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Abstract

The novel compound Ca,Co;,6Gag 405 with brownmillerite (BM) structure has been prepared from citrates at 950 °C. The crystal
structure of CayCoy¢Gag 405 was refined, from neutron powder diffraction (NPD) data, in space group Pnma, a = 5.3022(6) A,
b=14.884(2) A, ¢ = 5.5276(6) A, 3> = 1.798, Rlz: = 0.0455, Ry, = 0.0378 and R, = 0.0292. On the basis of the NPD refinement the
compound was found to be a G-type antiferromagnet (space group Prn'm’a) at room temperature, with the magnetic moments of
cobalt atoms directed along chains of tetrahedra in the BM structure. Electron diffraction and electron microscopy studies revealed
disorder in the crystallites, which can be interpreted as the presence of slabs with BM-type structure of Pnma and I2mb symmetry.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Materials based on oxygen-deficient perovskite-re-
lated compounds have been attracting special attention
during the last 20 years. Complex cobalt oxides with
perovskite structure are of interest since they exhibit
both electronic and oxide-ion conductivities and can be
used as electrode materials for low- and high-tempera-
ture fuel cells or as dense membranes for the separation
of oxygen from gas mixtures.

One of the most stable variants of oxygen vacancy
ordering in perovskites is the brownmillerite (BM) type.
The structure of BM (Fig. 1) contains layers of corner-
sharing octahedra separated by layers of tetrahedra.
There are three different variants of relative orientation
of the chains of tetrahedra at y = } and $ in the BM-type
compounds. They can be related by an inversion centre
(1), as in space group Pnma (e.g. Ca,Fe,Os [1-3]) or by
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two-fold axis (2) as in space group I12mb (e.g. SroFe,Os5
[4]). Random distribution of the chain orientations is
observed for compounds crystallizing in space group
Imma (e.g. Sr,Co,05 [5,6]). Since BM-type Ca,Co,05
does not exist, and the Sr analogue is stable above
~900 °C only, there have been several studies on how to
stabilize the BM structure for complex cobalt oxides by
suitable substitution with a trivalent cation such as AI>*
and Ga’". BM-type structures have indeed been
obtained for Sr,Co,_,Ga,0s, 0.3<x<0.8 (space group
Imma) [7], SryCo,_,Al,Os, 0.3<x<0.5 (space group
Imma) [8] and Ca,Co,_,Al,Os5 (x ~ 0.75) [9]. The latter
compound represents a complex variant of the BM-type
structure with long-range ordering of the chains of
tetrahedra.

Some years ago we unsuccessfully tried to synthesize
compounds with the BM-type structure in the Ca—Co—
Ga—O system. Instead, we obtained a new Ca,Ga,,
Copg04g compound with a large cubic cell,
a=15.0558 A [10]. It was found to be very stable
when prepared by conventional solid-state synthesis


www.elsevier.com/locate/jssc

4252 S.Ya. Istomin et al. | Journal of Solid State Chemistry 177 (2004) 4251-4257

Fig. 1. Crystal structure of BM, Ca,(Fe, Al),Os.

techniques at high temperatures (1100-1150°C). We
have recently determined its structure [11] to be a
disordered variant of CajsAl1¢ZngOszs [12]. In the
present paper, we report on the successful synthesis
and structural characterization of Ca,Co; ¢Gag4Os a
novel BM-type compound in the Ca—Co-Ga—O system,
using a synthetic route based on citrates and a low
calcination temperature.

2. Experimental

Samples of Ca,Co,_,Ga,Os, 0.2<x<0.8, were pre-
pared via a citrate-based route. First Ga,03 (99.999%)
was dissolved in a melt of citric acid monohydrate
(99.999%). To this melt, stoichiometric amounts of
CaCO;3; (99.999%) as well as a saturated solution
(minimal amount of water) of cobalt(II) nitrate hexahy-
drate (99.999%) was added. The resulting solution was
evaporated to yield a viscous mixture, which was fired at
500 °C in air for 12 h until a black powder was obtained.
The powder was pressed into pellets and annealed at
950-1100 °C for 24-96 h. Phase analysis of the samples
was performed by means of XRD powder patterns
recorded in a Guinier camera with focusing geometry,
using Cu Ko, radiation and Ge as internal standard.

Room-temperature neutron powder diffraction
(NPD) data were collected with the NPD instrument
at the Swedish research reactor, NFL, Studsvik. The
sample (~2g) was placed in a can (d = 8mm) of thin
vanadium foil. Data were collected in the 20 range
4.00-139.92° with a step length of 0.08°. The nuclear
and magnetic structures were refined with the general
structure analysis system suite of programs [13].

