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Structures of barium-nickel oxides represented by the formulae BaNiO, and BaNiO, were studied by 
high-resolution electron microscopy. A new phase of BaNiO, (2 < x < 3) as an intermediate was also 
observed. From the electron diffraction patterns and high-resolution electron microscope images of an 
intermediate phase, topotaxial phase relations between BaNiO, and BaNiO? were deduced as follows: 
[ooll B~N,o~/~~~~IB~NxJ~ and [lOO1~a~,o~i[l~Ol~,~,~~. By in situ observation of phase transformation of 
BaNiOj with beam irradiation in electron microscopy, the formation of an intermediate phase of 
BaNiO, having a superstructure could be confirmed through a series of high-resolution electron micro- 
scopic images. The new phase of BaNiO, was found to have an orthorhombic unit cell represented by a 
superstructure of BaNiO? with a0 = 3a, b. = b, c0 = 2c or of BaNi03 with ~1~ = 3a, c0 = 2c with the 
composition ranging between BaNiO? 33 and BaNiO? 67. 0 1987 Academic PWS, inc. 

Introduction 

BaNi is a hexagonal structure with the 
unit cell of a = 0.558 and c = 0.483 nm 
closely related to that of perovskite and 
based on a stacking of Ba03 layers with Ni 
occupying interlayer octahedral sites. The 
same stacking of Ba03 as that of BaNi03 is 
found in a 2H (H = hexagonal) phase of 
BaMn03 (1, 2). The structure of BaNiOz is 
also pseudohexagonal with barium ions in a 
hexagonal close-packed arrangement. In 
BaNi02 four oxygen ions are assigned to a 
planar and very nearly square arrangement 
around nickel ions, and barium ions are sur- 
rounded by eight oxygen ions. The unit cell 
is orthorhombic with a = 0.573, b = 0.920, 
and c = 0.473 nm. J. J. Lander et al. (3-5) 
and H. Krischner et al. (6) reported the 
preparation and properties of barium- 

nickel oxide systems largely by means of X- 
ray diffraction. The structure type of such 
material has been discussed by R. D. Bur- 
bank and H. T. Evans (7). The perovskites 
with the general formula XY03 have been 
extensively studied because of their inter- 
esting ferroelectric and magnetic proper- 
ties. Several authors have studied the struc- 
tural modifications in the oxides of XY03 by 
means of X-ray diffraction as follows: 
BaMnOjex and SrMn03-x (I, 2, 8, 9), 
BaRui&4,0, (M = metal) (10), and 
Bar-,Sr,Ru03 (11). Detailed study of the 
phases in such materials by X-ray diffrac- 
tion is rather difficult, because the Y cation 
tends to exist as a mixture of the various 
oxidation states. Since, however, high-res- 
olution electron microscopy has an advan- 
tage for examining the local phase ,relations 
to each other on an atomic scale, it seems 
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to be useful to use it to investigate the de- 
tailed structure of XYOJ compounds. Thus, 
using electron microscope observations, 
the author studied the phase transformation 
of a 2H structure of BaMn03 into a layered 
structure with a long periodicity along the 
c-axis of the hexagonal cell (12, 13). In this 
paper the author studied the interrelation of 
a few phases with compositions of BaNiO*, 
BaNi03, and BaNiO, (2 < x < 3) using the 
electron diffraction pattern and the struc- 
ture image formed by high-resolution elec- 
tron microscopy. 

Experimental 

The samples of barium-nickel oxide 
were prepared by the following procedure: 
hyperpure BaC03 and NiO were mixed in 
equimolar quantities for 24 hr by a magnetic 
stirrer. BaO was not used because of its 
hygroscopic property. The mixtures were 
treated under several conditions: (1) in vac- 
uum at 1100°C for 6 hr followed by quench- 
ing and (2) in O2 at 600°C for I5 hr followed 
by very slow cooling. The sintered prod- 
ucts were identified by using both the X-ray 
powder diffraction method and the simula- 
tion of X-ray diffraction profile based on 
the Rietveld method (14, IS) in combina- 
tion. X-ray powder patterns of the samples 
were recorded by using Ni-filtered CL&, ra- 
diation. For electron microscopic observa- 
tion, the samples were finely ground and 
dispersed in absolute ethanol and then 
mounted onto holey carbon microgrids. In 
order to detect the difference in structure of 
the sample with nonstoichiometric state, a 
very thin fragment was selected and its ori- 
entation was adjusted to make the incident 
beam direction suitable for observation by 
using a goniometer stage. High-resolution 
electron microscope images were taken 
with a JEM-2000EX electron microscope 
operated at 200 kV and direct observations 
of the reduction process by beam irradia- 
tion were made by removing the condenser 

aperture to yield a very high beam intensity 
when necessary. Fast Fourier transform of 
the high-resolution electron microscopic 
image was carried out to obtain the small 
selected area diffraction pattern. 

