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The transformation of H-Nb,Os has been studied by using
a “toroid”-type high-pressure chamber at pressures of 5.0 and
8.0 GPa in the temperature region 800-1400°C. A mixture of
B-Nb,O5 and a new modification of niobium pentoxide (denoted
Z-Nb,0O;) with seven-coordinated niobium was found in the
samples after treatment at P = 8.0 GPa, T=800-1100°C for
1-10 min. The structure was determined and refined by the
Rietveld method from X-ray powder diffraction data. The ther-
mogravimetric analysis showed no reduction of the sample.
© 1998 Academic Press

INTRODUCTION

Previous investigations of the relationships between pres-
sure, temperature, and structure have shown that B-Nb,Oj5
and T-Nb,O5 are high-pressure modifications of Nb,Os.
The latter, T-Nb,Os, is considered to be the stable high-
pressure, high-temperature modification (1-3). By using
three types of high-pressure apparatus: piston cylinder-type
(P =~ 0.5-2 GPa), belt-type (P ~ 3-6 GPa), and Bridgman-
type (P ~ 15 GPa), Tamura (1) observed that H-Nb,Os
transformed first to B-Nb,O5 and then to T-Nb,Os; with
increasing temperature at constant pressure. He also found
direct transitions from H-Nb,Os to B-Nb,Os and from
H-Nb,O5 to T-Nb,O5 under the following PT-conditions:
P =15 GPa, T =300°C and P =0.5 GPa, T > 1000°C,
respectively.

Shock-loading experiments on single crystals of
H-Nb,O5 were made in the pressure range 5-50 GPa by
using a gun method, leading to a complete transformation
from H-Nb,Os to T-Nb,O5 at P > 15 GPa (4,5). In addi-
tion to T-Nb,Os and Nb,O, (rutile-type), a new phase
(denoted X) was observed in some of the experiments
(P > 40 GPa). A high-resolution image of the X-phase was
interpreted as a two-dimensionally disordered H-Nb,Oj5
structure.
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The goal of the present work was to investigate the phase
transformations of H-Nb,O5 at P ~ 8.0 GPa by using the
high-pressure synthesis method developed for the tungsten-
oxygen system. In this system five new high-pressure tung-
sten oxides, W;O05(I), W;04(I), WO, 4,5, WO, 5, and
WO,(hp), have been prepared from mixtures of W and WO;
powders (T =900-1300°C and P=5.0-8.0 GPa) (6-9).

SYNTHESIS METHOD

A single-phase powder of H-Nb,O5 was prepared by
heating Nb,O5 (99.9% purity) in air at 1050°C for 1 h. The
powder was pressed into pellets of dimensions: 4mm in
height, Smm in diameter, which were then wrapped up in Pt
or Mo foils to avoid chemical reactions between the speci-
men and the surrounding cell material.

The experiments were carried out in a high-pressure
chamber of “toroid”-type (10), consisting of two hard metal
anvils of a special profile. The pressure was generated in
a lithographic limestone cell (Fig. 1) placed between the
anvils. The tube-type graphite heater, located inside the
limestone cell, was heated by an electric current. The pres-
sure values were calibrated by measuring the electric con-
ductivity of Bi and Ba at room temperature (transitions; Bi
I-II at 2.55 GPa and Bi IV-V at 7.7 GPa) and Ba I-1I at 5.5
GPa. The temperature was measured by three W-Re ther-
mocouples placed in different parts of the cell. The temper-
ature gradient along the sample height was found to be less
than 50°C. The correlation between the electric power fed to
the heater and the sample temperature was determined for
the pressures 5.0 and 8.0 GPa and used in the experiments
below.

The high-pressure syntheses were performed under the
following experimental conditions: P=5.0 GPa, T=900°C
and 1000°C (two samples); P=7.5-8.0 GPa and T =800-
1400°C (14 samples) (see Fig. 2). The applied pressure stabi-
lized after 12—15 min, and the specimen was then heated to
the wanted temperature, which was held for 1-10 min.
Thereupon, the sample was quenched to room temperature
at a rate of ~ 100°C/s before the pressure was released.
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FIG. 1. A model showing the filled high-pressure cell: 1, limestone cell;
2, graphite covers; 3, BN covers; 4, graphite heater; 5, thermocouple; 6,
Al,Oj; tube; 7, Pt foil; 8, sample.

X-RAY DIFFRACTION AND THERMAL
ANALYSIS STUDIES

X-ray powder photographs of all samples were taken in
a subtraction-geometry Guinier—-Hagg focusing camera,
with strictly monochromatized CuKa; radiation. Si was
used as the internal standard.

