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Metal oxides constitute a large class of systems with
important applications, some of which depend critically[1–3]

on their surface structure. Obtaining this information as
average translational termination, even for binary oxides,[4–8]

is a difficult task requiring the use of model systems and
surface-science techniques.[9–11] Symmetry breaking at the
surface of a binary oxide frequently results in strong
relaxations and surface structures that are chemically differ-
ent[5, 6, 12–14] from cuts through the bulk structure.[15] A case
study is the surface of V2O5.

[16–19] Vanadium oxide is directly
relevant[20, 21] to catalytic applications in selective oxidation.
Variable oxidation states,[17] clusters,[21, 22] and amorphous
components[23–25] were identified as locations of catalytic
activity, none of which are elements of the translational
structure. Furthermore, the surface structure[26, 27] has been
proven to be highly dynamic in termination depending on the
nature of adsorbed molecules or atoms.[28–30] The occurrence
of covalent[29] vanadyl groups[12] that break the lattice
symmetry, or of defects from “lattice oxygen,”[22, 31] and the
massive surface relaxation upon slight bulk reduction[32] are
excellent examples of the complexity[33] of these supposedly
simple systems characterized by close-packed bulk structures,
which at first glance offer only limited options for restructur-
ing.

Modern high-resolution electron microscopy tech-
niques[34] can be used to complement surface diffraction and
scanning probe methods[35] for revealing in real space the local
and defective structure of oxide surfaces carrying chemically
reactive sites. Despite the enormous progress that TEM has
made in imaging inner surfaces and bulk structures of
oxides,[36–38] it remains a significant challenge[39–41] to identify
the outermost atomic layers of metal oxides. Herein we
describe an imaging strategy that focuses on the essential
aspects of termination without the need for high-end instru-
mentation. In nondense structures, multiple possibilities[33]

with similar surface energies exist to terminate the structure
by breaking bonds within the unit cell. The stabilities of
metal–oxygen bonds limit the tendency for relaxation to the
extent of forming amorphous rims[24, 42] on crystalline bulk
structures; thus a distribution of termination modes that
change from unit cell to unit cell may exist, giving rise in the
TEM projection image to the impression of amorphous[23, 25,43]

surface layers despite well-structured local terminations.
Many multicomponent metal oxides with large unit cells

are nondensely packed three-dimensional structures that can
be described formally as stacked two-dimensional arrays of

metal oxygen polyhedra, with free space aggregating to
channel structures upon stacking. The basic structural units
are thus slabs of two-dimensional assemblies of polyhedra,
large enough to represent a minimum set of channels
occurring as holes in the slabs. An example is the M1
structure. M1 is the essential crystalline phase in MoVTeNb
oxide catalysts that enable the selective oxidation of alkanes,
for example the conversion of propane to acrylic acid.[44,45]

With a space group of Pba2 (a = 21.134, b = 26.658, c =

4.015 �; a = b = g = 908), the M1 phase consists of a complex
network of (Mo,V,Nb)O6 octahedra grouped around pentag-
onal bipyramidal oxo clusters to form a nondensely arranged
slab of 0.4 nm thickness. A representation of the slab that
forms the basic structural unit of the M1 structure is shown in
Figure 1a. This slab coincides with the crystallographic unit

cell that is used as a model to describe the arrangement of
atoms in a suitable way for crystallographic analysis. These
slabs are stacked through metal–oxygen bonds along the h001i
direction to form cylindrical crystals (Figure 1b).[46] Along the
long axis of the cylinders, a pattern of hexagonal, heptagonal,
and pentagonal channels terminating in the (001) plane (see
Figure 1a) creates an overall nondense structure with strongly
anisotropic nominal termination modes at the basal (001) and
{hk0} prismatic faces (Figure 1 b).[47] Niobium predominantly
occupies the pentagonal bipyramidal positions, whereas non-
stoichiometric amounts of tellurium oxo units populate the
hexagonal and heptagonal channels. Buttrey and co-workers
worked out the complex crystallographic model of the M1
phase using aberration-corrected high-resolution STEM
techniques.[48] This analysis gives an excellent and detailed
insight into the crystal chemistry of the phase. It falls short,
however, of addressing the issue of termination. The presence
of multiple steps on the by far prevalent prismatic faces[46, 49,50]

is an indication of how unlikely it is that the structure will
terminate in a single low-energy configuration, as exempli-
fied[51] in the much simpler structure of titania, for which
faceting was found to be critical for reactivity. It is customary
in the literature to assign the minority (001) faces as the active
sites,[52, 53] as there the bulk crystal structure of M1 is assumed
to terminate without restructuring. Catalytic experiments
trying to verify this assumption gave conflicting results[50, 54,55]

and do not confirm the expected unique role of the (001) faces
for catalytic function.

