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ince the discovery of unprecedented

catalytic properties of highly dis-

persed gold nanoparticles on oxide
supports, extensive effort has gone into
probing the effects of the nanoparticle size
on the catalytic activity, especially for CO
oxidation. The identities of the catalytically
active species continue to be vigorously de-
bated, with candidates including gold clus-
ters with typical diameters of several nano-
meters and Au atoms at the gold-support
interface;"? the most active catalysts may be
those with gold clusters with diameters
even less than several nanometers.'? In at-
tempts to elucidate the nature of the gold
species, theoretical methods have been
used to compare the reactivities of various
gold sites,* '® and numerous experiments
have been done with model catalysts con-
sisting of gold dispersed on planar supports
exemplified by TiO, single crystals.' 4

These investigations are limited because
(a) the theoretical reports (except for a
few*~7) have neglected the role of the sup-
port, which, however, is generally regarded
as having a significant influence on the
catalytic properties’'® and (b) the planar
supports have lacked surface hydroxyl
groups, which may influence the gold
chemistry, in particular the oxidation states
of the Au atoms at the gold-support inter-
face."”

Investigations of gold dispersed on typi-
cal catalyst supports, which are porous,
high-area oxides, on the other hand, suffer
from the intrinsic nonuniformity of the sup-
port surfaces and the lack of control of the
sizes of the gold nanoparticles; in general,
these samples consist of mixtures of gold
nanoparticles varying in size from a few at-
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ABSTRACT Highly dispersed supported gold offers unprecedented catalytic properties. Determination of the

dependence of the catalytic properties on the gold nanocluster size requires the preparation of size-controlled gold

nanoclusters on support surfaces with a high degree of uniformity. Starting from site-isolated mononuclear gold

complexes on high-area Mg0, we demonstrate the preparation of gold clusters consisting of <10 atoms. These

samples have been imaged with atomic resolution by aberration-corrected scanning transmission electron

microscopy. The images show that treatment of the supported mononuclear complexes at 318 K in flowing helium

caused aggregation of the gold into clusters of 2—6 atoms, present with unconverted individual site-isolated

mononuclear gold species and in the absence of any larger nanoparticles. Treatment of the sample at a higher

temperature (373 K) in flowing helium resulted in the formation of gold clusters with diameters of 0.58 = 0.15

nm (containing roughly 10 Au atoms), again in the absence of larger nanoparticles. Upon exposure of the

supported nanoclusters to the electron beam, they underwent aggregation to gold clusters approximately 1 nm

in average diameter, as shown in consecutive STEM images.
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oms to thousands of atoms, as evidenced
by images recorded with electron
microscopy.'®?'

Recently, Herzing et al.'® presented
aberration-corrected scanning transmission
electron microscopy (STEM) images of gold
on an FeO, support; their images demon-
strated that gold species were present in
mixtures including individual Au atoms
(0.13 = 0.07 atomic % of the gold), nano-
clusters with nuclearities ranging from 3—4
atoms (ca. 0.2—0.3 nm in diameter), and
nanoparticles with nuclearities up to ap-
proximately 5000 atoms (ca. 7 nm in diam-
eter); the nanoparticles with diameters ex-
ceeding about 2 or 3 nm constituted 98.8 =
0.8 atomic % of the gold. The data of Herz-
ing et al.’® led them to infer that the activity
of their catalyst for CO oxidation can be at-
tributed to bilayer gold clusters with diam-
eters of approximately 0.5 nm and consist-
ing of approximately 10 Au atoms each.

nanoclusters - aberration-corrected STEM
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to the inference that the clusters could be
approximated as Aug, on average. Simi-
larly, gold clusters consisting of approxi-
mately 10 Au atoms, on average, were pre-
pared on high-area TiO, from the same
precursor as the temperature was ramped
to 390 K with the sample in flowing he-
lium.?> Furthermore, Bus et al.? treated a
sample prepared by impregnation of
v-Al,O3 with HAuCl, in H, at 400 K to form
gold clusters characterized by an average
Au—Au coordination number of 3.8 deter-
mined by EXAFS spectroscopy, corre-
sponding to clusters consisting of about

5 or 6 Au atoms each, on average.

