Co prisms) and rela-
tively low density (Co octahedra).

However, the structural model B is the most probable since
the first one leads to only a two-fold superstructure along
¢,y axis. Moreover, the following projection allows us to
confirm the second structural model as the most probable.

The spatial arrangement of the polyhedra rows along the
b,y axis ([110],) can be seen in the HREM image shown in
Fig. 6a. The thinnest area (zone A) of the crystal shows only
the hexagonal sequence of the 2H sublattice. In the thickest
area (zone B) only equivalent layers are solved, ie.,
(...AAA ...) or (... BBB...); however, a difference in the
intensities of the bright dots can be appreciated. As can be
observed, two bright dots alternate with two less intense
dots along the ¢, (c,y) and a,y ([110],) axes. This contrast
variation is not compatible with the first structure model (A)
depicted in this projection in Fig. 6b. This polyhedra ar-
rangement should lead to one row, parallel to the c-axis, of
equivalent bright dots alternating to another row of less
intense dots along the [110],. However, it agrees with the
features of the second structural model (B) (projected along
the [110], direction in Fig. 6¢). As can be seen, perpendicu-
lar to the image plane, Co prisms and Co octahedra are
superimposed at z = 0, 4. This situation leads to two posi-
tions with equivalent electronic density associated with the
brightest dots in the experimental micrograph. In the posi-
tions corresponding to z = 4 and 3, only octahedral sites are
placed and the contrast is modified with respect to the
previous ones. Along the a,y axis ([110],), the same situ-
ation can be found if a displacement of 3¢, is considered as
corresponding to the relative disposition of prisms and
octahedra along this axis. Once again, it is worth emphasiz-
ing that light and dark bands parallel to [111],//[1012],4
are superimposed (marked with arrows) which correspond
to parallel bands of high electron density (Co prisms) and
relatively low density (Co octahedra).

HREM images have been simulated by using the Mac
Tempas package from the atomic coordinates (Table 2)
resulting from the structural model depicted in Fig. 7.
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FIG. 6. (a) HREM image of 0-BagCo,0,; along [110],. Simulated
images corresponding to zone A (At = 2.5 nm, Af = — 45 nm) and zone B
(At = 5Snm, Af = — 20 nm) are shown. (b) Schematic representation along
[1107, of the structural model A. (c) Schematic representation along [110],
of the structural model B.

Simulated images are included in the insets of Figs. 5a and
6a. A good fit is obtained for both projections.

The ideal crystal structure of the 0-BagCo-0O,; phase can
be described as formed by isolated rows of polyhedra paral-
lel to the c-axis. Each row is formed by six octahedra and
one trigonal prism sharing faces. In the rows of polyhedra
parallel to either the a- or b-axes the trigonal prisms are
displaced along the c-axis. Following the a,y axis, the
prisms of a given row are displaced 2¢,y (1 ¢,) with respect to
the adjacent one. Following the b,y axis, each prism is
displaced ¢,y (§¢,) with respect to the next row. As a conse-
quence, the basic 2H hexagonal subcell is doubled in both
the a,y and b,y axes, leading to the proposed orthorhombic
unit cell which includes eight-unit formula BagCo-0,;. This
structural model can be derived from the ordered sequence
of one AgB,0.53 and one AgO,, layer along the c-axis.
Between two succesive AgO,, and AgB,0g layers, six

TABLE 2
Atomic Coordinates for BagCo,0,, (SG Fd2d)

Atom site X y z
Bal 8a 0 0.1875 0

Ba2 8a 0 0.6875 0

Ba3 16b 0.25 0.4375 0

Ba4 16b 0.25 0.0625 0.125
Bas 16b 0.75 0.0625 0.125
Col“ 8a 0 0 0

Co2 16b 0 0 0.1875
Co3 16b 0 0 0.3125
Co4 16b 0 0 0.4375
01 16b 0 0.0625 0.125
02 8a 0 0.4375 0

03 16b 0 0.4375 0.25
04 16b 0 0.5625 0.125
05 16b 0.375 0.0625 0

06 16b 0.125 0.3125 0

o7 16b 0.375 0.3125 0

08 16b 0.125 0.1875 0.125
09 16b 0.375 0.1875 0.125
010 16b 0.125 0.4375 0.125
o11 16b 0.625 0.4375 0.125

“Cobalt atom in prismatic coordination.

octahedral sites and one prismatic site are generated per
unit cell, as schematically represented in Fig. 8. If we sup-
pose that this situation corresponds to Co trigonal prisms
marked with (D in Fig. 7, Co atoms marked with ), 3), and
@ can be generated in the same way, if we consider a dis-
placement from the origin of the previous layers at (%), (3 0)
and (3 3), respectively.