High-resolution (HR) TEM is a tool for obtaining real-
space structural information about nontranslational symme-
try as well as on the average crystal structure. For our routine

Figure 1. Crystallographic model of the M1 phase and morphology of
M1. a) Unit cell along the h001i direction. b) High-resolution SEM
image of M1 particles. Blue arrows indicate the h001i direction.
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CM200-LaB6 TEM instrument, the point resolution near
Scherzer focus (e.g. 3.0 � at defocus Df =�10 nm)
approaches the resolution at Scherzer focus (2.4 � at Df =

�71 nm), while it becomes more reduced for extreme values
of Df, for example 17 � at Df =�1150 nm and 16 � at Df =

1000 nm, as illustrated by the contrast transfer functions
(CTF) in Figure S1 in the Supporting Information. We
propose to vary the CTF upon analyzing the termination.
The atomic structure information can be complemented on
the one hand by the identification of the supramolecular unit
cell disposition, for example 21 � � 26 � of M1 phase along
h001i, and on the other hand by the termination of the unit
cells at the surface without carrying the atomic information.

Figure 2a shows such a unit cell disposition image for M1
along h001i. The simulated images (see the insets) are
consistent with their experimental counterpart using crystal-

lographic models with and without Te in heptagonal chan-
nels.[46] It is important to note that this image does not
represent “unit cells” as models in crystallographic consid-
erations but rather shows the border lines of the basic
structural units representing locations of high density of metal
oxygen polyhedra (see also Figure 1a). The letters A, B, and
C in Figure 2a indicate areas of slight variations in contrast
and orientation of the unit cells. It is assumed[47] that a
variation in the location of Te between the hexagonal and
heptagonal channels is responsible for this local variation in
geometry, as indicated by the slight modification of the shape
of the individual representations of heptagonal channels
(elongated vs. spherical for filled or empty channels, clearly
visible also in the simulation insets of Figure 3). The differ-
ences between C and A are due to the variations in their
thickness and orientation. The gray “termination line” (D) is
an imaging artifact and can be discriminated from a real
structure by its strong variation with focus conditions.

Figure 2b shows the false-color representation of the
perimeter of a M1 particle. The termination occurs through
breaks in basic structural units, which form the prismatic
surface of the needle that is imaged in the projection along
h001i. Two break lines connecting the channel systems in
different ways are indicated in the small schematic represen-
tations of the basic structural units in Figure 2b. These
terminations break the crystal periodicity in the bulk and
create two chemically inequivalent forms of the prismatic
faces. The consequence is a termination consisting of roughly
half-pipes of the formerly closed channels and of wall
fragments exposing the thinnest sections through the mesh
of polyhedra.

The false-color representation of the (001) surface (Fig-
ure 2b) reveals the variation in sample thickness that leads to
a varying representation of the contrast of the bulk unit cells.
The complexity of the termination is further enhanced by the
situation at the apex of the particle, where two columns of
unit cells indicated by the ellipsoids in Figure 2b exhibit a
strong local relaxation with a modified channel structure.

Figure 3 shows the projection of the prismatic face of a
different M1 particle. This image was taken with a CTF close
to the Scherzer focus, thus allowing projection of all metal
oxygen polyhedra and the channel structure as expected from
the crystallographic model of M1. The bottom inset shows the
same situation imaged with the unit cell CTF used also for

Figure 2. HR-TEM images of one M1 particle along the h001i direction
far from Scherzer focus. a) The image in grayscale and b) its counter-
part displayed in color mode (temperature style, where the color
settings are based on the contrast variation) using Gatan DigitalMicro-
graph software. The bottom and top insets in (a) are the correspond-
ing simulated lattice images using crystallographic models with and
without Te occupying heptagonal channels, respectively. Both are
conditioned at a thickness of 28.9 nm and Df=�1150 nm. In (b), the
perimeter of the M1 particle is highlighted. The left two rectangles are
schematic illustrations of fractured structural units in the left and
bottom-left perimeters. The termination indicated by the arrow is
similar to that in the bottom.

