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A method for determining the average cluster size of supported
catalysts using low-energy ion scattering (LEIS) data is presented.
The method is particularly suitable for determining the average
cluster size of atomically dispersed metals and can be used for clus-
ters as large as 10 nm. For Pt/γ -Al2O3 quantitative agreement is
shown between the average cluster size as determined with LEIS
and that determined with transmission electron microscopy (TEM).
In the case of three-way catalysts, classic methods for determin-
ing the cluster size, such as TEM or CO chemisorption, often fail
or produce ambiguous results because of the presence of ceria.
Therefore, LEIS has been applied to determine the average no-
ble metal cluster size of a commercial three-way catalyst. Moreover,
it is shown by LEIS that the three-way catalyst contains mixed
Pt/Rh clusters, which are strongly enriched in surface Pt after re-
duction. c© 2001 Elsevier Science
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1. INTRODUCTION

Three-way catalysts are widely used in new cars for the si-
multaneous oxidation of hydrocarbons and carbon monox-
ide as well as reduction of nitric oxide from the exhaust of
the engine. This is possible because of the precise lambda
controller, which keeps the composition of the exhaust gas
near stoichiometric. In reality, the composition will oscillate
with a frequency of about 1 Hz around the stoichiometric
point, thus inducing transient behavior upon the monolithic
converter. After a cold-start of a car, the temperature of the
catalytic surface causes the kinetics of the oxidation and
reduction reactions to be too slow to obtain the required
conversion.

A detailed transient kinetic model based on elementary
reaction steps would allow optimization of the currently
used catalysts as well as the control system (1). A model-
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based controller could be used for optimizing conversions
based on model calculations. Research at Eindhoven Uni-
versity of Technology (The Netherlands) aims at construc-
tion of such a model (2).

For kinetic modeling, information about the noble metal
dispersion is a primary requirement. Also for catalyst op-
timization and for research on catalyst aging, information
about the average cluster size is important. Classic meth-
ods of obtaining this type of information, such as CO
chemisorption, may fail or give ambiguous results for ceria-
containing catalysts, where huge CO storage capacities have
been found compared with similar catalysts without ceria
(3–5). Holmgren et al. (6) used a temperature of 195 K to
suppress the influence of ceria. At this temperature the CO
uptake on ceria was strongly suppressed but not completely
hindered. Apart from the influence of ceria, chemisorption
may fail because of anomalous average metal coordina-
tion numbers at highly dispersed surfaces (7). The latter
is explained by an increased probe-molecule-to-metal stoi-
chiometry for metal atoms situated at the corners and edges
of small metal clusters. Moreover, the possibility of dissocia-
tive CO adsorption on small Pt particles (1–3 nm) deposited
on alumina has been reported (8, 9). Transmission electron
microscopy (TEM) or high-resolution electron microscopy
(HREM) is difficult to perform on ceria-containing cata-
lysts due to the low contrast between the noble metal and
the ceria (10).

This paper investigates the possibility of using low-energy
ion scattering (LEIS) to determine the average noble metal
cluster size of a commercial Pt/Rh/CeO2/γ -Al2O3 cata-
lyst. Because LEIS selectively probes the outermost atomic
layer, only the surface of a cluster is visible. Therefore,
the noble metal LEIS yield depends not only on the to-
tal metal loading and the specific surface area but also on
the fraction of the atoms in a cluster that are accessible
to LEIS. This fraction depends on the cluster size. There-
fore, the average cluster size of a catalyst can be deter-
mined with LEIS if the total metal loading and the specific
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surface area are known. The method has been verified
by using a Pt/γ -Al2O3 catalyst to compare the calculated
average cluster size from LEIS signals with the average
cluster size as determined by TEM. After verification, LEIS
has been applied to determine the average cluster size of
the ceria-containing commercial three-way catalyst. More-
over, LEIS has been used to solve the question whether the
three-way catalyst contains separate Pt and Rh clusters or
mixed Pt/Rh clusters.

