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Comparison of AFM and HRTEM to determine the metal particle
morphology and loading of an Au/TiO, catalyst
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Atomic force microscopy (AFM) has been used to study the morphology of an ultrafine gold-on-titania catalyst. By using
TappingMode™ AFM (TMAFM) and SuperSharp silicon probes to minimize tip radius artifacts, we determined values for the av-
erage Au particle diameter and the gold loading in good agreement with high-resolution transmission electron microscopy (HRTEM)
results. These results demonstrate the ability of AFM to characterize real supported metal catalysts with small metal particles (<5 nm)
and low metal loadings, achieving resolution comparable to HRTEM, but in the ambient environment.
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1. Introduction

The catalytic activity of many systems has been observed
to be strongly structure sensitive. An example of such asys-
tem is ultrafine gold supported on titania. Until recently,
gold has found little use in catalytic applications [1-3].
Haruta et a. [4], however have demonstrated that support-
ing ultrafine gold particles (with diameters smaller than
5 nm) on select metal oxides drastically changes the re-
activity of gold. These systems have been shown to be
very active catalysts for a number of industrially important
reactions, including low-temperature CO oxidation [5,6],
partial oxidation of hydrocarbons[7], epoxidation of propy-
lene [8-10], hydrogenation of carbon oxides [11] and re-
duction of nitrogen oxides [12].

This dramatic change in the chemistry of the Au
nanoclusters supported on metal oxides, and particularly
on TiO,, depends on the size of the metal cluster and
the AU/TIO, interface [12,13]. Mode AU/TiO, cata
lysts [14,15] and theoretical studies [16] have been em-
ployed to elucidate the structure sensitivity of this catalytic
system. Studies on powder catalysts have focused on the
effect of several critical parameters for the Au cluster mor-
phology, such as the Au deposition method [10,17], the
structure/chemical composition of the support [5,6,18] and
the pretreatment of the catalyst [19].

In addition to spectroscopic techniques, high-resolution
transmission electron microscopy [5,10,15] and scanning
tunneling microscopy/spectroscopy [14,20] have been used
to study the size and morphology of the metal clusters
and the AuU/TiO, interface. High-resolution transmission
electron microscopy is traditionally used for catalyst char-

* To whom correspondence should be addressed.

0 J.C. Bdtzer AG, Science Publishers

acterization [21], in order to obtain estimates of the size
and distribution of the metal particles on powder-supported
metal catalysts. Transmission electron microscopy can pro-
vide information about the elemental composition and the
electronic structure of the materials, in addition to high-
resolution micrographs of the structure of the material [22],
and has been extensively used to study the morphology of
supported metal clusters [23]. One important limitation of
electron microscopic techniques, such as SEM and TEM,
is that small variations in height are difficult to resolve,
and some sample treatment (e.g., coating) may be required.
Scanning probe microscopy techniques can overcome these
restrictions, and they have been used to study and char-
acterize catalytic systems. Most UHV-STM studies have
focused on single crystal metal or metal oxide surfaces.
These studies have helped elucidate reaction mechanisms,
have contributed substantially to the understanding of het-
erogeneous catalysis, in some cases leading directly to new
ideas for catalyst design [24]. STM has aso been used
extensively to study more realistic model catalysts: metal
clusters supported on metal oxide surfaces (single crystals
of small band-gap oxides, such as TiO, and ZnO, or thin
films in the case of larger band-gap oxide supports such
as MgO and Al,03) [14,20,23,25-27]. Scanning tunneling
microscopy can provide high-resolution images (achieving
atomic resolution for 2D or tiny 3D metal clusters[24,27]),
and additional spectroscopic information on the electronic
structure of the metallic particles [20,25,26], but is limited
to conducting samples and planar model catalysts.

AFM isvery promising for the characterization of model
and real catalysts because it is not limited to conductive
samples. It has been used to study model catalytic systems
such as fails, films, and nanostructured surfaces. It has
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proven particularly valuable in studies of growth of metal-
lic or oxide nanoparticles supported on flat oxide surfaces,
including studies of model supported catalysts prepared by
methods such as sputtering, evaporation, spin coating and
electron beam lithography [28-32]. One problem in some
of the early studies of model catalysts was the displace-
ment of the metal particles by the AFM tip in contact
mode. This problem can be solved by using non-contact
or TappingMode™ AFM, which has opened the way for
high-resolution imaging of particles. Different techniques
have been developed to immobilize and image a variety of
micron-sized minerals [33]. The resolution achieved when
imaging micron or submicron-sized, three-dimensional par-
ticlesis usually of the order of tens or hundreds of nanome-
ters. Previous AFM studies of catalytic materials (pillared
clays and zeolites) have achieved molecular-scale resolu-
tion, but these studies have focused on small, flat surfaces
and not on imaging an entire catalyst particle [34-38].

