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Catalysts are the keys to control of chemical change, being
essential for efficient production of chemicals, fuels, and
polymeric materials and for pollution abatement. They are
likely to be central to new technologies for biomass con-
version. Many practical catalysts include metals, usually as
nanoclusters or particles dispersed on a porous high-area
metal oxide support. When the clusters consist of about 10 or
fewer atoms, their properties differ from those of the bulk
metal—and depend strongly on the cluster size and inter-
actions with the support.[1] Metal–support interactions may be
so significant that clusters of a particular metal on various
supports can have widely different catalytic activities and
selectivities, as illustrated, for example, by the performance of
supported gold[2] and silver clusters.[3]

Determinations of nanocluster size and its importance on
catalyst performance are now compelling, and high-resolution
transmission electron microcopy (TEM) has played an
important role in advancing the science.[4] Aberration-cor-
rected scanning TEM (STEM) has recently been used to
image individual metal atoms on[5] and in[6] supports, single
layers of metal atoms on supports,[7] and clusters of only a few
atoms each on[8] and in[6] supports. However, TEM imaging of
supported metal nanoclusters has been restricted to the
determination of cluster structures and sizes without charac-

terization of the metal–support interface,[9] and understanding
of support effects in catalysis remains limited.[10] There is a
need for direct determination of atomic-scale structures of
metal–support interfaces. Now we show how aberration-
corrected STEM images of extremely small supported metal
clusters, complemented by spectroscopy, provide structural
information about the metal–support interface.

Our goal was to synthesize extremely small and uniform
metal clusters on a support and characterize them with
atomic-resolution STEM and extended X-ray absorption fine
structure (EXAFS) spectroscopy to gain information about
both the clusters and the support and the bonding between
them. We used a compound of a Group 8 metal with metal–
metal bonds as the precursor—[Os3(CO)12], which has a
stable triangular frame of Os atoms stabilized by the ligands.
Our support was high-area powder MgO because it is
commonly used in industrial catalysts and consists of highly
crystalline particles that expose various faces. The quality of
the sample was determined by the MgO calcination temper-
ature (673 K), chosen because it is approximately the highest
temperature suitable for decarbonation with partial dehy-
droxylation of this support without substantial reconstruction
or thermal faceting.[11] The success of the synthesis of
triosmium carbonyl clusters on MgO is borne out by the
EXAFS spectra, indicating an average Os�Os coordination
number of 2, within error, as in [Os3(CO)12], with its
triangular frame, and consistent within error with the
adsorption of all the clusters with the metal frames intact.
The EXAFS Os�Os distance (an average over the whole
sample) is 2.89 �, consistent with the removal of one CO
ligand upon adsorption to form [Os3(CO)11]

2�, the expected
surface species on the basic MgO.[12] Details are given in
Supporting Information.

The combination of [Os3(CO)12] and MgO is ideally suited
to aberration-corrected Z-contrast STEM, because the heavy
Os atoms are easily imaged on the light MgO support.
Moreover, the triosmium clusters are small enough to allow
imaging of each Os atom and to distinguish the atoms in the
support—and thus to determine the exact sites where the
clusters are anchored. Most MgO faces (e.g., Mg(100)) offer
limited opportunities for the type of full structure determi-
nation shown here because it is impossible in a projected
image to differentiate between Mg and O atoms on the
surface (Mg and O are stacked alternately through the
thickness of the sample (Mg-O-Mg···), with neighboring
columns of atoms being out of phase with each other (O-
Mg-O···). However, when the surface face is (110), then the
underlying Mg and O atoms are separated into distinct atomic
columns containing only one of these species (Mg-Mg-Mg···
or O-O-O···), and the faces can be readily distinguished by Z-
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contrast STEM imaging (Figure 1). Figure 2 shows images of
the triosmium clusters on the (110) surface. It is clear that
some clusters are fragmented (i.e., contain fewer than three
atoms). Fragmentation of supported metal clusters can occur
during synthesis or under the influence of the electron beam
when the energy is high and/or the experiment prolonged.[13]

To identify the clusters that were not affected by beam
damage in each experiment, we restricted our consideration
to those with a limited beam exposure and checked that the
clusters were stable for several exposures.