2. EXPERIMENTAL

2.1. Catalyst Pretreatment

The Pt/γ -Al2O3, Rh/γ -Al2O3, and Pt/Rh/γ -Al2O3 cata-
lysts and a commercial Pt/Rh/CeO2/γ -Al2O3 catalyst, as
used for coating monoliths, were provided by dmc2 A.G.
(Hanau, Germany) as powders with a mean particle diam-
eter of 12 µm. The powders were pressed, crushed, and
sieved to obtain fractions with pellet diameters between
0.11 and 0.15 mm. To enhance isothermicity during ki-
netic measurements, the catalysts were diluted with inert
α-Al2O3 (0.15–0.21 mm) in the ratio of 1.5 g of α-Al2O3/1 g
of catalyst material. To enable reproducible kinetic exper-
iments, the following pretreatment was carried out for all
catalysts. The catalyst was heated to 773 K in a steady flow
of He. Then the catalyst was oxidized for 1 h under a stream
containing 25 vol% oxygen. Next the catalyst was kept un-
der flowing He for 30 min to purge reversibly adsorbed
oxygen, followed by reduction in a He stream containing
5 vol% H2 at 773 K for 2 h. Finally, the catalyst was allowed
to cool down to reaction temperature under a He stream.

Prior to LEIS analysis, all powder samples were com-
pacted into pellets at 300 MPa. Recently, we showed that
compaction at 300 MPa does not influence the surface
composition (11). LEIS selectively probes the outermost
atomic layer, and hence surface contaminants would
obscure the intrinsic composition and must be removed
before analysis of the intrinsic composition is possible. To
clean the samples an atomic oxygen beam was used. The
use of atomic oxygen permits very effective cleaning at low
temperatures (ca. 310 K) (12). After the oxidative cleaning
process, the samples were reduced at 573 K in 20 kPa H2

flowing at 2.6 mmol/min for 10 min. At 573 K the noble
metals were reduced and sintering did not occur (12).

After evacuation, hydrogen from the reduction treat-
ment remains on the surface. This remaining hydrogen can
be selectively removed by very light sputtering, since the
sputter rate for hydrogen is usually 10 to 50 times higher
than that for other elements (13). From LEIS measure-
ments as a function of ion dose, it appeared that hydrogen
was removed from a three-way catalyst at a He dose of
2× 1015 ions/cm2 (12). Between a He dose of 2× 1015 and

10×1015 ions/cm2 the surface composition and the elemen-
tal LEIS yields of the catalyst remained unchanged. In this
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study 3-keV Ne ions have been used to allow separation
of Pt and Ce in the catalyst carrier. The sputter rate of Ne
is typically 10 times higher than that for He. Therefore, all
presented measurements were carried out using Ne doses
between 0.2× 1015 and 1× 1015 ions/cm2.

2.2. Low-Energy Ion Scattering

In LEIS (also known as ion scattering spectroscopy or
ISS) experiments, low-energy noble gas ions are scattered
by atoms in the exposed surface. According to the laws of
conservation of energy and momentum, the energy spec-
trum of the backscattered ions is equivalent to the mass
spectrum of the target atoms. The information depth of
LEIS is limited to one atomic layer because of the high
neutralization probability of the noble gas ions.

Earlier studies on Pt/Rh alloys have shown that the LEIS
sensitivities for Pt and Rh can be successfully calibrated
using pure Pt and Rh reference samples (14, 15). Moreover,
these studies showed that after prolonged sputtering with
either 2 or 3 keV Ne, the bulk ratio of the Pt/Rh alloy is
obtained.

A cluster may be damaged due to the dissipated energy
of an impinging ion. Molecular dynamics have shown, how-
ever, that the backscattered ion is already on its way back
to the detector before this happens (16). LEIS analysis will
therefore not be influenced as long as the same spot is not
probed more than once. Hence, LEIS measurements must
be carried out with a low ion dose. All LEIS measurements
were performed in the UHV Calipso LEIS setup. This setup,
which was developed at the Eindhoven University of Tech-
nology, is equipped with a sensitive double-toroidal ana-
lyzer and a large position-sensitive detector. These allow
measurement of a large part of the energy spectrum simul-
taneously (17). The very high sensitivity enables one mea-
sure the noble metal concentrations down to some 10 ppm
of a monolayer with a relatively low dose. To spread the
dose over a larger area, the primary ion beam is rastered
over an area of 2 × 2 mm2 during measurements. In the
Calipso LEIS setup the primary ion beam is directed per-
pendicular toward the target, and ions scattered over 145◦

with respect to the incoming beam are detected. During
the experiments, the catalyst samples were prevented from
charging by flooding with low-energy electrons from all di-
rections.