AFM has also been used to study reaction-induced mor-
phological changes, such as the coking of selective oxida-
tion catalysts [39], the vapor-phase reduction of metal ox-
ides [40], the effect of different gas atmospheres on vana-
dia/silica model catalysts [41], the effect of pretreatment
gases on model Pd/SiO; thin film catalysts [29,42] and the
effect of the support on model Ag/a-Al,O3 catalysts [43].

We have developed an AFM method [44] that allows the
high-resolution imaging of submicron particles. We have
used this technique to image successfully a variety of sub-
micron powders (e.g., ceria, titania) and metal-decorated
oxide particles achieving, to our knowledge, the highest
resolution reported for metal clusters supported on actual
metal oxide particles [44,45]. In this study we demonstrate
that atomic force microscopy can be used to study the mor-
phology of an Au/TiO, catalyst achieving resolution com-
parable to HRTEM. This level of resolution may permit
one to examine the effects of different parameters on sur-
face structure and hence on the reactivity of real supported
metal catalysts.

2. Experimental
2.1. Materials

The polycrystalline anatase titania powder used in this
study was obtained from Aldrich Chemical Co. It is free of
significant impurities (99.9+%) and has a BET surface area
of approximately 8 m?/g. The catalysts were prepared by
deposition—precipitation, using a procedure similar to that
of [46]. An agueous HAuUCI, solution (Strem Chemicals,
99.9% Au) containing the anatase particles was neutralized
to approximately pH 7 at room temperature with a saturated
N&COj3 solution (Aldrich, 99.5%). The suspensions were
stirred vigorously for 34 h before being filtered, washed
three timesin 100 ml hot water (approximately 323 K). The
resulting material was then calcined at 673 K for 3 h [10].

The procedure used to prepare samples suitable for
single-particle AFM imaging has been described in detail

previously [44]. Dilute dispersions of a TiO, powder (ap-
proximately 10 ppm) in purified, deionized water (Millipore
Milli-Q™ system) were filtered through 0.1 zm polycar-
bonate membranes (Nuclepore, Corning Separation Divi-
sion). After drying at 60°C for 2 h in a vacuum oven, the
membrane filters were mounted onto a microscope dlide
using double-sided tape, in order to facilitate imaging by
AFM.

2.2. High-resolution transmission electron microscopy and
atomic force microscopy

The distribution of gold particles on the titania sur-
faces and the average particle diameter were determined
using high-resolution transmission electron microscopy
(HRTEM) and atomic force microscopy (AFM).

A Jeol 2000 FX electron microscope operated at 200 keV
was used to obtain TEM micrographs. A Nanoscope Il
multimode scanning probe microscope (Digita Instruments,
Santa Barbara, CA) and a Nanoscope Il1a, Dimension 3100
scanning probe microscope (Digital Instruments, Santa Bar-
bara, CA) were used to collect height and phase shift data
simultaneously, using TappingMode™ AFM (TMAFM)
[47], in ar, a room temperature. Two types of single-
crystal silicon, single-beam cantilever probes were used in
this study: TESP silicon probes (nanoprobes, Digita In-
struments, Santa Barbara, CA) with a nominal tip radius of
5-10 nm and SuperSharp silicon cantilevers (nanosensors,
Wetzlar-Blankenfeld, Germany), which have a nominal tip
radius of 2 nm. Both probes have a resonance frequency
of approximately 300 kHz.

TMAFM is performed by oscillating the probe tip and
cantilever near the cantilever's resonant frequency. The
probe is brought near the sample surface such that the tip
strikes the surface near the bottom of each oscillation, while
it is rastered across the sample. The RMS amplitude of the
oscillation is maintained at a setpoint value by a feedback
system that adjusts the vertical position of the sample with
a piezoelectric trandator. The vertical position of the sam-
ple is monitored during the scan in order to generate a
topographical image of the surface. Height detection pro-
vides the actual dimensions of surface features. The lateral
forces and shearing forcesthat are necessarily applied to the
sample in contact mode AFM [48], where the tip maintains
continuous contact with the sample, are avoided through the
intermittent contact of TMAFM, making this a preferable
mode for imaging particles/surfaces with rough morpholo-
gies. The forces applied to the surface can be controlled
by the ratio of the setpoint amplitude to the free air am-
plitude [49]. In this work, the amplitude setpoint voltage
was adjusted to 60—75% of that of the free air amplitude,
resulting in moderate force imaging.