The X-ray results, summarized in Fig. 2, show that B-
Nb,Os was prepared at P=5.0 GPa, (T=900°C and
1000°C) and that a mixture of B-Nb,O5 and an unidentified
phase (denoted Z below) was formed at P =7.5-8.0 GPa and
T =800-1100°C. The previously reported high-pressure,
high-temperature modification (T-Nb,Os) was found in the
samples prepared at T=1250°C, P=7.5GPa and
T=1300°C, P=8.0GPa. At still higher temperatures,
T > 1350°C, oxygen was lost from the starting material,
resulting in the formation of NbO,, which was confirmed
from its X-ray powder pattern.

Thermogravimetric analysis (TGA) studies were made on
two samples in a Perkin Elmer TGA7 apparatus. The TGA
run of a sample consisting of B-Nb,O5 and the unknown
Z-phase (Fig. 3) showed that heating in oxygen caused no
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FIG. 2. Temperature/pressure relationships for B, T, and Z-forms of
Nb,Oj5 as found in the present work.
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FIG. 3. Thermogravimetric analysis data for the products: (a) NbO,
obtained at P = 8.0GPa, T = 1400°C; (b) two-phase sample of the B and
Z modifications of Nb,O5 obtained at P = 8.0 GPa, T = 1000°C.

weight increase. This means that the stoichiometry of the
sample is almost exactly Nb,Os and the unknown phase is
thus regarded as a new modification of Nb,Os. The X-ray
powder patterns obtained from the starting sample and the
final product after the TGA run are shown in Fig. 4. The
latter product was identified as consisting of a mixture of
B-Nb,O5 and T-Nb,Os. It can therefore be concluded that
the new Nb,Os-modification is less stable than the B and
T forms when heated at ambient pressure. The amount of
Z-Nb,Os in the two-phase samples depended on the experi-
mental conditions (7', and time). The maximum content of
Z-Nb,Os in the samples was ~50%. After the high-pres-
sure synthesis the samples had a white color with a touch of
gray, which also supports the assumption of an Nb,Os
composition for the Z-modification. The samples were very
soft and could be easily crushed in a mortar. The oxygen
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FIG. 4. (a) X-ray powder pattern of the two-phase sample in Fig. 3b.

(b) X-ray powder pattern of the same sample after running it in O, atmo-
sphere in the TGA apparatus.
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content of the NbO, product was confirmed by thermog-
ravimetric analysis (Fig. 3).

STRUCTURE DETERMINATION

An X-ray powder diffraction photograph indicated a two-
phase sample of B-Nb,O5 and the Z-phase and was tenta-
tively indexed in the following way. The lines from B-
Nb,Os were subtracted from the X-ray pattern. From the
remaining lines a C-centered cell of the Z-phase was found
by the autoindexing program Treor90 (11). As several lines
from the two phases overlap, the unit cell dimensions re-
ported in Table 1 are taken from the result of a two-phase
Rietveld refinement based on powder diffractometer data.

X-ray diffraction data for structure determination and
refinement were collected on a Stoe Stadi/P diffractometer
with a rotating sample in symmetric transmission mode.
A symmetric focusing germanium monochromator (focal
distance = 440 mm) was used to give pure CuKo,; radiation
(4 = 1.540598 A). The diffraction data were collected with
a small linear-position sensitive detector (PSD) covering
6.4° in 20. The PSD was moved in steps of 0.2°, 400 s/step,
thus giving an average intensity of 32 measurements at each
20 position. It has been found that the angular resolution of
the diffractometer operated under these conditions is ap-
proximately the same as that of a Guinier—Hagg photo-
graph. The 20 range measured was 8° < 20 < 95°. The peak
shapes may be described by a symmetric pseudo-Voigt
function.

A neutron diffraction pattern (4 = 1.4700 A) was col-
lected at the Swedish research reactor in Studsvik. A rather
large amount of sample was needed for this data collection,

TABLE 1

Crystal Data for Z—Nb,Os and Data from the Final Rietveld

Refinements
Space group C2
V4 2
F.W. (at 298 K) 265.78
a(R) 5.2193(2)
b(A) 4.6995(2)
¢(A) 5.9285(2)
BC) 108.559(2)
V(A3 137.85
d-calc. (g/cm?) 6.40
Ry 0.048
Rp 0.067
Ryp 0.089
d 0.17
FWHM,,;(%) 0.086
FWHM,,.,(°) 0.158

Note. d = Durbin—Watson statistic d-value according to Hill and Flack
(20).
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TABLE 2
Z.-Nb,Os Position Parameters in Space Group C2
Atom Site X y z
Nb (4c) 0.2101(4) 0.0 0.2654(4)
o1 (4e) 0.159(3) 0.174(3) 0.937(3)
02 (4c) 0.076(3) 0.673(3) 0.306(3)
03 (2b) 0.0 0.218(4) 0.5

however, and it was not possible to synthesize the quantity
needed without an appreciably lower percentage of the
Z-phase in the sample. Furthermore, the lines were very
broad.

