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A nonstoichiometric block structure oxide, Nb22O54 (NbO2.455),
with monoclinic symmetry was characterized following in situ
oxidation in a controlled environment, high-resolution electron
microscope. This instrument is based on a JEOL 4000EX elec-
tron microscope equipped with a gas reaction cell. The oxidation
reaction was carried out by introducing ca. 20 mb of oxygen gas
to the specimen region and heating the specimen by means of
a focussed electron beam. The resulting structures obtained after
the oxidation reaction were not totally homogeneous. (1) Mainly
microdomains of Nb10O25 were found, which consists of [3 3 3]
blocks of octahedra linked through tetrahedrally coordinated
sites0such a structure is isostructural with PNb9O25. Nb10O25

seems to be a metastable phase in the Nb+O system, and was
found here for the 5rst time as extended domains. (2) A highly
disordered structure was observed in some areas of the crystal
after oxidation, with a corresponding electron di4raction pattern
similar to an 99X:: phase interpreted as two-dimensionally dis-
ordered H-Nb2O5. Very clear lamellar defects were also found
after oxidation. ( 2002 Elsevier Science

1. INTRODUCTION

High-resolution electron microscopy (HREM) studies
(1}3) have demonstrated that the lattice imaging technique
can provide atomic scale information in complex oxides.
Today it is also possible to track by direct observation the
atomic movements which occur in the course of a solid-state
reaction by using a controlled environment transmission
electron microscope (CETEM). It is a combination of a gas
reaction cell (GRC, also designated as an environmental
cell) and a high-resolution transmission electron microscope
(4, 5). This technique represents a relatively recent develop-
ment which allows real-time observation of structural
changes at the atomic level (6}14).
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has a block structure (15, 16) with monoclinic
symmetry (Fig. 1). It is formed by [4]3] blocks of corner-
linked NbO

6
octahedra (connected at the same height by

sharing edges) alternating with [3]3] blocks (connected
by tetrahedral sites occupied by Nb5`). It can also be
considered as a 1:1 intergrowth of Nb

12
O

29
and a hypo-

thetical Nb
10

O
25

structure, which is isostructural to
PNb

9
O

25
(17).

The initial idea was to study the structural changes from
Nb

12
O

29
(NbO

2.4167
) to Nb

22
O

54
(NbO

2.4545
) to Nb

10
O

25
(NbO

2.5000
) and to carry out the in situ oxidation process in

one experiment. However, due to experimental inconvenien-
ces we have divided the experiment in two steps. The "rst
one corresponds to the oxidation of Nb

12
O

29
to Nb

22
O

54
and the obtained results were published in a previous paper
(13); it was not possible to proceed further in the in situ
oxidation reaction due to the contamination of the speci-
men and its support "lm produced by the gas introduced
into the GRC. The current work is focused on the latter step
of the oxidation reaction, going from Nb

22
O

54
to Nb

10
O

25
.

A Nb
22

O
54

sample has been oxidized in situ in the gas
reaction cell microscope and the analysis of the results of
such an experiment are presented and discussed.

2. EXPERIMENTAL

Samples for HREM were prepared by dispersing a sus-
pension of the powder in acetone onto a holey carbon "lm
supported by a copper grid. Finder grids were used to allow
us to locate and analyze the same crystallite with di!erent
microscopes. The oxidation reaction was done using a
JEOL 4000EX gas reaction cell microscope (4) (side-entry
con"guration); the microscope operates at 400 kV with
a LaB

6
"lament. The point resolution is about 0.26 nm in

a vacuum; with the crystal under a gaseous environment the
point resolution is reduced to 0.3 nm.

Although the resolution of the GRC microscope is su$-
cient to reveal the structural changes, it fails in same cases
due to the contamination problems after the gas reaction.
7
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FIG. 1. Structural model in the ac projection of Nb
22

O
54

. The black
dots represent Nb5` cations located in tetrahedral coordination.
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Therefore, some of the crystallites were reinvestigated after
the in situ reaction in another JEOL 4000EX microscope
(<

!##
"400 kV, LaB

6
"lament) which is equipped with

a top-entry goniometer that provides a point resolution of
0.16 nm.
FIG. 2. (a) GRC micrograph of a Nb
22

O
54

crystal under vacuum along [0
SAED pattern.
In the following experiments, suitable crystals were
located with the cell under a vacuum and orientated in the
[010] zone axis. Oxygen gas was then introduced into the
specimen area and the electron beam was used to heat the
crystal locally (by changing the condenser aperture or even
removing it in order to increase the beam intensity). The
images were recorded at magni"cation 300,000] and
400,000] at close to Scherzer focus. The image contrast in
correctly oriented thin crystal regions corresponds to the
projected crystal potential: the positions of the projected
columns of heavy atoms appear dark and the tunnels ap-
pear bright (9).

