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The oxidation of Nb,W Oy at different temperatures leads
to interesting products whose structures are characterized using
high-resolution transmission electron microscopy. At low oxi-
dation temperature (ZTox = 500°C), fault boundaries appear
which separate well-ordered microdomains exhibiting the
threefold TTB superstructure of the 4: 9 phase. In these bound-
aries, hitherto unobserved arrangements of hexagonal tunnels
are ordered in a systematic way. The oxidation product ob-
tained at 1000°C reveals a separation of WO, slabs which are
incorporated coherently into the 4:9-type structure. After oxi-
dation at 1200°C, the 4:9 and 2 : 7 phases are observed predomi-
nantly. Furthermore, the electron diffraction patterns exhibit
circular diffuse scattering indicating short-range order of the

filled pentagonal tunnels. ¢ 1995 academic Press, Inc.

1. INTRODUCTION

The pseudobinary system Nb,Os/ W03 has been of partic-
ular interest since it offers the unique possibility to study
structural variations by changing gradually the oxygen/
metal ratio in the range O/2ZM = 2.5 (Nb,05) to 3.0 (WOs).
Three different types of structures were found (1-6): The
structures of the ternary oxides in the niobium-rich as well
as in the tungsten-rich region are closely related to the ReO;
type. Changes of stoichiometry are accommodated by crys-
tallographic shear in one (Magnéli phases, 2.9 < O/ZM <
3.0with M = Nb,W (7)) or two dimensions (block structures,
2.5 = Q/ZM < 2.67 (8)), respectively. In the medium range
(2.67 < O/ZM <2.9), MO octahedra are linked to give five-
membered rings arranged around square tunnels in the same
way as in the TTB structure (tetragonal tungsten bronze).
Some of the pentagonal tunnels are filled with metal-oxygen
strings leading to a pentagonal bipyramidal coordination of
these cations. These MO; polyhedra share their equatorial
edges with five octahedra. In the perpendicular direction,

! Present address: Institut fiir Angewandte Chemie Berlin-Adlershof,
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these units are joined by corner sharing forming the so-called
PCs (pentagonal columns (9, 10)). The structure of Nb, WOg
(O/ZM = 2.67 (11)) consists of an array of PCs.

The 4:9 phase (4NbyOs-9WO; (12)) crystallizes in a
threefold superstructure of the TTB subcell caused by a
systematic occupation of 4/12 of the pentagonal tunnels.
This is thermodynamically a highly favored arrangement
in this range of composition (13). Furthermore, three in-
tergrowth phases between the TTB- and ReOs-type struc-
tures exist. In the 2:7 phase (14), isolated square blocks
of 4 X 4 octahedra are incorporated into the TTB matrix,
whereas in the 4:22 and 4:50 phases, which are both non-
equilibrium products (15), slabs of TTB-type are in-
tergrown with ReO;-type structures.

Moreover, a solid solution series Nbg_, Wy, 047 (0<n < 5)
has been discovered recently (16). These phases crystallize
also with the 4:9-type structure. They contain an amount
of cations with lower valency. Through oxidation of these
cations, compounds with an O/ZM ratio laying in between
the 4:9 phase and WO, become accessible (17). The struc-
tural changes developed during the oxidation of Nb; W 1,0,
(n = 1) at different temperatures were studied using
HRTEM (high-resolution transmission electron mi-
Croscopy).

2. EXPERIMENTAL
Sample Preparation

Nb,Qs, WO, (both puriss., Fluka AG), and NbO, (pre-
pared by reduction of Nb,Os with Niob foil (18)) were
mixed in the ratio 3:10:1 giving the composition
Nb,W;,0,4;. The mixture was annealed at 1250°C for 3 days
in an evacuated silica ampoule. HgCl; (about 4 mg) had
been added as a mineralizer. This led to dark blue, mostly
needle-shaped crystals (16). Ground material was oxidized
in air at several temperatures: 7ox = 500°C, 5d (sample
1), 1000°C, 34 (1I), and 1200°C, 3d (III). The products
were characterized by X-ray powder diffraction (Guinier
method) and electron microscopy.
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FIG. 1. (A) Electron diffraction pattern, (B) HRTEM image of
Nb;W,,Q4; along [001]. The structure model and the simulation (¢, =
1.2 mm, thickness d = 79 nm, defocus ¢ = —30 nm) are shown as insets.
A simplified representation of the structure (lower right side) is used for
later easier interpretation of defects: Octahedrally coordinated cations are
connected by lines whereas the metal atom sites located in the pentagonal
bipyramids are marked by filled circles.