Figure 3. HR-TEM image of one M1 particle along the h001i direction
near Scherzer focus. The top-right inset shows the fast Fourier trans-
form (FFT). The bottom-right inset corresponds to the image and the
FFT far from Scherzer focus and shows the unit cell information
(rectangle). The right two insets are the simulated images (condi-
tioned at a thickness of 13.2 nm and Df =�10 nm) as well as their
underlying heptagonal (red), hexagonal (blue), and pentagonal (green)
channels using crystallographic models with (top) and without
(bottom) Te occupying heptagonal channels. The arrows and double
arrows indicate the aforementioned two termination breaks. There are
some matching residues among unit cells adjacent to the perimeter,
as indicated by the stealth arrows.
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Figure 2. The top inset gives the fast Fourier transform of the
object, which is in full agreement with the crystallographic
structure and is further used to verify the exact orientation of
the needle along the electron-beam axis. The terminating
fragments are better resolved owing to the more suitable CTF,
whereas the basic structural units are hard to recognize
without the schematic representations. The surface morphol-
ogy is the same as on the long side of the particle in Figure 2.
The arrows in Figure 3 designate channel features that are
much weaker than in the bulk owing to imaging artifacts at
the boundary of a periodic object and to incomplete channel
walls. It can be seen that the outermost feature visible in
Figure 3 is always a bright dot representing a channel
structure. Below the surface in the second row, only ordered
unit cells of a well-developed crystal can be found, thus
illustrating clearly that the complex surface termination is not
related to bulk disorder.

Figure S2 in the Supporting Information illustrates the
structural consequences of unrelaxed fractured basic struc-
tural units, which constitute the surface of the M1 mixed
oxide. The top two schemes (Figure S2 a,b in the Supporting
Information) relate the splitting of the unit cells and represent
the atomic details of the surface derived from the bulk
crystallographic structure. In comparison to Figure S2 c, it can
be seen that the effective surface area is increased over a
hypothetical surface termination with intact basic structural
units. The resulting half-pipes, now exposing the former inner
surface of the channels, probably run along all prismatic faces,
as indicated by the stepped surface morphology seen in the
HR-SEM image (Figure 1). The STEM images shown in
Figure 4 and Figure S3 in the Supporting Information were
recorded on an aberration-corrected instrument to confirm
the termination mechanism discussed above.

The surface is terminated with the opened heptagonal and
hexagonal channels. A consequence of this termination is the
liberation of tellurium oxo groups that are no longer
contained in the channels but can freely disperse over the
whole surface. This consequence of the terminating mecha-

nism explains the well-documented fact that tellurium is in
large excess over all other elements at the surface of the
working catalyst investigated with depth-resolved X-ray
photoelectron spectroscopy.[56]

The simulations of the atomic surface structures of the two
terminations displayed in Figure S2 d,e in the Supporting
Information reveal clearly that this termination mode exposes
corners of metal oxygen polyhedra to the outer surface that
would not be accessible by reactants and adsorbing molecules
on a surface made of intact unit cells. The element coding of
the structure simulation represented in Figure S2 f,g shows
that the fractured terminations expose rows of molybdenum
or vanadium atoms with bridging oxygen atoms. Learning
from the termination dynamics discussed in the introduction,
it can be assumed that all terminal M�O bonds will relax to
M=O, and thus double rows of bridging and terminating M�O
motifs will become exposed. Alternating M-O-M bridges
involve Nb as one end and thus give rise to MoVMoV or
MoVNb structures. Such double rows that present coordina-
tively unsaturated M�O polyhedra to reactants are excellent
candidates for active sites performing the dual function of
activating and oxidizing adsorbed hydrocarbons. It is most
significant that similar local arrangements of polyhedra with
terminal and bridging oxygen atoms and an intimate mixture
of polyvalent cations in neighboring polyhedra were assigned
as active sites situated on the basal planes of the M1
crystals.[53] The terminating mechanism detected in Figure 2
removes the fundamental structural anisotropy of the perfect
M1 crystals and thus can explain the conflicting results in the
literature about the location of active sites.[50,55] According to
the present termination model, we would find active sites of
the kind discussed in the literature on all external surfaces of
the M1 crystals. It remains unclear whether the relative
arrangement of these double rows is convex or concave (like
active-site pockets in biological catalysts).