3. RESULTS AND DISCUSSION

Figures 2a and 2b show a Nb
22

O
54

GRC micrograph in
a vacuum and the corresponding selected area electron
di!raction (SAED) pattern, respectively. The streaking in
the SAED pattern arises as a result of extra rows of 4]3
octahedra (Wadsley defects), indicated with arrows in
Fig. 2a. The image contrast of Nb

22
O

54
is formed by a se-

quence of [3]2] and [2]2] arrays of white dots (coming
from the channels in the corresponding block, according to
the structure arrangement of one row of [4]3] blocks
alternating along the a axis with another of [3]3] blocks).
The black contrast between [2]2] dots along the [001]
direction corresponds to Nb atoms in tetrahedrally
coordinated sites, which are located at the origin of the
unit cell (marked with white lines). The Nb

22
O

54
structural model is superimposed in an area (on the left) of
the micrograph.
10]. A structural model is superimposed at the right side. (b) Corresponding



FIG. 3. HRTEM image of a Nb
22

O
54

crystal under vacuum along [010] showing well-ordered intergrowths between [4]3] and [3]3] blocks.
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We also found in vacuum a few crystals showing inter-
growths, which were further analyzed in the HRTEM
microscope. Figure 3 shows a HRTEM image where small
domains of ordered intergrowths of [4]3] and [3]3]
blocks can be clearly seen. The last one is marked with white
squares indicating the periodicity of the formed inter-
growths. On the left side, the periodicity between the two
kinds of blocks corresponds to the Nb

22
O

54
structure; how-

ever, the one on the right side corresponds to a much larger
FIG. 4. (a) GRC micrograph of the same crys
unit cell and di!erent formula, intermediate between
Nb

22
O

54
and Nb

12
O

29
.

When the same crystal shown in Fig. 2a was treated with
an oxygen atmosphere (15 mbar) in the GRC, alternating
slabs of Nb

22
O

54
and a new structure corresponding to

Nb
10

O
25

along [001] seems to be formed (Fig. 4) although
the contrast of the new structure was not very clear due to
the contamination problems. Another oxidized crystal was
imaged (Fig. 5a) in the HRTEM and various Nb

10
O

25
tal shown in Fig. 2a after the oxidation process.



FIG. 5. (a) HRTEM micrograph of a Nb
22

O
54

crystal after oxidation in the GRC. The Nb
10

O
25

microdomains are marked with arrows. (b) Enlarged
image of the area marked with a star in (a); the Nb

10
O

25
structural model is superimposed.
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domains are clearly observed (marked areas). The [2]2]
white dots (from the [3]3] blocks of octahedra) are clearly
visible and Nb5` in the tetrahedral sites produced a black
&&X'' array contrast in the image. The area marked with an
asterisk has been enlarged and can be seen in Fig. 5b;
a Nb

10
O

25
structural model with tetragonal symmetry is

superimposed. Regions where the contrast is very dark
correspond to structures that are overlapping along the
beam direction, as described previously by Hutchison (18).

It is worth noting that this Nb
10

O
25

structure, a poly-
morph of Nb

2
O

5
proposed by Roth et al. (17), has been

observed here in the Nb}O binary system as a microdomain
for the "rst time after the in situ oxidation reaction.
FIG. 6. (a) GRC micrograph of a Nb
22

O
54

crystal after oxidation and (b) t
have been enlarged and can be seen in Fig. 7.
A very peculiar SAED pattern interpreted as a long-
period modulation of the fundamental tetragonal unit
comprising NbO

6
octahedra was found in some Nb

22
O

54
crystals after oxidation and can be seen in Fig. 6a. This is
very similar to a SAED pattern described by Kikuchi et al.
(19) as a part of a mixture (named &&X'' phase), when a
H-Nb

