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The reaction between crystalline H-Nb;O and WO, vapor was investigated at temperatures between
1200 and 1573 K by means of transmission and scanning electron microscopy, optical microscopy,
powder X-ray diffraction, and gravimetric techniques. Below 1254 K the reaction taking place was

H-Nb,Gs — W;Nb 0,y — WyNbO.,
while at temperatures above 1254 K the reaction scheme included the phase 6Nb,(; - W(Q;, thus:
H—Nb305 d WNbuO_‘B I WsNbHO“ i W9Nb8047'

No other phases were formed. The initial reaction of H-NbyQs is homogeneous and takes place
throughout the crystal by way of Wadsley—Andersson diffusion steps to give a product phase mostly
consisting of disordered rows of (5 x 3), and (4 x 3), blocks running more or less parallel to the g-
axis of H-Nb,Os. The transformation of this material to WNb,0;, and hence to W;Nb,O,, involves
similar Wadsley—Andersson shifts which take place in a cooperative fashion to convert one structure
to another in a strip by strip fashion. The kinetics of these reactions was recorded. The overall reaction
rate followed a simple parabolic rate law despite the complexity of the crystallographic changes taking

place. © 1993 Academic Press, Inc.

Introduction

J. 5. Anderson recognized at an early
stage that high resolution transmission ¢lec-
tron microscopy could provide unique in-
sights into the structures of nonstoichiomet-
ric compounds and the way in which they
reacted. Subsequently he and his co-work-
ers published a number of studies in which
the technique of transmission microscopy
was exploited, especially with respect to re-
actions involving the H-Nb,O; “block
structures” (see, as examples, /, 2). With
respect to these studies he was apt to remark

that examining electron micrographs was
rather similar to examining evidence in a
coroner’s court; one had to reconstruct the
crime from rather fragmentary data. In this
paper electron microscope techniques are
employed in a study closely akin to those
carried out by J. S. Anderson, that of the
reaction of H-Nb,O; crystals with WO,
The structure of H-Nb,Q, was originally
determined by Gatehouse and Wadsley (3).
The structure is shown in Fig. 1. Early elec-
tron microscope studies by Anderson er al.
(4) and Iijima (3} revealed that the structure
could readily be imaged as an arcay of blocks
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F1G. 1. The idealized structures of (a) H-Nb;(y, (b) WNb ;0y;, and (¢) W;Nb,Oy4. The shaded squares
represent MO, octahedra at two levels in the structure and the circles cations in tetrahedral coordination.
In (a) the structure is also represented in a simpler form as packed rectangles and the directions of

the crystallographic axes are marked.

and that planar faults in the crystals could
be characterized. The equilibrium phase di-
agram for the H-Nb,O;—~WO, system has
been published by Roth and Waring (6). The
part of the diagram of relevance to the
present study is shown in Fig. 2 and the
structures of the two other phases central
to the reactions occurring, WNb,,0;, and
W;Nb,,0,, are also shown in Fig. 1. Be-
sides the known equilibrium phases repre-
sented in Fig. 2, a number of other struc-
tures, many of which may be metastable,
have been described by Gruehn and co-
workers (see, e.g., 7-12).

As part of a series of studies on the reac-
tion of H-Nb,O; and H-Ta,0; with oxide
vapors (/3) we have investigated the reac-
tion between H-Nb,O; and WO, vapor. No
study of the reaction between solid
H-Nb,0; and WO, vapor has been reported
previously. The object of these studies was
to piece together the mechanisms by which
the starting material, well crystallized
H-Nb,0;, transformed into the ternary ox-
ide products of the reaction. The results are
presented in this paper as a tribute to the
work of I. S. Anderson in this area of en-
deavour.
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F1G. 2. Part of the equilibrium phase diagram of the
H-NDb,O/WO, system, redrawn after (6). The figures
alongside the phase lines give the molar ratio
Nb,Os: WO, in the phases. The compound 6:1 is
WNb O3, 71 3 is WyNbyyOy, 1 1is WNb,O, and 4:9
is WoNbO,;.

Experimental

The phases WNb,04; (6Nb,Og - WO,),
W,Nb,O,, (TNb,O; - 3W0;), and WNbO,;
{4Nb,Qs - 9W(,) were prepared from appro-
priate proportions of Johnson Matthey
Specpure grade Nb,Os and WO,. Each mix-
ture was ground in an agate mortar and
pressed in a steel die, placed in a platinum
crucible and heated at 973 K for 11 days
followed by 1473 K for 4 days, before being
air cooled. Products were examined by pow-
der X-ray diffraction and electron micros-
copy to confirm that they were monophasic.

Before the Specpure H-Nb,(O, was used
in reactions it was treated in one of four
ways, as follows,

SMNbBI: annealed in a Pt crucible in air
at 1450 K for 3 days and subsequently air
cooled.

SMNbB?2: argon arc melted, annealed in a
Pt crucible in air at 1473 K for two days, and
subsequently air cooled. Crushed pieces of
(0.25-0.5 mm diameter were used.

