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Nb7W10O47 was heated by an electron beam in a gas atmo-
sphere (O2, He, or H2) of the gas reaction cell installed in
a JEOL 4000 EX high-resolution transmission electron micro-
scope (HRTEM). This treatment generated a new niobium tung-
sten oxide (Nb, W)12O32, crystallizing in a J2a 3 J2a super-
structure of the tetragonal tungsten bronze (TTB) type. While
the TTB substructure remains unaltered by this reaction, the
proportion of pentagonal tunnels occupied with metal–oxygen
strings has increased. The simultaneous occupation of all four
pentagonal tunnels around a central square of octahedra is the
characteristic structural feature of (Nb, W)12O32. This arrange-
ment is observed here for the first time in the ternary system
Nb/W/O. During the reaction, a part of the tungsten oxide is
etched away and condenses as small particles near the irradiated
crystallite. ( 1999 Academic Press

1. INTRODUCTION

The combination of a high-resolution transmission elec-
tron microscope (HRTEM) with an in situ gas reaction cell
(GRC) (1) provides an unique tool for the study of solid—gas
reactions at the atomic level (2—4). In particular, the struc-
tural changes of nonstoichiometric niobium oxides NbO

x
(2.0(x42.5) caused by oxidation with O

2
or by reduction

with H
2

have been successfully explored by this technique
(2). These NbO

x
phases crystallize in the so-called block

structures. These structures are derived from the ReO
3
type,

which consists of a cubic arrangement of corner-sharing
octahedra by crystallographic shear in two orthogonal
planes (5).
1To whom correspondence should be addressed at Instituto de Ciencia
de Materiales de Sevilla CSIC c/Américo Vespucio, s/n, 41092, Sevilla,
Spain.
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The tetragonal tungsten bronze (TTB) type represents
another ReO

3
-related structure (6). Tunnels of different

shape appear inside a framework of corner-sharing MO
6

octahedra. The incorporation of metal atoms into these
tunnels implies a reduction compared to WO

3
, e.g., in the

prototype K
x
WO

3
(x"0.475: a"1.2285, c"0.3833 nm

(7)), which gives the name to this structure type. This struc-
ture principle allows to accommodate varying oxygen/metal
(O/&M ) ratios in a wide range. In TTB-type niobium tun-
gsten oxides, metal—oxygen (MO) strings fill up some of the
pentagonal tunnels (PTs) in such a way that a pentagonal
bipyramidal coordination results for the cations in the tun-
nels. In connection with the five adjacent MO

6
octahedra,

the structural element designated as a pentagonal column
(PC, for short) is formed (8). In Nb

8
W

9
O

47
(cf. Fig. 8),

one-third of the PTs are occupied in a systematic way so
that a threefold TTB superstructure results (9). Two PCs are
connected by the so-called diamond link (10) and thereby
form PC pairs. A solid solution series Nb

8~n
W

9`n
O

47
(0(n45), which crystallizes also with this structure, con-
tains an amount of cations with lower valence (11). The
oxidation of these phases leads to dramatic structural cha-
nges including a variety of new structural elements, which
have been characterized by HRTEM (12, 13).

These interesting results have initiated the investigations
presented in this paper. The heating of Nb

7
W

10
O

47
(n"1

of the series Nb
8~n

W
9`n

O
47

, a"1.222, b"3.651, c"
0.394 nm (11)) by an electron beam (under gas) in the GRC
surprisingly generates a new niobium tungsten oxide, dis-
covered and characterized by TEM methods.

2. EXPERIMENTAL

The synthesis of the starting material Nb
7
W

10
O

47
has

been described elsewhere (11). The experimental microscopy
0022-4596/99 $30.00
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study has been carried out as follows:
Samples were prepared by dispersing a suspension of the

powder in acetone onto a holey carbon film supported by
a copper finder grid. The images were recorded between
300,000] and 800,000] at close to Scherzer focus. The
image contrast was compared with simulated images (EMS
program (14)). A finder grid (showing marks and codes in
the grid squares to allow to localize the same area in
different microscopes) was used for the purpose of treating
and analyzing the same crystallite in three different micro-
scopes.

1. Gas reaction cell (GRC) microscope (1). The GRC
is based on a standard SAP40 polepiece, which is
vacuum-sealed into the objective lens. A differentially
pumped system was constructed with a number of extra
apertures, which are sealed into the upper and lower
polepieces, and a pumping line mounted in the polepiece
spacer ring. That system allows a minimum vapor pressure
of, e.g., 1—20 mbar around the sample, while it preserves
a vacuum of less than 10~6 mbar in the electron gun.
The cell is mounted completely within the polepiece, thus
facilitating easy insertion (or removal) in the microscope
column. The GRC is inserted in a JEOL JEM 4000EX
microscope being operated at 400 kV with a LaB

6
filament

and a side entry configuration ($45° double tilt specimen
holder).