Electron Microscopy

The samples were crushed and dispersed onto holey
films (carbon coated Formvar) supported on copper grids.
TEM investigations were performed on a Philips CM30ST
microscope operated at 300 kV (LaBg cathode). Thin crys-
tal flakes were observed along [001], i.e., in a-b projection,
The EDX analysis was done with a Philips CM200FEG
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FIG.2. HRTEM image along [001] of sample I (Tox = 500°C).
Planar defect (A) and displacement (B) are discussed in detail
(A, Fig. 4; B, Fig. 6). The inset shows the electron diffraction
pattern.

microscope (200 kV, field emission gun) allowing a spatial
resolved analysis of areas smaller than 1 nm?,

3. RESULTS AND DISCUSSION
Nb:W 1004

As reported recently (16), Nb,W1,0,; crystallizes in the
orthorhombic structure of the 4:9 phase (lattice parame-
ters: ¢ = 1.2223, b = 3.6509, and ¢ = 0.39376 nm). The
crystal structure in projection on the a-b plane is observ-
able by HRTEM (Fig. 1). Image simulations (19) have

FIG. 3.
defects with hexagons are marked by arrows.

HRTEM image of sample I showing several fault boundaries which separates well-ordered domains of the 4:9-type structure. Some
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FIG.4. (a)Enlargedareaof Fig. 2 (region A) showing the presence of
hexagonal tunnels, (b) structure of the fault boundary, (¢) interpretation.
Arrays of the ReOs-type structure are visualized by crosses, hexagons
are shaded.

been performed using the structure parameters of the 4:9
phase (12): In thin specimens (thickness <15 nm) and near
the Scherzer focus, the cation sites appear as dark dots
whereas bright dots correspond to the empty channels in
the TTB framework (16, 20). The projection of the struc-
ture (along [001]) is fitted into the lattice image to visualize
this connection (Fig. 1).

Oxidation Reactions

The initial composition of the investigated sample has
been Nb; W ,0,; which can be (formally) regarded as Nb**
Nbg*WoO4;. Through oxidation, a higher O/ZM ratio
(>47:17) is reached according to

Nb,W ;04 + 1/4 Oy = “Nb;Wg0455.”

This is no longer compatible with the composition (Nb,
W);704; required of the 4:9-type structure, even if the
range of nonstoichiometry observed for the 4:9 phase (12)
is taken into account. Therefore, structural changes are
expected which nevertheless are not large enough to be
detectable by X-ray powder diffraction; Guinier patterns
of all samples oxidized at different temperatures show only
the reflections of the 4:9 phase. Therefore, HRTEM was
applied which appears to be the most suitable method
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for studying the ideal and defect structures of niobium
tungsten oxides of the TTB type (5, 6, 14-16, 21, 22).

Oxidation at 500°C: The clectron diffraction patterns
(inset in Fig. 2) of oxidized crystals (sample I) exhibit
only the reflections of the threefold TTB superstructure
indicating that the 4:9-type structure is still preserved in
large crystal areas. Typical lattice images along [001] (Figs.
2 and 3) give further structural information. As a character-
istic feature evolved during the oxidation reaction, fault
boundaries separating adjacent microdomains with well-
ordered 4:9-type structure appear, These boundaries are
oriented to be almost parallel to the b-axis of the TTB
superstructure; by looking at Fig. 3 (along the a-axis) the
continuous arrangement of the unit cells is clearly recogniz-
able. Their linear arrangement is only interrupted by pla-
nar defects which are incorporated coherently into the
matrix structure; the distribution of PCs is the same on
both sides of the defect.

