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a b s t r a c t

Using HAADF-STEM electron tomography and aberration-corrected TEM/STEM electron microscopy, 3D
reconstructions and high resolution images have been recorded of heterogeneous catalysts consisting
eywords:
old nanoparticles
D analysis
itania
lectron tomography
berration-corrected electron microscopy

of gold nanoparticles supported on titanium dioxide (anatase); these catalysts have gained attention
recently because of their potential for use in many reactions with both industrial and environmental
importance. We will illustrate how through the combination of high resolution images and segmented
3D tomographic data, structural features of the supported phase can be revealed which are normally not
accessible through conventional imaging. The location of the nanoparticles preferentially at the grain
boundaries, confirmed by these studies, is likely to influence the stability of the nanoparticles and is a
key step in understanding and facilitating the development of better catalysts.
eterogeneous catalysts

. Introduction

In recent years, gold catalysts have received a great deal of atten-
ion because of their potential for many reactions of both industrial
nd environmental importance [1]. Gold was widely believed to be
catalytically inactive material for a long time but this situation

hanged dramatically with the discovery of the catalytic activity of
old nanoparticles [2,3].

The remarkable catalytic properties of supported gold were first
hown through the oxidation of CO at sub-ambient temperature
y Haruta et al. [4]. In recent years the most studied catalyst for
referential oxidation of CO in a H2 stream has been gold sup-
orted on titania: for this reaction Au/TiO2 is one of the most
ctive catalysts at low temperatures [5,6] and the optimum gold
anoparticle size was found to be ca. 3 nm. Studies on gold catalysts
how that macroscopic gold is only weakly active for CO oxidation
ut Au in nano-dispersed form, with strong metal–support inter-

ction, leads to highly active catalysts [7,8]. The so-called strong
etal–support interaction (SMSI) is often seen as critical to sus-

aining high catalytic activity under demanding catalyst operation
onditions (i.e. high temperature, high water vapour pressure, etc.).
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Indeed, SMSI has been linked directly to the presence of electronic
defects that can be prepared with ease on the surface of reducible
oxides (e.g., CeO2 and TiO2) [8]. The possibility of anchoring these
active metal components to these electronic defects has been doc-
umented [9,10], with strong interaction between the active metal
and defects of reducible oxides fundamentally determining the dis-
persion, morphology and, therefore, the catalytic activity of metal
clusters.

The firmly established fact that gold nanoparticles function as
highly active catalysts [5,8,11] has given rise to much specula-
tion and theoretical analysis [10,12] as to the root cause of this
phenomenon. It seems likely that atoms of gold that are situ-
ated at the periphery of a nanoparticle are the foci of catalytic
activity principally because of their low coordination number [11].
Density-functional theory (DFT) calculations of Nørskov et al. [12]
point strongly to this interpretation, and has prompted further
investigation as to the origins of enhanced catalytic activity in
nanoparticle gold as well as other metals including bimetallic enti-
ties.

However the detailed nanostructure and the location of the

nanoparticles in the Au/TiO2 system at the atomic scale, which
could be vital for catalytic activity, selectivity and the nanoparticle
stability, are not well understood and a number of recent stud-
ies have been carried out dealing with this investigation, primarily
using electron microscopy [13].
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Fig. 1. AC-TEM image of Au nanoparticles (labeled 1–12, with average diameter
2 nm) supported on anatase TiO2. There is some evidence that the particles are
preferentially located at grain boundaries.
66 J.C. Hernández-Garrido et al. /

These physicochemical data can in general be validated by
ransmission electron microscopy. However, interpretation of con-
entional electron micrographs can often be ambiguous because
nly 2D projections of the objects are recorded. In this sense, elec-
ron tomography has proven to be a powerful tool to enable a more
omplete 3D characterization of heterogeneous catalysts and par-
icularly of supported metal catalysts [14–16]. Of all the possible
maging modes available for electron tomography, those based on
igh angle annular dark field (HAADF) imaging in the scanning
ransmission electron microscope (STEM) are the most suited to
eveal the 3D structure of crystalline nanomaterials and are particu-
arly useful in studies of supported nanoparticle catalysts. The high
ngle annular dark field detector collects electrons that undergo
utherford scattering and the intensity of such images, approxi-
ately proportional to Z2 (where Z is the atomic number of the

cattering atom), make it ideal for the investigation of heteroge-
eous materials with components of very different atomic numbers
resent [17].

In this work, to obtain a better insight into the atomic struc-
ure and location of the gold nanoparticles on the support, we
ave investigated the fine structure of the catalysts directly using
berration-corrected (AC) TEM and HAADF-STEM combined with
hree-dimensional characterization using HAADF-STEM electron
omography.