SMNb3a: argon arc melted, annealed in
a Pt crucible in air at 1473 K for five days,
and subsequently air cooled. Crushed
pieces of 0.25-0.5 mm diameter were used.

SMNbB3b: as SMNb3a, but pieces were
uncrushed and had an average diameter of
4 mm.
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These materials were checked by X-ray
powder diffraction and electron microscopy
before use.

The starting materials for the reactions
were H-Nb,O;, WNb,05;, or Wy Nb;O
{prepared as above) and Specpure grade
WO,. Reactions were carried out in a plati-
num crucible with a sealed platinum lid. The
crucible was filled to about ¥ capacity with
powdered WO, and the second reactant,
H-Nb,O;, WNb,,03;, or W NbO,; was
placed in a platinum boat on a platinum wire
gantry so that it was separated from the WO,
by an air gap of several mm. The reaction
chamber, when primed with reactants, was
placed into a furnace which had been preset
to the required temperature. The reaction
was timed from the moment that the furnace
door closed. After the correct time had
elapsed the crucible was rapidly removed
and allowed to cool in air. Furnace tempera-
tures were controlled and also monitored
continucusly by way of Pt/Pt—13%Rh ther-
mocouples. Reaction temperatures were
considered accurate to =15 K except for
some which were considered to be accurate
to =5 K, as indicated in Table I. For reac-
tions carried out for short heating times the
real temperature variation was much
smaller than these figures suggest. In some
reactions the boat was weighed before and
after heating to provide a measure of the
overall extent of reaction.

The products of all reactions were exam-
ined optically using Zeiss Ultraphot or
Olympus stereomicroscopes and via pow-
der X-ray diffraction using a Guinier-Hagg
focusing camera employing strictly mono-
chromatic CuKw, radiation and KCi (a, =
6.29228 A) as an internal standard. When
required, films were measured using a trav-
eling microscope against a scale printed
onto the film before development. Selected
samples were examined in a Jeol 100B trans-
mission electron microscope fitted with a
+30° double tilt specimen holder operated
at 100 kV. For this, samples were crushed
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TABLE I

X-Ray DIFFRACTION PHASE ANALYSIS FOR THE REACTION OF H-Nb,0; (c) AND WO, (g)

Starting Temperature Time
materials® (K) {hr) Phase analysis® mol% WO,

1 1200 16.00 Nb,O¢

1 1200 24.00 Nb,Os, W3Nb,Oyy

1 1200 48.00 Nb,O;, W3Nb,, Oy,

I 12154 20.00 Nb,05, W Nb, 04 12.7

3a 1220 24.00 NbEOS’ (W;Nbl4044)

3a° 1220 72.00 Nb,Os, W Nb,04y

1 1240 1.00 Nb,O5

1 1240 2.00 Nb,O;

1 1240 3.00 Nb,Qs, (W Nb O}

1 1240 4.00 Nb,Os, (W, Nb,04)

1 1240 5.00 Nb,Os, W;3Nb 0y

1° 1240 6.00 Nb,O5, W3Nb, Oy

1 1240 7.00 Nb, 05, WiNb Oy

1¢ 1240 8.00 Nb,O5, WiNb Oy

1¢ 1240 10.00 Nb,05, W3Nb,Oyy

1° 1240 12.00 Nb,0s5, W3Nb,04y

] 1240 14.00 Nb,Os, WiNb, Oy

1€ 1240 16.00 Nb,Oy, W Nb, Oy

1¢ 1240 18.00 W Nb Oy, Nb;O;

1 1240 20.00 W;Nb,,0,,, Nb,O;

1 12404 20,00 Nb,Os, W,Nb;, Oy 153

1 1240 22.00 Wi Nb Oy, (NH,O:)

1 1240 24,00 WiNb Oy,

1 1240 48.00 WiNb 40, (WNbgO,7)

1 1240 96.00 WNbyO,,, WiNb, O,

3a® 1253 16 Nb,Os, WiNb;04, (WNb;;05) 9.4

1 12554 20.00 Nb,Os, W;3Nb,,04, WNb;,03 14.4

1 12574 20.00 Nb,Os, W Nb;, Oy, WNb ;03 15.1

1 12684 20.00 WiND Oy, WND20y3, Nb,Os 18.2

2f 1273 22 NbyOs, WiNb 04y WNbOyy 21.7

1f 1373 Q0.5 Nb,Os (top) 1.0
Nblos (bulk)

1 1373 1 Nb,Os, (WNb .03}

| 1373 2 Nb,Os, WNb;0,;

1 1373 3 WNb,,04;, W;Nb,0y4, (Nb,O5)

¢ 1403 0.25 Nb,Os

1 1423 0.25 NbyOs, (WNb,O5)

1° 1423 0.50 NbyOs, WNb ;043 (top) 2.25
Nb,Os {bulk)

1 1423 1.00 WNb,0q;, (NB;,Os), (W3Nb,Ou)

2 1423 24.00 Nb, O35, WNb:035, WiNb 044
Nb,Os, (WNb;053), (W;3Nb,04)