For transmission electron microscopy (TEM) studies,
small amounts of the samples were crushed in n-butanol.
A drop of this dispersion was put on a holey carbon film
supported by a copper grid. Electron diffraction (ED)
and high-resolution electron microscopy studies were
carried out with a JEOL JEM3010 UHR microscope
operated at 300 kV. EDX analyses for the determination
of cation content on the same grids as studied in the
TEM were performed with a JEOL JSM 880 scanning
electron microscope equipped with a windowless energy-
dispersive analyser (EDS) LINK Isis. Simulated HREM
images were calculated with MacTempas [14].

Iodometric titration was used to determine the oxygen
content in the as-prepared sample Ca,Coj¢Gag40s.
About 50mg of the sample under investigation was
placed in a flask containing 20mL of a 20% water
solution of KI. Several drops of concentrated HCI were
then added to the solution. The flask was kept in a dark
place until the entire sample had dissolved. The released
elemental iodine was titrated with a standard Na,S,03
solution with starch added as an indicator.

3. Results and discussion

A single-phase Ca,Co; ¢Gag 405 sample was prepared
by annealing in air at 950°C for 55h with several
intermediate regrindings. All the reflections in the
corresponding XRD pattern could be indexed with an
I-centred orthorhombic unit cell, a = 5.2988(8), b =
14.885(2) and ¢ = 5.517(1) A. For the compositions x =
0.5 and 0.6, nearly single-phase samples were obtained,
the secondary phase being about 3-5wt% cubic
Ca,Ga; ,Cop 504 [10]. Only a minor non-systematic
variation of the unit cell parameters of the BM phase
was observed for these samples. The presence of the 131
reflection (about 3—5% intensity), indicating a primitive
unit cell was observed in the XRD patterns of the x =
0.6 and 0.5 samples. The intensity of this reflection,
which was not observed in the x = 0.4 sample, increased
with gallium content. The oxygen content of the single-
phase sample Ca,Co;¢Gag405 was confirmed to be
stoichiometric according to the iodometric titration
results. XRD showed Ca,Co,_,Ga,Os, 0.6<x<0.8
to be multi-phase, with Ca,Ga;,Coy 045 [10] and
CazGa 0y [15] as secondary phases. At lower gallium
contents (x<0.3) CazCo,0O¢ appears as secondary
phase. An attempt was made to prepare BM-type
Ca,Co,_,Ga, 05, 0.4<x<0.6 samples using conven-
tional solid-state synthesis, including CaCO;, Co304
and Ga,O; as initial reagents. For 7'=900—1000°C
large amounts of CaO, Co304 and unidentified phase
together with a small quantity of BM phase were
observed by means of the XRD powder patterns, even
after regrinding and reheating. Increasing the tempera-
ture up to 1100-1150 °C resulted in multi-phase samples
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containing CaO and the cubic-phase Ca,Ga; ,Cog 3043,
according to XRD. Regrinding and reheating the
samples at 1100-1150 °C did not improve the result as
the amount of Ca,Ga;,Coy3045 increased. This in-
dicates the BM phase to be unstable at high tempera-
tures, 7'>1100°C. An experiment on a single-phase
BM-type Ca,Co;¢Gag40s sample, prepared by the
citrate method, confirmed this conclusion. The com-
pound decomposes completely into Ca,Ga; ,CoggO4s,
CoO and CaO upon heat treatment at 1150 °C for 48 h.
This explains why we did not observe the formation of a
BM-type phase in our earlier study of the Ca—Ga—Co—-O
system at 1100-1150 °C [10].

3.1. Neutron diffraction study

The NPD experiment was performed on a newly
prepared sample (~2g) of Ca,Co;4GagOs. It should
be mentioned that the XRD powder patterns for this
sample clearly indicate a body-centred unit cell. How-
ever, the presence of strong reflections with i+ k +
/#2n in the NPD powder pattern, for example, 131
with 7~ 10% and 151 with 7~ 7% (intensities are
given in percentage to the most intensive reflection on
NPD pattern), indicates that the lattice in fact is
primitive. A detailed study of the reflection conditions
points to the space group Pnma. Further study of the
Ca,Coy 6Gag 405 by ED revealed (see later) that it

Table 1
Crystal data for Ca,Co ¢Gag 405

T 298K

Space group, magnetic space grou Pnma, Pn'm'a
pace group g pace group 2

Lattice parameters (A) a = 5.3022(6)
b =14.884(2)
¢ = 5.5276(6)

7 1.798

R} 0.0455

Ry 0.0378

R, 0.0292

Number of reflections (Bragg and magnetic), N, 1642

Number of fitted parameters, Ny 59

Phase fractions: main phase: 0.902 (1); Ca,Ga;,Co(gO04g: 0.047(2);
CazGay0o: 0.051(3) (ICSD #100356).

