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CONS P EC TU S

M any researchers have investigated the catalytic performance of
gold nanoparticles (GNPs) supported on metal oxides for

various catalytic reactions of industrial importance. These studies have
consistently shown that the catalytic activity and selectivity depend on
the size of GNPs, the kind of metal oxide supports, and the gold/metal
oxide interface structure. Although researchers have proposed several
structural models for the catalytically active sites and have identified the
specific electronic structures of GNPs induced by the quantum effect,
recent experimental and theoretical studies indicate that the perimeter
around GNPs in contact with the metal oxide supports acts as an active
site in many reactions. Thus, it is of immense importance to investigate
the detailed structures of the perimeters and the contact interfaces
of gold/metal oxide systems by using electron microscopy at an atomic scale.

This Account describes our investigation, at the atomic scale using electron microscopy, of GNPs deposited on metal oxides. In
particular, high-resolution transmission electron microscopy (HRTEM) and high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) are valuable tools to observe local atomic structures, as has been successfully demonstrated
for various nanoparticles, surfaces, and material interfaces. TEM can be applied to real powder catalysts as received without
making special specimens, in contrast to what is typically necessary to observe bulk materials. For precise structure analyses at an
atomic scale, model catalysts prepared by using well-defined single-crystalline substrates are also adopted for TEM observations.
Moreover, aberration-corrected TEM, which has high spatial resolution under 0.1 nm, is a promising tool to observe the interface
structure between GNPs and metal oxide supports including oxygen atoms at the interfaces. The oxygen atoms in particular play
an important role in the behavior of gold/metal oxide interfaces, because they may participate in catalytic reaction steps. Detailed
information about the interfacial structures between GNPs and metal oxides provides valuable structure models for theoretical
calculations which can elucidate the local electronic structure effective for activating a reactant molecule. Based on our observations
with HRTEM and HAADF-STEM, we report the detailed structure of gold/metal oxide interfaces.

1. Introduction
Although gold in bulk is chemically inert, it exhibits high

catalytic activities and unique selectivities for various

reactions.1�6 The most critical factor for high catalytic

activity is the size of gold particles, which should be smaller

than 10 nm in diameter (nanoparticles). The change of

electronic structure by the quantum size effect happens

when the diameter is smaller than 2 nm (clusters). Recently,

it has been proved that the perimeter around GNPs is the

site for COoxidation at and below room temperature.2,4,7�9

In this mechanism, the size effect can be simply correlated

to the length of perimeter region. The quantum size effect is

not necessary for the genesis of high catalytic activity for CO

oxidation.

The size effect of gold has also been reported for the

epoxidation of propylene at around 2 nm.10�12 In the
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presence of H2 and O2, GNPs on Ti-based oxides produce

propylene oxide (PO), whereas gold clusters on Ti-based

oxides produce propane. In the presence of H2O and O2,

only gold clusters can produce PO whereas GNPs produce

acrolein and CO2. The reaction of propylene is sensitive to

the size of gold particles owing to the quantum size effect

and produces different reaction products. The character of

the metal oxide supports are also an important factor for

these reactions because selective oxidation intermediates

(hydroperoxide) should be generated near the perimeter

interfaces around GNPs. The Au/metal oxide interface is

again essential for the selective oxidation of hydrocarbons

over gold catalysts. Typical metal oxide supports and typical

reactions catalyzed byGNPs on themare listed in Table 1S in

the Supporting Information.

A constraint is that it is difficult to estimate the interface

structure of GNPs and metal oxides with a high spatial

resolution. Scanning probe microscopy (SPM) is a powerful

technique to observe the surface structurewith a high spatial

resolution13�15 and enables us to observe atomic gold or a

few layers of gold on clean flat metal oxide supports.

However, SPM cannot access the perimeter region of GNPs

which is constructed at an atomic scale.

X-ray based techniques are also useful to estimate fine

structures. However, it is also difficult to detect the informa-

tion of local structure such as contact interfaces or peri-

meters around GNPs, because they cover only tiny region

against thewhole sample area.Moreover, themeasurement

technique provides spatially averaged information over the

whole sample area and therefore needs strictly uniform

samples. Theoretical calculations also struggle to form suffi-

ciently detailed model structures which reflect the actual

structures of gold catalysts.