2 1423 120 WoNbOys, (Nb,Os), (WNb,O45)

(W3Nb.Oy) (top)
Nb,Os, WeNbyQy7, (WNb,O5y)
(W:Nb,,0,) (bulk)
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TABLE [—Continued
Starting Temperature Time
materials? (K) (hr) Phase analysis? mol% WO,

1 1423 120 WoNbyOy7

1€ 1473 0.25 NbyOs, WNb,05,

1 1473 (.50 WNB Oy

3 1473 0.50 W3Nb140¢4, (WNb]20]3) (top) 16.6
WNbuOB, Nb205 (bulk)

1 1473 1.00 WiNb |04, WNb;Oy

1 1473 2.00 W3Nb, 04, WNbgO,,

1 1473 4.00 WNbO,, W;3Nb O, (top) 84.1
W;3Nb 0y (bulk)

1 1473 4.00 WoNDyO7, WiND Oy,

1 1473 8.00 WNbgO,5, (W3Nb Oy

1 1473 16.00 W NbO,

1 1473 24.00 WoNbOy;

1 1473 72.00 WoNbO,r

¢ 1523 0.50 W;Nb 04, WyNbO,; (top) 37.6
W;Nb Oy, WNb,0;; (bulk)

1 1523 4.00 WNbgO,; 200.3

1 1573 0.50 WyNbgOy7, W3Nb, 0, (top) 124.2

WNb,,0,., WoNb,O,, (bulk)

¢ The starting materials 1, 2, etc. refer to the preparations SMNb1, SMNb2, etc.

* The phases are listed in decreasing amounts; those only found in traces are bracketed.
* The gain in weight nomalized to H-Nb,Os = 100% at start of reaction.

All temperatures are accurate to +15 except those marked ¢ which are accurate to £5.
¢ These samples used for electron microscope examination.

in an agate mortar under n-butanol and a
drop of the resultant suspension allowed to
dry on a copper support grid coated with a
holey carbon film. Crystal fragments which
could be correctly oriented were photo-
graphed at a direct magnification of
500,000 x .

Results

Phase Analysis

The results of the X-ray phase analysis
of the reaction between H-Nb,O, and WO,
vapor are summarized in Table I. Inspection
of these data shows, as expected, that the
samples were multiphasic and not at equilib-
rium. This was also indicated by the fact
that the upper part of the reactant H-Nb,O;
charge was often lemon yellow while that

below the surface remained white, espe-
cially in reactions at lower temperatures or
shorter heating times. In such cases X-ray
diffraction patterns were taken from several
regions and two analyses are given in Table
1 when appropriate, one for material taken
from the top of the sample, labeled top, and
the other from lower in the sample, fabeled
buik.

The powder X-ray diffraction results
showed that at temperatures below 1254 =
9 K the reactions taking place were

H-Nb,0; — W,;Nb,,0,, — W,Nb,O,,.

while at temperatures of above 1254 = 9
K the reaction scheme included the phase
6Nb,0; - WO;, thus:

H_szos — WNb12033 - W3Nbl4044 -
WyNbO,.
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TABLE 11
GRAVIMETRIC AND X-Ray ANALYSIS FOR THE REACTION H-Nb)O; (c) aND WO, (g)

Reaction mol% WwO,° X-ray phase
time grav. calc. analysis
10 min Nb,Os, WNb20s3, W Nb Q4 (WeNbByOyg)
24 hr 4.1 4.1
48 hr 6.1 6.0
90 hr 8.5 8.5
162 hr 11.8 11.8
258 hr 15.0 15.3
328 hr 17.6 17.5
400 hr WyNb,O,; (outer)

WoNbgO,;, WNbB»055, WiNb, O, NbOs (inner)

Note. All samples were heated at 1440 = 20 K. The phases are listed in decreasing amounts: those

in traces are bracketed.

# prav = gravimetric analysis, calc = calculated from 0.698/%%%,

Kinetics of Reuction

Gravimetric analysis suggested that the
reaction between H-Nb,0O, and WO, vapor
was faster just below 1254 K than slightly
above that temperature. In order to verify
this a short series of experiments were car-
ried out in which powder samples were
heated under carefully controlled conditions
for 20 hr in a narrow band of temperatures
between 1240 and 1268 K. The results are
contained in Table I and are marked by a
double asterisk. The crucial results are at
1240 K where 15.3 mol% WO, was gained
in 20 hr compared with only 14.4 mol% WO,
at 1255 K, which confirmed the supposition.

In order to obtain information on the rate
of the reaction at a constant temperature a
series of expeniments were carried out in
which large pieces of H-Nb,O; were heated
to 1440 K for the times shown in Table I1
and the subsequent weight gains recorded.
The rate of reaction is shown in Fig. 3. The
curve of weight gain versus time is close to
parabolic and was well fitted by the equation

weight gain = 0.6987%3%,
Opiical Microscopy and Scanning
Electron Microscopy

All samples were studied optically after
reaction. The overall color of the reaction

products was found to change noticeably
over the course of about 6 weeks. However,
the initial color was regenerated if the sam-
ples were heated to about 450 K overnight.
X-ray powder photographs of these samples
before and after heat treatment showed no
changes compared to the original photo-
graphs taken immediately after reaction and
it is concluded that color changes are due
to water absorption on the surface of the
powders.