Table 2

contains crystallites with both /- and P-centred BM
structures. Discrepancy between the results of XRD and
NPD can be explained by the fact that a much larger
amount of the sample was used for the NPD experi-
ment. The starting model for the structure refinement
was the atomic coordinate set of BM-type Ca,Fe,Os [3].
There were two additional groups of reflections present
in the NPD pattern, which could not be accounted for in
the Rietveld refinement. The first group consisted of
strong reflections that could be ascribed to a magnetic
ordering in the BM-type phase. Different patterns of the
magnetic moments ordering were tested. The best fit was
obtained for the model analogue to Sr,Co,_,Ga,Os,
0.3<x<0.8, where magnetic moments of all cobalt
atoms are oriented antiferromagnetically relatively to
the six nearest cobalt atoms (G-type) and directed along
the chains of tetrahedra [7]. The refined magnetic
moments are 1.56(6)ugy for Col and 1.5(1)ugy for
Co2. The second group of reflections could be attributed
to small amounts of Ca,Ga;,CopgO4g [11] and
Ca3Gay0y [15]. The refined mass fractions of the phases
were C32G31A2C00A804Ag 0047(2) and CagGa4ng
0.051(3). It should be noted that the refined composition
of the BM-phase CayCo; sa1yGag 46(1)Os is close to the
nominal composition of the single-phase sample Ca,
Co; 6Gag 40s. Crystal and refinement data are given in
Table 1. Atomic coordinates, occupancies and atomic
displacement parameters are given in Table 2 and
interatomic distances in Table 3. Observed, calculated
and difference neutron diffraction intensities are given
in Fig. 2.

3.2. Electron diffraction and transmission electron

microscopy studies
The selected-area electron diffraction (SAED) studies

were performed on the same sample Ca,Co;4GagOs
used for the NPD experiment. SAED confirms the
sample Ca,Co;4Ga¢Os to be polyphasic, containing
the cubic-phase Ca,Ga; ,Co(g04¢ [10] and the hexago-
nal-phase Ca;Ga4QOy in addition to the main phase, BM-
type Ca,Co; ¢Gay40s. The presence of reflections like
hkl— h+k+1#2n confirm that the space group
Pnma gives a better description of the crystal symmetry
than Imma or I2mb, which are frequently found for
the BM-type structure. The situation is somewhat

Atomic coordinates, occupancies of the positions and atomic displacement parameters for Ca,Co; ¢Gag 405

Atom Wy. site. X y z Usjso X 100/1&2 Magnetic moment per Co atom Occ.

Ca 8d 0.494(1) 0.1091(2) 0.0224(7) 0.7(1) 1

Col/Gal 4a 0 0 0 0.0(1) 1.56(6) 0.997(8)/0.003(8)
Co2/Ga2 4c 0.456(1) 0.25 0.567(1) 0.9(1) 1.5(1) 0.54(1)/0.46(1)
Ol 8d 0.251(1) —0.0140(2) 0.2374(7) 0.76(8) 1

02 8d 0.0175(8) 0.1418(2) 0.0689(4) 0.76(7) 1

03 4c 0.0981(1) 0.25 0.6218(9) 1.7(2) 1
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complicated, however, because streaking was always
observed in the SAED patterns, indicating disorder. A
number of such patterns recorded during a tilt sequence
around the b-axis are shown in Fig. 3. In all, SAED
patterns there is streaking along the b-axis. In addition,
there is streaking along the b-axis between the Bragg

Table 3
Selected interatomic distances and angles for Ca,Co, sGag 405

Distances (A) Angles (°)

S.Ya. Istomin et al. | Journal of Solid State Chemistry 177 (2004) 4251-4257

spots of BM (marked with arrows in the images), except
in the [001] zone-axis pattern (ZAP). (The lines are quite
weak in some of the patterns.) In other patterns (e.g.
ZAP [203] there are clear intensity maxima in the
streaking indicating some ordering), a schematic inter-
pretation of the reciprocal lattice based on these SAED
patterns is shown in Fig. 4. This type of streaking has
frequently been observed among BM-type compounds,
and may be explained by disorder among the chains of
tetrahedra [16]. A more detailed interpretation suggests
a modulation along the c-axis related to what found in
C32C01.25A10.7505 [9] The supercell in C32C01_6G30.405

