JOURNAL OF SOLID STATE CHEMISTRY 63, 179-190 (1986)

TEM Study of Interfacial Relationships in the V,05-TiO,(Anatase)

System

A. VEJUX* anp P. COURTINET

*Service d’Analyse Physico-Chimique and tDépartement de Génie
Chimique, Université de Technologie de Compiégne, B.P. 233

60206—Compiégne, France

Received July 8, 1985; in revised form November 13, 1985

A direct study of interfacial relationships in the V,0s-TiO,(anatase) system is carried out with
specimens consisting of V,0s nucleated from the vapor phase on commercial anatase crystallites. The
anatase-supported V,0s as opposed to pure V,0s proved highly unstable under the electron beam and
successive structural steps were observed. Consequently the characterization of the elusive V,05—
TiO, interface by electron microscopy was not possible in general. In a few specimens, however,
there was evidence of interfacial coherence. The crystallographic fit leading to the coherence is
believed to be responsible for the unstability observed. An earlier assumption relating the catalytic

behavior of the V;05TiO(anatase) system to a crystallographic fit is thus reinforced.

Press, Inc.

Introduction

The aim of the present work was to col-
lect through transmission electron micros-
copy (TEM) direct information on struc-
tural relationships in the V,;0s-TiO;
(anatase) system, in continuation of a pre-
vious research (/), which suggested that a
crystallographic fit between these two ox-
ides gives rise to preliminary conditions for
the remarkable reactivity and catalytic be-
havior of that system.

It is a well known fact that many mild
oxidation reactions of industrial importance
(2-9) are actively and selectively catalyzed
by V,0s oxide supported on TiO,(anatase)
(0.2 to 7 mole%). The reactivity of the sys-
tem has been extensively studied (I, 10-
15), and, when the V and Ti ions are in V3*
and Ti** valence states, no evidence of a
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bulk compound resulting from a solid—solid
reaction has ever been reported.

In this context, we felt it necessary to
study as a priority the morphology of
TiO,(anatase) and V,0s, and possibly their
interfacial relationships (/6). On the basis
of microgravimetric and X-ray diffraction
experiments carried out at low temperature
(600°C) and under pure nitrogen, we estab-
lished earlier that the system simulta-
neously and ‘‘topotactically’’ undergoes a
reduction of V,0s and the transformation of
anatase into rutile, whereas, if one takes
each oxide separately, neither phenomenon
occurs (1, 17). In such a synergetic effect
only a considerable lowering of the poten-
tial barrier could allow for the necessary
electronic and vibrational transfers. We
thus were led to postulate the existence of a
coherent interface, at short or long range,
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between the two oxides (/8a). Our model
was further strengthened, since AINbO,
and GaNbQ,, which present with V,0s the
same crystallographic relationship as TiO,-
anatase, were shown later to have, when
used as support, the same effect on V,0s,
under nitrogen and comparable tempera-
ture—or under catalytic conditions as well
(18b).

Some discussions in the literature con-
cern TiO, preparations covered with mono-
layers of V,0s, and interesting catalytic
performances have been reported (6-8,
14, 15). Whether the performances still re-
main in the long run is not firmly estab-
lished and is even being questioned (19).
Examples with a few V,05 molecular layers
were also found to be as, or even more ef-
fective (6-8, 13-15). At any rate, in those
cases the surface potential due to TiO; is so
strong that atomic environments in the
“‘two-dimensional’” V,0s are greatly dis-
torted. However, when the number of lay-
ers increases, the distorsion of the V°* ion
coordination gradually decreases, and the
structure of the deposited V,0s becomes
closer to the bulk structure.

All these facts have prompted us to relate
the reactivity of the heterogeneous V,0s—
TiO,(anatase) system to a strained but co-
herent interface between two crystalline
phases (both of them thick enough to pos-
sess nearly bulk properties), since on the
other hand conventional, efficient V,0s-
TiO,(anatase) catalysts are generally of the
multilayer type.