Optical examination revealed the pres-
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Fi1G. 3. Gravimetric analysis results for the reaction
between H-Nb-Os (c) and WO; (g) at 1440 K,
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Fi1G. 4. Scanning electron micrograph of fracture section of H-Nb,O; (SMNb3b) reacted at 1440 K
for 400 hr. The needle growth on the surface consists of WyNbyO,;. No clear distinction is found
between the inner H-Nb,O; core and the WNb,05,/W;Nb,,O,,.

ence of crystals with a fine needle-like habit
in samples heated at higher temperatures or
for longer periods of time at lower tempera-
tures. These always coincided with the pres-
ence of W NbyO,; on X-ray powder patterns
and are taken as diagnostic of this phase.
Scanning electron microscopy of the large
crystal pieces used for reaction kinetics ex-
periments, detailed above and in Table 11,
revealed that at quite early stages of reaction
the outer part of the material transformed
into fine needles which grew to form a thick
outer layer. On the other hand, no consis-
tent differences could be found between the
morphology of the H-Nb,O; core region
and the region containing WNb,,0;; and
W;Nb,,0,. Figure 4 shows these micro-
structures. In order to determine the crystal-
lographic nature of the reaction products the
outer surface of a ¢crystal reacted for 10 min
was examined by X-ray diffraction, by
scraping the surface onto tape using a clean

scalpel. A similar procedure was adopted
for the crystals reacted for 400 hr, but in
this case the outer layer was initially exam-
ined and then the material under this layer
was also extracted for examination. The re-
sults are shown in Table I1. 1t seems reason-
able to conclude that the fine needles are
WyNbyO,4;, in agreement with the earlier
findings, and that the columnar crystals are
the block structures WNb,0,; and
W,Nb,,0,4.

Transmission Electron Microscopy

Most of the crystal fragments which could
be aligned correctly and imaged were found
to be well ordered. Of the material reacted
at temperatures below 1254 K, 60 out of 74
fragments aligned proved to be of H-Nb,O;
which contained no defects other than (101)
twin boundaries, which are commonplace
in this material (4, 5). Only 2 fragments that
appeared to be in the course of reaction
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could be imaged. Similarly, of 12 fragments
of W.Nb,,0,, found, only 2 contained de-
fects that conld be imaged and related to the
reaction; 4 were well ordered and 6 gave
diffraction patterns showing some degree of
streaking.

A similar picture emerged from the mate-
rial which was heated to temperatures above
1254 K. Of 87 fragments of H-Nb,0O; exam-
ined, 69 contained no defects or (101) twins,
9 vielded difraction patterns with some form
of streaking, and only 9 showed any dis-
cernable block disorder. In the case of
WNb,,0;, 15 fragments were perfect, 2 gave
diffraction patterns with some degree of
streaking, and 5 showed any block disorder.
For W Nb,,0,, 11 fragments were perfect,
1 gave a diffraction pattern with some
streaking, and only 3 showed any block dis-
order. All fragments of WyNb,O,; observed
were defect free,

Despite this paucity of reaction data a rel-
atively consistent picture emerges of the re-
action process. The initial stage of reaction
is typified by the crystal fragment shown in
Fig. 5 which was recovered from the prod-
ucts of reaction at 1240 K for 8 hr. This had
a diffraction pattern of the H-Nb,Os type
despite the considerable disorder visible in
Fig. 5. The first stage of the transformation
was penetration of the H-Nb,O; by WO,
species down the b-direction along the block
edges, indicated by dark regions of ill de-
fined contrast which occur at the block
edges. From the micrographs examined it
was clear that the reaction was proceeding
at many different points in the crystal. The
originally parallel and ordered array of
blocks in the starting material has become
disordered and the crystal becomes a mo-
saic of domains of slightly differing block
types. The block edges become wavy, espe-
cially in a direction along the short block
edges, which is roughly parallel to the origi-
nal H-Nb,O; g¢-axis. These effects are due
to the transformation of the original matrix
into paraliel disordered rows of predomi-
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nately (5 x 3), and {4 x 3), blocks. The
meandering nature of the boundaries is due
to different proportions of the two block
types present and to the fact that rows of
(5 x 3) and (4 x 3), blocks cannot be
formed exactly parallel to the g-axis of the
parent structure (vide infra). Distinct do-
mains of (5 x 3), and (4 x 3), structure are
also present. This latter structure is that of
WNb,,O4,, even though this phase does not
form in macroscopic amounts at the temper-
ature of the reaction which produced the
crystal in Fig. 5.