2.3. Transmission Electron Microscopy

TEM has been performed using a Philips CM 30 T elec-
tron microscope with a LaB6 filament as the electron source.
The TEM was operated at 300 kV. Samples were mounted
on a microgrid carbon polymer supported on a copper grid
by placing a few droplets of a suspension of ground sample

in ethanol on the grid, followed by drying under ambient
conditions.
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3. RESULTS

3.1. Transmission Electron Microscopy

Figure 1 shows a TEM micrograph of Pt/γ -Al2O3.
Throughout the sample many small metal clusters can be
observed. The cluster size distribution is homogeneous.
Most clusters are about 0.5–3 nm in diameter, with a few
clusters up to about 7.5 nm present as well. When TEM is
applied to Pt/Rh/CeO2/γ -Al2O3, the metal particles are ob-
scured from proper imaging due to their low contrast with
the ceria particles.

3.2. Upper Limit of the Pt Surface Atom Density
at the Pt/γ -Al2O3 Surface

A first calculation concerns the maximum possible Pt
surface atom density that is attained if all platinum in the
Pt/γ -Al2O3 is monoatomically spread and present in the
outermost atomic layer. Using the metal weight fraction

and the BET specific surface area (σ ) of the Pt/γ -Al2O3 as Platinum in Pt/γ -Al2O3 is not monoatomically spread

summarized in Table 1, the maximum number of Pt atoms over the outermost atomic layer, but present in clusters.
FIG. 1. TEM micrograph of Pt/γ -Al2O3. Throughout the sample m
0.5–3 nm, with a few larger clusters present as well.
ET AL.

per unit surface area is

surface atom density = metal weight fraction× NA

Mmetal × σ , [1]

where NA is Avogadro’s number, and Mmetal is the molar
mass of the metal (MPt = 195 g/mol). The number of Pt
atoms per unit surface area for monoatomically spread Pt
that is selectively present in the outermost atomic layer is
thus calculated as 6.4×1016 Pt atoms/m2 catalyst. Using the
bulk atomic density of pure Pt (6.58× 1028 atoms/m3 (19)),
the volume of 6.4 × 1016 Pt atoms equals 9.7 × 10−13 m3.
Assuming the surface atom density of Pt is (6.58×1028)2/3 =
1.6× 1019 atoms/m2, the maximum Pt surface atom density
for the Pt/γ -Al2O3 is 6.4 × 1016/1.6 × 1019, which equals
a coverage of 4.0 × 10−3 ML. A monolayer (ML) here is
defined as 1.6× 1019 atoms/m2.

3.3. Pt Surface Atom Density at the Pt/γ -Al2O3 Surface
for Reduced Pt Clusters
any small metal clusters can be observed. Most clusters are about
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angle α, radius, r ,
(24). In LEIS, the
THREE-WAY CATALYST CLUSTER SIZE DETERMINATION

TABLE 1

Physical Characteristics of the Examined Catalyst

Pt/Rh/CeO2/
Pt/γ -Al2O3 Rh/γ -Al2O3 Pt/Rh/γ -Al2O3 γ -Al2O3

Pt g/g catalyst (ICP)a 3.98× 10−3 — 3.98× 10−3 3.98× 10−3

Rh g/g catalyst (ICP)a — 7.9× 10−4 7.9× 10−4 7.9× 10−4

σ (m2/g) (BET)a 193 193 193 157
ϑPt (ML) (LEIS) (1.1± 0.1)× 10−3 — (0.8± 0.1)× 10−3 (1.0± 0.1)× 10−3

Relative ϑRh (LEIS) — 3.2± 0.3 1.000 —
Average d (nm) (LEIS) 1.6 — 2.7b 2.7
d (nm) (TEM) 0.5–3 few up to 7.5 — — —

a Inductively coupled plasma (ICP) and BET analysis of the catalyst materials are described in
(18).
b This value for d is obtained assuming the surface composition of the clusters of the Pt/Rh/γ -Al2O3
equals that of the Pt/Rh/CeO2/γ -Al2O3.