2
O

5
sample was shocked perpendicularly to the b axis

above 40 GPa. The GRC image corresponding to that pecu-
liar SAED pattern is presented in Fig. 6b and shows a highly
disordered structure. Two di!erent areas marked in this
micrograph (left and right) were enlarged and are shown in
Figs. 7a and 7b, respectively. Coherent intergrowth of di!er-
ent block sizes ([6]3], [5]3], [4]3], [4]4], and [3]3])
he corresponding SAED pattern. The two square areas marked in the image



FIG. 7. Enlarged areas of the image presented in Fig. 6. Special contrast was found in the round marked areas.
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can be clearly seen. In Fig. 7a, two large blocks (marked
with circles) of [6]6] octahedra contain contrast, which
suggests pairs of pentagonal columns (PCs) as found in
tetragonal tungsten bronze structures (20). If correct, this is
the "rst observation of PC structures within a block struc-
ture. Also, an unusual contrast feature (round marked area
in Fig. 7b) that can be interpreted as a junction of two
blocks giving place to a very bright anomalous contrast in
the middle of the two blocks was found. It is clear that this
&&crystal'' is in a highly disordered state, corresponding to
a stage in the reaction when many atoms are highly mobile.

Some other crystals (found in the same sample) showing
a composition between Nb

22
O

54
and Nb

12
O

29
were oxi-
FIG. 8. HRTEM image after oxidation of a crystal with an intermediate
a "rst step of the reaction.
dized in the GRC microscope and then imaged in the
HRTEM. Figure 8 shows the earliest stage of the oxidation
reaction in one of these crystals, where only some lamellar
defects can be seen (elliptic marked areas). Figure 9a pres-
ents another HR micrograph after oxidation where very
clear lamellar defects between di!erent kinds of blocks can
be observed. Ordered rows of &&rectangular tunnels'' are
formed, parallel to the original rows of tetrahedral sites
(arrowed). As in a previous work (13) on oxidation of
Nb

12
O

29
, these tunnels will provide a fast di!usion path

into the reacting crystal. Following the image contrast in
Fig. 9a, a structural model was built (Fig. 9b) to interpret the
cation atomic distribution after the reaction under oxygen.
formula between Nb
22

O
54

and Nb
12

O
29

. It shows some lamellar defects as



FIG. 9. (a) HRTEM image of a crystal (with an intermediate formula between Nb
22

O
54

and Nb
12

O
29

) after oxidation. A very clear contrast of the
changes after the reaction can be seen. (b) Structural model proposed for the above image contrast. (c) Matching of the image in (a) with the proposed
structural model in (b).
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The excellent matching between both the image and the
structural model is shown in Fig. 9c. The creation of these
rows of defects generates locally 3]3 blocks (i.e., Nb

10
O

25
),

as well as 5]3 blocks linked by edge-sharing octahedra to
the 4]3 blocks in the original structure.

4. CONCLUSIONS

The in situ oxidation of Nb
22

O
54

crystals in the GRC
microscope has led to Nb

10
O

25
microdomains with tetra-

gonal symmetry. This structure has been found for the "rst
time in the binary Nb}O system.
Only when the crystals had an intermediate formula
between Nb

22
O

54
and Nb

12
O

29
(found in the same sample)

the in situ oxidation gave place to lamellar defects as an
intermediate step in the oxidation process.

A very peculiar contrast interpreted as a pair of penta-
gonal columns as found in tetragonal tungsten bronzes was
also observed after oxidation of Nb

22
O

54
crystals.

Taking into account the previously published result (13),
where the Nb

12
O

29
was oxidized to Nb

22
O

54
, and the

current paper dealing with the Nb
22

O
54

to Nb
10

O
25

oxida-
tion, we can summarize that the structural changes are
occurring gradually from one structure to the next (the three



FIG. 10. Schematic representation of the following structural trans-
formation represented on the ac projection: Nb

12
O

29
PNb22O54P

Nb10O25 after the in situ oxidation reaction in the GRC microscope. The
lighter and darker squares represent NbO

6
octahedra that are centered on

two di!erent levels perpendicular to the b axis. The unit cells (ac) are
outlined. The black dots represent Nb5` cations located in tetrahedral
coordination.
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di!erent structures are represented in Fig. 10). First, the
oxygen produces lamellar defects providing an oxygen di!u-
sion path for further oxidation. The heavy atoms are then
shifted giving way to Nb5` in tetrahedral coordination.

However, it has been also found that the oxidation reac-
tion in these kinds of block structures leads to slightly
di!erent results and reacts at quite di!erent rates depending
on the defects in the original structure as well as on the
thickness of the crystal.
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