The STEM images of the clusters on the MgO(110) face
(Figure 2) identify the triosmium clusters (designated with

circles in Figure 2) and also determine the locations of the
surface Mg atoms as bright spots, thus distinguishing the
individual rows of the MgO. The images determine the
orientations of the clusters with respect to the Mg and O
atoms of the (110) face. The striking results of Figure 2 are
a) each Os atom is located atop an Mg atom and b) the Os
atoms in each image of a triosmium cluster define a triangle
that is well approximated as isosceles (but not equilateral),
with the two equal Os�Os distances being less than the other
one. The representative image of Figure 2 shows the presence
of five intact triosmium clusters on MgO(110). Each has two
Os atoms in one row and one in the immediate neighboring
row. For example, the cluster labeled 1 in Figure 2 has one Os
atom atop an Mg atom of row “a” and two Os atoms atop an
Mg atom of the immediate neighbor row “b”. On the other
hand, one Os atom atop an Mg atom of row “b” and two Os
atoms atop Mg atoms of neighbor row “a” characterize the
clusters labeled 2, 3, 4, and 5.

Thus, by recognizing the Mg-O-Mg-O ridges on MgO-
(110) surface, we see that there are two orientations of the
triosmium clusters on MgO(110): a) one in which two of the
Os atoms in a cluster are atop Mg atoms which are in a plane
higher than that of the Mg atom on top of which the third Os
atom is located (referred as orientation I) and b) one in which
one of the Os atoms in a cluster is atop an Mg atom which is in
a plane higher than that of the Mg atoms on top of which the
other two Os atoms are located (orientation II). If the cluster
labeled 1 is in orientation I, then the other encircled clusters
are in orientation II and vice versa. We recognize that the
triosmium frames shown in Figure 2 were not all in a plane
perpendicular to the electron beam, because then they could
not all be aligned directly above Mg atoms, as the images
show them to be.

DFT calculations[14] show that metal clusters are bonded
to MgO by metal–oxygen bonds,[15] consistent with the results
observed generally by EXAFS spectroscopy for Group 8
metal clusters on metal oxides[16] and in agreement with our
EXAFS results as well. (EXAFS data indicate distortion of
CO ligands on adsorbed metal clusters to accommodate to the
support surface.)[12b]

Any structural model of the triosmium clusters on MgO
should account for the Os�O bonds. The images of the
clusters shown in Figure 2 provide a basis for determining a
model of the structures of the clusters that include the Os–
oxygen bonds indicated by the EXAFS data[16] and DFT
calculations.[15] We investigated all the models of the struc-
tures of the clusters on the MgO(110) face that match the
data—that is, those having 3 Os atoms atop Mg atoms
arranged in a triangle that is isosceles when viewed from the
top and anchored through Os�O bonds. The models are based
on the observed Os�Os distances and the structures of sites
known to exist on MgO(110). In the model determination, the
Os�Osupport distance (where Osupport is an oxygen atom on the
MgO surface) was constrained between 2.1 and 2.2 �,
consistent with EXAFS data for our sample and Group 8
metal clusters on supports generally.[16] The results are
summarized in Figure 3. The models account for the possible
interactions of Os atoms in trinuclear clusters with oxygen
atoms of the support.

Figure 1. A,B) Aberration-corrected STEM images showing the pres-
ence of A) the bare MgO(110) surface with Mg and O atoms separated
into distinct atomic columns containing only one of these species
(Mg-Mg-Mg··· or O-O-O···), B) the bare MgO(100) surface with Mg
and O atoms stacked alternately through the thickness of the sample
(Mg-O-Mg···), with neighboring columns of atoms being O-Mg-O···.
C,D) Simulated diffraction patterns of C) the MgO(110) surface and
D) the MgO(100) surface. The insets in (A) and (B) represent the fast
Fourier transforms (digital diffractograms).