The fault boundaries have some special structural fea-
tures in common. Rather uncommon ones are hexagonal
tunnels appearing as very bright dots in the images (Figs.
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FIG. 5. Structure model of the defect before (a) and after (b) the
reaction (Tgx = S00°C). The polyhedra affected by the structural modifi-
cation are shaded.
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FIG. 6.

(a) Enlarged area of Fig. 2 (region B} showing the perfect order of the TTB framework. (b) Interpretation which demonstrates the

arrangement of pentagonal columns causing the displacement (marked by x). Filled circles indicate regular PCs. Chains of PCs are visualized by
black squares between them. Isolated PCs are encircled, corner-sharing PCs marked by an arrow (in (a) and (b)), and empty TTB subcells by an e.

2 and 3). An enlarged crystal area (Fig. 4a) shows their
arrangement in a defect. Two empty hexagonal tunnels
recognizable as a six-membered array of dark dots are
joined having two dots in common. These hexagons are
connected with a third one, which is obviously occupied.
They all share two cation sites with each other so that a
triangle arrangement of three hexagons results. Adja-
cently, a square array of octahedra is recognizable.
These units are ordered in a zigzag chain along the h-axis.
Since this particular arrangement is repeatedly observed in
this and other defects, a new unit cell can be defined for
its description (Fig. 5b). The cell has the same length for
the b- and c-axes but is more than twice the length of the
a-axis compared with the lattice parameters of Nb,W;40,;.
This increase is caused by additional metal atoms (2 per

original unit cell) built in. In spite of the longer a-axis, the
whole defect is enclosed in the 4: 9-type structure without
a recognizable disturbance (Fig. 4b). Apparently, the misfit
is compensated by distortions in the cation coordination
in or adjacent to the defect which are not detectable in
the images.

It should be noted that the TTB substructure is partly
destroyed in this area by a reorganization of somc five-
membered rings of octahedra which form squares and
hexagons in the defect (Fig. 5). If samples of similar compo-
sition are prepared by solid-state reaction of Nb,O; and
WO, only intact TTB subcelis have been observed even in
heavily disordered areas (14, 21). Single empty hexagonal
tunnels have been observed carlier by Obayashi and An-
derson in a sample of composition Nb,O5: WQ; = 2:5 (5).

FIG. 7.

HRTEM image and electron diffraction pattern of sample 11 (Tox = 1000°C).
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FIG. 8. EDX spectra of (a) matrix (TTB-type structure) and (b)
segregation (ReQs-type structure).

They run along [001] in a slip band. They also occur in the
structures of W g0y (23) and W;04; (24). Moreover, the
structure of hexagonal WO; consists of WO octahedra
forming only six-membered rings (25, 26). There are three
hexagons connected via a triangle of octahedra whereas
in the defects observed here only a single cation site is
located at the joining of the three hexagons. This is not
compatible with the usual octahedral coordination; trigo-
nal bipyramids are to be assumed, a coordination rarely
built either by Nb>* or W8 in oxides (e.g., in LaWO,Cl
(27)). Since only the cation sites are detectable by
HRTEM, their coordination and the O/EM ratio in the
defect still remain uncertain. For the same reason, the
coordination of the cations located inside the filled hexa-
gons is not unambiguously determinable. The polyhedron
is not necessarily a hexagonal bipyramid since the cation
site may be not exactly centered.

The filled hexagons can be formally developed out of a
PC by insertion of a metal atom (Fig. 5). The origin of the
additional cations is not detectable; neighbored cation sites
seem to be fully occupied as one can conclude from their
contrast in the IIRTEM image. A possible mechanism
would be the oxidation of metal ions with lower valency
at the surface of the crystal and their diffusion into the
crystal along the channels. A diffusion of oxygen into the
crystal would be connected with a shift of cations in the
crystal onto the additional sites.

Near the center of the observed area (Fig. 4), the
3 % 3 arrangement of octahedra is substituted by a 3 X 4
configuration leading to an inversion of the direction of
the triangle arrangement of hexagons.

This triangle arrangement of hexagons is—in spite of
being observed here for the first time—a common feature
in sample I (Tyx = 500°C); several of them are recogniz-
able in Figs. 2 and 3.
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Even larger blocks of corner-sharing octahedra are pres-
ent (Fig. 3) whereas in the TTB structure square arrange-
ments of octahedra appear only at the joining of four pen-
tagonal tunnels. Since more MOy octahedra are present,
the O/ZM ratio of these areas is increased due to the
oxidation reaction.