From systematic absences it was found that Z-Nb,Oj;
crystallizes in space group C2, Cm, or C2/m. The final
structure determination was made in C2. The unit cell
parameters are given in Table 1. As the unit cell volume is
very small, the structure was determined by trial-and-error.
Although the neutron diffraction data material from the
two-phase sample was of rather low quality, it was used for
preliminary determination of the oxygen positions. In the
final Rietveld refinement the smallest standard deviations
were obtained with the X-ray data, and the positional coor-
dinates reported in Table 2 are therefore taken from this
refinement. The Rietveld program used was a local version
of the program DBW3.2S (12). The positional coordinates
for B-Nb,Os5 taken from (13) were held fixed during refine-
ment.

Although the final structure factor R-value for Z-Nb,O5
is 0.048, there are strong indications that the refined posi-
tional parameters listed in Table 2 are of low quality. Thus,
for example, the Bérar—Lelann test (14) for serial correlation
indicated that the STDs should be multiplied by a factor of
5.7. One reason for this large factor is that a few lines from
an unknown impurity phase are clearly seen in the diffrac-
tion pattern. The strongest unidentified lines can be seen at
20 = 22.44° and 49.16° (see Fig. 5). The presence of the
impurity may have a destructive influence on the para-
meters obtained from the Rietveld refinement. It should
be noted that reflections from Z-Nb,O5 are narrower than
the B-phase reflections (cf. Fig. 5). Some oxygen—oxygen
distances are obviously too short according to normal stan-
dard (see Table 3), but it should be noted that the volume
per oxygen atom in Z-Nb,Os, 13.8 A3, is exceptionally
small.

Although the positional coordinates must be judged with
caution, the general Nb-O coordination in the structure is
revealed. A structure model can be seen in Fig. 6a. The
structure is built up of two layers of oxygen atoms at
y = 0.17 and y ~ 0.67. The O; atoms deviate somewhat
from these values. The oxygen arrangement within these
layers is very similar to that in another high-pressure phase,



208

T Int.

U

! [ ] Fre e b
| | N N IR A

[l
e n

ZIBROV ET AL.

O L e A e N A e A N Tl
T N W T A A A T R TN (R A

wl]|f]lll|ll]lrl||||IIII!lI|llll'TIIIIITIII'IIIIIIllf[llllIII||,|IIIIITIIII||\I||\l'||li;

10 20 30 40 50

60 70 80 80

20

FIG. 5. X-ray Rietveld refinement of Z-Nb,Os. The upper curve illustrates the observed data, and the lower is the difference between observed and
calculated data. The positions of all allowed Bragg reflections are indicated by the rows of vertical tick marks: Z-Nb,Os, upper; B-Nb,Os5, lower.

namely W;Og(I) (Fig. 6b), as may be seen from the oxygens
in or near the plane containing tungsten (6). Then, as a con-
sequence of the C-centering in Z-Nb, O, the niobium atoms
(at y = 0 and 0.5) are coordinated by four oxygens in or near
one plane above and by three oxygens in or near a parallel
plane below, giving an irregular coordination of seven oxy-
gens around niobium (Fig. 6¢). The oxygen arrangement of
Z-Nb,Os parallel with (0 1 0) is, as mentioned above, similar
to a part of that in W3Og(I) whose structure is isotypic with
the Andresen’s model of U;Og. It has been shown that this
model constitutes an integrating part of T-Nb,Os (15) as
indicated in Fig. 6b. In this way the model of the Z-Nb,Oj5
structure as described here is related to T-Nb,Os.

A similar kind of seven-coordination as found for Z-
Nb,Os5 has been observed in the mineral baddeleyite, ZrO,
(16), and in Nb,ZrsO,-, (17). ZrO, is isostructural with
NDbON (18) and has been described as built up of monocap-
ped trigonal prisms (19). The same type of coordination
polyhedra can also be found in Z-Nb,O5 by considering
layers of oxygens A and B in or near planes parallel with

(20T) as indicated in Fig. 6¢c. Layers 4 and B alternate in an
hep sequence. In Fig. 6¢ two monocapped trigonal prisms
are shown with a common edge. It is noteworthy that there
is a similar oxygen arrangement in the B-Nb,O5 modifica-
tion with the oxygens in a slightly distorted hcp array. The
niobium atoms, however, reside, not in trigonal prisms, but
in pairs of octahedra with a common edge.

