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A “Smart” Catalyst: Sinter-Resistant Supported Iridium Clusters
Visualized with Electron Microscopy**

Ceren Aydin, Jing Lu, Nigel D. Browning, and Bruce C. Gates*

Supported metal nanostructures are among the most impor-
tant technological catalysts, used in processes ranging from
1) petroleum refining to 2) Fischer—Tropsch synthesis of
hydrocarbon fuels and to 3) vehicle exhaust clean-up. The
respective metals include 1) rhenium—platinum, iridium-plat-
inum, and tin—platinum combinations; 2) cobalt; and 3) rho-
dium-platinum. The most efficient of these catalysts consist of
small clusters or particles of metal with high surface areas
dispersed on porous metal oxide supports.

The catalytic activity and selectivity of supported metal
nanoclusters depend on their size, shape, and interactions
with the support. Such catalysts lose activity in operation,
often by aggregation (sintering) of the nanoclusters, with the
attendant loss of surface area and changes in the electronic
structure of the metal.!' Deactivated catalysts typically have
to be taken out of operation for regeneration by treatments
that cause metal redispersion, such as by formation of volatile
metal halides™”! that, after redeposition on the support, are
treated to reform metal clusters.

Some supports are known to provide resistance to
sintering by interacting strongly with metal nanoclusters,
with notable industrial examples being perovskites and
ceria.l®”l The strong metal-support interactions in these
systems, however, affect the electronic structure of the
metal and therefore its catalytic performance® As an
alternative, metal nanoclusters can also be stabilized by
partial encapsulation within oxides ™ but at the cost of
coverage of catalytic sites and loss of catalytic activity.!'?!
Furthermore, although these approaches slow down the
sintering process, they do not prevent it, and, as yet, there
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are no examples of intrinsically stable supported metal
catalysts that are sinter-resistant.

Here we report atomic-scale observations of oxide-
supported iridium nanocluster catalysts that resist sintering
because the clusters of a critical size do not coalesce. These
are “smart” catalysts, the first with intrinsic properties that
hinder the process of sintering that generally causes deacti-
vation of supported metal catalysts.”*! Iridium nanoclusters
are important catalysts because they are active for numerous
reactions of hydrocarbons, including hydrogenation,'*!
dehydrogenation,'®”! and hydrogenolysis, including ring-
opening of naphthenes, for which they offer unique properties
that are markedly superior to those of other metals when the
iridium nanocluster diameters are in the range of 0.6—
1.6 nm."**#1 MgO is an ideal support to test the catalytic
properties of iridium nanoclusters because it is highly stable
and has a high surface area that is consistent with the needs of
many industrial catalysts.

MgO-supported iridium catalysts were prepared by the
reaction of Ir(C,H,),(acac) (acac is acetylacetonate) with
hydroxy groups of the support.®® Infrared (IR) and extended
X-ray absorption fine structure (EXAFS) spectra of the
initially prepared catalyst show the presence of mononuclear
iridium diethene complexes anchored to the MgO surface
through Ir—O,,p0 bonds;*! images of the catalyst obtained
by aberration-corrected scanning transmission electron mi-
croscopy (STEM) confirm the atomic dispersion and site-
isolation of the iridium species.”?! These supported species are
readily reduced and aggregated to form iridium nanoclusters
on the support—exposure of the sample to H, under mild
conditions (353 K and 1 bar for 1 h) leads to the formation of
Ir, clusters (Figure S1 in the Supporting Information).”!
Treatment in H, at higher temperatures leads to the formation
of clusters larger than Ir,, but, strikingly, treatment at 673 K
for 8 h leads only to the formation of iridium nanoclusters no
larger than a critical size (Figure 1). The sample consisted of
almost uniform nanoclusters with an average diameter of
(1.04 £0.16) nm (corresponding to an average of approxi-
mately 40 Ir atoms per cluster®). The distribution of
measured cluster diameters is explained by standard blurring
effects in STEM images (associated with electron beam probe
size, vibrational instabilities, irradiation effects, off-focus,
beam broadening, etc.). These effects are expected to cause
a slight overestimation of the cluster diameters in addition to
a broadening of the size distribution.?”!