Slightly later stages of reaction are docu-
mented in Figs. 6 and 7. Fig. 6 shows a
crystal which gave a WNb,0,, type of dif-
fraction pattern, obtained from a sample
heated to 1253 K for 16 hr. Much of the
matrix consists of disordered parallel rows
of (5 x 3), and (4 x 3), blocks. A variety
of other block types including domains of
{4 x 3), blocks and a domain of (5 x 3),
blocks can also be identified. Reaction along
the short block edges is revealed by dark
contrast at these junctions. Fig. 7 shows a
crystal heated to 1423 K for § hr in which
the twinned structure of H-Nb,O; is still
apparent in some regions. The predominant
microstructure again consists of disordered
parallel strips of (4 x 3), and (5 x 3), struc-
ture, although domains of different block
sizes are not uncommon. The impression
given is that the reaction is much more or-
derly at this higher temperature and that
the formation of the (4 x 3), and (5 x 3),
structure is now virtually complete. Areas
of only (5 x 3), blocks can also be distin-
guished and dark ribbons of contrast along
the short block edges suggest that these
rows of blocks are in the act of transforming
along these sites.

No significant differences could be found
between initial reactions above and below
1254 K. Unfortunately the course of the re-
action from the initial stage to WiNb Oy
at temperatures below 1254 K has not been
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F1G. 5. Electron micrographs of a partly reacted crystal recovered from a reaction at 1240 K for 8 hr.
Regions of (5 X 3), structure, marked X, and of (4 » 3); structure, marked Y, are present. Much of
the meandering of the block edges is due to canversion of the original material into intergrown rows
of (5 x 3), and (4 x 3), type running roughly parallel to the original H-Nb,O; a-axis.

directly revealed on any of the micrographs.
More information is available concerning
the transformation to WNb;;0,, and
W,Nb,,0,, above 1254 K. Figure 8, from a
sample heated for { hr at 1423 K, shows a
crystal consisting of mostly (4 x 3); rows
of blocks, but a fair number of parallel disor-
dered (5 x 3); rows are also present. The
stage of reaction seems slightly later than
in Fig. 7. The (5 x 3}, rows have kinks on
them suggesting that they are in the course
of forming (4 x 3, rows by way of a cooper-
ative mechanism operating along the short
block edges. Rather more obvious, though,
are sheets of faults consisting of (4 X 4),
and blocks intergrown perpendicular to the
parallel rows of (4 x 3), and (5 x 3), blocks

of the matrix. The appearance of these crys-
tals is strongly suggestive of a situation
where the (4 x 3), and (5 X 3}, mixture was
transforming in a step by step fashion to a
(4 x 3), array by converting each existing
row of (5 x 3), structure into a (4 X 3), row
separately. A second transformation, taking
place simultaneously in a direction perpen-
dicular to the first, was already converting
the crystal into a (4 X 4), array with random
strips reacting at any time.

In all of the micrographs examined no
trace of reaction within a block was found
as oppoesed to reaction at block edges.

No information was obtained on the
transformation of the block structures to
W NbO,,.
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The Reaction between WNb,Oy; or
WoNbO,; and WO, Vapor

The reaction between WNb,,0,; and WO,
vapor was carried out to compare the rate of
reaction of WNb,,0; with that of H-Nb,0Os.
The results are given in Table 111, The pow-
der X-ray diffraction results indicate that
the reaction taking place is

WNb;;043 = W3Nb 04y — WNbO,;,

although at the lowest temperatures none of
the final phase, W Nb;O,;, was produced,
even after 96 hr reaction. ln general a com-
parison of the data in Table I with that in
Table IIT suggested that the reaction be-
tween H-Nb,O; and WO, was much faster
than that between WNb,,0;; and WO,. In
order to confirm this, quantities of both
H-Nb,O; and WNb,,O;; were placed on
separate trays in the same reaction vessel
and heated at 1243 K for 20 hr. This tempera-
ture was chosen so that the reaction preduct
would be the same in each case, viz.,
W,Nb,,0,,, a result confirmed by powder
X-ray diffraction. The H-Nb,Os; sample
gained 13.2 mol% WO, while the WNb,,04,
gained only 5.5 mol% WQ,;. A clear differ-
ence in reaction rates was shown.

The rate of reaction of W NbyO,, with
WO, was extremely slow. After 428 hr at
1440 K the sample only gained 4.6 mol%
WO;. The X-ray powder diffraction patterns
slowly evolved towards that associated with
the 2Nb,0; : 7TWO, phase described by Roth
and Waring (6). 1t is likely that the real struc-
ture of the material is a disordered tetrago-
nal tungsten bronze type of phase (I/4). The
disordering process is much slower than the
rate of reaction of the block structures.
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Discussion

Mechanisms of Block Structure Reactions

The electron microscope evidence
showed that the initial reaction proceeded
down the #-axis and that lines of reaction
ran along the short block edges parallel to
the a-axis of H-Nb,Os. The initial well or-
dered crystals became unscrambled, at a
rate depending upon reaction temperature,
into a mosaic consisting of more or less dis-
ordered strips of {5 x 3),and (4 x 3), mate-
rial lying roughly parallel to the g-axis of
H-Nb,0;. Despite the X-ray findings, no
significant differences in microstructures
were found for crystals reacted above 1254
K and below this temperature.

