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Abstract

During dynamic reduction of vanadyl pyrophosphate
using in situ electron microscopy and diffraction under
controlled reaction conditions, recurrent dislocation of
atoms is observed, which leads to the formation of
extended defects by a glide shear mechanism. Ordering
of the glide shear defects leads to a new structure by
transforming the orthorhombic vanadyl pyrophosphate
into an anion-deficient tetragonal structure. These
defects are formed close to the surface and the nature
of the defects is such that they accommodate the misfit
between the reduced surface layers containing anion
vacancies and the underlying unreduced bulk. The
glide shear planar defects (GS) essentially preserve
anion vacancies and do not lead to a lattice collapse,
and are distinct from the well known crystallographic
shear planes (CS, which eliminate anion vacancies
leading to lattice collapse). In important complex
oxides such as vanadyl pyrophosphates, and in a
variety of model ReO;- and V,0Os-based oxides used
as catalysts, my in situ studies suggest that glide shear
is the most effective defect mechanism by which the
catalysts accommodate nonstoichiometry and continue
to operate in partial oxidation reactions. Anion vacancy
formation resulting from the oxide reduction is the
driving force for the generation of glide misfit defects
and their ordering can give rise to new phases or
structures in oxides. The studies have important
implications in oxide catalysis and, more generally,
in oxide crystallography.

1. Introduction

Oxides are widely exploited as catalysts in the selective
oxidation of hydrocarbons. Catalytic oxides exchange
oxygen with oxygen gas and provide lattice oxygen in
catalytic oxidation reactions. Structural changes in these
oxides are of considerable scientific and technological
importance. They are directly relevant to central issues
such as performance and stability of oxides in chemical,
material sciences and technological applications. For
the early transition metal oxides (MO, such as
molybdenum oxides, vanadium oxides and titania),
which consist of blocks of MO, octahedra as their basic
structural unit, changing their anion content introduces
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considerable structural rearrangement. Some of the
recognized ways by which oxides accommodate non-
stoichiometry and changes in composition are crystal-
lographic shear [CS, which essentially eliminates
complete planes of anion vacant sites by shear from
corner to edge sharing of octahedra and lattice collapse
(Magneli, 1953, 1970; Wadsley, 1964, Andersson &
Wadsley, 1965)], coherent intergrowths (Anderson,
1972) and compositional twinning (Bakker & Hyde,
1978; Bursill & Hyde, 1972). These have been
investigated extensively in the literature using a variety
of techniques, including electron microscopy, generally
on static post-reaction samples (reacted ex situ and
cooled to room temperature) held in high vacua.
However, studies on static samples do not represent
dynamic catalytic oxide surfaces which evolve during
redox processes and this has hindered a better funda-
mental understanding of mechanisms leading to struc-
tural transformations. To understand the nature and role
of structural changes in reacting oxides the first direct
studies of dynamic catalytic reactions under controlled
conditions of temperatures and reducing and oxidizing
gas environments were undertaken using in situ
dynamic electron microscopy, on simple model oxide
catalysts such as MoO; (Gai, 1981; Gai & Labun,
1985), V,0; (Gai, 1983) and related oxides (Gai, Smith
& Owen, 1990, 1992, 1993). These direct studies have
shown that at higher operating temperatures of ~ 673K
crystallographic shear planes (CS) are formed. How-
ever, the dynamic microstructural studies correlated
with reaction chemistry showed the CS planes to be
consequences of catalytic reactions, eliminating super-
saturation (SS) of anion vacancies (SS defined as that
relative to the background concentration of vacancies in
equilibrium with CS planes). They were secondary (or
detrimental) to catalysis since selectivity to desired
products decreased in the presence of CS planes in
partial oxidation of hydrocarbons and were not the
origin of activity in oxygen exchange in redox processes
(Gai, 1981, 1992, 1993). The question therefore arises
as to the possibilities of novel, alternative but effective
mechanisms to accommodate nonstoichiometry in
oxides employed as catalysts. The objective of the
present work is to explore structural transformations in
scientifically and technologically important vanadyl
pyrophosphate mixed-metal complex oxides during
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vacancies and VPO bulk are shown in Fig. 4(d).
Selectivity to maleic anyhdride for successive butane
pulses measured in the absence of air showed a MA
selectivity of ~60% initially and achieved a steady rate
at ~52% after a few hours. In partial oxidation with
1.5% butane-air selectivity to MA was measured to be
high and nearly uniform 80% selectivity at ~20-60%
butane conversion. It is possible to maintain this high
selectivity for prolonged periods. The result in the
partial oxidation showing uniform selectivity indicates
that because the vacant anion sites (which change the
strength of Lewis acid sites) are readily available as
active sites for oxygen exchange, oxidation (regenera-
tion) of the catalyst can proceed more quickly than in
the presence of CS planes which eliminate such vacant
sites. The faster regeneration of the catalyst can prolong
its operational life.

