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V2O3. Corresponding lines have not been ob
tained. 

The system LaTiO3-LaVO3 is now being studied 
to see whether solid solution can be effected between 
the tetragonal vanadium and the cubic titanium 
compounds. 

The lattice constant-composition diagram for 
the titanium system given in Fig. 1 is taken as a 
linear relationship between the lattice constant and 
the amount of lanthanum substituted for stron
tium. The experimental points appear to lie some
what above the straight line but the apparent de
viation is within experimental error. The deter
mination of the lattice constants for corresponding 
samples in the system LaTiO3-SrTiOs gave points 
which conform more closely to the expected values 
represented by the dashed line in the diagram. 

The strontium titanium oxide system represents 
the widest homogeneity range in the oxygen-defi
cient ternary oxides of the perovskite type since 
the cubic phase extends from SrTiO2-6 to SrTiO3. 
In all other cases, structural changes occur as the 
oxygen content is varied over a wide range. 

The existence of several phases in the barium-
cobalt-oxygen system has been noted.3 Among 
these, a phase of approximate composition Ba-
C0O2.72 was obtained at temperatures below 760°. 
The X-ray powder diffraction pattern of this prod
uct was interpreted on the basis of a cubic perov
skite structure (a = 4.83 A.). The barium-nickel-
oxygen system also has been shown to yield several 
distinct phases.4'6 The formula for the phase ob
tained at temperatures below 730° was BaNiO3 and 
the compound was assigned a hexagonal unit cell 
(0 = 5.58 A., c = 4.832 A.), determined on the basis 
of X-ray powder diffraction data.6 

A marked similarity between the diffraction pat
tern of the cobalt and nickel compounds was noted 
and because of the difference in reported formulas, 
it seemed advisable to study the barium cobalt 
oxide in more detail. This paper describes the prep-
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The preliminary data obtained for the system 
SrVO2-6-SrVO3 indicate that the limit of the cubic 
phase is not far beyond SrV02.75. An oxygen defi
cient phase, SrV2O4, has been reported by Rudorff 
and Reuter14 who express the formula as (Sro.ee-
Vo.33)V02.66 with part of the vanadium replacing 
strontium in the A-cation position. I t was in the 
attempt to prepare a phase corresponding to this 
in the strontium-titanium(III) oxide system that 
we found the cubic SrTiOj-J. With mixtures con
taining higher than equimolar proportions in titan
ium sesquioxide, the latter always was found in the 
product. In view of this finding, we intend to re
examine the strontium oxide-vanadium sesquioxide 
system. 
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aration and structure determination of the com
pound, and also points to some similar phases ob
tained with other transition metals of the 4th 
period. 

Experimental 
Barium cobalt oxide was prepared by heating finely 

ground, intimate mixtures of barium nitrate with either co-
baltous carbonate or nitrate in air at 680° using a Leco boat 
as the container. The heating was for a period of 24 hours 
with occasional removal for grinding. The crystals were 
too small for single crystal X-ray analysis, but the powder 
pattern corresponded to the data given by Strauss.4 By the 
method of Blattner, Matthias and Merz,7 however, acicular 
crystals were grown using a 1:1 sodium carbonate-potassium 
carbonate flux. The samples that yielded single crystals 
were prepared by grinding and mixing the reactants together 
with an approximately equal amount of flux in an agate 
mortar. The reaction mixtures were placed in a furnace at 
room temperature, together with a control sample without 
flux. The temperature was raised to 400° over a period of 
two hours, then raised to 680 by 25° increments over a pe
riod of 12 hours, maintained at 680° for 24 hours, and 
cooled to 250° over a period of four days. The furnace was 
then turned off and allowed to cool to room temperature. 

