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Supported metals are a widely applied class of industrial
catalyst,[1] with properties depending on the size, shape, and
structure of the metal species.[2, 3] The sensitivity of the
catalytic properties to the structure is maximized when the
structures are smallest[4] and the interactions of the metal with
the support maximized.[5] Consequently, attention has
increasingly been focused on metal species in the size range
between single-metal-atom (mononuclear) metal com-
plexes[6] and clusters[7] that incorporate less than about 10
metal atoms. Work on such catalysts is now emerging from
industrial laboratories, especially those concerned with sup-
ported platinum for hydrocarbon conversions.[8,9] Under-
standing of the properties of such highly dispersed metals is
benefiting especially from the application of atomic-resolu-
tion scanning transmission electron microscopy (STEM).[10]

Recent reports, including those from industry,[11] illustrate the
power of this technique, especially when used in concert with
spectroscopic methods.[12] Important next steps are determi-
nation of the nuclearities and three-dimensional structures of
supported metal clusters present in mixtures typical of
industrial catalysts.

Three-dimensional structures can in prospect be deter-
mined by tomographic imaging techniques, but the methods
require long sample exposures for imaging at multiple
angles,[13] and beam-sensitive samples do not survive. Con-

sequently, atomic-resolution tomography of small supported
metal clusters has not yet been achieved with this technique.

To acquire such information about highly dispersed
supported metals, we took a different approach, pushing the
limits of imaging by aberration-corrected STEM, character-
izing small three-dimensional metal clusters by their two-
dimensional projections. Thus, we extracted 3D structures
from atomic-resolution images acquired with short dwell
times to minimize the influence of the electron beam on the
samples—without significantly compromising the signal-to-
noise ratios. We illustrate the approach with a characterization
of MgO-supported osmium clusters having nuclearities of 10
and less in mixtures of planar (2D) and 3D structures.

The metal was chosen to be osmium because oxide-
supported osmium carbonyl clusters are catalysts for reac-
tions including alkene isomerization[14] and hydrogenation,[15]

carbon monoxide hydrogenation,[16] and alkane hydrogenol-
ysis.[17] Osmium offers the further advantages of being a metal
that is a) heavy, offering high contrast with supports consist-
ing of light atoms in STEM imaging, b) synthesizable in the
form of carbonyl clusters of various nuclearities, and c) rel-
atively stable in the electron beam.[18] These clusters have
been synthesized as osmium carbonylate ions in basic
solutions and on basic supports.[19]

MgO was chosen as the support because it is a) basic,
facilitating the cluster syntheses, b) composed of light atoms,
for contrast with osmium in STEM imaging, and c) present in
the high-area powder form as highly crystalline particles that
are stable in the electron beam.

In the syntheses, [Os3(CO)12] reacted with MgO powder
(surface area 115 m2 g�1) in a n-pentane slurry to give
supported clusters that are well approximated as
[Os3(CO)11]

2�.[20, 21] The supported clusters were exposed to
flowing helium at 548 K and 1 bar for 2 h to form supported
mononuclear [Os(CO)2] complexes;[22] these were treated in
flowing CO at 548 K and 1 bar for 4 h to give
[Os10C(CO)24]

2�,[19] among other clusters, on the MgO surface.
The samples were imaged with aberration-corrected

STEM and characterized by infrared (IR) and extended X-
ray absorption fine structure (EXAFS) spectroscopies (Fig-
ures S2–S4 in the Supporting Information). A major goal was
to determine the structures of the metal frames and compare
them with those of individual osmium cluster carbonyl
compounds characterized in the crystalline state by X-ray
diffraction crystallography (Figure S1). The atomic resolution
images of the cluster metal frames provide satisfying agree-
ment with the structures of known compounds.

The observations of a family of osmium carbonyl clusters
in the sample agree with the results of Lamb et al.,[19] who
reported the surface-mediated synthesis of osmium carbonyl
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cluster anions with various nuclear-
ities on MgO by the procedure that
we used. The formation of the
supported osmium carbonyl clus-
ters involves break-up of the trios-
mium frame of the precursor to give
mononuclear species, which in the
presence of added CO are then
converted into tetraosmium, pen-
taosmium, and decaosmium car-
bonyl clusters. Lamb et al.[19]

reported a yield of decaosmium
clusters of as much as approxi-
mately 65 %.