Figure 2. A) Aberration-corrected STEM image showing both individual
Os atoms and Os atoms in triosmium clusters located atop Mg atoms
in MgO(110); the encircled parts of the image show the intact
supported triosmium clusters. The known structure of the MgO(110)
surface provides a calibration of the metal–metal distances in the
metal clusters on MgO, as shown in the lower part (B), which is a
model of part of the STEM image showing the positions of the Os
atoms.
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The structures of the models represented in Figure 3
match the observation of the Os atoms atop Mg atoms (as
shown in Figure 3). The models were determined both for
hydroxylated and dehydroxylated MgO(110) surfaces and for
both orientations I and II of the triosmium clusters. Each
model (three each for hydroxylated MgO(110) and dehy-
droxylated MgO(110)) shown in Figure 3 is consistent with
the data; in each, Os is bonded to a surface O atom of MgO.

The triosmium frame in each model is tilted with respect
to the MgO(110) surface, and the tilt angle depends on the
geometry and the Os�Osupport distance. The triosmium frames
both in orientation I and orientation II are tilted at an angle of
388 with respect to the MgO(110) surface; this is evidently the
condition for bonding of the triosmium clusters atop Mg

atoms so that the Os�Osupport and
Os�Os distances are in agreement
with the EXAFS results.

On the basis of this tilt angle we
calculated the Os�Os distances in
the clusters determined by the
STEM images represented in
Figure 2 (the images represent pro-
jections of the Os�Os distances at
388). The triosmium frames in each
orientation (I and II) viewed from
the top appear as isosceles triangles
with the length of the longer side
being (3.02� 0.21) � and that of the
shorter side being (2.20� 0.21) �.
By correcting the lengths of the
sides for the projection at 388, we
calculated the Os�Os distance of
the shorter sides to be 2.80 �. Thus
the average of two distances of
2.80 � and one distance of 3.02 �
is 2.87 �, which within error
matches the average Os�Os dis-
tance of (2.89� 0.06) � determined
by EXAFS spectroscopy for the
sample as a whole (i.e., that with
osmium clusters on all the MgO
faces). This comparison suggests
similar average Os�Os distances in
the triosmium clusters on the vari-
ous MgO faces. We lack the data to
determine the Os�O coordination
numbers of the clusters on the
various faces (the average Os�O
coordination number determined by
the EXAFS data is 1.0), although it
is clear that adsorption of the clus-
ters on MgO results in distortion
and/or reorientation of the CO
ligands to accommodate the metal–
support interaction, as shown by the
broadening of the IR bands in the
nCO region, as expected.[12b] On the
dehydroxylated MgO(110) surface,
the clusters can bond to the surface

O atoms, whereby each Os atom may be bonded to one O
atom or none. This non-uniform bonding between Os and
surface O atoms of MgO probably occurs because the
Mg(110) surface has Mg-O-Mg-O ridges which inherently
present dissimilar bonding sites for the Os atoms.

Our treatment of the MgO removed most of the surface
OH groups;[17] these arise in the original sample from
chemisorption of water on MgO, which occurs dissociatively,
resulting in hydroxylation of Mg2+ sites and protonation of
O2�.[14] There is agreement that on a perfect MgO(100)
surface, which consists of five-fold coordinated sites, the
chemisorption of water is energetically unfavorable and
instead takes place at three- or four-fold coordinated sites
such as kinks, corners, or edges. On the other hand, the Mg-O-

Figure 3. Structural models of supported triosmium clusters on MgO(110) depicting the Os–support
interactions on hydroxylated MgO(110) and on dehydroxylated MgO(110); side views and perspec-
tive views are shown. A) Triosmium cluster orientation I on dehydroxylated MgO(110); B) triosmium
cluster orientation I on hydroxylated MgO(110); C) triosmium cluster orientation II, including two
models for dehydroxylated MgO(110); and D) triosmium cluster orientation II, including two models
for hydroxylated MgO(110). The hydroxylated surfaces consist of hydroxy groups on surface Mg
atoms and protons on neighboring surface O atoms. The structure and bonding distances of
adsorbed hydroxy groups and hydrogen bonding between hydroxy O atoms and protons on surface
O atoms were estimated on the basis of reported DFT calculations.[11b,c]
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Mg-O ridges along the (001) direction of MgO(110) expose
both Mg and O atoms that are four-fold coordinated.
Calcination leads to removal of water and of surface OH
groups from MgO.[17]