Results and Discussion 

1. BaNi and BaNi 

The sample held at a pressure of about 
10-i Pa at 1100°C for 6 hr in an electrical 
furnace and then cooled rapidly gave an X- 
ray powder diffraction pattern as shown in 
Fig. la, which agreed well with that of Ba 
NiOz phase reported by Lander (3). The in- 
dex of Fig. la is based on the orthorhombic 
system with a = 0.573, b = 0.920, and c = 
0.473 nm. Assuming the orthorhombic 
structure of BaNiOz with stoichiometric 
state, the calculated profile of diffraction 
lines using the symmetric Cauchy curve af- 
ter background subtraction is illustrated in 
Fig. 1 b. By comparing the profile of Fig. la 
with that of Fig. lb, it could be concluded 
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FIG. 1. (a) X-ray powder diffraction pattern of Ba 
NiOz phase with indices based on an orthorhombic 
structure of BaNiOz and (b) calculated relative intensi- 
ties on the basis of BaNiO* with unit cell parameters of 
a = 0.573, b = 0.920, and c = 0.473 nm. 
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FIG. 2. (a) X-ray powder diffraction pattern of Ba 
NiO, phase with indices based on a hexagonal struc- 
ture of BaNiOz and (b) calculated relative intensities 
on the basis of BaNi03 with unit cell parameters of a = 
0.558, c = 0.483 nm. 

that the sample is of an almost single Ba 
NiO? phase and this reaction carried out in 
vacuum at a high temperature resulted in 
reduction of the nickel. With prolonged 
heating of the sample of BaNiOz at 600°C 
for 15 hr in O2 at the flow rate of about 1000 
ml/min following very slow cooling to room 
temperature, a phase transformation took 
place which gave an X-ray powder diffrac- 
tion pattern as shown in Fig. 2a. From the 
calculated profile of diffraction lines of Fig. 
2b, which assumes the hexagonal structure 
of BaNi03 with the unit cell of a = 0.558, c 
= 0.483 nm, it is considered that the sample 
was transformed completely into BaNi 
phase by oxidation, namely, divalent nickel 
compounded with oxygen and barium was 
oxidized to the tetravalent state. 

Figure 3a shows the lattice image of Ba 
Ni02 phase like that in Fig. la by high-reso- 
lution electron microscopy, taken with an 
incident electron beam parallel to the [OOI] 
direction in the orthorhombic lattice. Fig- 

ure 3b represents an enlargement of the re- 
gion indicated by the arrow in (a) with an 
inset of the framework of the unit cell pro- 
jected onto the (001) plane. The atomic ar- 
rangement of BaNi02 projected along the 
[OOI] direction of the orthorhombic cell is 
shown in Fig. 4 as reported by Lander (3). 
Figures 5a and 5b show the low magnifica- 
tion and enlargement of a high-resolution 
electron microscope image of BaNi03 
phase which is identical with that of Fig. 2a. 
It was taken with an incident electron beam 
parallel to the [ 1001 direction in the hexago- 
nal lattice. The framework of the unit cell 
projected along the [ 1001 direction is shown 
in the inset of Fig. 5b. Figures 6a-6i show 
the simulated images based on the model of 
2H structure of BaNi03 by the multislice 
method (16, 17) under the following imag- 
ing conditions: the thickness of the sample 
was 5.6, 13.4, and 22.4 nm, f = 56, 90, and 
100 nm underfocus, Cs = 1.9 mm, Cc = 1.9 
mm, beam divergence angle of 1 x lop3 rad, 
and accelerating voltage of 200 kV. The 
framework of the unit cell for simulating is 
represented in Fig. 6e. The simulated image 
in Fig. 6e is in good agreement with the 
observed image shown in Fig. 5b. Figure 7 
shows the atomic arrangement of BaNi03 
projected along the [loo] direction of the 
hexagonal unit cell (3). Large solid circles 
in the model represent the positions of Ba 
atoms. It is found that the strong bright dots 
in the image represent the position of Ba 
atoms under the imaging condition of Figs. 
6e and 6f. 