The product consisted of a mass of fine black needles im
bedded in a crust composed of the flux. The crystals were 
washed quickly with water and dried at about 90°. In 
spite of the use of the flux, the crystals were small, the larg-
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The preparation of anion deficient ternary oxides of barium and the transition metals iron, cobalt and nickel having the 
approximate formulas BaFeO2.72, BaCoO2.8s and BaNiO2.5 is described. Single crystals of the cobalt compound grown from a 
potassium carbonate flux were found to contain a small amount of potassium but were structurally similar to the product 
obtained without a flux. The crystal structure was found to be similar to that of BaNiO3 reported by Lander as determined 
from X-ray powder diffraction data. Some evidence was found for similar phases in ternary oxides of barium with manga
nese and vanadium. The suggestion is made that the adoption of this structure may depend upon the formation of metal-
metal bonds. Phases of this type have not been obtained with strontium. 
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est being about 0.05 mm. in diameter and 0.75 mm. in 
length. 

The composition of the products was determined from the 
barium and cobalt analysis and from a determination of the 
average oxidation number of the cobalt. The barium was 
determined gravimetrically as the sulfate and the cobalt 
by the iodometric method of Laitinen and Burdett.8 This 
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method uses a peroxide oxidation to form a complex of co-
balt(III) and then a reaction with iodide in acid solution to 
yield cobalt(II) and iodine. The iodine is then titrated with 
standard thiosulfate solution. 

To determine the average oxidation number of the cobalt 
an adaption of the method of Struthers9 was used. As 
originally applied to the determination of iron, Fe(IV) is re
duced to Fe(I I I ) with excess hydrochloric acid. Hydrated 
ferric oxide precipitates in the reaction vessel. Chlorine, 
formed by the oxidation of the chloride ion, is led into a 
flask containing an excess of chilled potassium iodide solu
tion, causing the liberation of an amount of iodine equiva
lent to the amount of Fe(IV) reduced to Fe(I I I ) . The 
iodine is then titrated with standard thiosulfate solution. 
The variation of this method used for Co(IV) and Ni(IV) 
was made possible by the fact that both Co(IV) and Ni(IV) 
are reduced by dilute hydrochloric acid to the divalent state, 
and, in this state, are soluble in dilute hydrochloric acid. 
This made possible the use of one ground-glass-stoppered 
round-bottomed flask for the entire reaction and the ensuing 
titration. Into the 250-ml. flask were pipetted 25 ml. of 
0.4 M HCl and 25 ml. of 0.16 M KI solution, an excess in 
both cases. The sample (0.2 to 0.4 g.) was added and the 
flask and content warmed to about 60° until the sample dis
solved. The flask was cooled and the contents titrated with 
standard thiosulfate solution. From four analyses of 2 dif
ferent samples prepared without a flux, the following results 
were obtained. Average oxidation number of cobalt 3.69 ± 
0.03; %Ba 55.7 ± 0.04; %Co 23.8 ± 0.52. The formula 
based on these data is taken as BaCoOa.ss. The analysis 
of the crystals prepared by use of the flux (four analyses of 
one sample) gave the average oxidation state of cobalt 3.75 
± 0.06; %Ba 46.7 ± 0.45; %Co 25.2 ± 0.85. Since the 
powder pattern of this material was the same as that of the 
product made without a flux, it is assumed that the low 
value obtained for the barium analysis is due to the replace
ment of part of the barium by potassium. This assumption 
gives the formula Bao 7jKo 52C0O276 which corresponds to 
%Ba 49.0, %Co 25.8 and %K 3.9. The potassium was 
not determined quantitatively but its presence was estab
lished by qualitative test. 

(8) H. A. Laitenen and L. W. Burdett, Anal. Chem., 23, 1268 
(1951). 

(9) R. Ward and J. D. Struthers, T H I S JOURNAL, 59, 1849 (1937). 

Zero and first level Weissenberg photographs about c were 
taken using Mo Ka radiation. The crystals are hexagonal 
(o = 5.59 ± 0.01 A., c = 4.82 ± 0.01 A.). The only sys
tematic absences are hhl when I is odd. C6z symmetry of 
both zero and first level photographs establish the Laue 
group as_ D6h- Space group possibilities are therefore: 
P63mc, P62c, or P6iAnmc. 