The point resolution in such a microscope is about
0.26 nm in vacuum with a lattice resolution better than
0.21 nm; with the crystal under a gas environment, the point
resolution (about 0.3 nm) will be restricted for obvious
reasons.

Suitable crystallites were located with the cell under vac-
uum and oriented in the [001] zone axis. Later in the
experiment, O

2
, He, or H

2
was introduced into the speci-

men area and the focused electron beam was used (by
changing or even removing the condenser aperture) to heat
locally the crystal fragment.

2. HRTEM microscope. A JEOL JEM 4000EX (II), op-
erating at 400 kV with a LaB

6
filament, is equipped

with a top entry goniometer ($20° tilt specimen
holder). The same crystals treated in the GRC could be
located and again oriented into the [001] zone axis. The
point resolution in this microscope is about 0.16 nm, which
allows us to be more accurate in resolving structural
changes.

3. Analytical HRTEM. A JEOL 2010 microscope with
an energy dispersive X-ray analysis system (EDX) is used to
analyze the composition of the crystal before and after
reaction. This system is equipped with a LINK system
‘‘Pentafet’’ windowless detector. The analysis was per-
formed using a 3 nm diameter probe.
3. RESULTS AND DISCUSSION

3.1. Electron Microscopy of Nb
7
W

10
O

47
and

the Reaction Products

Figure 1a presents the HRTEM micrograph along [001]
of a crystal fragment (designated as crystal A in the follow-
ing) of the starting material Nb

7
W

10
O

47
. This image was

recorded from a thin crystal region at close to the Scherzer
defocus of the instrument so that the positions of the heavy
atoms are recognizable a dark contrasts (15). This inter-
pretation is confirmed by the simulation (inset in Fig. 1a).
The threefold TTB superstructure is perfectly ordered in this
area. The corresponding electron diffraction (ED) pattern
(Fig. 1b) reveals the reflections of the threefold superstruc-
ture along an b* axis of the TTB substructure.

The purpose of the first experiment was to attempt an in
situ oxidation of the Nb

7
W

10
O

47
sample. Therefore, crystal

A was treated in the GRC microscope under 15 mbar oxy-
gen pressure. The beam was used as the heating device; the
condenser apertures were removed in order to enhance the
intensity of the electron beam. After an irradiation for
10 min, a HRTEM image and the corresponding ED pat-
tern were recorded (Figs. 2a and 2b, respectively). A remark-
able change has occurred as can be easily seen in the
electron diffraction patterns: The reflections of the threefold
TTB superstructure have vanished and new reflections in
the center of the TTB reflections appear. The development
of a different structure can be easily seen on the crystal edge
(Fig. 2a). The gas cell was then flashed out and the gas was
changed to H

2
in order to check if the reaction was revers-

ible. However, no change could be observed after a treat-
ment for 10 min under the electron beam.

Another three experiments were carried out to discern the
structural transformation conditions exactly: one using He
and another using H

2
(in both cases, a crystal fragment was

heated with the electron beam) and the third without any
gas (only heating with the electron beam). Surprisingly, the
experiments using He and H

2
produced the same structural

transformation observed when oxygen was introduced. Also
remarkably, the last experiment under vacuum did not lead
to any structural changes.

While for many structures the point resolution in the
GRC microscope is sufficient to discern the structural cha-
nges during and after the gas reaction, the atomic details of
the new structure formed in these experiments are not fully
resolved. Thus, it was necessary to use a higher resolution
microscope and study the transformed crystal A ex situ. The
results obtained from a JEOL 4000 EX HREM are shown
in Fig. 3, in which the new structure can be clearly seen.
Although the basic TTB structure has been maintained,
some rearrangements of the filled and empty PTs have
occurred. Small crystalline particles around the treated crys-
tal were also formed (Fig. 4). The significance of those is
discussed below.



FIG. 1. (a) Micrograph of Nb
7
W

10
O

47
(crystal A) along [001] taken in the HRTEM microscope. The insets show a matched simulated image

(»
!##

"400 kV, C
4
"0.9 mm, f"!20 nm, q"3.9 nm) and the structural model. (b) Corresponding ED pattern.
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Crystal A was analyzed with EDX before and after treat-
ment in order to detect the compositional variations. Figure
5a shows the spectrum of Nb

7
W

10
O

47
and Fig. 5b the

corresponding spectrum from the reaction product. It is
obvious that the Nb/W ratio after treatment in the GRC has
increased substantially compared with that of the starting
material (with Nb/W"7 : 10). Another spectrum (Fig. 5c)
was taken from the small crystalline particles in the sur-
rounding area (Fig. 4), and it corresponds to tungsten oxide.
A fully quantitative analysis of Nb/W ratio of the new
structure was impeded by additional particles located on the
observed crystal fragment.