Transmission electron microscopy (TEM) is one of the

promising methods to observe the interface structure at an

atomic scale. TEM has a great advantage that it is applicable

to real powder catalysts with high resolution. It can also be

used for observing model catalyst structures. A disadvan-

tage of TEM is that the observations should be carried out

under high vacuum conditions. Environmental TEM techni-

que can recently overcome such a disadvantage and high

resolution observations under various reaction gas atmo-

sphere have been reported for many catalysts.16�21 In this

Account, wewill focus on the atomic structure of gold�metal

oxide interfaces observed by electron microscopic techni-

ques. Gold is the best sample for TEM analyses since its

unique heterogeneous catalysis comes out of the supports

and the size and contact structure of GNPs and it gives

stronger contrast against the background elements of base

metal oxide supports than the other metals.

2. TEM and HAADF-STEM Observation of
Gold Particles Deposited on Transition Metal
Oxides
TEMisgenerallyused toestimate thedispersion (homogeneous

or heterogeneous) of GNPs. It provides not only the mean

diameter of particles but also that distribution of diameter. That

featurehashardlybeenapplied to theactual characterizationof

catalysts and onlymean diameter is usually used to discuss the

catalytic activity. If the catalytic property of GNPs and clusters

remarkably changes depending on the specific size, the diam-

eter distribution of GNPs will bring valuable information.

Figure 1 shows lowmagnification and highmagnification

TEM images of Au/TiO2 and Au/CeO2 prepared by deposi-

tion precipitation (DP) method and Au/Fe2O3 prepared by

coprecipitation (CP) method. Nanosize gold particles are

uniformly dispersed on the metal oxide supports. High

resolution TEM (HRTEM) images showed truncated polyhe-

dral GNPs, which had low index facets such as (111) and

(100), were deposited on the metal oxides. For the GNPs,

(110) face was hardly observed. Truncated polyhedral struc-

ture was often observed for small GNPs under 10 nm and

larger gold particles tended to have equilibrium round

shape. The presence of truncated shape means that adhesion

energy is relatively strong between gold and the oxide support.

The adhesion energy can be estimated from the shape of

particle based on the Young-Dupre relationship which is a

formula to describe the relations of surface energy, interfacial

energy and contact angle of particle and substrate.22 The

multitwinned particles23,24 were also observed when gold

particles become large.

A variety of interface structures can be assumed for the

gold�metal oxide interfaces since there are many types of

combinations between gold faces and metal oxide surfaces

in actual catalysts andmetal oxide supports are also particles

whichhavevarious crystal faces. Accordingly, only typical low

index interfaces have been studied as model structures in

surface science approaches and theoretical calculations.

Some orientation relationships were observed by HRTEM

for Au/TiO2
25 and Au/CeO2.

26 Several preferential orienta-

tion relationshipswere also observed, Au(111)//TiO2(110) for

Au/rutile TiO2, Au(111)//TiO2(112) for anatase TiO2, and

Au(111)//CeO2(111). These results were confirmed by obser-

ving several GNPs by HRTEM, however, the static approach

should be done in order to estimate the preferential orienta-

tion relationships and stable structures. Since TEM focuses on
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the local structure, the observations should be carried out at

random for various areas as many as possible. In order to

make reasonable structure models for the first principle

calculations, it is necessary to elucidate the interface struc-

tures by TEM at an atomic scale.

HAADF-STEM technique is widely used to observe GNPs

because the contrast is improved with an increase in the Z

number of an element. It can detect even small gold clusters

because gold is a heavy atom which has strong scattering

factor for electrons.27 Figure 2 shows an example of HAADF-

STEM image of Au/Fe2O3 catalyst. In low magnification

image, GNPs can be detected with bright contrast. The

HAADF-STEM image has a great advantage that the images

are not disturbed by diffraction contrast or phase contrast

which happens in normal TEM images. The contrast of HAADF-

STEM image depends on the element and thickness of sample.

Even single gold atoms can be detected in high magnification

andhigh signal-to-noise ratio,28�31 if themeanZnumberof the

support material is small and thin enough.

