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Gold, the most stable metallic element, attracted wide
attention as a catalyst only after the discovery that gold
nanoclusters on oxide supports are highly active and selective
for reactions including numerous oxidation,[1–8] hydrogena-
tion,[9–11] hydroamination,[12, 13] ring expansion,[14, 15] and cou-
pling[16, 17] reactions. The catalytic properties of supported gold
strongly depend on the gold–support interactions and the size
of the active species, which must be small—typically clusters
with diameters of the order of 1 nm.[18–20] Frequent discoveries
of new gold-catalyzed reactions are leading the science;
understanding has been slow to emerge.[21] Major challenges
are to identify the catalytically active species and to charac-
terize gold–support interactions.

Recent advances in aberration-corrected scanning trans-
mission electron microscopy (STEM) of supported metal
complexes and clusters,[22–26] including gold,[27–29] have allowed
imaging with atomic resolution. The images provide direct
local information about the catalytic species that was not
attainable with spectroscopic and traditional microscopic
techniques. For example, Herzing et al.[27] inferred from
catalyst performance data and aberration-corrected STEM
images that the activity for CO oxidation of gold supported on
FeOx is associated with bilayer gold clusters comprising less
than 10 atoms, which were found to be much more active than
the numerous other gold species in the samples, including
some with structures only slightly different from those
inferred to be the most active.

Such nanoclusters are not the only active supported gold
catalysts—and not the simplest—even isolated mononuclear
cationic gold complexes on supports have been inferred to be
active for CO oxidation,[30] and, similarly, numerous cationic
gold complexes in solution are catalytically active.[31,32]

Isolated cationic gold species on supports have limited
stability and are challenging to characterize,[33,34] but their
structural simplicity (in contrast to the complexity of almost

all supported gold catalysts,[27,35–37] exemplified by the images
of Herzing et al.[27]) commends them to investigations by
STEM. Such investigations can be facilitated by the use of
porous supports with highly uniform structures, such as
crystalline aluminosilicates (zeolites).[38] Zeolites offer sur-
face sites with uniformities that are unattainable on high-area
oxide surfaces, which are inherently heterogeneous.[39]

We now report how aberration-corrected STEM can be
used to characterize atomically dispersed gold in a zeolite—
notwithstanding the relative instability of both the gold
species and the zeolite itself under the influence of the
electron beam.[28, 40,41] We show that site-isolated mononuclear
gold complexes are catalytic sites for CO oxidation.

A fruitful approach to the synthesis of highly dispersed,
uniform gold species on surfaces involves the reactive
precursor Au(CH3)2(acac) (acac is acetylacetonate), which
interacts strongly with oxides and zeolites.[42, 43] In contrast,
traditional syntheses with gold salts generally lead to nonuni-
form gold particles with diameters exceeding a few nano-
meters.[44, 45] When the supports are zeolites, these gold
particles generally form on the external crystallite surfaces,
because they are too large to fit in the pores.[44]

Adsorption of Au(CH3)2(acac) on zeolite NaY was
inferred to lead to mononuclear gold complexes within the
intracrystalline cages,[46] but the only evidence is spectroscop-
ic (infrared, IR, and extended X-ray absorption fine structure,
EXAFS), and in the absence of images we cannot rule out the
presence of a minority of gold species, such as clusters—and
such species could be catalytically active.[27]

Recently, Ortalan et al.[47] showed that STEM can be used
to determine the locations of iridium atoms and nanoclusters
within the pores of a faujasite zeolite (ultrastable HY, USY).
However, Ortalan�s technique was limited by the low-dose
imaging conditions, chosen because of the susceptibility of the
zeolite to beam damage in the microscope. Ortalan�s images,
characterized by low signal-to-noise ratios, required extensive
image processing and simulations. Consequently, most of his
conclusions were drawn on the basis of simulated images,
which can be affected by artifacts introduced during the
processing and simulations.[48]