3.2. Description of the Structural Transformation

The TTB-type reflections are present in all ED patterns
obtained before, during, and after the transformation
(Fig. 6). This observation indicates that the TTB substruc-
ture is not involved into the structural changes induced
by the irradiation under gas. On the other hand, the



FIG. 2. (1) High-resolution image (crystal A) along [001] after 10 min in the GRC microscope under 15 mbar of oxygen. (b) Corresponding ED
pattern of the region near the crystal edge.
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superstructure reflections of the original threefold TTB
superstructure vanish while new spots at M1

2
1
2
0N

TTB
appear in

the course of the experiments. This fact is due to the genera-
tion of a new J2a

TTB
]J2a

TTB
superstructure, with the

lattice parameters being a"b"1.73 nm. The length of the
c-axis has not been determined experimentally in the course
of this study, but it is well known that in this type of
structure the polyhedra are linked by corner-sharing along
this direction. Therefore, the translation period of this short
crystallographic axis corresponds to the diagonal of such
a polyhedron, which is about 0.39 nm.

The results of the in situ GRC investigations (Fig. 2a)
provide more information about the structural changes dur-
ing the process. The new structure motif appears as a bright
dot, which is surrounded by a dark contrast, inside a square
of bright dots. Microdomains consisting of these units ap-
pear in two distinct orientations. The structural details are
revealed by HRTEM images, which have been obtained
after the reaction in another microscope, which allows to
resolve the positions of the metal atoms (Fig. 3). As we
already know from the electronic diffraction patterns, the
TTB substructure is still perfectly ordered. Furthermore, the
arrangement of the PCs is quite regular in large domains: all
four PTs adjacent to a central square of octahedra, i.e., all
PTs of a TTB subcell, are occupied with M—O strings. In the
HRTEM image, the PCs can be seen as a pentagon of dark
dots, which has a dark dot in its center, whereas empty PTs
appear as a pentagon of dark dots surrounding a bright one
in the middle. The eight PTs in the adjacent TTB framework
remain all empty. The positions of the metal atoms are
determined from Fig. 3 and are listed in Table 1. Image
simulations have been performed using these data. The
good agreement between observed and calculated image
contrast (Fig. 7) supports the structural model. The corres-
ponding structural model is presented in Fig. 8. Of course,
the oxygen atoms are not distinguishable in the HRTEM
image; reasonable O positions have been estimated from
a comparison with the TTB structure. The unit cell contains



FIG. 3. Micrograph from crystal A along [001] after treatment in the GRC microscope (taken in the HRTEM microscope).

FIG. 4. Image of small particles found in the surrounding of the
A crystal (taken in the HRTEM microscope). The particles were identified
as tungsten oxide by EDX.

FIG. 5. EDX spectra of: (a) Nb
7
W

10
O

47
crystal, (b) the new structure

formed after reaction in the GRC, and (c) small crystalline particle area
(WO

3~x
).
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FIG. 6. Observed ED patterns along [001] of A crystallite: (a) before
the transformation, (b) during the transformation, and (c) after the trans-
formation.

FIG. 7. Observed and calculated HRTEM images of 2]2 unit cells of
(Nb, W)

12
O

32
. Parameters of the microscope and the crystal thickness for

the simulation: »
!##

"400 kV, C
4
"0.9 mm, f"!50 nm, q"7.8 nm.
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two TTB subcells of composition M
10

O
30

(M"Nb, W).
Four of the eight PTs are occupied so that the composi-
tion of the unit cell becomes (MO)

4
(M

10
O

30
)
2
, i.e.,

(Nb, W)
12

O
32

and (Nb, W)
6
O

12
for the asymmetric unit.
Thus, the oxygen—metal ratio (O/+M"2.667) is lowered
compared to that of the starting material Nb

7
W

10
O

47
((MO)

4
(M

10
O

30
)
3
, O/+M"2.765). The decrease is caused

by the removal of tungsten oxide. This assumption is sup-
ported by the observation that WO

3~x
particles are con-

densed near the irradiated crystal.



TABLE 1
Fractional Atomic Co-ordinates of Metal Atoms (M 5 Nb, W)

in the Structural Model for (Nb, W)12O32

x y z

M1 1
4

1
4

1
2

M2 0.071 0.1454 1
2

M3 0.071 0.355 1
2

M4 0.4295 0.1454 1
2

M5 0.4295 0.355 1
2

M6 0.244 0.4295 1
2

Note. Space group P4; a"1.73 nm, c"0.39 nm.
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Taking into account the theoretical composition of the
new structure, (Nb, W)

12
O

32
, and that of the starting ma-

terial, Nb
7
W

10
O

47
, the chemical equation of the trans-

formation can be formulated:

Nb
7
W

10
O

47
PNb

7
W

5
O

32
#5WO

3
.