In contrast to the continuous arrangement of the super-
structure on both sides of the fault boundaries (Figs. 2 and
3), adisplacement in the 4 : 9-type structure is present in Fig.
6. The framework of the TTB substructure is not affected;
it is still perfect in the whole area. The reason for the dis-
placement is, rather, the ordering of the pentagonal col-
umns, which is regular on both sides of the boundary but
shifted. The observed displacement of 1/3 b is caused by
changing the occupation of the pentagonal tunnels inside
the boundary. In regions where the two domains are directly
connected (on the right side of Fig. 6b) the displacement
arises formally by a shift of metal-oxygen strings from a
normally occupied pentagonal tunnel, now being empty, to
an adjacent one which has been unoccupied before.

In the structure of the 4:9 phase, two opposite pentago-
nal tunnels in the TTB subcell are occupied with metal-
oxygen strings so that a square arrangement of octahedra
is located between two neighbored PCs (diamond linkage
(9)). In this defect, different variations are present (Fig.
6b): Arrangements of three, four, and five, respectively,
diamond linked PCs form short chains. Further, some PCs
are isolated and connected only to empty pentagonal tun-
nels. Another extraordinary grouping is the connection of
two neighbored PCs via a common octahedra. The dis-
placement is probably not caused by the oxidation reaction.
A displacement of 1/3 b had been also observed by lijima
and Allpress (14) but the structure of the boundary was
more regular and includes TTB subcells with none of the
pentagonal tunnels filled. Several of such empty subcells
are recognizable in Fig. 6, too.

Oxidation at 1000°C: Completely different structural
features arose during oxidation of Nb;W ,0,; at 1000°C
(sample 1I). Though X-ray and electron diffraction patterns
indicate only the structure of the 49 phase, the HRTEM
images show a more complicated structure (Fig. 7). In anal-
ogy to sample I (Tox = 500°C), the product exhibits large
arcas where the threefold TTB superstructure is still pres-
ent. The areas between these domains consist homoge-
neously of square arrangements of dark dots with a distance
of about 0.38 nm. The dots correspond to the cation sites of
ReQs-type structure (only corner-sharing octahedra). Be-
cause of the required stoichiometry, an accumulation of
WO, is likely. This has been proven using energy dispersive
X-ray analysis (EDX) with a small electron beam (probe
size < 1.0 nm) focused on these areas. Only W is detected
(Fig. 8) whereas in the domains with TTB-type structure
both W and Nb are present. The oxidation at 1000°C appar-
ently led to a phase separation according to
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(a) Enlarged arca of Fig. 7. (b) Interpretation, showing the coherent intergrowth of TTB- and ReO;-type structure. PCs of thc regular

structure are marked by a full circle, irregular ones by a X, and empty PCs by empty circles.

8 Nb7W10047.5 = 7 Nb3W9047 + l7 WO3.

The regions of ReOs-type structure are incorporated coher-
ently in the matrix of the 4:9-type structure as represented
by Fig. 9. The TTB subcell is a square of about 1.2 X
1.2 nm? which corresponds in size approximately to an
arrangement of 4 X 4 corner-sharing WOy octahedra so
that a nearly perfect match of them is given. Furthermore,
the TTB structure is geometrically related to the ReO;
type since it can be derived from a 4 X 4 block of octahedra
by a 45° rotation of the four octahedra in the block center
generating four pentagonal tunnels (15, 28).

While the TTB subcells at the interface always fit per-
fectly with the ReOs-type slabs, the occupation of their
pentagonal tunnels with metal-oxygen strings is disor-
dered in the adjacent regions (Fig. 9). At several sites in
the matrix structure, two pentagonal tunnels, which should
be occupied, are empty whereas the unoccupied pentago-
nal tunnel, situated in between, becomes filled. This results
in a decrease of the metal atom content in the neighbor-
hood of the WO, segregations. Since the TTB framework
is not stable with the pentagonal tunnels being all empty,
some remain filled but less than in the regular 4:9 phase.