The complex mosiac structure of the crys-
tal fragments examined shows that the initial
reaction is homogeneous. The appearance
of the crystals at this stage of the reaction
was very similar to those observed by Craw-
ford and Anderson (2) in their investigations
of the oxidation of the lower oxides of nio-
bium to H-Nb,Os, apart from the overall
difference in block sizes present. This was
also a homogeneous reaction and it is rea-
sonable to assume that a similar mechanism
operates in both cases. Crawford and An-
derson showed that the diffusion mecha-
nism devised by Wadsley and Andersson
(15-17), which only involves small diffusion
steps within the CS planes bounding the
blocks (an AW shift), could account for all
of the transformations that they observed.
This diffusion step is shown by the arrows
in Fig. 9a. Such AW shifts can readily pro-
duce the type of mosiac crystal observed in
our experiments and we will assume that
this mechanism was responsibie for the
structures illustrated.

F1G. 6. (a, b) Electron micrographs of a partly reacted crystal recovered from a reaction at 1253 K
for 16 hr. The bulk of the structure consists of parallel disordered rows of (5 x 3); and (4 x 3), type
running roughly parallel to the original H-Nb,O; a-axis. An extensive domain of {§ » 3), structure

is seen at X in (a),
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THE REACTION BETWEEN H-Nb,0s () AND WO, (g)

In the present reaction it appears that an
important first step is that of “block swap-
ping” which is a term coined by Crawford
and Anderson (2). Here neighboring (5 X
3). and (4 X 3), blocks swap places as part
of the process of gencrating paraliel rows of
(5 x 3), and (4 > 3), blocks. The AW shift
mechanism for part of this reaction, the gen-
eration of parallel blocks of (5 x 3), and
(4 % 3), is shown in Fig. 9a and b. The
first reaction is seen to have taken place
exclusively along the short block edges in
the crystals.

Although the block swapping reaction
seems 10 be the principal one taking place,
the final geometry of this mosaic crystal will
reflect several factors. Increase in WO, con-
tent within any particular volume of crystal
will drive the block sizes upward toward
(e X ooy and may account for the large areas
of (5 % 3), blocks observed. The geometry
of the block structures shows that it is not
possible to intergrow (5 x 3), and (4 x 3),
rows within the H-Nb,Oj; structure exactly
parallel to the a-axis because there is a con-
siderable angle between the g-axis and the
new row directions. Intergrowth parallel to
the c-axis is possible and both situations are
shown in Fig. 10. Any diffusion mechanism
which converts a small region of H-Nb,O;
structure into (5 x 3); and (4 x 3), rows
soon runs into difficulty because of this an-
gular misfit which contributes to the mean-
dering nature of the boundaries. A final con-
straint is the necessity to fit all the blocks
togetherin a coherent whole. A combination
of these factors then produces the final and
complex mosaic microstructure observed at
this stage of reaction.

A mechanism for the transformation of
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H-Nb,QO; into the ordered (4 x 3), structure
of MoNb,;0,;, a phase isostructural with
WNbG,0,;, was proposed by Anderssen in
1969 (16). This involved cooperative AW
shifts and introduced coherently intergrown
slabs of (4 x 3); structure parallei to the c-
axis of H-Nb,Os, i.e., on (100) planes. In
the present experiments the (5 x 3), and
(4 x 3), strips are more or less parallel to
the ag-axis, i.e., on (001} planes. It is thus
certain that Andersson’s mechanism does
not operate in the reactions studied here.

The transformation of the disordered
(5 x 3), and (4 x 3); structure into the
product W Nb,,0,, at lower temperatures
or WNb,,0,, and then W,Nb,0,, at higher
temperatures is the second stage of the reac-
tion. Unfortunately no crystal fragments
which directly gave evidence for the low
temperafure transformation were found.
However, the transformation to WNb,0;;
imaged on crystal fragments shown in Fig,
7b and Fig. 8 shows that this took place by
a series of cooperative AW shifts along a
direction paraflel to the short block edges.
The reaction seems to be initiated along ran-
dom strips in the structure so that a disor-
dered intergrowth represents the intermedi-
ate structure observed. In this reaction the
overall dimensions of the crystal in the plane
of projection imaged is getting smaller. This
suggests that the diffusion step is taking ma-
terial from the short edges of the (5 x 3),
blocks to the surface of the crystal where it
is able to react with more WO, to form a
surface layer of the (4 x 3}, phase or else
W;NbgO,; needles.