. Experimental

The nanostructures of the sample were imaged in a JEOL 2200FS
ouble aberration-corrected TEM/STEM, operating at 200 kV, in the
ork JEOL Nanocentre at the University of York [18]. Both TEM
nd high angle annular dark field STEM (HAADF-STEM) were car-
ied out in the AC-TEM/STEM. The dual aberration-correctors in
C-TEM and AC-HAADF-STEM imaging of the supported nanocata-

yst sample provide insights into the atomic level structure critical
o understanding the reactivity properties of nanocatalysts. Low
lectron dose imaging was used throughout.

Electron tomography experiments were performed on a FEI
ecnai F20 field-emission gun scanning transmission electron
icroscope operated at 200 kV at the University of Cambridge. Data

ollection was performed by tilting the specimen about a single axis
sing a Fischione ultrahigh-tilt tomography holder, ranging from
72◦ to +68◦ in steps of 2◦. Image acquisition was undertaken using

he FEI software package Xplore3D. Alignment of the image stack
nd tomographic reconstructions were performed with the FEI soft-
are package Inspect 3D using the iterative routine SIRT. Surface

endering, after a manual segmentation process, was undertaken
sing Amira software.

. Results and discussion

Fig. 1 shows a typical AC-TEM image of Au/TiO2 catalysts. Small
old nanoparticles with an average particle size of 2.0 nm are shown
upported by crystallites of TiO2. Structural analysis indicates that
he lattice spacings for the support correspond to the anatase form
f titania, as indicated in Fig. 2 where a lattice spacing d = 0.35 nm,
orresponding to the (1 0 1) lattice planes for the anatase, is iden-
ified.

A closer view for the exposed surface (Fig. 2) of the support crys-
allites indicates a high degree of roughness. This high resolution
attice image has been recorded slightly underfocus to enhance the

hase contrast at the edge of the sample (Fresnel contrast). That
llows a better visualization of any surface roughness and here
e estimate a surface roughness of about 1 nm, determined using

uccessive anatase (1 0 1) planes assigned in the figure (i), (ii) and
iii).

Fig. 2. (Top) AC-TEM image of Au nanoparticles (labeled 1–8, with average diameter
of 2 nm) supported on anatase TiO2. Large (30 nm) plate-like crystals of anatase are
visible. The roughness of the crystal surface is more evident. (Bottom) An enlarged
part of the image above showing in more detail the roughness of the crystal edge,
equivalent to approximately three (1 0 1) planes or ca. 1 nm.
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Fig. 3. AC-HAADF-STEM image of Au nanoparticles on titania. The atomic number
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Fig. 4. (Top) An enlarged part of Fig. 3 (boxed region) showing two Au nanopar-
ticles. The Au lattice fringes correspond to {1 1 1} planes. The titania lattice is just
visible. (Bottom) Using a high-pass filter, illustrated in the inset Fourier transform,
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ontrast is evident with the Au nanoparticles standing out easily on the lighter sup-
ort. Regions of titania which are thick in projection are also of high intensity. This

mage indicates a possible preference of Au nanoparticles to be located at grain
oundaries.

The high resolution AC-HAADF-STEM (Z-contrast) image of Fig. 3
uggests strongly that the gold nanoparticles are located prefer-
ntially at the grain boundaries of the titania grains. Fig. 4 shows
n enlarged part of Fig. 3 highlighting the {1 1 1} planes of the Au
anoparticles and, in the high-pass filtered version, illustrates the
ifferent titania grain orientations at the atomic level. The bound-
ry in this image is composed of (2 0 0) and (0 0 4) anatase planes;
he gold nanoparticles are located very near to the boundary.

To better understand and confirm the observations obtained
y the AC-TEM/STEM studies, electron tomography was used to
btain a three-dimensional view of the Au/titania structure and
elationship.