Here we show how STEM images obtained under high-
dose conditions identify and determine the locations of
isolated gold complexes in zeolite NaY and demonstrate
that they are catalytically active sites for CO oxidation. The
sample was prepared from Au(CH3)2(acac)[46] and the zeolite
NaY (Si/Al ratio = 2.5, atomic), with the gold loading being
1 wt %. This zeolite is less stable than the aforementioned
USY zeolite (Si/Al ratio = 30, atomic)[49, 50] and therefore
more difficult to image. However, it offers the benefit of
a much higher degree of crystallinity and uniformity than the
USY zeolite[51, 52] and hence more readily identifiable surface
sites for the gold.
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Images were obtained with a JEOL JEM-2100F electron
microscope operated at 200 kV (imaging dose around
105 e���2). The high-resolution images, recorded within
seconds, before the onset of sample damage by the electron
beam, and with high signal-to-noise ratios, do not share the
limitations of Ortalan�s low-dose images.[47] They provide
direct structural characterizations of the gold–support inter-
face and demonstrate the crystallographic locations of the
gold atoms in the zeolite.

Figures 1 and 2 are STEM images, acquired in the high-
angle annular dark-field (HAADF) detection mode, of the
catalyst before and after use for CO oxidation in a once-

through flow reactor. In this imaging mode, the intensity of
the dominant scattering mechanism that gives rise to the
contrast is proportional to the square of the atomic number
(Z2) of the element.[53] Thus, single gold atoms (Z = 79)
appear as bright centers (e.g., Figure 2, in the dashed
rectangles) in the zeolite framework consisting of light
atoms: Si (Z = 14), Al (Z = 13), Na (Z = 11), and O (Z = 8).
The images shown in Figures 1A, B and 2 and their fast
Fourier transforms (FFTs) match the simulated framework
and diffraction pattern characterizing the [100], [111], and
[110] orientations of the zeolite, respectively, indicating that
the crystallites were imaged undamaged in these orientations.

The interpretation of the images is much easier for the
[110] projection than for the [100] and [111] projections,
because in the [110] projection there is minimal framework
overlap, with the images providing a direct view to the insides
of supercages through 12-ring apertures (channel openings).
Arrays of cavities with hexagonal arrangements are high-
lighted with white circles in Figure 2A and B, matching
precisely the simulated zeolite Y framework lattice in the
[110] projection (Figure 2E). The orientation of the lattice in
each image is parallel to the patterns in the corresponding
FFTs (compare the white circles in Figure 2A and B with the
white dots in Figure 2C and D).

The images in Figures 1 and 2 show that the gold atoms
are atomically dispersed, with no evidence of gold clusters.
Images recorded at lower magnifications (Figure S2 in the
Supporting Information) further confirm the absence of
clusters. These observations are consistent with EXAFS
data[46,54] characterized by a lack of discernable Au–Au

contributions. We infer that the atomic dispersion of the
gold is stabilized by the site isolation of the atoms in the
zeolite—the images indicate that only less than 5 % of the
zeolite cages contained more than one gold atom.

The images of Figure 2 identify two distinct bonding sites
for gold complexes, namely T5 and T6 sites (Figure 3
illustrates what is meant by the designations of these sites).
Bonding of metal atoms at T5 and T6 sites was predicted by
calculations at the level of density functional theory (DFT).[53]

When viewed from the [110] projection of the zeolite crystal,
the sites aligned along the central axis of the cavities of the
zeolite lattice are T6 sites, and those aligned in the diagonal
direction with respect to the central axis are T5 sites
(Figure 2F–H).

Figure 2A and B, respectively, show the initially prepared
catalyst and the catalyst after treatment in flowing CO + O2

(during CO oxidation catalysis) at 298 K and 1 bar for 30 min
in a once-through flow reactor (PCO ¼ PO2

¼16 mbar, bal-

Figure 2. Aberration-corrected HAADF-STEM images of the sample
prepared by adsorption of Au(CH3)2(acac) in zeolite NaY. A) Initially
prepared sample. B) Sample after treatment in flowing CO + O2

(during CO oxidation catalysis) for 30 min. C) FFT of the experimental
image shown in (A). D) FFT of the experimental image shown in (B).
E) Simulated framework and theoretical diffraction pattern of zeolite Y
in the [110] projection. F–H) Zoomed-in views of the regions shown in
rectangles in (A) and (B).

Figure 1. A and B) Aberration-corrected HAADF-STEM images of the
sample prepared by adsorption of Au(CH3)2(acac) in zeolite NaY in the
[100] (A) and [111] (B) projections. C and D) Simulated frameworks
and theoretical diffraction patterns of zeolite Y in the [100] (C) and
[111] (D) projections.
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anced with helium); the catalyst performance matched that
reported by Fierro-Gonzalez et al.[46] Examination of all the
gold atoms evident in the images (Figure 2A and B) showed
that approximately 34% of the gold complexes in the initially
prepared sample resided at T6 sites and that this value
increased to 73% after CO oxidation catalysis.