The defect concentration was found to increase with
increased reduction. In samples reduced for several
days at 673K repeated glide shear and ordering to a
crystallographically defined anion-deficient compound
with a plate morphology was observed in electron

vacant sites
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diffraction and imaging. Fig. 5(a) shows the plates
along the (201) defect directions (some microcrystalli-
nity within the plates was sometimes found). Some
quite well formed plates in other orientations are
shown in Fig. 5(b). ED from various crystallographic
orientations from the plates were recorded by tilting
the plates to different crystal zonme axes and are
summarized in Figs. 5(c) and (d). It may be noted that
some lattice disorder (streaking) is still visible along
the original [201]yp, direction. From the electron
diffraction measurements the new transformed struc-
ture is deduced to be tetragonal with the lattice
parameters a ~ 7.8 and ¢~ 6.3 A. The ED patterns
in Figs. 5(c) and (d) are from the [010] and [100] zone
axes and are indexed based on the new tetragonal cell
parameters. There is excellent agreement between the
experimental measurements and calculations of lattice
spacings and angles of different {hkl/} planes in the
new tetragonal lattice. In X-ray diffraction (200) and
(201) VPO reflections overlap with (200) and (001)
reflections of the tetragonal plates, respectively.
Superposition and broadening of other peaks are also
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Fig. 4. (a) A model for glide shear based on in situ EHREM data. Projection of one layer of idealized VPO on (010), indicating a glide shear
along (201) (arrowed). (b) Model used to interpret the glide defects formed close to the surface: A partial screw dislocation bounds a stacking
fault extending to the surface. (c) Model of misfit glide defects along 201 and growth of the 201 crystal faces. (d) Model of glide shear defects
accommodating misfit strains at the interface between reduced oxide surface layers containing anion vacancies and the underlying bulk.
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observed. In the absence of gas phase O, an increase
in the plates can result in a loss of active VPO surface
area with MA selectivity of ~40%. It can be seen that
the original ‘rosette’ shape is changed to a plate-like
morphology. 1 believe that the results show, for the
first time, that ordering of misfit glide shear plane
defects leads to a new structure (phase) in a catalytic
oxide. By measuring the number of defects per
formula unit (e.g. from Fig. 2, ~2 defects per 7
units giving an anion deficiency of ~ 0.15 x 2), the
oxidation state of V in the local defect region is
estimated as ~ 3.7. The defective phase then is
approximately (VO),P,0¢4;, which can be written as
VPO, for n=3.

The glide shear plane defect mechanism described
here is distinct from the CS plane mechanism. In the
glide shear process observed during the reduction of
VPO the local lattice structure is not collapsed, only
local symmetry is altered (in antiphase), as shown in
Fig. 4(a). However, the glide shear plane defects are
nucleated only when the catalyst is slightly reduced and
the crystal simply glides along (201) to accommodate
misfit strains between anion-deficient surface layers and
the unreduced bulk. The energy requirement for the
proposed glide shear mechanism is much less than that
for a CS plane which eliminates lattice sites in
supersaturation and causes lattice collapse. The defects
described here have an almost pure shear (screw)
character and they can be nucleated as small shear loops
in the presence of large shear strains arising because of
a slight reduction of the catalyst surface. The loops can
expand through a glide mechanism that is driven by
lattice strain.

Notably, my in situ EM studies of the reduction of
model catalytic oxides such as MoO;, V,0; and related
oxides at moderate temperatures, 473-623 K, have also
shown structural transformation of these oxides by glide
shear (Gai, 1981, 1983, 1992, 1993). These lower
temperatures where the glide mechanism is operative
are found to be beneficial for optimal catalyst perfor-
mance.

The dynamic experiments show that although the CS
mechanism pioneered by Magneli (1953, 1970) and
Wadsley (1964) has been structurally highly elegant,
in important applications such as catalysis glide shear is
likely to be the most effective defect mechanism for
accommodating nonstoichiometry. In addition, the key
observation of glide shear in the in situ studies could
provide a means for synthesizing novel oxide structures
and novel phases for catalysis by suitable substitutions
to induce selective glide transformations.

In summary, a new structural transformation
mechanism by crystal glide shear is revealed with
important implications in oxide catalysis and oxide
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crystallography. The mechanism is based on the glide
defects relieving misfit strains between reduced oxide
surface layers and the bulk, and may provide active sites
for catalysis. Ordering of the glide shear plane defects
transforms orthorhombic VPO into a tetragonal struc-
ture.
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