FIG. 8. Octahedral framework of the TTB substructure projected onto

(a"J2a
TTD

) are outlined (PCs symbolized as s and d, respectively). For co
representation (PCs symbolized as #).
Due to the special geometry of the underlying TTB frame-
work, two distinct unit cells are possible for (Nb, W)

12
O

32
.

Although the orientation of the cells is the same, the origins
are shifted by 1

2
[110]

TTB
with respect to each other (Fig. 8).

This geometric relationship corresponds to that of the types
of two squares of 2]2 octahedra which are present in the
TTB substructure and which are related by an axial glide
plane. Twinned microdomains consisting of one of the two
unit cell variants appear in Fig. 3. In between these well-
ordered microdomains, the PC arrangement is less ordered:
single PCs, pairs of diamond-linked PCs, and groups of
three PCs appear. Possibly, the disorder is due to the fact
that the structure had no time to crystallize perfectly during
the short treatment in the electron microscope.

The geometric relation of these cells with the original
threefold TTB superstructure is also depicted in Fig. 8. Since
the a-axis and the b-axis of the Nb

8
W

9
O

47
structure are

parallel to the axes of the TTB subcell, whereas those of
(Nb, W)

12
O

32
are parallel to S110T

TTB
directions, the unit

cells are rotated by 45° with respect to each other. This relation
between the distinct structures can be also seen in Fig. 2a.
the ab-plane. The two variants of the tetragonal unit cell of (Nb, W)
12

O
32

mparison, a unit cell of Nb
8
W

9
O

47
(a"a

TTB
, b"3a

TTB
) is included in this
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For a niobium tungsten oxide, which contains only
fully oxidized cations, the formula corresponding to
(Nb, W)

12
O

32
would be Nb

2
WO

8
(Nb

8
W

4
O

32
). For this

particular composition, another niobium tungsten oxide
structure is known (16). This structure consists only of PCs
and can be prepared by heating mixtures of the binary
oxides Nb

2
O

5
and WO

3
in the corresponding molar ratio.

Although the O/+M ratio is the same as for (Nb, W)
12

O
32

,
this structure is apparently not favored as a reaction prod-
uct when starting with a TTB structure. The TTB frame-
work is extraordinary stable and preserved (at least in large
crystal regions) even if drastic structural changes take part,
e.g., during the oxidation of not fully oxidized niobium
tungsten oxides (12, 13). Thus, it is obviously more advant-
ageous for Nb

7
W

10
O

47
to accommodate the decreased

O/+M ratio by forming a new, unusual TTB-superstructure
than by reorganizing the octahedral framework.

4. CONCLUSIONS

(Nb, W)
6
O

16
crystallizes in a TTB superstructure which

is isostructural with those observed before in NaNb
5
WO

16
(17) as well as in some quaternary niobium oxide fluorides
(K, Na)

x
Nb

12
(O,F)

32
(18—20). However, this structure type

has been found now for the first time in the ternary system
Nb/W/O.

The simultaneous occupation of adjacent PTs observed
in (Nb, W)

12
O

32
violates the rules (21) found for a system-

atic and stable arrangement of PCs in the TTB substructure:
1. The PTs adjacent to a PC remain empty.
2. One of two PTs connected to a PC by the diamond

link is occupied.
While these rules are strictly obeyed in the Nb

8
W

9
O

47
structure, deviating compositions lead to violations of the
second rule. Characteristic features of less-ordered niobium
tungsten oxides are slabs of diamond linked PCs, which
partly accommodate increased O/+M ratios by decreasing
the amount of occupied tunnels (22). However, these phases
are prepared by conventional solid state reactions, whereas
the conditions which lead to the formation of (Nb, W)

12
O

32
are completely different ones. It seems that the transforma-
tion is due to the interaction of the heated gas with the
sample, but it does not matter which kind of gas is applied.
The atoms in the gas reaction cell are partly ionized by the
high-energy electron beam, leading to the formation of
a plasma (23). We assume that in a first step of the reaction,
a part of the tungsten oxide is etched out of Nb

7
W

10
O

47
,

evaporates, and condenses again on the cold carbon foil
outside the reaction zone. This process leads to a decreased
O/+M ratio, which has to be accommodated by the struc-
ture. This is performed by changing MO

3
into MO, which

means the occupation of more PTs. Thereby, a structural
reorganization gives rise to a new superstructure, whereas
the stable framework of the TTB structure is preserved. We
note that the reaction product is kinetically rather than
thermodynamically stable. Also it should be noted that the
area of existence (in terms of O/+M ) for conventionally
produced TTB-type niobium tungsten oxides is in between
2.765 (Nb

8
W

9
O

47
) and 2.90. (Nb, W)

12
O

32
is the first

example with a lower O/+M ratio (2.667).
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