Phase shift data can be collected simultaneously with
height data. Phase shift detection measures the phase lag
between the drive signal and the actua tip response sig-
nal. In phase shift detection the contrast mechanism is a
convolution of topography and material/chemical properties
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of the surface [50]. Phase data have enhanced resolution
compared to height data because the feedback response to
this electronic signal is faster than the physical movement
of the piezoelectric trandator in the z-direction, which is
measured in order to obtain height data. Phase data are
only sensitive to local stiffness differences, facilitating the
resolution of nanostructures [51] and providing TMAFM
with indirect sensitivity for different chemical species or
morphologies. Sources of contrast in TMAFM phase im-
ages are an active research area. Due to the sensitivity of
phase shift detection, the data are of very high resolution.
All the images presented here are not filtered.

2.3. Image analysis

To determine the average gold particle diameter, (D),
from TEM micrographs, at least 50 particles were meas-
ured using Optimus version 6.1 image analysis software.
The Au particle dimensions were determined by analysis
of the phase and height AFM images collected simultane-
oudly, using the software supplied by Digital Instruments.
In particular, to obtain the average vertical dimension of
the Au particles, section analysis can be applied to selected
areas of the height images (titania particle surfaces). Sec-
tion analysis provides a cross-sectional height profile of the
surface along a reference line, which is drawn across the
region of interest. This permits accurate estimation of the
vertical dimensions of the surface features, but it is difficult
to apply such analysis on rough sample surfaces. For this
reason, section analysis of the height data has been used
to get estimates of particle heights and aspect ratios, but
high-resolution phase images were used to determine the
lateral dimensions of particles. The average number of Au
particles used to estimate the average Au particle diame-
ter was approximately 40. Lateral dimensions of particles
in this size range can be exaggerated by finite tip radius
effects. Thisis discussed further in section 3.

3. Results and discussion

Figure 1 is a TappingMode™ AFM phase image of the
“fresh” anatase particles, before gold deposition and cal-
cination. The background is the Nuclepore polycarbonate
membrane. The edges of the particles can be distorted as
the tip climbs or descends the steep faces of the particles.
The anatase crystallite consists of several primary particles,
which are typically 100-200 nm in diameter. The primary
particle that is highlighted is 100 nm in diameter. The
anatase primaries are aggregated in multiples to give clus-
ters with pigmentary dimensions (approximately 0.5 pm);
they therefore generally have complicated morphologies.
Large facets of the crystallite surface, which are smooth on
the nanometer scale, are apparent.

Figure 2(a) is a HRTEM micrograph of the calcined
AU/TIO, catalyst; it is typical for the catalyst used in
this study. The gold loading is 0.2 wt%, determined by

Figure 1. TappingMode™ AFM phase image of an anatase TiO, particle
on a Nuclepore membrane filter (scan area 1 pm x 1 pm).

atomic absorption spectroscopy (Perkin—Elmer 3110 atomic
absorption spectrometer) [10]. The average gold parti-
cle diameter estimated from this particular micrograph is
3.7+ 0.7 nm (the error bar corresponds to the standard de-
viation of the distribution). The average, post-calcination,
Au particle size is 4.5 4+ 1.0 nm, determined from a series
of TEM micrographs of the catalyst [10]. Figure 2(b) is
a TMAFM phase image of another catalyst particle from
the same calcined sample preparation. The gold particles
can be clearly imaged on the titania surfaces and their size
and distribution on the TiO, surfaces are in good agree-
ment with the HRTEM results. A gold particle of typical
size is highlighted on the bottom right corner of the titania
crystalite. It is approximately 6.9 nm in diameter. A rela-
tively large Au particle is highlighted on the top part of the
image. Its diameter is approximately 9.8 nm. The average
gold particle diameter determined from this particular im-
ageis 7.88+1.54 nm. Thisis amost two times the average
size estimated by HRTEM. This difference is attributed to
a tip-broadening artifact, as explained below.