To test the stability of the supported nanoclusters, the
sample was treated again in H,, this time at a higher
temperature, 873 K, for 8 h. Analysis of the STEM images
showed that the nanoclusters had an average diameter of
(0.96 £0.17) nm, matching the value characterizing the
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Figure 1. Characterization and catalytic activity of a sample containing supported iridium
nanoclusters prepared by treating Ir(C,H,), complexes on MgO in flowing H, at 673 K for
8 h. A) High-angle annular dark-field (HAADF) STEM image and histogram showing the
distribution of nanocluster diameters (inset). B) Normalized XANES spectra at Ir L, edge
characterizing supported iridium complex, Ir, clusters, iridium clusters with an average
diameter of approximately 1 nm, and iridium metal. C) Rate of ethene hydrogenation
catalyzed by supported iridium complexes, Ir, clusters, and iridium nanoclusters with an

average diameter of approximately 1 nm.

sample after the first (lower-temperature) H, treatment
(Figure S2 in the Supporting Information). The results show
that the iridium clusters are highly stable even under the more
harsh reduction conditions.

The catalyst in all forms was active for ethene hydro-
genation. The activity increased as the site-isolated mono-
nuclear iridium complexes™' were converted into Ir,”! and
then into the nearly 1 nm nanoclusters formed in H, at 673 K
(Figure 1 C). To explain this trend of increasing activity, we
analyzed the X-ray absorption near-edge structure (XANES)
spectra (Figure 1B) characterizing the supported iridium
complex, Ir, clusters, and iridium clusters of approximately
1 nm in diameter. The data show that the white line intensity
characterizing the iridium clusters of approximately 1 nm in
diameter is very similar to the white line intensities character-
izing the iridium complex and Ir, clusters, which are
significantly greater than that intensity characterizing the
bulk iridium, indicating that the electronic properties of the
iridium clusters of approximately 1 nm in diameter are closer
to those of the molecular iridium complexes and clusters than
to those of bulk iridium. The increase in hydrogenation
activity with cluster nuclearity is expected in this case because
of the ability of neighboring Ir atoms to activate multiple
reactants.!

EXAFS data show clearly how the average Ir—Ir first-shell
coordination number increased as aggregation progressed.
The value increased from zero for the mononuclear iridium
complex, to approximately 3 (2.9) for the Ir, clusters,?! to 7.1
(with the appearance of a second-shell Ir-Ir contribution with
a coordination number of 3.2) for the sample treated at 673 K
(Table S1 in the Supporting Information). Consistent with the
STEM images, the coordination number of 7.1 indicates
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c also, as our images show, in the STEM
under the influence of the electron
beam.”*3!" The STEM images, showing

that the iridium species are highly mobile

on the surface of MgO, rule out the
possibility that the stability of the iridium

IF, o ctuster clusters of approximately 1 nm in diameter
should be attributed to the limited mobi-

lity—and they provide a unique opportu-
nity to track the aggregation process as it
occurs and to investigate the origin of the
stability of the clusters of approximately
1 nm in diameter. The images show that
isolated Ir atoms and nanoclusters much
smaller in diameter than 1 nm migrated and
aggregated readily on the MgO surface—
but, as was observed in the H, treatment,
the aggregation stopped when the clusters reached this critical
size. Critically sized clusters seemed to “bounce” off each
other, as shown by sequential STEM images of the same areas

Figure 2. HAADF-STEM image of MgO-supported iridium species
formed by the reaction of Ir(C,H,),(acac) with the MgO surface
followed by exposure to the electron beam (the imaging dose was
approximately 10° e~ A~?) for 30 s. Examples of isolated Ir atoms are
encircled; the arrow indicates aligned Ir atoms en route to cluster
formation. A magnified view of the cluster in the square frame is
shown in the inset.
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Figure 3. Evolution of iridium cluster size distribution during electron beam exposure. A-