Since the Pt/γ -Al2O3 has been reduced prior to the LEIS
analysis, the Pt atoms are in a metallic state. Metallic Pt
atoms will tend to cluster because of their high surface
free energy (20–22). TEM pictures of reduced Pt on an ox-
idic support show spherically shaped Pt clusters (see Fig. 1
and (23)). For molten Pt droplets on an oxidic carrier, the
contact angle is approximately 115◦ (22). Figure 2 shows a
schematic of such a cluster with radius r and contact an-
gle α. The volume of clusters with contact angle α equals
cα×π×r 3, where cα is a geometric factor. Thus for α = 90◦

(hemisphere) and α = 180◦ (complete sphere), cα = 2/3
and 4/3, respectively. Figure 3 shows cα as a function of α.
If we define Vcluster as the total volume of all clusters on
a square-meter catalyst and N as the number of clusters
present on 1-m2 catalyst support, then

Vcluster = N × cα × π × r 3. [2]

As shown in the previous section, Vcluster = 9.7×10−13 m3

for the Pt/γ -Al2O3 catalyst. Only part of the atoms in these

FIG. 2. Schematic illustration of a supported particle with contact

and diameter D. Adapted from V.d. Oetelaar et al.

surface area β is projected to Avis.
clusters will be visible because of shielding by the neigh-
boring surface atoms because the surface is not atomically
smooth. V.d. Oetelaar et al. (24) showed the effective sur-
face coverage of the spherically shaped clusters as detected
by LEIS, Avis as represented in Fig. 2, to be given by

Avis = π × r 2. [3]

Experimentally it was found that the Pt LEIS yield for
the diluted Pt/γ -Al2O3 was only 0.044± 0.004% of that of
FIG. 3. The geometric factor cα as a function of the contact angle α.
The volume of a spherically shaped cluster equals cα × π × r 3.
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a sputter-cleaned pure polycrystalline Pt sample. If correc-
tions for the dilution of the catalyst with α-Al2O3 and for
the surface roughness of the compacted powder (11) and
the sputter-induced roughness on the Pt reference sample
(25) are included, a Pt surface coverage (ϑ) correspond-
ing to ϑ = N × Avis = (1.1 ± 0.1) × 10−3 ML is found for
pure Pt/γ -Al2O3. Using this value for ϑ , the average cluster
radius r of the Pt/γ -Al2O3 is given by

r = N×π × r 3

N×π × r 2
=
( 1

cα

)×(metal weight fraction
σ × ρmetal

)
ϑ

, [4]

where ρmetal is the volumetric density (ρPt = 21.45×106 g/
m3 (19)). The average cluster diameter (d) of the Pt clusters
in Pt/γ -Al2O3 as determined from the LEIS measurements
is d = 1.6 nm. The error margin in d results from both
the accuracy of the determination of ϑ and the accuracy
of the model assuming ϑ to be equal to N × π × r 2. The
error margin in ϑ is 10%, resulting in a 10% error margin
for d as well. For the accuracy of the assumption, the error
estimation is more difficult; however, its validity is shown
in (24).

Another important parameter that can influence the va-
lidity of the average particle size as determined with LEIS is
the particle size distribution. Let us first consider an exam-
ple of a Gaussian particle size distribution since this type of
distribution occurs frequently (26). Analyzing a Gaussian
distribution centered around 3 nm with a full-width half-
maximum of 2 nm, an average particle size of 2.7 nm would
be found using LEIS. Hence, in the case of a Gaussian par-
ticle size distribution LEIS gives a representative value for
the average particle size. Evaluating a distribution which is
a combination of very small (e.g., 0.4-nm) and larger parti-
cles (e.g., 6 nm), LEIS may give an underestimation of the
average cluster size. For instance, LEIS would give an aver-
age cluster size of only 0.8 nm for a catalyst containing equal
amounts of 0.4- and 6-nm clusters. In this case, however, mi-
croscopic techniques would have failed as well, since 0.4-nm
particles cannot be resolved with either HREM or TEM.
Hence, if possible, a combination of microscopic techniques
and LEIS may give additional information on the parti-
cle size distribution, especially since LEIS probes a statis-
tical average over several square-millimeters of catalyst,
whereas microscopic techniques probe only minute areas.
Moreover, the accuracy of LEIS increases with increasing
dispersion, since LEIS selectively detects atoms in the out-
ermost atomic layer (27). Therefore, very small clusters can
be determined with the highest possible accuracy, whereas
microscopic methods are limited by a minimum cluster size
visibility criterion.