2. BaNiO, (2 < x < 3) 

Figure 8 shows an X-ray powder diffrac- 
tion pattern of the sample which was pre- 
pared by treating the sample shown in Fig. 
la at 600°C for 6 hr in 02 at the flow rate of 
about 500 ml/min following rapid cooling to 
room temperature. By comparing the pro- 
file of Fig. 8 with that of Fig. la or Fig. 2a, it 
is considered that the profile could be in- 
dexed hexagonally for the cell with a about 
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0, FIG i. 3. (a) High-resolution electron microscope image of an orthorhombic structure in BaN 
taken with an incident beam parallel to the [OOI] direction in the orthorhombic unit cell. (b) Enla 
ment of area near arrow with a unit cell of orthorhombic structure of BaNiOz outlined. 
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FIG. 4. Atomic arrangement of BaNi02 projected 
along the [OOI] direction of the orthorhombic cell (3). 

0.57, c about 0.44 nm and therefore heavy 
atoms like Ba could have almost the same 
positions as those of BaNiOz or BaNi03 
given above. Namely, the gross structure of 

the present sample resembles those of Ba 
NiOz and BaNiO+ It could be interpreted as 
an intermediate phase with the composition 
of BaNiO, (2 < x < 3). Lander (3) found the 
intermediate of the hexagonal phase with 
composition near Ba3Ni308 by the X-ray 
diffraction method. But some lattice spac- 
ings and relative intensities from the 
present measurement are not in agreement 
with those of Ba3Ni308, although it has a 
similar unit cell size. The measured lattice 
spacings from the pattern of Fig. 8 are listed 
in Table I. For reference the data reported 
by Lander (3) for Ba3Ni30s phase are in- 
cluded in the table. Figure 9a shows an 
electron microscope image of the sample 
with a needlelike shape. Figures 9b, 9c, and 
9d show the selected area diffraction pat- 

FIG. 5. (a) High-resolution electron microscope image of hexagonal structure in BaNiO,, taken with 
an incident beam parallel to the [IOO] direction in the hexagonal unit cell. (b) A framework of unit cell 
in the hexagonal structure of BaNiO? is outlined in the enlargement. 
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FIG. 6. Simulated images of hexagonal structure in BaNi03 by changing the thickness of the sample 
and defocusing values in the imaging condition. A structure model and framework of unit cell are also 
shown. The defocusing values are represented with underfocus. 
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FIG. 7. Atomic arrangement of BaNiO, projected 
along the [loo] direction of the hexagonal cell (3). 

TABLE I 
LATTICE DISTANCES AND RELATIVE INTENSITIES 

MEASURED BY X-RAY POWDER DIFFRACTION 
PATTERN OF FIG. 8 AND THE DATA FROM LANDER 

FOR THE PHASE WITH COMPOSITION NEAR Ba,Ni,08 

dObs (urn) Intensity hkl &br hm) Intensityb hkl 

0.34 s 320 
0.33 s 500 
0.28 s 203 
0.27 M 322 
0.24 W 132 
0.22 S 220 
0.21 M 141 
0.20 W 233 
0.196 M 341 
0.191 W 242 
0.18 W 342 
0.17 M 250 

0.325 
0.286 

0.25 
0.22 

0.197 
0.187 

0.172 

4 101 
10 110 

1 200 
7 201, 002 

0.5 102 
0.5 120 

7 121, 112 

’ From J. J. Lander (3). 
b Maximum is 10. 
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FIG. 8. X-ray powder diffraction pattern of an inter- 
mediate phase represented by the formula BaNiO, (2 
< x < 3). 

terns from the small areas indicated by B, 
C, and D, respectively, in Fig. 9a. Figures 
9b and 9c were found to have the incident 

beam along the [loo] direction in BaNi03 
phase (mark B) and the [l lo] direction in 
BaNiO;? phase (mark C), respectively. Fig- 
ure 9d is from the intermediate region 
(mark D), which could give the relations of 
crystal orientation between BaNi03 and 
BaNi02. By analyzing the diffraction pat- 
terns, it could be concluded that the follow- 
ing topotaxial relations exist between Ba 
Ni03 and BaNi@ [OOl]BaNio3/[OOl]a,Nio2 
and [100lBaNi03/[110lBaNi02* 

Figures 10a and lob show the low magni- 
fication and corresponding lattice image of 
BaNiO, crystals in the form of needlelike 

FIG. 9. Electron microscope image and diffraction patterns showing the topotaxial relation between 
BaNiOZ and BaNi03. Selected area diffraction patterns of(b), (c), and (d) are from the regions B, C, 
and D marked in the image (a), respectively. B: BaNiO?; C: BaNiO?; and D: BaNiO, phases. 
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10. Low-magnification and (b) lattice images of BaNiO, with incident beam parallel to the 
on. Part (c) is an enlargement of(b) showing the lattice spacing of three times the spacing 
jlane in BaNiOz and (d) is a Fourier-transformed pattern of lattice image (b). 