Octahedron would then be a = agm, b = bpy and ¢ = 6agy (neglect-
Ol1-Col/Gal (x2) 1.880(5 OIl-Col/Gal-Ol (x2) 9295 . he streaki 1 the b . dt _

(x2) 8705 ing the streaking along the —ax1s).compare 0a = agwm,
01-Col/Gal (x2) 1.974(5) b= bBM aqd c=nagm (n varies ' between dlffer.ent
02-Col/Gal (x2) 2.147(3) Ol1-Col/Gal-02 (x4) 87.40 crystallites) in Ca;Coy.25Aly.750s. This latter modulation

(x4) 9260 has been shown to be caused by a variation of the
Tetrahedron relative orientation of the chains of tetrahedra running
02-Co2/Ga2 (x2) 1808(4) 02-C02/Ga2-02 (x2) 126.09 parallel to the g-axis in the ¢—c plane. The modulation
03-Co2/Ga2 (x1) 1.923(8) 02-Co02/Ga2-03 (x2) 104.11 & ] : :

107.96 along the c-axis in the a—c plane is also seen as streaking
03-Co2/Ga2 (x1) 1.876(7) 03-Co2/Ga2-03 104.58 and weak superstructure reflections in the [110] SAED
Calcium ZAP shown in Fig. 5 together with the corresponding
Ca-03 2.310(5) HREM image. It can be seen that the crystallite consists
8? ;Egg; of slabs normal to the ¢ -axis. The width of these slabs

2.483(6) varies, which gives rise to the streaking. We are not
2.536(7) completely sure about the origin of this phenomenon.
02 2.584(7) However, as the contrast and distances are more or less
ol 2.643(6) identical in the different slabs, one explanation could
83 iiggg therefore be that they are alternating slabs of BM
i oriented along [110] and [110].
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Fig. 2. Observed, calculated and difference neutron diffraction profiles for Ca,Co; ¢Gag 405 (I), CayGa; ,C00 8045 (1) and CazGaysOq (I11).
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Fig. 3. Selected-area diffraction patterns of Ca,Co; (Gag 405 recorded during a rotation around the b-axis. There is streaking along the b-axis in all
patterns. When leaving the [001] zone-axis orientation, extra lines appear at positions between the 0«0 and 40/ reflections. These are marked with
arrows. Note that the viewing direction of the second pattern from the left is halfway between the zone axes [105] and [106]. In the streaking along the
b-axis at the positions between the 0k 0 and /1 0/ reflections, weak intensity maxima can be seen at ¢ = 1 x (010)py;, indicating that the preferred
repeating sequence along the b-axis of the disordered structure is the same as in the average structure.

e} @ e} @ O O O @

Fig. 4. Schematic drawing of the reciprocal lattice as viewed along
[010]. The indexing corresponds to the BM-type cell. The empty and
filled circles correspond to the BM and perovskite sublattice,
respectively, and the crosses to the position of the diffuse lines in the
SAED patterns shown in Fig. 3. The drawing shows that the extra lines
in the [uOw] ZAPs in Fig. 3 should appear as streaking or
superstructure reflections along the c-axis in the SAED patterns. The
position of the extra lines can be explained by a modulation along the
c-axis giving a supercell: @ = agy, b = bgm and ¢ = 6 x apy (neglect-
ing the streaking along the b-axis).

The streaking along the b-axis then indicated disorder
in the stacking sequence of the layers of tetrahedra.
(Although the intensity maxima in the streaking at ¢ =
1 x (010) in the SAED [203] ZAP indicate that the
preferred repeating distance is the same as in the average
structure also for the modulated structure.) This
disorder in the stacking sequence of the layers of
tetrahedra can be seen in HREM images recorded along
[001] as contrast variations (some marked with arrows),
see Fig. 6. Such disorder is common, as reported by
several researches, and is interpreted as intergrowth
between slabs of Pnma- and I2mb-type BM [17]. The
presence of I-centred BM in this compound is indicated
by the [101] ZAP SAED patterns shown in Fig. 7a and b.

Fig. 5. SAED pattern of Ca,Co, ¢Gag 405 viewed along [110] with
streaking (arrowed) along the c-axis (a). The corresponding HREM
image (b) shows a structure consisting of alternating slabs. An
overview with a smaller magnification is inserted in the HREM image.