D) HAADF-STEM images of MgO-supported iridium sample after the following beam exposures (in
min): A) 1, B) 3, C) 5, and D) 7. Examples of isolated Ir atoms are encircled, and magnified views
of two individual clusters are shown in the inset of (D). E) Cluster size distribution following the
exposure to the electron beam for the following times (in s): a) 15, b) 25, c) 35, d) 60, €) 180,

f) 300, and g) 420. F) Evolution of the average cluster diameter during exposure to the beam (the
error bars correspond to the standard deviations of the measurements). The electron dose received
in the imaged area through the course of the captured movie was approximately (10°-107) e~ A~
(see the Supporting Information for details of the dose calculations).

Figure 4. Sequences of HAADF-STEM images showing lack of coalescence of iridium clusters
with diameters of approximately 1 nm on MgO. A) Collision of two clusters. B) Multiple collisions
of two clusters. C) A cluster colliding with two clusters. The white arrows indicate the collisions,
and the time for the first collision is set arbitrarily to be 0. The electron doses received by the
sample during the imaging time were approximately (10°-10°) e" A2, (10°-107) e" A2, and (10°—
107) e~ A2 for sequences (A), (B), and (C), respectively (see the Supporting Information for
details of the dose calculations).
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of the sample (Figure2, Figure 3,
Figure 4, and Movies S1-S3 in the
Supporting Information). Under the
influence of the electron beam,
aggregation of the iridium started
immediately. After 30s, the images
show a mixture of isolated Ir atoms
(encircled in white, Figure 2), clusters
of a few Ir atoms each, and aligned Ir
atoms evidently en route to cluster
formation (indicated with arrows,
Figure 2).

Figure 3 shows the frames from
a movie of a region of the sample
initially containing iridium complexes
(with a total beam illumination time
of 7 min). The diameters of the iri-
dium species are shown in Figure 3E
and F, illustrating the evolution of the
size distribution. Cluster growth was
fast during the first 2 min when iso-
lated mononuclear iridium species
were abundant, slowing down mark-
edly as clusters formed and these
isolated species were depleted. The
images in Figure 3 show that after
7 min of electron beam exposure, the
majority of the iridium species were
nanoclusters about 1 nm in diameter,
along with a few mononuclear iri-
dium species and smaller growing
clusters. The critical diameter of
1 nm matches that observed for the
H,-treated sample, indicating that it
is independent of the treatment and
corresponds to an energy minimum.

To investigate the dynamics of
the changes and seek an explanation
for the stability of the clusters, we
analyzed frames of the movie char-
acterizing various regions of the
sample (Movie S1-S3 in the Support-
ing Information). The iridium nano-
clusters were highly mobile on the
MgO, and collisions between clusters
were frequent. Although coalescence
of Ir atoms and nanoclusters of sub-
critical size was rapid, clusters of the
critical diameter did not coalesce
(Figure 4, Movie S1-S3 in the Sup-
porting Information). In some cases,
pairs of clusters of the critical size
were observed to undergo multiple
fruitless collisions (Figure 4B); some
of these clusters collided with one
cluster right after another without
coalescence (Figure 4 C).

Calculations at the level of den-
sity functional theory (DFT)"? show
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that bare iridium clusters with nuclearities up to 48 Ir atoms
(corresponding to diameters less than about 1.1 nm™') adopt
rigid cubic structures. The coalescence of two of these rigid
clusters is prevented because it would require energetically
unfavorable rearrangements of the surface atoms. The
theoretical results account for our observations showing that
iridium clusters of approximately 1nm in diameter are
resistant to aggregation. Indeed, our images confirm the
stability of iridium nanoclusters that are cubic, as illustrated
by the atomically resolved images of Figures 2 and 3 depicting
a few clusters with rectangular surfaces, including a cluster
with a square (4 x4)-atom face (Figure 2 inset). Such small
cubic clusters have high surface-to-volume ratios (e.g., a cubic
cluster with 48 atoms has 92% of its atoms on the surface),
consistent with its high catalytic activity (Figure 1C).