With the purpose of giving our interpreta-
tion direct evidence, and thereby getting a
better understanding of the synergetic ef-
Sfect of V,0s supported on anatase, we pre-
pared a V,0s-Ti0O,(anatase) system pre-
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senting the essential morphologic and crys-
tallographic features of our model (/), and
simultaneously meeting the high-resolution
electron microscopy requirements. We re-
port and discuss here the results of that
TEM investigation.

Experimental

Basically the V,0s-TiO, specimens were
obtained by nucleating V,0s, through vapor
phase transport, on single crystalline ana-
tase substrate. We consider three series of
specimens (I, II, and III). Series I deals
with commercial anatases (Société Tahnn
& Mulhouse, Tioxide International I.td.,
Bayer), characterized by a 7- to 9-m?%g spe-
cific area, and the typical impurity content:
=1 wt% V,0s, = 0.5 wt% P,0s, = 0.3 wt%
K0, and = 100 ppm CI-.

Vapor phase-grown V,0; platelets com-
pose series II. They were prepared from 1
mg of powdered V,05 (Merck-France
S.A.), loaded at one end of silica ampoules
10 cm long and with 0.8 cm inside diameter.
The evacuated ampoules were placed in a
horizontal furnace, with the charge toward
the higher temperature zone (900°C).
Within 24 hr vaporized V,0s gradually con-
densed at the ampoule wall in a cooler zone
(about 600°C) under the form of very small
and thin single-crystalline platelets.

The specimens of series III consisting of
crystalline V,05 nucleated on anatase sub-
strate were prepared in a way very similar
as specimens II. The only difference was
the presence of traces of anatase (specimen
I) on the inside wall of the ampoules, so
that V,0s had a chance to condense on ana-
tase as well as on the ampoule wall. Differ-
ent growth times were used in an attempt to

FiG. 1. TiOy(anatase) crystallites. (a—d) Electron micrographs of typical crystallite morphology
(specimens I) (arrows indicate lattice fringe directions). (¢) Schematic diagram showing crystallite
growth at successive stages (at right, one of the natural habits of TiOx(anatase) crystal, evoked by

specimens I).
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F1G. 2. TiOx(anatase) crystallite analyzed by lattice imaging and electron diffraction. (a) Electron
micrograph showing (101) (101), and (002) lattice images, with indication of lattice spacings and angle
(insert at lower magnification gives an overall view of the crystallite). (b) Corresponding electron
diffraction pattern (correctly oriented with respect to the micrograph). (c) Schematic indexing.

vary the amount of V,0s deposited on ana-
tase particles.

The specimens dispersed on holey car-
bon grids were observed with a JEOL
1200EX electiron microscope operaied at

120 kV.

Results and Discussion

TiOx(Anatase)Specimens I)

The anatase specimens observed were
found to be constituted of scale-like crystal-
lites isolated or clustered. As illustrated in
Fig. 1, these small single crystals, roughly

ranging from 50 to 500 nm in diameter and
10 nm thick or less, are still close to the

nucleation phase attested by rounded con-
tours; nevertheless, some of them exhibit
to a certain degree the morphology of natu-
ral anatase crystals, namely a truncated oc-
tahedron elongated along the c¢ axis (20).}
Analysis by electron diffraction and lat-
tice imaging (Fig. 2) shows the small scale-
like crystallites to have their normal ap-
proximately in the [010] direction (Fig. 3a).
It does not resuit that they are merely thin
(010) cuts in the anatase octahedron: tilting
about the [101] direction rather suggests a
lentil-shaped form (Fig. 3b); we assume
however the surface to be vicinal to (010).

1 TiO, anatase: tetragonal S.G.: I4,//amd; a = 3.785
A, c =9514 A
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FiG. 3. TiOx(anatase): crystallite modelization. (a) Plane families in a scalelike anatase crystallite
found in Fig. 2a to be parallel to the electron beam. In broken line, indication of an idealized crystallite.
(b) More realistic view (half-section) of an anatase crystallite, schematizing the (010) plane segments

vicinal to the surface

In other words we consider that in these
anatase crystallites, inspite of their com-
plex shape, the major part of the exposed
surface corresponds to (010) plane.