In the case of the Pt/γ -Al2O3 catalyst, TEM measure-
ments showed cluster sizes in the range of 0.5–3 nm with

a few up to 7.5 nm. Hence, the average cluster size as de-
termined with the LEIS measurements (i.e., 1.6 nm) is well
ET AL.

FIG. 4. LEIS spectra of Rh/γ -Al2O3 (thin dashed line), Pt/Rh/γ -
Al2O3 (thick dashed line), and Pt/Rh/CeO2/γ -Al2O3 (solid line) mea-
sured with 3 keV Ne+. The intense Ce peak masks the presence of Rh in
the three-way catalyst. The small Ce peaks in Rh/γ -Al2O3 and Pt/Rh/γ -
Al2O3 are due to contamination. All catalysts contained equal Rh wt%.

within the range of the TEM measurements. In the case of
the Pt/Rh/CeO2/γ -Al2O3 three-way catalyst, TEM is not
feasible since the ceria carrier obscures proper imaging of
the metal particles. Both Pt/γ -Al2O3 and Pt/Rh/CeO2/γ -
Al2O3 are synthesized in a similar way. Hence, for the latter
a homogeneous particle size distribution, where the aver-
age cluster size given by LEIS is accurate, can be expected
as well. Moreover, Sections 3.4 and 3.5 will show that the
Pt/Rh surface ratio as determined with LEIS can provide
additional information on the cluster size of this catalyst.

3.4. LEIS Analysis of Pt/Rh/CeO2/γ -Al2O3

Figure 4 shows LEIS spectra of Rh/γ -Al2O3 (thin dashed
line), Pt/Rh/γ -Al2O3 (thick dashed line), and the
Pt/Rh/CeO2/γ -Al2O3 three-way catalyst (thick solid line)
measured with 3 keV Ne+. Apparently, Rh/γ -Al2O3 and
Pt/Rh/γ -Al2O3 are contaminated with Ce (∼2 wt%). The
Rh LEIS peak is on the low-energy side of the huge Ce
peak. The figure shows that the Rh surface coverage in
the Pt/Rh/CeO2/γ -Al2O3 catalyst will be indiscernible from
the Ce background of the catalyst carrier. To enable the
determination of the Rh surface atom density and possi-
ble Pt segregation, we have also measured Pt/Rh/γ -Al2O3

and Rh/γ -Al2O3. The absence of the huge Ce peak allows
Rh detection in both Pt/Rh/γAl2O3 and Rh/γ -Al2O3 sam-
ples. Although all catalysts contain equal Rh wt%, the Rh
surface atom density of the Rh/γ -Al2O3 is 3.2 ± 0.3 times
higher than that of Pt/Rh/γ -Al2O3. Hence, if the catalysts
contain separate Pt and Rh clusters, the Rh cluster vol-
ume in Rh/γ -Al O would have to be (3.2)3/2 = 5.7 times
2 3

smaller than that in Pt/Rh/γ -Al2O3. Since Rh/γ -Al2O3 and
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Pt/Rh/γ -Al2O3 have been similarly prepared, a huge dif-
ference in cluster volume is not likely. The observed dif-
ference in the Rh surface atom density can be explained,
however, by mixed Pt/Rh clusters, where part of the Rh in
Pt/Rh/γ -Al2O3 is covered with Pt. This is very likely since
Pt segregation has been shown for single crystalline Pt/Rh
alloys of various compositions after annealing in vacuum or
reduction at elevated temperatures (14, 15, 28). Hence, the
catalyst does not contain many separate Pt and Rh clusters,
but mainly mixed Pt/Rh clusters. A Pt/Pd/Rh/CeO2/Al2O3

automotive catalyst, manufactured by W. R. Grace, con-
tained mixed noble metal clusters as well (26). Only bi- and
trimetallic particles were observed in that particular study
using analytical electron microscopy, which was possible
because this catalyst contained only 2% Ce.

Experimentally it was found that the Pt LEIS yield for
the diluted Pt/Rh/CeO2/γ -Al2O3 catalyst was only 0.040±
0.004% of that of a sputter-cleaned pure polycrystalline Pt
sample. If corrections for the dilution with α-Al2O3, the
surface roughness of the compacted powder (11), and the
sputter-induced roughness on the Pt reference sample (25)
are applied, a Pt coverage corresponding to ϑ = (1.0 ±
0.1)× 10−3 ML is found for the outermost atomic layer of
the Pt/Rh/CeO2/γ -Al2O3 catalyst.