TABLE3
Selected Interatomic Distances (A) in Z—Nb,Os

Nb-Nb 321 01-01 2.02 02-02 2.52
O1-01" 2.56 02-03 2.87

Nb-O1 2.05 01-01” 2.56 02-0% 2.15

Nb-O1 2.08 01-02 2.82

Nb-O1” 2.18 01-02 2.82 03-03 >30

Nb-O2 1.74 01-02" 2.55

Nb-O2' 2.02 01-02" 229

Nb-O3 2.27 01-03 2.46

Nb-O3' 2.15




HIGH-PRESSURE MODIFICATION OF Nb,O5 209

A B

FIG. 6. (a) Crystal structure of Z-Nb,Os. Note the irregular polyhedra of seven-coordinated niobium. The drawings are produced with ATOMS by
Shape Software. (b) Bounded projection along the b-axis with 0.17 < y < 0.22 showing one net (dashed) of oxygen atoms in Z-Nb,O5. Note the similarity
with an oxygen layer of W3Og(I). The dotted, not oblique unit-cell of W3O4(1) indicates a slight distortion of the orthorhombic W3Oy layer as compared
with that of Z-Nb,Os. Shaded polygons show part of the oxygen arrangement in T-Nb,Os. (c) Bounded projection along the b-axis showing two nets of
oxygen atoms with y ~ 0.17 (dashed) and y =~ 0.67 (continuous) and with niobium atoms at y = 0.5. Two niobium atoms bonded to oxygens are shown
to the right. To the left two oxygen layers, 4 and B, are indicated in heavy outline parallel with (201). More or less distorted trigonal prisms are formed
between these layers. Two monocapped trigonal prisms with a common edge shown to the upper left in the figure.

ELECTRON MICROSCOPY STUDY agate mortar and dispersing the resultant fragments in n-

butanol. A few drops of the suspension were put on a holey

A high-resolution electron microscopy (HREM) study of carbon film supported on a Cu-grid. The grid was then
a few samples has been started. The HREM specimens were  examined in JEOL 200CX and JEOL 3010 transmission
prepared by crushing a small amount of a sample in an electron microscopes fitted with double-tilt goniometer
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FIG. 7. Low-magnification image of B-Nb,O5 in (010) projection. The
unit cell dimensions of B-Nb,Os are a = 12.730,b = 5.560, ¢ = 4.880 A,
and y = 105.05° (13). A defect region in the middle of the micrograph can
also be seen.

stages and operated at accelerating voltages of 200 kV and
300 kV, respectively.

The first results show well-ordered, as well as twinned and
heavily disordered crystals of B-Nb,Os5. It should be noted
that it has not yet been possible to find a crystal fragment of
Z-Nb,0Os. However, the low-magnification micrograph of
a B-Nb,Oj5 crystal projected along the 5.5-A axis (Fig. 7)
shows a small area with a different contrast in the middle of
the image. This might indicate that a small region of Z-
Nb,Os is intergrown with the B-Nb,Os phase on both
sides. Such crystals were frequently observed. Previous ob-
servations made on the two high-pressure phases of W;Og
compositions have shown that small regions of W;Og(I) are
intergrown with larger regions of W3Og(II) on both sides (6).
W3Og(I) has a higher density than the latter phase, which
is also in agreement with the observations made on the
niobium oxides.

CONCLUDING REMARKS

This investigation has shown that H-Nb,O5 transforms
to B-Nb,O5 and to T-Nb,O5 with increasing temperature
and pressure. These results are in agreement with previous
temperature—pressure phase relationships studies on
Nb,Os5 (1-3). Besides the known high-pressure phases, we
have observed a new high-pressure modification of Nb,Os,
denoted Z-Nb,0Os, in two-phase samples (B and Z
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modifications) synthesized at P~ 7.5 —8 GPa and T=
800-1100°C. Thermal analysis studies showed the new Z-
form to be less stable than both the B- and T-modifications.
Our results also show that Z-Nb,Os and the previously
reported X-phase (4) represent different structures.

The niobium atoms are six-coordinated (NbOg-octa-
hedra) in B-Nb,O; and seven-coordinated in Z-Nb,Os. The
stable high-pressure and high-temperature modifica-
tion, T-Nb,Os, contains six- and seven-coordinated
niobium atoms in the form of slightly distorted NbOg-oc-
tahedra and pentagonal NbO--bipyramids in the structure
(3). Although the latter coordination polyhedron differs
from that in Z-Nb,Os, there are also striking similarities
between these two phases as described above. It should
be noted that an increase of the coordination number is
favored by high pressure. A HREM study of the relation-
ships between T-Nb,Os, B-Nb,Os, and Z-Nb,Oj5 is under
way. Of special interest are the disordered and intergrowth
structures.
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