A more detailed understanding of these sites in the
crystallographic structure of the zeolite is provided by
Figure 3A and C, which are perspective views of a supercage
from the [110] projection—the same as that of the images in
Figure 2. The gold atoms evident in Figure 2 A and C
represent those in T5 and T6 sites, as shown in the images
exemplified by Figure 2F. To illustrate the three-dimensional
structure of the faujasite supercage, the oxygen atoms of the
four 12-membered ring apertures are highlighted in color. The
same two supercages in Figure 3A and C are rotated to the
[111] orientation in Figure 3B and D, where the internal space
of the supercages can be seen directly through the apertures
normal to the direction of view (highlighted in red). As shown
in Figure 3A and C, the overlap of apertures highlighted in
blue and orange creates the appearance of a cavity in the
experimental image (see Figure S1 in the Supporting Infor-
mation for a model with more than one supercage unit). The
[110] projection view (Figure 3A) shows a gold atom at
a T6 site located in the space inside the supercage and
between the bottom part of the blue and orange apertures.
The view from the [111] projection (Figure 3B) shows that
the T6 site is atop the six-membered ring created between
blue, orange, and green apertures. On the other hand, views
from both the [110] and [111] projections (Figure 3C and D)

show that the gold atoms in the T5 sites are approximately in
the same plane as the aperture highlighted in green. On the
basis of this analysis, we conclude that the gold atoms
appearing at T6 and T5 positions are inside the supercages,
and those at T5 positions are closer to the channel openings
connecting adjacent supercages.

Time-resolved EXAFS and IR spectra characterizing the
catalyst in the working state indicated that the precursor
Au(CH3)2(acac) was initially physisorbed at the aluminum
sites of the zeolite surface (Figure 4A),[46,54] likely interacting

with the surface by hydrogen bonding.[56] Upon contact with
CO and O2, the acac ligands were rapidly detached from the
gold, leading to the formation of chemisorbed gold com-
plexes, each bonded to approximately one zeolite oxygen
atom (Figure 4B).[56]

The transformation of the gold complexes from physisor-
bed Au(CH3)2(acac) into chemisorbed species in the presence
of CO + O2 was accompanied by the replacement of the CH3

ligands by CO, as shown by the replacement of the Au�Cmethyl

and Au�Oacac contributions by Au�Ccarbonyl and Au�Ocarbonyl

contributions in the EXAFS spectrum and by the appearance
of a 2169 cm�1 band in the IR spectrum (which is assigned to
CO bonded to gold). These changes correspond to changes in
the gold from approximately AuIII to AuI, as indicated by an
increase of the white line intensity in the X-ray absorption
near edge spectra (XANES).[46,54, 57] Consistent with these
inferences, the appearance of an Au�Ozeolite contribution was
indicated by the EXAFS data, indicating the formation of
gold–support bonds.[46, 54]

Figure 4. Structural models of physisorbed Au(CH3)2(acac) on the
zeolite surface (A) and Au(CO) complex bonded to the zeolite frame-
work (B). The structures were inferred from the STEM images and
EXAFS and IR data.

Figure 3. A and B) Perspective views of gold atoms at T6 positions in
an isolated faujasite supercage, viewed from the [110] and [111] projec-
tions. C and D) Perspective views of gold atoms at T5 positions in an
isolated supercage, viewed from the [110] and [111] projections.
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These results, together with the STEM observation that
the site-isolation of the gold complexes was retained after CO
oxidation catalysis, support the inference that the gold species
were stabilized by their confinement in the zeolite channels.