In all of these examples, the supported
gold was characterized spectroscopically,
and direct evidence of the degree of uni-
formity of the gold species was missing; it
was not known whether there were sub-
stantially larger nanoparticles of gold
present with the nanoclusters consisting
of only a few atoms each. Now we report
images of samples prepared from
Au(CHs),(acac) on MgO. When the samples

L . . L are treated under suitably mild condi-
Figure 1. High-angle annular dark-field (Z-contrast) image of Sample B. The image shows . he i h | if
gold nanoclusters consisting of only a few atoms each (less than 6) together with indi- tions, the images show almost uniform
vidual Au atoms in the absence of any larger gold clusters. gold nanoclusters, some containing only

a few Au atoms—in the absence of sub-
stantially larger gold nanoparticles. The evidence was
obtained by aberration-corrected STEM with atomic
resolution to allow imaging of all the gold structures
on the support.

B o o SRR

Rashkeev et al.° also presented STEM images of gold
on TiO, characterized by a broad distribution of spe-
cies ranging from single, isolated Au atoms to gold
nanoparticles up to 5 nm in diameter.

Catalysts with such wide distributions of structures
may be useful for the discovery of active or selective
catalysts, because they include a wide range of poten-
tially active and selective structures.?’ However, the
identification of which of the supported species are in-
deed the active or selective ones requires the prepara-
tion of size-controlled gold species on the
supports—this preparation challenge is one of the ma-
jor impediments to the elucidation of how supported
gold catalysts work and which ones work best.22 Part of consistent with earlier results?’ (details are given in Sup-
the difficulty of preparing supported gold clusters or porting Information). Aberration-corrected STEM im-
particles with controlled sizes is that gold is easily (au-  @ges confirm the presence of site-isolated mononuclear
to)reduced and aggregated into larger particles. There ~ Au atoms in the absence of any detectable gold com-
have been only a limited number of investigations dem- plexes, as reported elsewhere.?®

EVIDENCE OF SUPPORTED GOLD
NANOCLUSTERS

Imaging Supported Nanoclusters of Only a Few Au Atoms. The
infrared (IR) and EXAFS data characterizing the sample
(Sample A) prepared by the reaction of Au(CHs),(acac)
and calcined MgO demonstrate the presence of the
mononuclear Au(CH3), complexes on the MgO surface,

onstrating the preparation of supported clusters con- STEM images of the sample prepared by treatment
sisting of only a few Au atoms on high-area supports. ~ of Sample A in flowing helium at 318 K (Sample B) show

One approach was to synthesize gold clusters from  that the site-isolated mononuclear gold complexes ini-
a reactive precursor, Au(CHs),(acac) [acac is tially present were no longer present alone on the sur-
CH3;COCHCOCH;], with the clusters formed in the nano-  face; instead, some of the Au atoms had aggregated
scale cages of zeolites, which limited their size (but into clusters of only a few atoms each. Images show the
also limit their accessibility).?* This precursor was also presence of gold nanoclusters with 2—6 Au atoms

used with high-area MgO as a support,?* and extended  along with some site-isolated Au atoms (Figure 1).
X-ray absorption fine structure (EXAFS) spectra of the These species were resolved only in regions of the
samples prepared by treatment in helium at 373 K led samples where the focus was optimized.?’
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These are the first images of such small gold nano-
clusters in the absence of substantially larger gold clus-
ters (those with more than about 6 Au atoms). We em-
phasize (a) that the reactive molecular precursor,
Au(CHs),(acac), was crucial to the preparation of these
samples, via the site-isolated mononuclear gold com-
plexes anchored to the MgO surface, and (b) that the
preparation required mild conditions to minimize the
degree of aggregation of the gold.

Moreover, the highly dehydroxylated MgO was a
key to obtaining high-quality STEM images, because
(a) the contrast between the light atoms of the sup-
port and the heavy Au atoms offers high contrast in the
STEM images and (b) this support, after calcination at a
high temperature (973 K), consists of essentially cubic
microparticles that present flat, well-ordered surfaces
that are well suited to imaging of the gold species on
them with a single focus value.?®*° We recognize that
the defect sites and the hydroxyl groups on MgO might
play a role in stabilizing the gold in the form of clus-
ters as small as the ones we report.