As we have previously mentioned, this orthorhombic
phase constitutes the first example of polymorphism re-

a /l [1210],4

FIG. 7. Structural model proposed for 0-BagCo-,0,;.
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FIG. 8. Schematic representation of the octahedral and prismatic sites
generated by two successive AgO,, and AgB,0,g layers hexagonally
stacked.

ported in the 2H-related monodimensional oxides. The two
phases, orthorhombic and trigonal, can be derived from
a hep sequence of mixed layers, but neither the type nor the
disposition of layers constituting the structural framework
is the same. As previously reported (11), the hexagonal
stacking of mixed Ba;CoOg and Ba;O, layers in a
(Ba3;Co0¢/2Ba3z04/Ba3;Co0¢/1Bas;0y4) sequence forms the
structure of the trigonal BagCo-,0,; composed of isolated
polyhedra rows, running parallel to the c-axis, formed by
one trigonal prism and six octahedra sharing faces.

The same polyhedra sequence is maintained in the rows
that constitute the orthorhombic phase, but this polyhedra
succession is now generated from a different sequence of
different type of layers. Effectively, as we have shown, the
alternation of one 430, layer and one AgB,0 g layer also
leads to rows of one trigonal prism and six octahedra, but
the spatial arrangement between the chains is clearly differ-
ent from that found in the trigonal phase as can be easily
observed along the [1100],y projection (see Fig. 7). In the
trigonal phase, the Co atoms in prismatic coordination are
superimposed along the direction perpendicular to the im-
age plane (see Fig. 9a). However, in the equivalent projec-
tion of the orthorhombic phase, octahedra and prisms
alternate along the same perpendicular direction (see Fig.
10a) The corresponding HREM images clearly revealed
these different structural characteristics. Figure 9b shows
the structure image along [1210],(//[1100],y) of trigonal
BagCo-,0,;. Following the c-axis, the observed alternation
of two bright dots with six less bright dots has been inter-
preted as due to the alternation of one Co prism and six Co
octahedra along this direction. This situation leads to light
and dark bands parallel to [1011],, as marked with an
arrow in the image. This direction corresponds to that in
which Co atoms in prism coordination are aligned. These
atoms are contained in the (88i6),y planes, which corres-
pond to the modulation reciprocal direction (see SAED
pattern of Fig. 9c), being the wave vector k = % (a%y +

b%y) + ic%y. Figure 10a shows the structure image corre-
sponding to the orthorhombic phase, along the same projec-
tion. Now, along the [001] direction, four bright dots
alternate with four less bright. In this projection, as can be
seen in Fig. 10b, the superposition of Co prisms and Co
octahedra leads to two positions with equivalent electronic
density (z =0, §, 4, 3). The positions at z =13, 3, 3, and 4
correspond only to Co octahedra which appear in the image
as the less bright positions. The rows of brightest dots also
correspond to the direction in which Co prisms are aligned.
It is worth mentioning that a modulation is also observed in
this phase along [4482]%y (see Fig. 2d), being the modula-
tion vector k = 3 (a%y + b%y) + sciy. This direction is per-
pendicular to the planes containing Co atoms in prismatic
sites, suggesting that the modulation origin is, as proposed
for the rhombohedral or trigonal phases, due to the dis-
placement of Co atoms in these sites in such a way that they
are in off-centered positions along the trigonal axis (11, 16).
Image calculations fit with the experimental one in both
cases, as can be seen in the insets of Figs. 9b and 10a.

1 . 5 %
Batio.~t—4 % % ‘: ¢
tacha 1288,0g% « &

84Co0y. =3 "B Tty
B . = Dasli o
dafolp—=0- "2 "4 %2
JeBaség %
- U= : LR

*

-
&

B2,C905 3

% »

(1011); //(B8i6)p gy

FIG.9. (a) Schematic representation along [1100],4 corresponding to
t-BagCo-,0,(12). (b) Corresponding HREM image. A simulated image is
shown in the inset (At =7 nm, Af = — 95nm). (c) Corresponding SAED
pattern.
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FIG. 10. (a) HREM image along along [1100],y4 corresponding to
0-BagCo,0,;. A calculated image (At = 4 nm, Af = — 95 nm) is shown in
the inset. (b) Schematic representation along [1100],y corresponding to
0-BagCo-,0,;. B refers to Co prims along b,.

On the basis of these results, it can be deduced that a
given octahedra—prism sequence along an isolated row can
be attained always from a hexagonal stacking which can be
formed by different type of layers. This seems to indicate
that any rhombohedral or trigonal phase of the homologous

series (A3B,0¢),(A3B30,); could have the corresponding
orthorhombic polymorph. Obviously, the limit in the or-
thorhombic phases is defined by a sequence of layers
AgB,0,g; therefore, the lowest composition would be
A16B1,036 (A4B30y). This suggests that polymorphism
can be a general rule better than an exception in the
Ba-Co-O system. In order to prove this statement, new
situations will be explored in the near future.
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