Space group P6j/mmc proved satisfactory for the struc
ture determination. Since twice the Ba + 8 diameter is 
appreciably greater than 4.82 A. (the length of c), the only 
possible twofold positions for barium in this space group are 
2c and 2d. These differ only in choice of origin. Selecting 
2c for barium: 1A, 2A, 1A; 2A. 1A. 3A. cobalt would be ex
pected from charge considerations, to be in 2a: 0, 0, 0; 
0, 0, 1A. For this cation arrangement, the cobalt and bar
ium contribution to the intensities of hkO reflections would 
contain the factor 2/Co + 2/Ba if h — k = Zn and 2/c0 — / B * 
if h — k 9^ Zn. The intensities of reflections for which h — 
k is a multiple of 3 are all strong and are indeed found to 
differ only as the angle-dependent part of the intensity ex
pression. Since twice the atomic number of cobalt is nearly 
equal to the atomic number of barium, 2/o0 — /Da is nearly 
zero. Thus reflections for which h — k is not a multiple of 
three could have only a slight contribution from the cations. 
The only reflection of this type to be observed was 200; 
this was so weak as to have been missed on a first inspection 
of the photographs. 

For first level reflections, the Co contribution would al
ways be zero, and barium would contribute only to reflec
tions for which h — k ^ Zn. This contribution would al
ways be the same function of the atomic scattering factor 
except for sign changes and therefore, apart from the con
tribution of oxygens, the hkl intensities should again change 
principally as a function of Bragg angle. The only first 
level reflections which are observed are those for which the 
Ba contribution is not zero, and the fall off in intensities is 
as expected Thus the observations confirm the postulated 
cation arrangement. 

Although the intensities provide little evidence for the 
placement of oxygens, packing considerations would re
quire that the oxygens and bariums be in an essentially close 
packed arrangement. This would at least approximate 
oxygens in Qh of P63,/mmc with the parameter x — 6A: 
6A, 2A, 1A; 1A, 1A, 1A; 6A, 1A, 1A; Ve, 1A, 1A; 2A, •/«. 
1A; 1A, 6A, 3A- The structure is then the same as that ar
rived at for BaNiCH from powder data.10 

The density of samples prepared without flux was found 
to be 6.2 g./cm.3 which corresponds to 2 formula weights of 
BaCoC>2.85 per unit cell (theoretical density, 6.24 g./cm.3) . 

Barium nickel oxide was obtained as a black crystalline 
product by heating mixtures of barium nitrate and nickel 
carbonate or nickel nitrate hexahydrate in air at 680°. 
X-RaJ' powder diffraction data and the density of these 
products confirmed those reported by Lander and Wooten6-6 

but chemical analysis gave contrary results. The percent
age of nickel was determined by the method of Bickerdike 
and Willard11 and the oxidation state of nickel by the method 
of Struthers.9 The data obtained were: Ba, 55.6 ± 0.40%; 
Xi, 24.34%; oxidation state of nickel 2.96. These results 
give an approximate formula BaNiO2.6 whereas Lander and 
Wooten report the stoichiometric formula BaNiO3. 

Barium iron oxide was obtained as a black sinter from the 
reaction between barium nitrate and ferric nitrate hexa
hydrate between 680 and 720°. Several determinations of 
the oxidation number of iron by the method of Struthers9 

led to an average value of 3.48 ± 0.01. Assuming a one to 
one barium to iron ratio, the formula would be BaFeOa.74. 
The powder pattern obtained from this product resembles 
somewhat that of the BasFes02i reported by Erchak, Fanku-
chen and Ward,12 but is sufficiently different to make one 
doubt that the two products are identical. The BaFeO2.74 
powder pattern appears to be indexed best with a hexagonal 
cell for which a = 5.76 A. and c — 13.9 A. These cell 
parameters are not unlike those reported by Malinofsky 

(10) The drawing in Lander's paper would apply equally well to the 
barium cobalt oxide under discussion. However, the listed positions 
for barium, or oxygen, in Lander's paper are not consistent with his 
drawing. 
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and Kedesdy13 for a barium iron oxide (a = 5.68 A., c = 
13.86 A.) . 