DFT calculations by R�sch and co-workers[14] have shown
that the strength of the metal�Osupport bonds (where Osupport is
oxygen of the MgO surface and the metal is Re) can be
markedly reduced by hydroxylation of the MgO surface.
Thus, this dehydroxylation makes four-fold coordinated sites
on MgO(110) available for bonding with osmium clusters.
Calculations[14] have shown that the bonding of a Re atom to
MgO is facilitated by the introduction of point defects on
MgO(100) where Mg is four-fold coordinated. Because the
Mg atoms on MgO(110) are four-fold coordinated, we suggest
that they may be similar in reactivity to the defect sites on
MgO(100).[11b] Therefore, we might expect the (110) surface
to be more reactive with [Os3(CO)12] than MgO(100).[11b]

A major difference between the bonding of metal atoms
to hydroxylated and to dehydroxylated MgO surfaces is the
strength of bonding;[14] metals are generally more weakly
bonded to the hydroxylated surfaces, which accounts for their
relatively high susceptibility to sintering on such surfaces.

In summary, the results presented here provide direct
evidence of the structure of a metal–support interface.
Understanding of metal–support interactions will help in
the design of supported metal nanocluster catalysts and the
prediction of their properties. We anticipate that these results
will help elucidate how metal clusters interact with metal
oxides and zeolites generally.

Experimental Section
MgO powder (EM Science, surface area 70 m2 g�1) was calcined in O2

at 673 K for 6 h and evacuated at 673 K for 14 h, isolated, and stored
in an argon-filled glovebox with < 1 ppm O2 and < 1 ppm water. The
precursor [Os3(CO)12] reacted with the treated MgO in a slurry in
dried, deoxygenated n-pentane at 273 K. The Os content of the
resultant powder was 1.0 wt%. Details are reported in the Supporting
Information.

EXAFS experiments were performed at X-ray beam line X-18B
at the National Synchrotron Light Source at Brookhaven National
Laboratory. The storage ring operated with an electron energy of
3 GeV. The ring current was in the range 60–100 mA. In an argon-
filled glovebox at the synchrotron, each powder sample was pressed
into a self-supporting wafer. The sample mass was chosen to give an
X-ray absorbance of 2.5 at the Os LIII edge (10871 eV). The wafer was
loaded into a cell (S4), sealed under a positive N2 pressure, and
removed from the glovebox. The cell was then evacuated (10�5 mbar),
and the sample was aligned in the X-ray beam and cooled to nearly
liquid-nitrogen temperature. EXAFS spectra were then collected in
transmission mode. Higher harmonics in the X-ray beam were
minimized by detuning the Si(111) monochromator by 20–25% at the
Os LIII edge. The reported spectrum is the average of four individual
scans.

The samples in stainless-steel tubes (sealed with O-rings) that are
commonly used for handling samples for ultrahigh-vacuum experi-
ments were transported to Oak Ridge National Laboratory (ORNL)
for microscopy experiments. At ORNL, the samples were handled in
an argon-filled glove bag, which was purged 20 times with argon
before use. The tubes containing the sample were opened in the glove
bag, and the samples were placed onto copper grids (200 mesh). The
sample holder was transferred from the glove bag to the microscope
with an air exposure of at most approximately 2 s. High-resolution

STEM-HAADF images of the sample were acquired with an
aberration-corrected JEOL 2200 FS microscope, with the conver-
gence angle being 26.5 mrad and the collection inner angle 100 mrad.
To minimize the artifacts in the images caused by beam damage, the
microscope was aligned for one region of the sample, and then the
beam was shifted to a neighboring region for a quick image
acquisition: 4 s for a 512 � 512 pixel size. This methodology ensured
that the exposure of the imaged area to the electron beam was
minimal.

Details of experimentation and data analysis are given in the
Supporting Information.
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