Catalytic properties of size selected gold clusters are

interesting subjects.32 Not only themeasurement of the size

of GNPs but also the estimation of the number of gold atoms

in tiny gold clusters will become an important subject in the

future catalysis research. Many small gold clusters were

observed in the Au/Fe2O3 catalyst prepared by CP method

but through slow addition of an aqueous alkali solution into

an aqueous solution of HAuCl4 (opposite to the procedure

for Figure.2). The correlation between gold clusters or atoms

and catalytic activity are discussed,29 suggesting that the

gold clusters or isolated gold atomsmight be responsible for

the high catalytic activity for CO oxidation. In contrast, in the

case of Au/TiO2 prepared byDPmethod, although the single

atoms were hardly observed, the catalysts exhibited high

catalytic activity.33 The details of this difference will be

discussed in the near future based on the various data

obtained by aberration corrected HAADF-STEM.

Someadvanced studies havebeen carriedout to estimate

the number of atoms in metal clusters by quantification of

the image intensity of HAADF-STEM.34,35 It is also an indis-

pensablemethod to observe the interface structure in atom-

ic scale. The atomic column positions in gold and support

FIGURE 2. HAADF-STEM images of a Au/Fe2O3 catalyst prepared by
coprecipitation method. Low magnification image (a) and high magni-
fication images (b, c).

FIGURE 1. Typical low-magnification and high-magnification TEM
images of a Au/TiO2 catalyst (a, b) prepared by deposition precipitation
method (DP), a Au/Fe2O3 catalyst (c, d) prepared by coprecipitation
method, and a Au/CeO2 catalyst (e, f) prepared by deposition
precipitation method using low surface area CeO2 support.
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crystals can be observed directly by HAADF-STEM method

while the HRTEM images need complicated image simula-

tions for the determination of atomic column positions.27

The interface structure between gold and metal oxide is

crucial for the genesis of catalysis,2,4�8 in particular, oxygen

molecule activation and hydrogen molecule dissociation.

The stoichiometry of the oxide support defines the electro-

nic structure at perimeter interfaces;36 moreover, the oxy-

gen defects around perimeter may directly participate in

catalytic reactions. Direct observationof oxygen vacancies is

very important to study the role of the perimeter interface in

gold�metal oxide systems, but it is still very difficult even by

using the advanced microscopic technique.

3. Growth of Gold Particles on Metal Oxide
Stability of GNPs on metal oxide is crucial for maintaining

them small and catalytically active for a long period. The

growth of GNPs on metal oxides was observed for TiO2,

CeO2 and other oxides.37�39 Gold nanoparticles usually

grow by Ostwald ripening process on metal oxide surfaces.

Figure 3 shows the TEM images obtained during heating the

Au/CeO2 catalyst in an electron microscope from 790 to

960 K. It is apparent that the GNPs became larger on a CeO2

particle, but the location of larger GNPs did not change

during the heating process. Smaller GNPs disappeared as

indicated by arrows in Figure 3 when heating temperature

was raised. Gold atoms might diffuse on the metal oxide

surfaces during growth while the movement of single gold

atoms could not be detected by TEM. In order to keep gold

clusters small in real catalysts, geometrical defects such as

atomic steps on the support surfaces and grain boundaries

between support particles are necessary.