Commercial anatases (of the same kind
used to support V,0s in industrial catalysts)
were therefore considered as adequate sin-
gle crystalline substrate for our prepara-
tion, since (010) is precisely one of the two
anatase planes—the other being (001)—as-
sumed in our model (/) to be interfaced
with V,0s.

V,0s (Specimens II)

The sole purpose of preparing vapor-
grown V,0s was to make sure that our ap-
paratus and procedure yielded lamellar,
clongated microcrystals, in accordance
with the normal V,0s crystal habit, namely
a rectangular prism (20).2 The results gath-
ered in Fig. 4 confirmed it to be so. These
specimens were found to be very stable un-
der a standard TEM electron beam in
agreement with the literature (22-25).

2 V,0s: orthorhombic $.G.: V> Pmmn; a = 11.51 A,
b=356A,c=437A. (In previous papers (I, 17), we
used the nowadays less-common Bachmann’s notation
(21), where b and ¢ are permuted.)

V,0s-Covered Anatase (Specimens III)

The preparation of specimens III aimed
at determining to what extent V,0Os nucleat-
ing and growing directly on (010) anatase
would follow our model (partly reproduced
in Fig. 5).

Most specimens III, as opposed to speci-
mens I and II, proved extremely sensitive
to the electron beam. Within seconds dras-
tic changes were observed to occur, as if
the specimens first melted, then recrystal-
lized with the formation of a checkered tex-
ture, then rapidly sublimated and disap-
peared altogether (sequence of micrographs
in Figs. 6d,e).

Clearly this behavior was due to the
“coupling”” of V,0s and TiO,(anatase)
since each component is stable when taken
separately, and constituted a manifestation,
at microscopic level, of the remarkable re-
activity of the V,0s-TiO,(anatase) system.
Under such conditions the characterization
of the interface by electron microscopy and
electron diffraction understandably be-
comes rather problematical.

Observation of unstable specimens (gen-
eral case). In most instances, the speci-
mens were found to present contours simi-



[hoo]

110
200 ko]

(d)

(e)

Fi1G. 4. V,0; electron micrographs and crystallite modelization. (a) Crystallites with various widths
(notice microdomains in circle). (b) Enlargement showing (110) (110), and (200) lattice images. (c)
Electron diffraction pattern (correctly oriented). (d) Schematic indexing. (¢) Natural habit of V,0;
crystal (exhibited by specimens 1I).
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FI1G. 5. (001)V,05—(010)TiO,(anatase) crystallographic fit (a) visualization of the predicted crystallo-
graphic fit in real dimensions, as already presented in Ref. (/). (b) Diagram and values of the three most
important lattice fits: (A) (010)/(100) 6%:; (B) (200)/(002) 19%; (C) (110)/(101) linear 3.5%; angular 6.4%.

lar to those of pure anatase particles (such
as in Fig. 6c) but they seemed to ‘‘glitter”
under the electron beam exhibiting no fixed
details but a fluidlike mobility—as opposed
to pure anatase particles, which are stable.
In the diffraction mode, one observed rap-
idly changing patterns, and the photographs
snapped during the process reveal various
degree of disorder and streaking, indicative
of structural transition. Behind the disor-
der, however, one detects quite often a
trend toward an ordered spot configuration
different from V,0s5 or TiO,(anatase) dif-
fraction pattern, as in Fig. 8a and particu-
larly Fig. 8b. The new structure, though in-
completely characterized, seems from the
data already available to be a superstruc-
ture, but in a higher degree of reduction
than that observed in V,0s by several au-
thors—and shown to be V40, (22-25). (In
the context of our study, that is, from the
catalysis point of view, it is somewhat sec-
ondary that this superstructure is not yet
completely identified, all the more because
its nature may depend on the ambiant con-
ditions—temperature, vacuum, etc.)