Besides the mechanism involving migration of nano-
clusters on the support surface followed by coalescence that is
demonstrated by our observations, there is another commonly
discussed mechanism for the growth of supported transition-
metal nanoclusters; it is Ostwald ripening, whereby metal
atoms are transferred through the vapor phase. This is the
more favorable process when the metal-metal interactions
are weaker than the metal-support interactions.’*’! There is
no STEM technique to allow direct observations of Ostwald
ripening with samples in an atmosphere of H, that can
exclude electron beam effects, but the evidence weighs
strongly against the ripening mechanism in our experi-
ments—because if there had been vapor-phase transport of
Ir atoms, some of them very likely would have formed
isolated species on the support—but the images characteriz-
ing the samples after treatments in H, at 353, 673, and even
873 K (Figure 1 and Figures S1 and S2 in the Supporting
Information) do not show any isolated Ir atoms on the
support.

Thus, we infer that the cluster growth involved surface
migration and coalescence. On the basis of kinetics of the
growth of ligated iridium nanoclusters in contact with
a solvent and characterized by rates of a catalytic reporter
reaction, Watzky and Finke®! proposed the mechanism given
in Equations (1-3) for cluster growth:

nM;, - M, nucleation 1)
M, +M, - M, cluster buildup (2)
M,+M, =M, agglomerative cluster growth 3)

Here, M, represents a metal atom (ligands are not shown) and
M,, or M, clusters with nuclearity m or n. The first two steps of
this mechanism dominate iridium nanocluster formation,
either on a support™ or in a solvent.[*”l In contrast, the growth
of platinum nanoclusters depends on all three steps.*!! It was
shown” that in the case of iridium cluster growth under mild
H, reduction conditions (295 K), the nucleation step (1) is
slow relative to the cluster buildup step (2), and the latter
involves changes occurring both on the support surface and in
the neighboring solvent, in which the iridium complexes are
soluble.”?! The resultant nanoclusters are larger (with an
average diameter of approximately 3 nm) than the clusters of
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approximately 1 nm in diameter described here (and lack the
uniform size distribution), raising the question of why our
clusters of approximately 1 nm in diameter are uniquely
stable.

We interpret the difference as follows: our Ir/MgO
samples, in the absence of a solvent and treated under
harsher conditions than those of Watzky and Finke, under-
went a fast change corresponding to step (1; nucleation),
consuming most of the mononuclear iridium species and
forming iridium nanoclusters. After as little as 60 s of electron
beam exposure, all but a few mononuclear iridium species had
been consumed (Figure 3), whereupon the stepwise surface
cluster buildup of step (2) became much less significant. The
result of further treatment was a population of nanoclusters
limited in diameter to approximately 1 nm because these do
not coalesce with each other and there was a lack of unstable
mononuclear iridium species to combine with them
(Scheme 1). Thus, we infer that a treatment that rapidly
consumes the unstable catalyst precursor species is essential
to the preparation of this sinter-resistant catalyst.

growing clusters particles much larger

slow & mild + Ir complexes than 1 nm in diameter
reduction o 0
0. % 0O
e o
.. . © . i
e o . .. 'Y
5 0000 00

isolated Ir o - ° - o ©

COMPIexes a5t & harsh : ® . °
reduction stable clusters no further cluster growth

Scheme 1. Cluster formation mechanisms starting from supported
iridium complex precursors.