The rate of the catalytic CO oxidation reaction character-
izing the zeolite containing AuIII was reported[46] to be (2.6�
0.3) � 10�2 mol of CO2 (mol of Au � s)�1. After approximately
15 min of operation in the flow reactor, the reaction rate had
decreased to (2.9� 0.2) � 10�3 mol of CO2 (mol of Au � s)�1 as
gold species were transformed from AuIII to AuI.[46] Thus,
these results show a significant change in the catalytic activity
attributed to changes in the oxidation state of the gold,[46,57]

but it had heretofore been unclear whether formation of gold
clusters from a small fraction of the gold atoms had occurred.
Our data show that the mononuclearity of the gold species
was retained after catalysis, and the STEM observations show
that the change in the gold oxidation state was associated with
the movement of some of the gold complexes from T5 to T6
sites and a change in the gold–support interface. This
inference is consistent with the reported[46, 54] EXAFS and
IR spectra. These data, combined with the lack of STEM
evidence of gold clusters weigh strongly against the possibility
that gold clusters were responsible for the catalytic activity.[27]

In summary, the results show that the use of a crystalline
zeolite support and a reactive organogold precursor leads to
an atomically dispersed gold catalyst with a high degree of
uniformity that can be characterized precisely with atomic-
resolution STEM complemented by spectroscopy. Our STEM
images, combined with reported spectra, identify the catalytic
sites as site-isolated gold complexes and indicate that the
observed change in activity during operation of the catalyst is
associated with a change in the gold–support interface. Thus,
aberration-corrected STEM can be used to probe the metal–
support interface in the most highly dispersed supported
metal catalysts, even when they consist of beam-sensitive
materials. We anticipate rapid advances in the atomic-scale
understanding of supported catalysts incorporating heavy-
metal-atom complexes and small metal clusters.

Experimental Section
The samples were prepared and handled with standard Schlenk line,
glovebox, and glovebag techniques with exclusion of moisture and air.
The zeolite NaY (Zeolyst International, CBV100) powder (Si/Al: 2.5)
was calcined in flowing O2 (Airgas, 99.2%) at 573 K for 4 h followed
by evacuation for 16 h at 573 K. It was isolated and stored in
a glovebox (MBraun) filled with ultrahigh-purity argon (Praxair,
Grade 5.0). Prior to synthesis of the catalyst precursor Au(CH3)2-
(acac), n-pentane solvent (Fisher Scientific, HPLC grade) was dried
and purified in chromatographic columns containing activated Al2O3

and activated Al2O3-supported copper in a Grubbs apparatus
(MBraun) and deoxygenated by sparging with argon (Airgas, UHP,
Grade 5.0). To prepare the supported gold complex, Au(CH3)2(acac)
(Strem, 98%) mixed with the calcined zeolite in a Schlenk flask was
slurried in dried n-pentane at 298 K for one day. The solvent was then
removed by evacuation for one day. The resultant powder, containing
1 wt% Au, was stored in a glovebox.

Catalytic CO oxidation experiments were performed with a once-
through flow reactor with an online gas chromatograph (Hewlett–
Packard, HP-589 Series II) under the conditions reported.[46]

In the STEM experiments, to minimize the exposure to air and
moisture, powder samples were loaded onto a lacey carbon, 300-mesh
copper grid (Ted-Pella) in the glovebox. The grid in the glovebox was
packed in an Eppendorf tube and sealed with Parafilm. Each
Eppendorf tube was placed in a Swagelok stainless-steel tube
sealed with O-rings for transfer to the microscope. There, an argon-
filled glovebag (Glas-Col) was purged five times with ultrahigh purity
argon, and the TEM grid was loaded onto the TEM holder in the
glovebag under a blanket of flowing argon. As argon flowed over the
TEM holder, it was transferred from the glovebag to the microscope
with an air exposure of at most 4 s.

Images were obtained with a JEOL JEM-2100F electron micro-
scope equipped with an FEG, operated at 200 kV, with a CEOS
hexapole probe (STEM) aberration corrector. The images were
captured by a HAADF detector with a collection semi-angle of 75–
200 mrad and a probe convergence semi-angle of 17.1 mrad. The
imaging dose was approximately 105 e���2. Prior to imaging of the
samples, the aberration corrector was aligned with a Pt/Ir on holey
carbon standard sample (SPI supplies) until atomic resolution of the
metals was achieved (Figure S3 in the Supporting Information) and
the lattice spacings of the metals were confirmed. Images were
obtained in < 5 s including instrument optimization prior to image
acquisition, before the occurrence of electron beam damage of the
zeolite framework and gold atoms. Figure S4 in the Supporting
Information shows an image of the same area shown in Figure 2A,
obtained after 20 s of beam exposure, indicating that the zeolite
framework had been substantially destroyed by the electron beam.
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