In Figure S4 in the Supporting Information, we seek to
explain the average mesostructure of the termination of
prismatic faces of the complex M1 oxide. From the SEM
image (Figure 1) and the TEM projections in Figure 2 and
Figure 3, it appears that most of the surface would exhibit no
order but rather present the typical “amorphous surface”.
Only rarely do the SEM images show stepped structures
indicating a regular stacking of microfacets from fractured
basic structural units. The schematic representation of the
stacking sequence of several-layer slabs of the M1 structure
explains both morphological observations. As shown in the
left part of Figure S4 b, regular stacking of similar fractured
basic structural units leads to the formation of a microfacet
with a step structure. The scheme at the right hand side of
Figure S4 b assumes a changing termination mode in every
layer and shows clearly that regular stacking of such
terminations does not lead to supramolecular ordering and
hence precludes the observation of the surface morphology. It
is the local variation of cationic composition, possibly
together with the filling factor of the channels with TeOx

units (causing strain in the channels), that results in a
fluctuation of the termination modes. In the absence of
large local variations of the metal–oxygen bonds owing to
their strong covalent character, the variation in local cationic

Figure 4. STEM image of one M1 particle along the h001i direction.
The surface was partially highlighted by the characteristic channels
(heptagonal, hexagonal, and pentagonal) of the M1 phase. The bright
dots represent columns of M�O polyhedra.
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composition and hence local charge from dangling bond
strengths is the only possibility for the system to minimize its
surface free energy. The distribution of the termination
structures along a stack of two-dimensional slabs in a
cylindrical crystal results in an additive projection in the
“amorphous” representation of the surface, viewed along the
c axis. The impression of amorphousness is an imaging
artifact, as neither the local structure nor the supporting
bulk crystalline structures are disordered on a local scale.

The combined information allows identification of the
termination mode in covalent solids with large unit cells.
Termination is achieved by fracturing basic structural units
along weak features. Only limited local relaxation may occur,
such as conversion of terminal M�O bonds into M=O bonds.
The exact fracture line may vary between individual basic
structural units with their compositional fluctuation (phase
width). The resulting termination will be substantially differ-
ent from an assumed termination along low-indexed planes of
basic structural units. Details of the synthesis kinetics leading
to a distribution of cation positions and hence to a fluctuation
of bond strengths will control the exact surface morphology.
The termination mode is consistent with a perfectly ordered
bulk structure that gives, however, no indication of the surface
structure.

In the special case of the M1 phase it is explained how
termination modes lift the expected structural anisotropy of
basal and prismatic surfaces of an anisotropic bulk structural
arrangement. In this way it can be expected that reactive sites
exist on all orientations of the anisotropic faces of the
nondensely packed M1 crystals. In a broader sense, it
becomes clear why complicated crystal structures such as
M1 are lead structures for attractive catalysts. Covalently
bonded and rigid metal oxygen polyhedra in nondense
arrangements allow, through the fracturing of their intercon-
nections, the creation of highly exposed metal oxo clusters
with coordinatively unsaturated metal sites and with the
formation of M=O groups as relaxation products. The
combination of bridging and terminal oxygen species allows
for the co-existence of nucleophilic and electrophilic oxygen,
as required to perform activation and oxidation of hydro-
carbons.

In summary, an imaging strategy for surfaces is described
that involves adjusting the CTF of the instrument to either
atomic details of individual basic structural units or to the
supramolecular assembly of basic structural units that form
the crystal. The imaging strategy can be applied to other
problems in materials science involving structures with large
unit cells and does not require special high-end instrumenta-
tion.

Experimental Section
Highly crystalline phase-pure M1 phase, confirmed by X-ray analysis,
was synthesized by a hydrothermal method.[50] The morphology of the
M1 phase was studied by a Hitachi S4800 scanning electron micro-
scope operated at 2 kV. The chemical compositions of the M1 catalyst
is (65.6� 0.5) at.% Mo, (16.5� 0.6) at.% V, (6.7� 0.3) at.% Te, and
(11.3� 0.4) at.% Nb, as determined by energy-dispersive X-ray
spectroscopy. A Philips CM200-LaB6 transmission electron micro-
scope operated at 200 kV was employed to investigate the structure of

the M1 phase using HR-TEM. The specimens for TEM observation
were dispersed in ethanol and deposited on a holey carbon grid. The
spherical coefficient of the microscope is Cs = 1.35 mm and the
chromatic coefficient is Cc = 1.20 mm. The Scherzer focus is Df =
�71 nm with a point resolution of 2.4 �. The energy spread of the
beam is 1.50 eV. Image simulation was performed using JEMS
software (copyright P. A. Stadelmann, EPFL, Switzerland) based on
the multislice method. An FEI aberration-corrected Titan 80-300
microscope was employed to acquire scanning transmission electron
microscopy (STEM) images. The spatial resolution is 1.4 � in
HAADF-STEM mode.
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