It is interesting that the growth of GNPs on oxide supports

can be suppressed by heating in a stream containing hydro-

gen atmosphere.40,41 In reductive atmosphere, oxygen de-

fects can be created on the metal oxide surfaces and the

defect sites prevent the diffusion of gold atoms and particles

to some extent because the adhesion energy is generally

larger over oxygen defective surfaces.36

The DP method, which is the most popular technique to

prepare supported gold catalyst is sensitive to the surface

charge of metal oxide supports in aqueous solution of gold

precursors. In principle, on acidicmetal oxides, the isoelectric

point (IEP) of which is below pH 6 (the surface charge is

negative above pH 6), Au(OH)3 cannot be deposited,

whereas on basic metal oxides with the IEP above pH 7

(the surface charge is positive above pH 7) Au(OH)3 can be

efficiently deposited. The population of gold particles after

drying before calcination is different for each particle of TiO2

(Degussa P-25) which contains rutile and anatase TiO2

crystals. The solid gold precursor which was identified as

Au(OH)3 by means of XPS, and XANES42 tends to deposit

preferentially on the rutile TiO2 surfaces when both crystals

coexist in the support.38 This tendency was also confirmed

for the TiO2 powder which was artificially prepared by

physical mixing of rutile and anatase TiO2. Figure 4 shows

the HAADF-STEM image of GNPs deposited by DP method

on a physical mixture of rutile and anatase TiO2 particles

before calcination. The population of GNPs is apparently

different for left and right TiO2 particles. Because the iso-

electric point or point of zero charge of support powder in

aqueous solution is not different between anatase and rutile

TiO2 (around pH 6).43 The chemical interaction between TiO2

support and Au(OH)4
� ions are different for rutile and anatase.

The electron energy loss spectroscopy (EELS) analysis

proves the crystalline structure by using O�K edge energy

loss near edge structure (ELNES) shown in Figure 4b. As

shown by an arrow, the characteristic feature of crystal

appeared in the ELNES of O�K edge which reflects the un-

occupied density of state of the TiO2 crystal.44 Since the

crystalline structure can be determined by these O�K edge

EELS spectra, it is obvious that gold precursor tends to be

deposited preferentially on rutile TiO2 during DP in HAuCl4
aqueous solution.

4. Interface Structure between Gold and
Metal Oxides
Figure 5 shows the profile-view HAADF-STEM image of a

GNP on CeO2 polycrystalline substrate which was prepared

as a model structure by vacuum deposition method.45 The

atomically resolved profile-viewHAADF-STEMwas obtained

and the interface structure between GNP and CeO2 was also

observedat anatomic resolution. Thepreferential orientation

relationship of Au(111)[110]//CeO2(111)[110] is often

FIGURE 3. HRTEM images of GNPs deposited on CeO2 byDP during the
course of heating in TEMat: 790K (a), 820K (b), 850K (c), 870K (d), 900K
(e), 930 K (f,g), and 960 K (h).
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observed for the Au/CeO2 interface as observed for the

Au/CeO2 powder catalysts prepared by DP method.26 The

lattice constant of gold and CeO2 is 0.40782 and 0.5411 nm,

respectively, and the lattice mismatch is 28%. The interface

hasan incoherent configurationwithanearly4:3 coincidence

relation, due to the relation of lattice parameters of gold and

CeO2 as approximately 4aAu = 3aCeO2. The distance between

gold atomic layer and cerium atomic layer at the interface is

directly estimated to be 0.28 nm from the HAADF-STEM

image.46 This distance suggests that the oxygen atomic layer

is absent at the Au/CeO2 interfaces. The distance value does

not contradict the stable distance between gold and oxygen

deficient CeO2(111) surface obtained by the first principle calcu-

lations of gold atomic layer on oxygen deficient CeO2(111).
47

Gold particles often exhibit reconstructed structure at

{100} surface as observed in Figure 5. The gold particle is

surrounded by (111) and (100) surfaces. The atomic arrange-

ment of Au(100) surface is illustrated in Figure 5c, whereas

the excess atomic column is observed and arrangement is

disordered in Figure 5b. The Au(100) reconstructed surface is

usually observed for the clean Au(100) surface which is

formed under well-defined condition under ultra high vacuum

(UHV) or electro chemical reactions.48�50 The reconstructed

structure is often observed by TEM for nanoparticles,49 but it is

actually not stable and fluctuated by electron beam irradiation

during TEMorHAADF-STEMobservations. Thismeans that the

local area of nanoparticle can be temporarily cleaned up by

electron beam irradiation during observation.

Gold nanoparticle itself is not stable at room temperature

and the structure change occurs easily during TEM observa-

tion by electron beam irradiation.26,47,51 Figure 6 shows

sequential images of GNPs during HAADF-STEM observations.

The gold particle became smaller during observation.47 In

contrast, as shown in Figure 6e and f, the gold particle became

larger while the electron beam irradiation is stopped. The

three-dimensional (3D) shape is also estimated from the

intensityprofileofHAADF-STEMimageaspresented inFigure6.

The intensity of theHAADF-STEM image is almost proportional

to the thickness of the thin sample. By taking the intensity

profile crossing the HAADF-STEM image of GNPs, the position

of edge can be detected from the maximum intensity in the

profile. The3D shape canbededuced from the intensity profile

ofHAADF-STEM,and thenumberofatoms inaparticle canalso

be estimated.