To rule out the possibility that our observations could be
interpreted as an indication of a unique influence of the MgO
support, we prepared samples from the same precursor
(Ir(C,H,),(acac)) and other supports, y-Al,O; and HY zeolite.
The STEM images (Figures S4 and S7 in the Supporting
Information) show the distribution of cluster diameters
(0.97+0.16 nm and 1.054+0.22 nm for the y-AlLO;- and
zeolite-supported samples, respectively) after treatment in
H, at 673 K for 8 h. The cluster diameters match those of the
MgO-supported samples. Furthermore, sequences of images
show the lack of coalescence of the iridium clusters of
approximately 1 nm in diameter on y-ALO; (Figures S5 and
S6 in the Supporting Information). Thus, the results show that
the stability of the iridium clusters is an intrinsic property of
the iridium, independent of the support. This support-
independent non-coalescence of the iridium nanoclusters of
approximately 1 nm in diameter is consistent with the DFT
calculations®™ for the bare iridium clusters.

The high stability of the critically sized clusters is in
contrast to the tendency of other catalytically important noble
metals, such as platinum, rhodium, and gold, to coalesce
readily and form particles much larger than the iridium
nanoclusters of approximately 1nm in diameter”—these
larger particles are metallic and generally have catalytic
properties markedly different from those of nanoclusters,

Angew. Chem. Int. Ed. 2012, 51, 59295934
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with the cutoff in properties typically being at a diameter of
about 2 nm.[*!

An example of the formation of metal nanoparticles
larger than 1 nm in diameter is provided by the work of
Herzing et al.,) who observed that treatment in air at 393 K
for 16 h caused their catalyst, which initially consisted of
HAuCl,; on an FeO, support, to form non-uniform gold
particles with diameters ranging from 2 to 15 nm, with an
average of 5.4 nm. José-Yacamadn et al.*! showed that, during
coalescence, the surface atoms of gold nanoparticles are
liquid-like, facilitating coalescence. DFT calculations™*”! sug-
gest that this liquid-like property is a consequence of the
similar energies of cluster isomers with various arrangements
of gold surface atoms.

To show that the observed stability of the iridium clusters
of approximately 1 nm in diameter is characteristic of this
metal, we prepared MgO-supported samples from Au(CHs;),-
(acac) and Pt(acac),,® with essentially the same sample
preparation methods that were applied for the supported
iridium samples. These gold and platinum samples were
treated in H, and in the electron beam under conditions
identical to those applied in the experiments with the iridium
samples, and they were expected to form particles much
larger than 1 nm in diameter. Consistent with the expectation,
after the H, treatment, the STEM images showed that gold
and platinum particles had formed in the respective samples,
with diameters ranging from 2 to 5 nm, containing between
approximately 300 and 4000 metal atoms each®! (Figures S8
and S10 in the Supporting Information). When the initially
prepared supported gold and supported platinum samples
were observed in the STEM, the metals aggregated rapidly.
After depletion of the mononuclear species, the agglomer-
ation continued as a result of collision and coalescence of the
gold and platinum clusters (Figures S9 and S11 the Supporting
Information). Thus, these experiments show the sharp
contrast in sintering behavior between iridium and the other
metals and confirm that it is proper to infer the unique
stability of the iridium clusters.

In summary, the results characterizing the supported
iridium catalyst are the first experimental demonstration of
non-coalescence behavior of supported nanoclusters. The
unique stability of iridium nanoclusters of approximately
1nm in diameter matches theoretical predictions® and
distinguishes iridium from other noble metals. The iridium
nanoclusters are highly active catalysts, with the nanoclusters
of 1 nm in diameter being in the size range that favors
naphthene ring-opening reactions."®?? Qur observations may
contribute to new approaches to the design of “smart”, sinter-
resistant catalysts that could include iridium-containing
bimetallics.

Experimental Section

Supported iridium, gold, and platinum complexes were prepared by
reaction of Ir(C,H,),(acac), Au(CHjs),(acac), or Pt(acac), with
calcined MgO, y-AlL,O;, or HY zeolite. Each sample contained
1 wt % noble metal. All sample handling was done to exclude air and
moisture. STEM images were obtained with a JEOL JEM-2100F
electron microscope equipped with a field emission gun (FEG),
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operating at 200 kV, with a CEOS hexapole probe (STEM) aberra-
tion corrector. Details of the experiments are given in the Supporting
Information.
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