Barium manganese oxide was prepared by the reaction 
of barium carbonate with an 80% manganous nitrate solu
tion. The most nearly homogeneous preparations were 
black powders prepared at 900 and 1000° in air. These 
products had nearly identical X-ray powder patterns which 
were indexed on the basis of a hexagonal unit cell, Table II, 
with a = 5.7 A. and c = 4.8 A., close to the cell sizes of the 
cobalt and nickel phases obtained at about 700°. Chemical 
analyses of the manganese phases have not been made. 
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Barium vanadium oxide was not obtained in a form pure 
enough for chemical analysis. The most nearly homogene
ous product resulted from heating a thoroughly ground mix
ture of barium nitrate and vanadium sesquioxide in hydro
gen at 1000° for 30 hours. This was a black crystalline 
material containing some white flecks. The prominent 
lines of the X-ray powder photograph formed a pattern 
quite similar to those of the barium nickel oxide, barium 
cobalt oxide and barium manganese oxide. By analogy, 
the cell constants would be about a = 5.8 A. or a multiple 
of 5.8 A. and c = 4.9 A. or a multiple of 4.9 A. 

(13) W. W. Malinofsky and H. Kedesdy, T H I S JOURNAL, 76, 3090 
(1954). 
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Discussion 
It has been pointed out by Lander6 that the hex

agonal structure of the barium nickel oxide may be 
related to the cubic perovskite structure by regard
ing these structures as being built up from the close 
packed layers of barium and oxide ions which are 
stacked in hexagonal close packing in the first and 
in cubic close packing in the second. The major 
difference lies in the consequent association of the 
NiOe octahedra which share faces in the hexagonal 
structure and corners in the cubic structure. The 
confirmation of this arrangement by the use of single 
crystals of the barium cobalt oxide is interesting in 
view of the oxygen deficiency of this phase. The 
analytical data on the barium nickel oxide reported 
here are at variance with those given by Lander 
and Wooten.6 According to our data, the phase 
BaNi02.6 prepared at 680° has the same structure as 
the phase BaNiOj prepared by Lander and Wooten6'6 

who report a different structure for the phase 
BaNiO2-6 prepared at 1000°. In these crystals, the 
interatomic distance of the transition metal atoms 
(Ni-Ni distance 2.42 A., Co-Co 2.39 A.) is near the 
distance of closest approach in the metals which sug
gests the possibility of metal-metal bonds. This 
may be indeed a requirement for the adoption of 
this structure. 

It is perhaps significant that this structure has 
been found only in compounds involving a transi
tion metal in an oxidation state below its maximum. 
The structure assigned to the hexagonal form of Ba-
TiO3

14 shows two thirds of the TiO6 octahedra shar
ing faces with Ti-Ti distance 2.67 A. It is remark
able that this phase has only been prepared using a 
mixture of barium carbonate and titanium dioxide 
and a barium chloride flux in a platinum container 
and that the single crystals used in the study were 
not white. It is conceivable that some reduction 
of the titanium is necessary or that some platinum 
may have been present in the crystals. 

Attempts to prepare similar phases with stron
tium as the A cation and any of the 4th period 
transition metals as the B cation have not been 
successful. 

In summary it should be emphasized that the 
stoichiometry of crystals of this type of compound 
may be an important factor in determining the 
atomic arrangement. There are major difficulties 
in obtaining pure and homogeneous products 
which are worthy of chemical analysis. It may be 
possible that these phases could be obtained as 
stoichiometric ABO3 compounds, but our results 
appear to indicate that they are more easily ob
tained with an oxygen deficiency. 
STORRS, CONN. 

(14) R. O. Burbank and H. T. Evans, Acta Cryst., 1, 330 (1948). 