Two different orientation relationships between the 4:9-
type structure and WO; have been observed (Fig. 7) in
accordance with the two possibilities for coherent in-
tergrowth discussed by Iijima and Allpress (21).

Oxidation at 1200°C: Electron diffraction patterns of
Nb,; W04, crystals oxidized at 1200°C (sample IIT) are
shown in Fig. 10. Most of the investigated crystals have
kept the threefold TTB superstructure as indicated by the

presence of the corresponding reflections (Fig. 10a). Addi-
tionally, nearly circular diffuse scattering occurs around
the main reflections. This effect was first observed by All-
press (29) in a sample of composition 3Nb,O5 - 8WQs. This
observation was later explained to be caused by partial
ordering of the PCs (30-32). For other crystals of sample
111, a diminished state of order concerning the distribution
of the PCs is observed: The superstructure reflections dis-
appear (Fig. 10b). The HRTEM image (Fig. 11) of this
crystal shows that many of the PCs are arranged to form
chains via corner sharing of two octahedra (diamond linked
PCs (9)). The diffuse scattering is somewhat different and
not always as circular as in Fig. 10a but occasionally more
structured (Fig. 10b).

FIG. 10. Electron diffraction patterns of sample II1 (Tox = 1200°C)
exhibiting the threefold superstructure in (a), whereas in {h) only refiec-
tions of the TTB substructure are present. Additionally, circular diffuse
scattering occurs in both cases.-
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FIG. 11.
PCs and their connection are outlined.

Typical for sample III is the appearance of isolated
blocks of 4 X 4 corner-sharing octahedra spread over the
whole crystal area (Fig. 11). The arrangement of empty
and filled pentagonal tunnels adjacent to these blocks is
exactly the same as in the structure of the 2:7 phase (14).
Therefore, single columns of the 2:7 phase ar¢ incorpo-
rated into the matrix of the TTB framework, The tungsten
content of the 2:7 phase is considerably higher than in the
4:9 phase so that at high oxidation temperatures (1200°C)
the 2:7 phase reacts as a sink for excess tungsten oxide.

4. CONCLUSIONS

Through oxidation of Nb;W¢0y;, products with an O/
M ratio of 2.794 are obtained. This value is in between
that of the 4:9 (O/SM = 2.765) and the 2:7 phase (O/
2 M = 2.818). However, the expected phase separation into
these two phases occurs only at high oxidation temperature
(1200°C) whereas at lower temperature (1000°C) a phase
separation in WOs and the 4:9 phase takes place. Appar-
ently, the 2:7 phase is thermodynamically stable only at
temperatures above 1000°C. This coincides with the results
of Roth and Waring (4).

Atvery low oxidation temperature (500°C), a metastable
oxidation (33) occurs; the diffusion of cations and therefore
the structural reorganization are more difficult so that non-
equilibrium products result. This is indicated by the pres-
ence of structural units (e.g., triangles of hexagons) never
observed in samples obtained by solid-state reactions be-
tween different amounts of Nb,Os and WO, performed at
temperatures above 1000°C. Under these conditions and
starting with a mixture of the binary oxides, always perfect
intergrowth between TTB and the other structure has been
observed. In contrast, in the observed defects some of the
TTB cells, which obviously exhibit a thermodynamically
extraordinary stable arrangement, have been partly de-

(a) HRTEM image of samplc I11. Unit cells of the 2:7 phase are incorporated in the matrix of the TTB-type structure. In (b), the

stroyed during the oxidation reaction. Similar substitution
(2 Nb°" = Nb** + W?") and oxidation experiments in the
niobium-rich part of the system Nb,Os/WO5 extended the
region of existence of the block structures far beyond the
limit at O/ M = 2.654 to higher W/Nb ratios (33, 34).

In both cases, oxidation at 500 as well as 1000°C, the
obtained products exhibit microdomains with TTB struc-
ture which are separated by planar defects running almost
in the direction of the b-axis. Therefore, similar first steps
in the mechanism of the oxidation reactions for both tem-
peratures are possible. In order to learn more about the
mechanism, the low-temperature oxidation products ob-
tained after different periods of reaction time should be in-
vestigated,
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