STEM images of the sample prepared by treating
the Sample A in He at a higher temperature (373 K,
Sample C) show, in contrast, formation of larger clus-
ters than in Sample B (Figure 2a). The average cluster
size was 0.58 = 0.15 nm (with account taken of the blur-
ring effects®'), and even these clusters are markedly
smaller than any other gold nanoclusters formed with
a high degree of uniformity on a high-area support. The
size distribution of the clusters is given in Figure 2b. Im-
ages obtained for a larger region of the sample with a
lower magnification confirm the absence of any larger
gold nanoparticles in this sample (Figure 3).

Gold nanoclusters with diameters less than about 1
nm, on average, supported on oxides, Ce0,*? and
MgO,* and prepared from Au(CHs),(acac) according to
a method similar to ours, have been found by EXAFS
spectroscopy to be the average gold structures in work-
ing CO oxidation catalysts. EXAFS data characterizing
the gold on MgO catalyst show that the activity for CO
oxidation increased as the average gold cluster size in-
creased in the range up to about 4—6 Au atoms per
cluster, on average—ijust in the range we show here >
Because there are no images of these catalysts and
therefore no evidence by which to determine the de-
gree of uniformity of the gold species in them, the ques-
tion remains about whether these cluster sizes are rep-
resentative of the catalytically active species. The
images presented here demonstrate how to make such
small supported gold clusters with a high degree of
uniformity.

Limited Stability of Sample in Electron Beam. We empha-
size that we have restricted the results presented here
to the first images that were obtained in each region.
Subsequent images, in contrast, show effects of the
electron beam, which caused Au atoms and clusters to
migrate on the support and to form larger gold clusters.
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Figure 2. (a) High-angle annular dark-field (Z-contrast) image
of Sample C. The image shows almost uniform subnanometer
gold nanoclusters in bright contrast present in the absence
of any larger gold clusters. (b) Histogram of the distribution
of diameters of 150 gold nanoclusters in image a. The mean
nanocluster diameter was 0.58 = 0.15 nm.

Figure 3. High-angle annular dark-field (Z-contrast) image of Sample
C at a magnification lower than that of Figures 1 and 2. The image
confirms the presence of subnanometer gold nanoclusters in the ab-
sence of any larger gold clusters.
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20 s) shows how the electron beam caused the migra-
tion of gold nanoclusters with a diameter of 0.6 + 0.1
nm (initially present in Sample C) to form a larger clus-
ter, with a diameter of approximately 1 nm. Cluster mi-
gration and growth were evidenced by the formation of
a brighter and a larger spot by the movement of ini-
tially present small bright spots in the consecutive im-
ages (images 1—20, Figure 4).

Others**73¢ have reported evidence of comparable
effects of the electron beam on supported metals.

CONCLUSIONS

A major challenge in the identification of the active
species in supported gold catalysts is the preparation
of gold nanoclusters with controlled sizes; the smaller
the nanoclusters, the more challenging is the prepara-
tion. Here we show the conditions (318 K with the
sample in helium) for preparation of size-controlled
clusters of only a few Au atoms each on high-area MgO.
The STEM images presented here are the first of such
small nanoclusters in the absence of larger gold clus-

Figure 4. Consecutive STEM images characterizing a single region of
Sample C. Each scan is denoted by the scan number as given in the upper
left corner of each image. The changes in the location, size, and brightness
of the spots show the migration of gold nanoclusters to form a larger nan-
ocluster under the influence of the electron beam.

Figure 4 (representing consecutive images taken of
the same region with a time interval of approximately

METHODS

Synthesis. The MgO powder was highly dehydroxylated by
treatment in O, at 973 K (the resultant powder has a surface
area of 100 m%/g). The initial supported gold sample (0.2 wt %
Au) was prepared by the reaction of Au(CHs),(acac) with MgO
(EM Science) in an n-pentane slurry, as before.?® The resultant
sample (Sample A) was treated in flowing helium at atmospheric
pressure as the temperature was ramped at 5 K/min to 318 K to
give Sample B and, alternatively, to 373 K to give Sample C. Each
sample was cooled quickly to room temperature once the tar-
get temperature had been reached in either preparation.

STEM Imaging. The images of the supported gold samples were
obtained at Oak Ridge National Laboratory by high-angle annu-
lar dark field (HAADF) STEM with a FEI Titan microscope
equipped with a high-brightness field emission gun and oper-
ated at 300 kV with a CEOS dodecapole probe aberration correc-
tor. The samples were air sensitive and were therefore handled
with extreme care to avoid exposure to the atmosphere; details
of the sample handling are described in the Supporting Informa-
tion.
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