The third stage of the reaction, to form
W;Nb ,04. 15 captured in Fig. 8. Once again
a cooperative AW shift mechanism oper-

F1G. 7. {a, b) Electron micrographs of two regions of a crystal recovered from a reaction at 1423 K
for ¢ hr. The bulk of the structure consists of disordered rows of (3 x 3), and (4 x 3); type running
roughly parallel to the original H-Nb,Os ¢-axis. Remnant twins which eccurred in the original crystal
are visible in (a) and dark sirips of contrast running along biock edges where ribbons of (5 x 3),
blocks appear to be changing to ribbons of (4 x 3}, blocks are visible in both photographs.
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F1i. B. Electron micrograph of a partly reacted crystal which was mainly WNb;,Oz,. The structure
still contains disordered rows of (5 x 3), intergrown with the (4 x 3); type and also strips of intergrown
(4 x 4); structure running perpendicular to these rows. Other block sizes are also present.

TABLE IlI
X-Ray PHASE ANALYSIS FOR THE REACTION OF WNb;,0;, (c) AND WO, (g)

Reaction Reaction mol% WO,

temperature (K) time (ho) gained X-ray phase analysis
1243 2 0.3 WNb;0y4
1243 16 1.8 WNb;O5;, {WiNb,0y)
1243 20 2.8 WNb;053, {W3Nb Oy}
1243 24 4.7 WNb;0s;, (W3;Nb,0,)
1243 48 7.9 WNb,;;055, W;Nb Oy
1243 96 14.0 WiNb Oy, WNb ;04
1273 20 5.4 WNb,053, Wihib,Oyy
1473 2.25 WiNb 0,y
1473 4.5 W3iNb 404y, WoNbgOy;
1473 18 WoNbgOy7, (W3Nb:O4y)

Note. The phases are listed in decreasing amounts; those only found in traces are in
parentheses.
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FiG. 9. The transformation of the (5 x 3), + (4 x 3); structure of H-Nb,Os into a structure containing
(5 % 3) and {4 x 3); rows. (a} shows the atomic diffusion steps required, which are represented by
curved arrows. These diffusion steps constitute an AW shift which move a block edge by one octahe-
dron. (b) shows the result of the steps in {a). The area undergoing the AW shift is enclosed in a box.
The preduct structure, (¢), contains a pair of (5 X 3), + (4 X 3), rows which lie parallel to the original

a-axis of H-Nb,Os.

ates. In this, strips of structure, at random,
transform along block edges in a direction
perpendicular to that in the first two stages.
The reaction ¢an be duplicated by the same
mechanism that Andersson proposed with
respect to Mo;Nb,,0,, (76) and will not be
repeated here.

Crystallographic Aspects

The series of structures which formed
were different than those expected from the
equilibrium phase diagram, Apart from the
small number of block structures found, the
pentagonal column phase WNb,O; was not
detected in reactions below 1115°C, the tem-

perature above which it disproportionates,
and the phase WyNbsO,; was detected in
many reactions well below the reported min-
imum stability temperature of the com-
pound, 1150°C. The products of reaction
were, in the main, far from equilbrium and
the results are a snapshot of the dynamical
situation holding in the system. It would
therefore be expected that the reactions
would be dominated by ones which were
fastest and topologically most facile,

The initial reaction of the H-Nb,O, seems
to be the same both above and below 1254
K (vide infra) and it has not proved possible
to discover why in one case the phase
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FiG. 10. The structure of the intergrowth between
H-Nb,O;, lower half of figure, and {5 x 3); and
(4 % 3), rows, upper half of figure. The intergrowth is
coherent afong H-Nb,O; {100) planes but forms an
angle with the (001) planes. The lines linking the block
edges are a puide for the eye.

W,Nb,O, is formed directly from
H-Nb,O5 and in the other WNb,;,0;; forms
as an intermediate. The phase diagram of
Roth and Waring (6) does not cover the
lower temperature range used in these stud-
ies and when Andersson (/6) found a similar
phenomonon in the reaction of MoO,; with
H—Nb,O; he concluded that stability of the
products was responsible. This will be
checked for the present case and the results
reported.

The results show that the transformation
of H-Nb,O; into other block structures is a
topotactic reaction. The mechanisms de-
scribed in the preceding section show why
this is so and needs no further comment,
The nonoccurrence of the large number of
intergrowth phases which have been found
in the composition range between H-Nb,O;
and WNb,,0;; can also be understood in
terms of the reaction mechanism uncov-
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ered. From a structural point of view these
intergrowth phases consist of increasing
numbers of slabs of the (4 x 3), type coher-
ently intergrown in the parent H-Nb,O;
structure on (100) planes, i.e., along the long
block edges (/8). The mechanism of reaction
described above shows that the transforma-
tions took place more or less parallel to the
a-axis of H-Nb,Os, along the short block
edges. It is likely that the nonappearance of
other block structures can be attributed to
similar mechanistic processes.