c-axis 
of the 
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FIG. 11. (a) High-resolution image and (b) corresponding diffraction pattern of BaNiO, intermediate 
phase. Incident beam is parallel to the [IO01 direction in terms of an orthorhombic cell of BaNiOz. The 
superlattice, which is about two times the spacing of the (001) plane in BaNi or BaNiO,, is observed. 

shapes, respectively, which is identical 
with that of Fig. 8. Figures 1Oc and 10d rep- 
resent the enlargement and Fourier-trans- 
formed pattern of Fig. lob, respectively. It 
was taken with an incident electron beam 
parallel to the [OOl] direction which is com- 
mon to a hexagonal cell of BaNi03 and an 
orthorhombic cell of BaNiO*. In Fig. lOc, 
fringes with a spacing of about 0.82 nm cor- 
responding to three times the spacing of the 
(100) plane in a BaNi02 phase were ob- 
served. This scheme could also be con- 
firmed by the pattern of Fig. IOd, which 
represents some diffraction spots due to a 
superlattice as indicated by the arrows. 

Figures 1 la and 1 lb also show the lattice 
image and corresponding diffraction pat- 
tern taken with an incidence parallel to the 
[ 1001 direction in terms of an orthorhombic 

cell of BaNi02. A superstructure with lat- 
tice spacing of about 0.95 nm, which corre- 
sponds to about two times the spacing of 
the (001) plane in BaNi02 or BaNi03, was 
observed in the image and detected in the 
diffraction pattern as indicated by the ar- 
rows in (a) and (b). From the topotaxial re- 
lations deduced from Fig. 9 and the exis- 
tence of the superlattice observed in Figs. 
IO and I I, a new phase with the composi- 
tion of BaNiO, (2 < x < 3) could have an 
orthorhombic cell represented by a su- 
perlattice of BaNiOz with a0 = 3a, b. = b, co 
= 2c or of BaNiOX with a0 = 3~7, co = 2~. 
Namely, the structure of the new phase has 
the unit cell parameter of a = 1.63, b = 
0.87, c = 0.89 nm and a 1.48-nm3 volume. 

In order to confirm such a phase relation 
and structure of the new phase found in Ba 



FIG. 12. High-resolution electron microscope image of transformation of BaNiO, phase into an 
intermediate phase of BaNiO, by beam irradiation in electron microscopy. (a) Initial stage and (b) final 
stage. 

90 
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FIG. 13. Structure model of an intermediate phase 
showing half of the whole along the c-axis. 

NiO,, the process of transforming BaNi03 
crystals into BaNiO, with nonstoichiome- 
tric state during beam irradiation was ob- 
served directly using electron microscopy. 
By irradiation of the sample consisting of 
the BaNi03 phase with a strong electron 
beam for about 20 min, a phase transforma- 
tion took place, which is illustrated in Figs. 
12a and 12b, which show the images at the 
initial and final stages of irradiation, respec- 
tively. Figure 12a shows the structure im- 
age of BaNi projected onto the (120) 
plane, which is identical to that of Fig. 5. 
The array of white dots corresponding to 
the spacing of (001) planes appeared in the 
image of Fig. 12a. But in Fig. 12b, image 
contrast with a long periodicity of twice the 
spacing of the (001) plane in BaNi03 was 
detected as indicated by the arrows. This 
fact could support the result of the forma- 
tion of the superlattice as found in Figs. 10 
and 11. 

Figure 13 shows the structure model of a 
new phase deduced from a series of obser- 
vations of the BaNiO, crystals illustrated in 
Figs. 9-12 and describes half of the unit cell 
projected along the c-axis. To indicate the 
phase relation between BaNi and Ba 

Ni03 clearly, the frameworks of their unit 
cells are drawn with dashed lines in the 
model. As mentioned above, the gross 
structure, especially with regard to the po- 
sitions of Ba and Ni atoms, resembles those 
of BaNiOz and BaNi03. Therefore the for- 
mation of the superstructure in an interme- 
diate phase could have its origin in the peri- 
odical defects of oxygen atoms assigned to 
an arrangement around nickel. From the 
periodicity of superstructure along the u- 
and c-axis as shown in Fig. 13, it could be 
considered that the compounds of BaNiO, 
with composition ranging between Ba 
NiOz.jj and BaNi02.67 had been formed. 
The positions of oxygen atoms which have 
the possibility of being reduced are marked 
by arrows in the model. Further adjust- 
ment, however, of coordinates of oxygen 
deficiency could not be attempted by means 
of X-ray powder diffraction or electron mi- 
croscopy. 
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