A comparison of the Fourier
transforms of the EXAFS data[23]

characterizing the sample after var-
ious treatments (Figure S4) shows
the gradual formation of larger
clusters from the mononuclear
osmium species; the magnitude of
the EXAFS (c) function at a dis-
tance of ca. 2.6 � (not corrected for
phase shifts), assigned to Os�Os
bonds in the nearest metal–metal
coordination shell, correlates with
the number of Os atoms at that
interatomic distance. As triosmium
clusters fragmented to give mono-
nuclear complexes, the intensity
contribution of the scattering
decreased (the first-shell Os�Os
coordination number (CN)
decreased from approximately 2 to essentially 0).[22] These
complexes were subsequently converted to increasingly large
clusters (a mixture with a majority being Os5 species,[19]

corresponding to a CN of approximately 4, and ultimately
to a mixture of Osn species where n is 1, 3, 4, 5, and 10 for the
species we could identify).

The nCO IR spectra (Figure S2) of the samples match those
reported.[24] In the formation of the mixtures, some of the
osmium species must have been intermediates in the forma-
tion of others, but the X-ray absorption near edge spectra
(XANES) characterizing the formation of the mixtures are
not characterized by isosbestic points (Figure S3), showing
that the transformations were not stoichiometrically simple.

We stress that, because of the complexity of the samples,
the IR and EXAFS spectra are not sufficient to resolve the
mixtures. But the STEM images (Figure 1 and Figures S5–
S18) now provide the desired resolution. They show single,
isolated Os atoms as well as Os3, Os4, Os5, and Os10 clusters.
Among the osmium clusters, those with atomically resolved
metal frames were identified by comparisons of projections in
the images with models based on crystallographic data
characterizing the corresponding osmium cluster carbonyls.[25]

However, some clusters were not aligned in projections that
allowed detailed structural analysis; thus, we cannot rule out
the possibility that some clusters other than the ones
identified were present.

The STEM images shown in Figure 1 A–D were smoothed
for better visualization, but all the analyses were performed
with the original images (shown in the Supporting Informa-
tion). Intensity analyses were performed to determine the
number of Os atoms in each cluster. The intensity variations
within the images of the clusters were analyzed by investigat-
ing the total intensity across the atoms of the osmium-
containing species, and intensity profiles were drawn. The
intensity contribution from the MgO support was subtracted
as background from the total intensity, because the support
thickness (and therefore its intensity contribution) was not
the same in each region of the sample. The intensity of a single
Os atom in the region close to the cluster of interest was
measured in each image as a reference, and the same
background subtraction technique was applied in each case.
The background-subtracted intensity of each column of Os
atoms in a cluster and the background-subtracted intensity of
a single Os atom in the vicinity were then compared. Standard
deviations in intensity measurements were calculated on the
basis of an image of a sample incorporating solely mono-
nuclear osmium species on MgO.[22]

The analysis method is illustrated in Figure 2. The number
of Os atoms in each cluster was established by comparison of
the intensities with respect to that of the single reference Os
atom. In the analysis of the cluster shown in Figure 2A, for
example, we inferred that it contained 10 Os atoms, as the

Figure 1. Crystallographic models of osmium clusters and corresponding images of MgO-supported
osmium clusters. A) Os3 framework in [Os3(CO)11]

2� and images of Os3 clusters, B) Os4 framework
in [H3Os4(CO)12]

� and images of Os4 clusters, C) Os5 framework in [Os5C(CO)14]
2� and images of Os5

clusters, D) Os10 framework in [Os10C(CO)24]
2� and images of Os10 clusters. Images are of sample

treated in flowing helium at 548 K and 1 bar for 2 h followed by flowing CO at 548 K and 1 bar for
4 h, as described in the text (the scale bars are shown in the corresponding images in the Supporting
Information, Figures S5–S18).
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projection of the cluster core matches that of the crystallo-
graphically determined frame of [Os10C(CO)24]

2� (Fig-
ure S1D).