AFM is not typically used to study the morphology of
real catalysts with low metal loadings and small metal par-
ticle size because of the limitations to the resolution that
can be achieved with TMAFM in air. The major factor
that limits the resolution is the curvature of the probe. In
the case of standard single-crystal Si cantilevers used for
tapping mode, the nominal radius of curvature of the probe
is approximately 5-10 nm. When imaging surface features
with similar sizes, or even smaller than the probe itself,
one produces AFM images that are a convolution of the tip
shape and the sample topography [52]. In effect, structures
smaller than the tip diameter will appear to be as large as
the tip diameter [30,53]. The small surface features in this
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Figure 2. (a) Transmission electron micrograph of an Au/TiO, catalyst
particle. (b) TMAFM phase image of an Au/TiO, catalyst particle, col-
lected using a standard TESP silicon probe (scan area 500 nm x 500 nm).

case essentially act as tips to image the morphology of the
probe. The lateral dimensions of the surface features thus
are less reliable indications of particle size in this range if
one does not correct for finite tip radius effects. In general,
the dimensions of the probe limit the latera resolution of
the surface features. The smallest features that can be lat-
erally resolved in phase images are in the order of a few
nanometers (<5 nm for a SuperSharp Si probe). The reso-
lution in the vertical direction is usualy much better than
the lateral resolution, and for relatively flat sample surfaces
it can be of the order of afew angstroms.

In order to estimate the dimensions of the surface fea-
tures, one can use section anaysis of the height images
to obtain the vertical dimensions. The three-dimensional
height data contain information on the actual dimensions
of the surface features. Section analysis provides a cross-
sectional profile of the surface along areferenceline. How-
ever, if the metal particles are not hemispherical in shape
the vertical dimension cannot be equated with the particle
radius. Previous studies by both HRTEM and STM have
shown initial 2D growth (i.e., low aspect ratios) for the Au
clusterson (110) TiO, single crystals [54,55]. Furthermore,
it is difficult to obtain accurate estimates of particle heights
from section analysis of the height images because of the
rough morphologies of the titania crystalites;, here, how-
ever, we are successful in imaging Au particles (<5 nm
in size) on the surfaces of titania particles which are two
orders of magnitude larger.

In order to obtain accurate values of the lateral dimen-
sions of the metal particles, one needs to decrease or to de-
convolute the effect of the radius of curvature of the probe.
One approach is to use other probes with smaller radii of
curvature. By using a carbon nanotube probe and TMAFM
in water, Andres et al. have successfully imaged small col-
loidal gold clusters (average diameter of 5 nm) on a flat
silicon substrate [56]. In the present study, we used com-
mercially available SuperSharp Si probes (Nanosensors),
which have typical radii of curvature of 2 nm. Figure 3(a)
is a TMAFM phase image of an Au/TiO, catalyst parti-
cle collected using a standard TESP silicon probe (scan
area 600 nm x 600 nm). The background is the Nucle-
pore polycarbonate membrane. The catalyst particleisfrom
the same calcined sample preparation. The TiO, cluster is
approximately 400 nm long and 300 nm wide. The Au
nanoparticles are clearly imaged as bright, elevated regions
on the surfaces of the titania particle. The average Au par-
ticle diameter determined from figure 3(a) is 7.3+ 2.9 nm,
almost double the value determined from the HRTEM im-
ages. Thisis typical for finite tip radius effects [52]. Fig-
ure 3(b) is a TMAFM image of another Au/TiO, particle
from the same catalyst sample supported on the Nuclepore
membrane. The titania crystallite is approximately 165 nm
long, 125 nm wide and 55 nm high. The bright spots
on the particle surface correspond to the Au nanoparticles.
This image was collected using a SuperSharp silicon probe
(scan area 210 nm x 210 nm). In figure 3(b), using the
sharper tips we observe an average Au particle diameter of
4.3+ 0.9 nm, in excellent agreement with the HRTEM re-
sults, without any software correction for tip radius effects.
We would like to stress that there is always a finite tip arti-
fact. The images presented here are the highest resolution
that we could achieve. The probes used had small radii of
curvature and we take advantage of that in high-resolution
phase imaging.