As mentioned above, it happened that a
checkered texture formed after an exposure
to the electron beam of 1 or 2 min. In the
corresponding electron diffrations a rutile-
like configuration becomes apparent possi-
bly ascribable to a V,Ti,-,0, solid solution.
It is of interest to recall that the transforma-
tion anatase — rutile is activated by the re-
duction of V,0s (I, 17).

Observation of metastable specimens. In
few cases, hardly representative in terms of
statistics, one observed crystalline V,0s
distinctly attached to TiO,(anatase) parti-
cles (Figs. 6a-b, 7a). Such specimens were
generally found to be stable under the elec-
tron beam. By inspection, the relative ori-
entation appears, within reasonable accu-
racy, to be in agreement with the model
Fig. 5b, namely

[010]V,0s // [100]TiO,(anatase) and
[100]V,0s // [001]TiO,(anatase).

In Fig. 7a the electron diffraction seems to
be the almost exact superimposition of the
diffractions from both V,0s and TiO,(ana-
tase), oriented according to the model (Fig-
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ure 5b). If we refer to the different fits? be-
tween the crystallographic structures of the
V,05~TiO,(anatase) system for the two pro-
jections of interest, the nearly identical
spacing between rows of diffraction spots
corresponds to the good fit (A), whereas the
poor fit (B) in the perpendicular direction,
results in two Kinds of spots: some regular
and intense spots clearly belong to V,0Os,
whereas the others, weaker and more disor-
dered, seem to be ascribable to TiO,(ana-
tase). Furthermore the two intense sym-
metrical spots nearest to the center would
correspond to (110), (110)V,Os and (101),
(101)TiOx(anatase), the doublets in symmet-
rical position being assigned to the conju-
gated planes, with the implication that the
relative orientation of the two crystals is
exactly along [110]V,0s, [101]TiO,(ana-
tase), a misorientation resulting in the
[101]TiO,(anatase) direction due to the an-
gular misfit (assumption reinforced by a
small rotation of these doublets with re-
spect to the rows of spots).

These cases are rare indeed, but they
may correspond to an accidental metasta-
bility, the normal behavior being an imme-
diate evolution under the electron beam.
Then they would represent a ‘‘quenched”
step usually invisible because of the unsta-
bility. This assumption implies that a coher-
ent interface initially exists in the V,Os+
TiO,(anatase) couples but disappears as
soon as the resulting synergy sets in.

The electron diffraction in Fig. 7b might
be an illustration of such a transient situa-
tion: taken from an ‘“‘unstable’’ specimen,

3 Crystallographic fit defined by: 200(d; — d))Ad; + d)
d;, d; corresponding lattice spacings.
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and accordingly quite disordered, it bears
nevertheless the traces of V,05TiO,(ana-
tase) orientation.

Interpretation

The assumption just made resembles a
dilemma: because of the coherence of the
interface, the interface cannot be observed
and its coherence cannot be stated.

On the basis of the various data, how-
ever, one can speculate that as soon as
vanadia adsorb on (010)TiO,(anatase), as in
the preliminary step of an ‘‘epitaxy’’ (inas-
much as the classical concept of epitaxy is
relevant at all in that context of reactive
solids), an interfacial interaction develops
making the supported V,0; very different
in its physical properties from pure V,0s.

It could be in particular that the melting
temperature of supported V,0s be consider-
ably lowered, hence the glittering fluidity
under the electron beam. Subsequently,
new phases would form such as superstruc-
tures or even solid solutions of V,05TiO;,
themselves subject to rapid sublimation un-
der the beam.

Incidentally, these considerations may
be paralleled with the concept as yet ill-
understood of ‘‘surface wetting’’ appearing
in reports on V,0s monolayers ‘‘molecu-
larly epitaxied’’ onto TiO,(anatase) (31).