Os�Os distances in the supported clusters were estimated
by analysis of the images and compared with crystallographic
data characterizing the metal frames of the clusters shown in
Figure S1. The average Os�Os distance in the supported Os4

clusters was found to be 2.83� 0.02 � on the basis of the
projection shown in Figure 1B; the corresponding crystallo-
graphic value for [H3Os4(CO)12]

� [26] is 2.88 �. The average
bond angle between Os atoms in the supported Os4 clusters
was calculated to be 618 on the basis of the distances between
the top Os atom and the Os atoms in the triangular base in the
projection shown in Figure 1B. This result matches the
crystallographically value (608) for [H3Os4(CO)12]

� .[26] The
average Os�Os bond length in the supported Os5 clusters,
determined from the images (Figure 1C), was 2.85� 0.02 �,
and the crystallographic value for [Os5C(CO)14]

2�[27] is 2.87 �.
Os�Os distances in the Os10 clusters shown in Figure 1D

were measured for the projection showing top views of the

clusters (with some of the bonds in the plane of the image).
The average Os�Os distance in the plane was found to be
2.77� 0.02 �, with the average Os�Os distance adjusted for
the angle of projection being 2.86� 0.02 �. The correspond-
ing crystallographic averages[28] for [Os10C(CO)24]

2� are 2.80
and 2.90 �.

We infer that the differences in the bond lengths and
angles characterizing the supported clusters and the pure-
compound analogues are evidence of distortion of the clusters
interacting with the support—the distortion is evidenced by
the shifts of the nCO bands (Figure S2) relative to those of the
compounds in solution.[19] Further conclusions about the
metal–support interface were precluded because the images
do not show any discernible crystallographic orientations of
the MgO.

In summary, the results presented here show how atomic-
resolution STEM can be used to determine the sizes, shapes,
and nuclearities of individual metal clusters on supports, even
those in complex mixtures. The results provide unprece-
dented quantitative, atomic-resolution structures of sup-
ported metals and point the way to exact characterizations
of highly nonuniform industrial catalysts, as well as to
applications of electron microscopy for characterization of
changes in catalyst structures influenced by reactive atmos-
pheres.

Experimental Section
The sample was prepared and handled with standard techniques to
exclude moisture and air. MgO-supported triosmium carbonyl
clusters were prepared by the reaction of [Os3(CO)12] (Strem, 99%)
with calcined MgO (EM Science) slurried in dried n-pentane (Fisher,
HPLC grade) under argon, with the slurry initially at ice temperature.
After stirring of the slurry for 1 day at room temperature, the solvent
was removed by evacuation. The resultant solid sample contained
2.0 wt % Os. In the first treatment step, the supported clusters were
exposed to flowing helium at 548 K and 1 bar for 2 h, followed by
treatment in flowing CO at 548 K and 1 bar for 4 h. The initial sample
was light yellow in color, and after the second treatment, it turned
dark brown. Details are given in the Supporting Information.

The samples were transported from Davis to Oak Ridge National
Laboratory (ORNL), where each sample was mounted on a sample
holder in an argon-filled glovebag, which had been purged with argon.
The sample was transferred to the microscope under a blanket of
flowing argon, with an air exposure of < 2 s. Samples were imaged
with high-angle annular dark-field STEM. The microscope was an
aberration-corrected FEI Titan 80/300S; the convergence angle was
30 mrad and the HAADF collection inner angle 100 mrad. The
electron beam energy, current, and probe size were 200 kV, � 10 pA,
and � 0.9 �, respectively. To minimize 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
quick image acquisition: 4 s for a 1024 � 1024 pixel size. This method
ensured minimal exposure of the imaged area to the electron beam.
Details are provided in the Supporting Information.
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Figure 2. A) Z-contrast HAADF-STEM image of sample incorporating
osmium carbonyl clusters formed by treatment of fragmented tri-
osmium clusters on MgO powder in flowing CO. B) Intensity surface
plot of the cluster (Os10), shown in the circled region in image (A).
C) Intensity measurements of each Os atom in the Os10 cluster
compared with the single Os atom as a reference. The error bars
represent the standard deviations in intensity measurements. Although
extreme care was taken, some atoms in the osmium clusters were
observed to move during imaging, causing a streak of intensity around
the atom, as illustrated for the Os atom labeled #10 in this cluster.
Artifacts such as these including migration of metal atoms or small
clusters occur under these imaging conditions as reported else-
where.[29, 30]
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