10nm

Fig. 6. HREM image of Ca,Co;¢Gag 405 viewed along [001]. The
SAED pattern corresponding to the crystallite and an FFT transform
of the image are shown in the inset. The streaking in the FFT and
SAED patterns can be seen as dark contrast variation in the HREM
images. Three of these are marked with arrows.



4256 S.Ya. Istomin et al. | Journal of Solid State Chemistry 177 (2004) 4251-4257

They are from different areas of one single crystallite
fragment with Pnma- and I2mb-type BM, respectively.

In compounds that crystallize in BM-type structure,
often intergrowth between domains oriented along [100]
and [001] is observed. This is also the case for
Ca,Co;Gag40s. An HREM image showing this is
seen in Fig. 8. This is not surprising, because the
domains have the [110] direction in the perovskite
sublattice in common. The shift in direction can
easily be obtained by rotating the tetrahedra around
the b-axis.

In the crystal structure of Ca,Co; ¢Gag 405, the cobalt
atoms are located predominantly in octahedral positions
while both cobalt and gallium atoms are found in the
tetrahedral ones. This is very similar to the situation

=
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Fig. 7. Two SAED patterns from different domains found in a
crystallite oriented along <100, (perovskite): (a) a [101] SAED ZAP
indicating a Pnma-type BM structure and (b) a [101] SAED ZAP
indicating an I2mb-type BM structure.

Fig. 8. HREM image of Ca,Co;Gay40s viewed along (110,
(p-perovskite subcell). The area shown consists of two intergrown BM
domains viewed along [100] and [001]. An FFT of each domain is
inserted, as well as simulated HREM images (crystal thickness =40 A,
defocus = —400 A), using the coordinates in Table 2.

reported for the Sr analogue [7]. The CoOg octahedron
is highly distorted, with equatorial Co-O distances
from 1.880(5) to 1.974(5)A and axial distances
2.147(3) A. (The O—Col-O bond angles within the
octahedra are close to 90°.) Such a highly distorted
octahedron is normally observed for calcium-containing
BMs, e.g. Ca,MnGaOs [17], because the small
jonic radius of Ca®>" leads to tilting of the MO
octahedron and concomitant distortion of the layers of
octahedra.

The valence of the atoms calculated from the bond
valence formalism [18], using the bond lengths in Table
3 are all reasonable: Ca=2.0, Col/Gal=2.7, Co2/
Ga2=2.8, O1=2.0, O2=1.8 and O3=2.0. The values
for Co/Ga are close to 3.0, which is the oxidation
number according to the composition obtained from the
Rietveld refinement.

There are several distinct differences between
Ca,Coj ¢Gay 405 and the recently reported BM-type
Sr,Co,_,Ga,0s, 0.3<x<0.8 [7]. The first one is that the
calcium-contained BM phase seems to have nearly no
homogeneity range, while that of the strontium analo-
gue Sr,Co,_,Ga,Os is quite wide, 0.3<x<0.8. It has to
be noted that Sr,Co,Os [5,6] also crystallizes in BM
structure, while Ca,Co0,0s, which can be prepared by
low-temperature decomposition of carbonates does not
form this structure [19]. No refined crystal structure is
available for this compound, although it has been
suggested to have a perovskite-related structure with
an oxygen vacancy ordering different from that in BM.
We have not been able to confirm the existence of this
compound. All attempts to synthesize it via a ceramic
route lead to the formation of Ca3;Co0,04 and Co030,.
A second difference between Ca,Co;¢Gag40Os and its
strontium analogue is that a BM structure with visible
preferential ordering of the chains of tetrahedra in
adjacent layers forms in the first case. The reason for
this could be the lower synthesis temperature and/or
that the smaller calcium stabilizes the ordered variant of
the BM structure with out-of-phase type ordering of the
chains in adjacent layers (space group Pnma), e.g.
C32F€205 [1,2], C32F6G305 [20], CazFezfoleS,
x<0.66 [21,22] and Ca,MnGaOs [17]. However, the
TEM studies discussed above show that in Ca,Co, ¢
Gag 405 the preference for the out-of-phase ordering is
rather weak, since streaking and contrast variations due
to disorder are frequently found in the ED patterns and
the HREM images. One can assume that preferred
formation of one of the ordered types of the BM
structure depends on preparation route and heat
treatments of the samples.

Sr,Co,_,Ga, 05 [7] and Ca,Co; ¢Gay 405 are both
antiferromagnetic, with G-type ordering of the magnetic
moments. In both structures, the magnetic moments of
the cobalt atoms are directed along the chains of
tetrahedra in the structure (Fig. 9).
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Fig. 9. Magnetic structure of Ca,Coj ¢Gag40s.
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