It may be added also in a final remark
that to account for similar transformations,
Anderson (26) invoked place exchange be-
tween oxygen atoms and vacancy sites pro-
ducing fluctuation waves of composition. In
the case of V,0s supported on TiO;(ana-
tase) the relaxation of V,05 would be con-

Fi1G. 6. V,05 vapor deposited on TiO,(anatase) crystallites. (a,b) V,0s crystal grown on TiO,(ana-
tase) particles (notice relative orientation of the crystals corresponding to model Fig. 5b). (c) TiO(ana-
tase) particle actually covered with V,0s (as evidenced by its glittering behavior under the electron
beam, and by its diffraction pattern (Fig. 8b) different from that of pure anatase). (d) Specimen
gradually *‘sublimated’’ under the electron beam (notice the checkered texture). (e) Sequence of micro-
graphs showing complete ‘‘sublimation’ (about 15 sec between each picture; electron beam intensity
corresponding to normal observation and photography conditions).
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Fic. 7. Typical electron diffraction patterns from V,05TiO,(anatase) system (specimens I1I). (a)
Almost exact superimposition of diffraction patterns from V;Os and TiO,(anatase) oriented in accor-
dance with model Fig. 5b (good fit A results in regularly spaced rows of spots, poor fit B results in two
series of spots within rows, as discussed in text). Indicated in broken lines, schematic contours of the
crystal couple (after 32° rotation correction). (b) This pattern, from an unstable specimen, though quite
disordered, bears the traces of V,05-TiO,(anatase) orientation.

siderably enhanced by the interfacial elastic
stress due to coherence (/, 26—30).

Conclusion

TEM observation showed that commer-
cial anatases (commonly used in industrial
catalysts) essentially present the (010)-ana-
tase plane in surface. As a result they con-
stitute an adequate TiO, support in the

preparation of a V,0,-TiO,(anatase) sys-
tem, corresponding to the crystal couple
theoretically studied earlier.

Specimens obtained by direct nucleation
of V,0s5 onto (010)anatase plane were found
to be very unstable under the electron
beam, whereas pure, unsupported V,0Os un-
der the same conditions is stable. Clear-cut
epitaxial deposition of V,0s could not be
established except in rare cases. On the
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Fi:. 8. Typical electron diffraction patterns from V,0s~TiO»(anatase) system (specimens 11I) (con-
tinued). (a) New phase in formation (streaking indicates planar structural transition). (b) New phase
completed (electron diffraction pattern associated with micrograph 6c. (400) spot marked is also the
V,05 (400) spot; (040) spot is the V,0s (020) spot.

contrary the formation of new phases was
distinctly related to the reactivity of the
V,05-TiO,(anatase) system.

The occasional evidences of relative
crystallographic orientation following the
postulated matching scheme seemed to fur-
ther support the main idea that the reactiv-
ity of the V,05~TiO,(anatase) system is an
effect of interfacial coherence. Coherence
which in the redox conditions of oxidation
catalysis (less severe than the electron
beam) would account for the fact that the

system becomes active and selective in the
stationary state without relaxation.

More work is needed to indisputably
prove the formation of coherent interfaces.
On the other hand the concept of coherence
seems to be the only plausible explanation
of the recognized fact that the condition of
crystallographic fit constitutes a simple and
reliable criterion in the determination of a
particular catalyst, satisfactory in terms of
activity, selectivity, and life.

Of course, it cannot be concluded by sim-
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ple extrapolation that the same interfacial
phenomena exist in V,0s5-TiO,(anatase)
catalysts industrially prepared. However,
on the one hand the same kind of anatase is
involved in both cases; on the other hand,
one sees no serious reason for the V,0s
formed through aqueous precipitation, des-
sication, and calcination, to develop under
a morphology different from the usually
prevailing one. These considerations lead
us to assume that interfacial relationships
comparable to those discussed above in our
particular system exist also in the same way
in industrial catalysts.
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