The number of atoms can be estimated if the condition

that symmetry of the particle is fulfilled to some extent. The

correlation between the thickness of the atomic column and

the image intensity, which is shown in Figure 7, can distin-

guish the number of atoms in an atomic columnalong beam

directionwith accuracy of a fewatoms. For example, Figure7

shows, at the perimeter interface the disordered structure

which is deviated from the ideal position of fcc gold crystal.

This is not a single gold atom since the intensity is much

stronger. The number of gold atoms at this atomic column

along beam direction is estimated to be 5( 1 atoms, which

indicate the periodicity of the coincidence lattice between

FIGURE 4. ADF-STEM image (a) of GNPs on a physical mixture of rutile
and anatase TiO2 and O�K edge EELS spectra (b) obtained from each
numbered site of TiO2 particle.

FIGURE 5. Profile-view HAADF-STEM image of GNP deposited on CeO2

poly crystalline substrate by vacuum deposition (a). Enlarged image of
the Au(100) surface (b) and the corresponding model structure (c).
Reproduced with permission from ref 45. Copyright 2010 Trans Tech
Publications, Switzerland.
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gold and CeO2. The number of gold atoms contained in the

particle can be estimated to be 80 atoms in Figure 6e, and

180 atoms in Figure 6f. These results indicate that about 100

gold atoms disappeared from the gold particle and come

back to the original gold particle during 15 min interruption

of electron beam. It can be assumed that gold atoms are

dispersed over the CeO2 surfaces during the electron beam

irradiation. Gold atomsmight be trapped at oxygen defect of

CeO2 sites when the reductive condition is given, for exam-

ple, electron beam irradiation. Gold atoms can be released

from the defect site when the oxidative conditions are given

and stoichiometric CeO2 surfaces are formed.

5. Aberration Corrected TEM Images
Oxygen is a key element when we discuss the reaction

mechanism of oxidation on gold catalysts, which are extra-

ordinarily active at low temperature and selective for many

reactions in gas and liquid phases.52 Because HAADF-STEM

cannot directly observe the light atoms such as oxygen,

aberration corrected HRTEM is very useful to observe the

oxygenatoms at perimeter or contact interfaces betweengold

and the metal oxide support with a high spatial resolution.53

Currently, oscillation of the phase contrast transfer func-

tion and complicated contrasts can also be suppressed.53

FIGURE 6. Sequential HAADF-STEM images of a GNP deposited on CeO2 during structure change by electron beam irradiation (a�f) and the
corresponding three-dimensional particle shape of each GNP estimated from the intensity profiles of HAADF-STEM images.

FIGURE 7. Relation of the number of atoms in each atomic column in
GNP deposited on CeO2 by vacuum deposition and the signal intensity
of the atomic column in HAADF-STEM image. Red arrow in the graph
corresponds to the intensity of the Au atomic column indicated by red
arrow in superimposed HAADF-STEM image.
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Figure 8 shows the HRTEM image and HAADF-STEM image of

the interface between a GNP and rutile TiO2 which was

preparedbyDPmethodusing large TiO2particles. The incident

electron beam direction is parallel to the [001] zone axis for

TiO2 and [110] zone axis for gold crystal. The gold particle is

supported on the TiO2(110) surface with the orientation rela-

tionship of Au(111)[110]//TiO2(110)[001].

The distance between gold atomic layer and titanium layer

was estimated tobe0.33nmbyHAADF-STEM image, as shown

in Figure 8b. The distance agreed with the result which was

previously obtained for GNPs on single crystalline TiO2 sub-

strate prepared by vacuum deposition.54 The HRTEM image

resolved the interface structure with atomic scale as shown in

Figure 8c and the structuremodel is superimposed in Figure 8d.

The bridging oxygen on TiO2(110) surface is observed, as

indicated by arrow. This means that the GNP was deposited

on the stoichiometric TiO2(110) surface. Theapparentdistortion

is not observed in gold atomic layer, meaning that the interac-

tion between gold and TiO2 surface is not so strong.