The Au loading of this catalyst can also be estimated
from the AFM results. The dimensions of the titania par-
ticles were estimated using section analysis of the height
data in order to calculate the volume/weight of the sup-
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Figure 3. TMAFM phase images of the AUTIO, catayst: (a) with a
standard TESP silicon probe (scan area 600 nm x 600 nm) and (b) with
a SuperSharp silicon probe (scan area 210 nm x 210 nm).

port. To estimate the volume of the Au, hemispherical gold
particles were assumed and the size of the particles was
calculated using the phase data lateral dimensions. Even
though the Au particles are not perfectly hemispherical, we
used this assumption because it is difficult to obtain more
accurate estimates of particle shapes from section analy-
sis of the height images due to the rough morphologies of
the titania crystallites. The aspect ratios for the Au parti-
cles obtained from section analysis of select areas of the
height images were not sufficiently small to invalidate this
assumption. At very low coverages it has been reported
that gold particles on TiO,(110) are relatively flat (1-2 lay-

Table 1
Results for the average gold particle diameter and the gold loading esti-
mated using the HRTEM and AFM data.

Average Au particle Au loading
diameter (nm) (Wt%)
HRTEM 454+ 1.0 0.20
AFM (standard TESP probe) 7.6+22 0.14
AFM (SuperSharp Si probe) 4.3+0.9 0.29

aThe error bars correspond to the standard deviation of the distribution.
bThis value was determined by atomic absorption spectroscopy [10].

ers high), but with the addition of more gold the particles
follow the Volmer—Weber growth mode, leading to hemi-
spherical three-dimensional Au clusters [57]. The average
Au loading calculated from the AFM data was 0.22 wit%,
in good agreement with the actual 0.2 wt% that was used in
the catalyst preparation, as determined by atomic absorp-
tion spectroscopy. The results for the average Au particle
diameter and Au loading, summarized in table 1, show rea-
sonable agreement between the values obtained by the two
techniques. These results are somewhat qualitative because
only a few characteristic images have been used to obtain
the values of the gold loading. As can be seen from the im-
ages, there are differences in the Au loading for different
titania particles (values measured for individual particles
range from 0.15 to 0.3 wt%), thus averages over a large
number of particles would be needed to improve precision.

Our results demonstrate the ability of AFM to study the
morphology of supported metal catalysts with small metal
particles (<5 nm) and low metal loadings (<1 wt%). To
our knowledge, this is the first time that atomic force mi-
croscopy has been used to characterizereal catalysts achiev-
ing resolution comparable to that of high-resolution trans-
mission electron microscopy. The resolution is limited by
the probe, but the development of sharper probes (for exam-
ple, the use of single-wall carbon nanotubes) can decrease
the probe diameter to 1 nm [58]. For such probe radii,
finite tip effects are minimal [30]. Furthermore, AFM is
performed in air and it does not require vacuum, thin speci-
mens, or any other elaborate sample preparation techniques,
all of which are typical for electron microscopy. AFM pro-
vides additional information on the morphology of the sup-
port. Three-dimensional images of the titania particles are
not possible using HRTEM. Another advantage of AFM is
that it is a non-destructive technique, so one can image the
same area on the sample before and after surface modifica-
tion [44]. This may be possible with electron microscopy
as well, but exposure to the electron beam may degrade the
sample surface.

In conclusion, we have used atomic force microscopy to
probe the morphology of Au/TiO, catalyst particles. This
catalyst is very active for a number of potentially impor-
tant reactions, including low-temperature CO oxidation and
propylene epoxidation; in both cases the performance of
this system is reported to be structure sensitive. It was
shown that high-resolution electron microscopy and atomic
force microscopy can be used to study the morphology of
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the catalysts, the dispersion and the average diameter of
the Au particles. AFM can successfully probe the surface
structure of metal-decorated oxide particles with very high
spatial resolution [45]. TMAFM was used to image the
supported metal catalysts, and in order to minimize tip ra-
dius effects we have used SuperSharp silicon cantilevers,
in addition to the standard TESP silicon probes. The re-
sults obtained for the average Au particle diameter are in
good agreement with the HRTEM results. Transmission
electron microscopy can provide information about the ele-
mental composition and the electronic structure of the ma-
terials, in addition to high-resolution micrographs of the
structure of the material [22], and has been extensively
used to study the morphology of supported metal clus-
ters [23]. Scanning probe microscopy, and in particular
atomic force microscopy, is a complementary technique,
which can aso provide high-resolution, three-dimensional
information about the structure of real supported metal cat-
alysts. AFM has already found some ex situ applicationsin
studies of reaction-induced morphological changes of cat-
alyst surfaces [29,38-42]. The ability to image the same
particle through a series of chemical exposures [44], and
designs that allow scanning probe microscopes to operate
at atmospheric/high pressure and high temperature [59] are
opening the way for in situ studies of real catalysts. The
evolution of the structure and the morphology of the metal
clusters can in principle be monitored during chemical re-
action.
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