Fig. 5(left) shows a HAADF-STEM image acquired as part of

he tomographic tilt series. In this image the gold nanoparticles
eem to be distributed over the TiO2 nano-crystallites without any
bvious preferential location at edges, faces or grain boundaries.
he advantages to using 3D characterization become apparent
hen we compare this 2D image with the 3D reconstruction.

ig. 5. (Left) 2D HAADF image from the tilt series acquired for the tomographic reconstruc
he Au/TiO2 catalyst. Au particles are coloured red and the titania coloured blue. Note tha
upport crystallites. (Right) Surface-rendered partially transparent representation of the
s a guide to the eye to show that some nanoparticles not visualized in the center figure a
For interpretation of the references to color in this figure legend, the reader is referred to
the titania lattice fringes can be made more visible. This allows the titania grain
boundaries to be seen more clearly (shown as orange dashes). (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)
Fig. 5(center) shows a surface-rendered representation of the seg-
mented 3D reconstructed volume of the catalyst. The two images
in Fig. 5 are oriented such that a direct comparison can be made.
The small volumes, colored red in the figure, correspond to the

tion. (Center) Surface-rendered representation of the segmented reconstruction of
t most of the gold nanoparticles are located near the grain boundaries of the titania
TiO2 with all the reconstructed metallic nanoparticles shown. Arrows are included
re because they lie behind the support crystallites as seen in this viewing direction.

the web version of this article.)
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ig. 6. Magnified region showing the distribution of gold nanoparticles in the 3D
econstruction of the Au/TiO2 catalyst. Note the aligned distribution of the metal
articles along the boundaries between supporting crystallites.

old nanoparticles; particles with diameters in the range 1–3 nm
ave been successfully segmented from the reconstruction. The
egions in blue correspond to the anatase support. Fig. 5(right)
llustrates how many nanoparticles (examples are arrowed) are

issed in the center figure because they lie behind the supporting
itania crystallite as viewed in this direction.

The location of gold nanoparticles can be determined reliably
rom the 3D reconstruction. As seen from Fig. 5 most of the metal
articles appear to be located at the titania grain boundaries. Fig. 6

s a magnified region of the surface-rendered reconstructed vol-
me showing the distribution of gold nanoparticles aligned along
he boundaries between supporting crystallites. Dashed lines are
ncluded as a guide for the eye. It is clear from the reconstruc-
ion that remarkably few metal nanoparticles are located on the
acets themselves, instead preferring facet vertices and bound-
ries. Another feature that can be seen from these surface-rendered
mages is the high degree of roughness at the TiO2 surface, qualita-
ively in agreement with the AC-TEM images.

Fig. 7 shows a single XY orthoslice taken from the 3D recon-
tructed volume. The orthoslice provides an additional imaging tool
o study the location of the gold nanoparticles; here the nanopar-

icles correspond to the high intensity areas seen in the orthoslice,
ome of which are indicated by arrows as a guide to the eye.
he preferential location of nanoparticles on facet vertices and
anocrystal boundaries is clear. The horizontal streaking seen in

ig. 7. An XY orthoslice taken from the 3D reconstructed volume taken perpendic-
lar to the Z-direction. The arrows indicate the location of the Au nanoparticles on
acet vertices and grain boundaries of the titania support crystallites. [
sis Today 160 (2011) 165–169

the figure is a result of reconstruction artefacts resulting from the
limited tilt range and number of images coupled with the localized
high contrast of the nanoparticles.

4. Conclusions

It is generally accepted that the catalytic activity and selec-
tivity of gold catalysts supported on TiO2 are determined to a
large extent by the Au/TiO2 interface, possible Au/TiO2 charge
transfer, and the size and shape of the nanoparticles. The stabi-
lization of the gold nanoparticles by the metal oxide clearly plays
an important role and the correct choice of support appears to
help distribute the gold particles across the surface and perhaps by
means of strong metal–support interactions, prevents unwanted
coalescence.

Although there is now a body of knowledge regarding the cat-
alytic activity and selectivity for Au/TiO2 catalysts, until recently
there has been little information available about the 3D spatial dis-
tribution of these highly active nanoparticles over the support; in
terms of catalysis, the accessibility of the supported nanoparticles
to reactant molecules is determined by their location with respect
to the support surface. As has been described elsewhere by some
of us [13] for a similar catalytic system, in terms of stabilization
the contribution of interface energy to the total energy of these
small particles is expected to be important. It can be demonstrated
that for a particle with a given size, there is a notable increment
in the interface contact area between a situations on a flat sur-
face to another one in which the particle sits on a nanocrystal
boundary. This interface energy effect could clearly contribute to
the stabilization of the gold nanoparticles over the titania sup-
port.

Our study shows that gold nanoparticles show a strong prefer-
ence to be located at the titania grain boundaries and vertices and
regions which show high surface roughness. A structural relation-
ship between the metal and the underlying oxide support may be
responsible for the predominance of this feature.

These observations have been made using a combination of
electron tomography and aberration-corrected TEM/STEM and
together is shown to be a powerful tool for the characterization of
size, structure and distribution of active nanoparticles on a support.
Information such as that provided in this work may play an impor-
tant role in the development and design of new nanomaterials with
desired catalytic properties.
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