Gold/NiO interface was also observed by TEM and

HAADF-STEM. The model structure of GNPs on NiO was

preparedbyvacuumdepositionmethod. Small gold particles

of approximately 2�5nm indiameterweredepositedon the

edge of NiO polycrystalline substrate with sufficiently high

population in this experiment. Gold particles also tend

to be deposited on the NiO surfaces with the preferential

orientation relationships of (111)[110]Au//(111)[110]NiO

or (111)[110]Au//(111)[110]NiO for the NiO(111) surface.

The tendency of orientation relationship was estimated for

303 GNPs in HRTEM images, and gold particles with the

orientation relationship of (111)[110]Au//(111)[110]NiO and

(111)[110]Au//(111)[110]NiO occupied 63%. The lattice con-

stant of Au and NiO is 0.40782 nm and 0.41946 nm, respec-

tively. The lattice mismatch is only 2% and the epitaxial

relation is simply due to the lattice matching at interface.

Figure 9a and b shows aberration corrected HRTEM and

HAADF-STEM images for a GNP on NiO(111), respectively.

The incident electron beam direction was set along the NiO

[1�10] zone axis and the interface structure could be ob-

served clearly.Although theGNP includes thedefect structure,

they are also deposited with the orientation relationship

of (111)[110]Au//(111)[110]NiO. From the HAADF-STEM

FIGURE 8. Aberration corrected TEM (a) and HAADF-STEM image (b) of
aGNPdeposited on TiO2 (110) byDP, and enlarged aberration corrected
TEM imageof the interface (c) and the correspondingmodel structure (d)
indicating thepositionof atomic columnsofAu (yellow), Ti (black), andO
(red) viewed along TiO2[001]. FIGURE 9. Aberration corrected TEM (a) and HAADF-STEM image (b) of

a GNP deposited on NiO by vacuum deposition.
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image, the distance between gold and nickel atom layers at

the interface was estimated to be 0.32 ( 0.01 nm. This

distance suggests that the oxygen terminated surface is

formed at the Au/NiO(111) interface. In addition, goldmono-

layer is formed at around the perimeter as indicated by an

arrow. This feature is similar to GNP on CeO2 shown in

Figure 6. This structure indicated that the adhesion energy is

relatively strongbetweenAuandNiOat this perimeter region.

Although it is not clear from the image whether gold mono-

layer is formed on oxygen atoms, the structure seems to be

formed by removing the surface oxygen atoms by electron

beam irradiation and the region has strong adhesion energy

as observed in the case of Au on CeO2.
47

Aberration corrected TEM images of Au/NiO interface are

shown in Figure 10. The HRTEM image of the interface

indicates that the oxygen atom layer exists at the interface.

The dark contrast appears at the Au/NiO interface corre-

sponding to oxygen position of NiO crystal. The structure

model of gold and NiO is superimposed in Figure 10c. The

TEM image suggests that GNP is supported on the oxygen

terminated NiO(111) surface.

The electron microscopic observations described above

are carried out in the static conditions in a vacuum chamber.

Of course, structural observation of heterogeneous catalysts

should be done under reaction conditions in order to eluci-

date the effective structure for catalytic reactions.18,55

6. Conclusions
The fine structures of the interfaces between gold nanopar-

ticles (GNPs) and transition metal oxides such as TiO2, Fe2O3,

NiO, and CeO2 were observed at an atomic scale by TEM

techniques. Since ithasbeenproved that COoxidationandH2

dissociation takes place at the perimeter interface, their

atomic scale structures are of immense importance to under-

stand the catalytic properties. The interface was observed by

TEM, and the atomic structures including oxygen could be

observedbyaberration correctedHRTEMwhich havealready

been commercially available. The observations should be

carried out for many gold particles in order to obtain rational

conclusions about the ruling structure of GNPs on metal

oxides. Many high quality images of the gold catalysts will

be reported in the near future. The observations should also

be done for the catalysts after various pretreatments and

under the presence of reactant gases. Of course, the final

target is to elucidate the correlation between fine structures in

atomic scale under reaction conditions and actual catalytic

properties.

Supporting Information. Table showing the selection of

transition metal oxides as supports for gold catalysts and

related references. This material is available free of charge

via the Internet at http://pubs.acs.org.
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