The formation of WyNb,O,, was quite dif-
ferent. The phase grew from the surface of
W;Nb,,0, in the form of very fine needles.
The two principal points of interest are why

FiG. 11. Rotation of the groups of octahedra circled
in (a). The W;Nb,,04 structure leads to a disposition
of pentagonal tunnels, (b), identical to that found in the
tetragonal tungsten bronze framework of WoNbyO4;.
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the phase TaWO, was absent and why the
formation of the tetragonal tungsten bronze
structure WoNbyO; was favored at tempera-
tures well below that reported for its stabil-
ity limit. Although the mechanism of this
transformation was not characterized by
electron microscopy it is possible to specu-
late that the answer to both of these ques-
tions may simply be an economy of struc-
tural rearrangement. Hyde and O'Keeffe
(/9 put forward an elegant rotation mecha-
nism for the transformation of the ReO,
structure into the tetragonal tungsten
bronze structure. In the present case simply
placing a rotation center at the center of
each Dlock in the W;Nb,,0,, structure, as
shown in Fig. 11, generates the skeleton of
the tetragonal tungsten bronze structure of
WoNbgO,; with no errors. The W;Nb,,0,,
therefore is able to act as a template for
the growth of W,Nb,O,, ocutward from the
surface of these crystals. The same is not
true if one tries to generate the WNb,Oq
structure, as in this case the rotation centers
must frequently be positioned over the CS
planes defining the block walls in
W;Nb,04. The same is true for the other
block structures to be found in this system
and it is only W3;Nb,,0,, which allows the
formation of WoNbyO,; to occur in such a
fashion. It is thus tempting to assume that
this structural facility controls the course of
the reaction.

Kinetic Aspects of the Reaction

The experimental arrangement chosen
constrained the reaction to be of the type

H-Nb,0; (¢) + nWO, (g) —
Nb,Os : iWO, (c).

The principal molecular species found in the
vapor over WO; are (WQO,); (g), (WO, (g),
and (WQ)s (g) (20-24). These molecules are
composed of tetrahedral WO, units, 3, 4, or
5 units long linked in puckered rings. The
vapor pressure over solid WO, is given by
the equation
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log,ep = 24,600/ + 15.63

for the temperature range 1000-1708 K,
where the pressure, p, is in mm Hg (I mm
Hg = 133,322 Nm 9 and T is the tempera-
ture in K (25). The rate at which the molecu-
lar species collide with the surface, Z, de-
rived from the kinetic theory of gases, has
been given by Somerjai (26). For the specific
case of WO,, taking into account the relative
abundances of the various molecular spe-
cies present {2/, 24), it is found that

Z = (3.057 x 100/ VT,

where Z is the number of molecules colliding
with the surface per m?, p is the vapor pres-
sure, Nm ™2, and T'is the temperature in K.
This is a smooth parabolic function with no
significant discontinuity of either vapor
pressure or of rate of arrival of molecular
species at a temperature of 1254 K to ac-
count for the differences in reaction rate
found in the vincinity of this temperature,
which must therefore be attributed to crys-
tallographic differences.

The kinetic experiments showed that
H-Nb,Os reacted more rapidly just below
1254 K than just above this temperature. As
H-Nb,Os is the stable structural form of
Nb,O; at all the temperatures investigated
the differences found cannot be attributed
to structural changes in this reactant. Addi-
tionally, H-Nb,O; reacted faster than
WNb,O4; at 1243 K. This latter result partly
explains the first as above 1254 K WNb,,0,,
is the product of the reaction and this must
inhibit the rate of reaction compared to
W,Nb,,O4-

The difference between H-Nb,O; and
WNb,,0;; must be due to the structural dif-
ferences between the two phases, The
WNb,,04; structure consists enly of (4 x 3),
blocks whereas in H-Nb,Os the structure
contains both (5 x 3}, and {4 x 3), blocks.
The difference therefore must reside in the
{5 x 3),blocks. As the electron microscope
results show that the reactive sites are the
CS planes in the block edges it seems rea-
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sonable to regard the reactive site in H-Nb,O;
as the junctions where the (5 X 3) blocks are
joined. These contain metal-oxygen octahe-
dra joined by two edges and can be regarded
as the most reduced part of the structure in
terms of the local metal to oxygen ratio.

We finally draw attention to the kinetic re-
sults presented in Fig. 3. This data showed that
the rate of the reaction could be considered as
a smooth almost parabolic curve. Such data
have often been taken as indicative of a rather
simple interdiffusion mechanism of reaction
and “activation energies” correspondingly de-
rived. Structural analysis, however, shows
that the reactions taking place are complex and
that such an interpretation would be far too
simplistic in the present case.

Conclusions

The use of transmission electron micros-
copy in the study of the reactions of block
structures, pioneered by J. S. Anderson, has
thrown considerabie light on the reactivity
of the solid substrate at an atomic level of
discrimination. The initial transformation is
homogeneous and occurs throughout the
H-Nb,Os crystals by way of AW shifts at
the short block edges in the structure. The
major constraint is to accommodate the in-
coming flux of WO, species with a coherent
block mosaic. Ensuing transformations of
this mosaic takes place by cooperative AW
shifts along specific block edges, first the
short edge, to generate WNb;,0,,, and then
the long edge. to generate W,;Nb,Oy. A
study of reaction kinetics does not reveal the
complexity of the crystallographic changes
taking place in this solid—vapor reaction.
Not all of the details of the reaction have
been uncovered and further work still needs
to be carried out before all aspects are un-
derstood.
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