In the next section the surface Pt to Rh ratio of the cata-
lyst will be calculated from the bulk composition using ther-
modynamics and LEIS data previously obtained on a single
crystalline Pt0.25Rh0.75. Moreover, the calculated Rh deple-
tion will be compared to the measured depletion on the
Pt/Rh/γ -Al2O3.

3.5. Influence of Segregation in Pt/Rh/CeO2/Al2O3

on the Determination of the Average Cluster Size

As previously explained, part of the Rh appeared to be
covered with Pt in mixed Pt/Rh clusters. To a lesser extent
Pt will be covered with Rh. The amount of Rh on the sur-
face of the Pt/Rh/CeO2/γ -Al2O3 catalyst remains below the
LEIS detection limit (Fig. 4). However, to enable determi-
nation of the average diameter of the Pt/Rh clusters, the
Rh coverage must be added to the visible Pt fraction in the
three-way catalyst. Therefore, the surface composition will
be calculated using bulk values and thermodynamics.

The final treatment of the Pt/Rh/CeO2/γ -Al2O3 catalyst
before LEIS analysis is a 10-min reduction at 573 K. As-
suming that the surface composition after this treatment is
equal to the equilibrium composition at this temperature
in vacuum, the following Pt : Rh ratio can be expected for
the bulk Pt0.725Rh0.275 three-way catalyst:(

XPt

XRh

)
surface

=
(

XPt

XRh

)
bulk
× exp

(−1G

R× T

)
. [5]
A segregation energy (1G) of −6 kJ/mol has been
determined experimentally for single crystalline (410)
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Pt0.25Rh0.75 after annealing in vacuum at 573 K (15). Us-
ing this value, a (Pt : Rh)surface ratio of 9.28 is found for
the bulk Pt0.725Rh0.275 three-way catalyst. This ratio cor-
responds to Pt0.903Rh0.097; i.e., 9.7% of the cluster surface
area consists of Rh. If this amount is added to the observed
Pt (ϑPt = (1.0 ± 0.1) × 10−3 ML), the noble metal surface
coverage of the Pt/Rh/CeO2/γ -Al2O3 catalyst corresponds
to ϑ = (1.1 ± 0.1) × 10−3 ML. As has been shown for the
Pt/γ -Al2O3 catalyst, the average cluster diameter can be
determined using ϑ . Using ρRh = 12.41×106 g/m3 (19) and
the noble metal weight fractions and BET specific surface
area as summarized in Table 1, the average cluster diameter
of the Pt/Rh clusters in the Pt/Rh/CeO2/Al2O3 three-way
catalyst is 2.7 nm.

One should note that there can be less segregation in very
small clusters than in bulk samples (29, 30). To investigate
whether the segregation is limited in the three-way catalysts,
the noble metal dispersion (D), i.e., the ratio of the surface
atoms and the total number of atoms, must be determined.
The interatomic distance in Pt0.725Rh0.275 is 0.28 nm (31);
hence the average cluster diameter of 2.7 nm corresponds to
approximately 385 atoms per cluster. When approximating
the spherically shaped clusters with a truncated hexagonal
bipyramid composed of 377 atoms, 210 of these atoms will
be exposed to the surface (32). Hence, the dispersion of the
clusters is D = 0.56.

Due to the limited number of atoms in the cluster, 56%
of the atoms in the noble metal clusters are exposed to the
surface, and the segregation of one species leads to a de-
pletion of that species in the bulk of the cluster, which has
been neglected in Eq. [5]. To enable correction for the de-
pletion of the bulk we use the relation between the surface
and bulk composition,

D × (Xi )surface + (1− D)× (Xi )bulk = Xi , [6]

where Xi is the overall fraction of element in the clus-
ter (for the Pt/Rh/CeO2/Al2O3 three-way catalyst clusters
XPt= 0.725 and XRh= 0.275). Combining Eqs. [5] and [6]
gives Pt0.834Rh0.166 for the surface composition and Pt0.588

Rh0.412 for the bulk composition of the Pt/Rh/CeO2/Al2O3

three-way catalyst clusters. Note that the bulk composition
found is significantly different from the overall cluster com-
position (i.e., Pt0.725Rh0.275).

The presence of step edges, however, will increase the
Pt surface enrichment. The surface enrichment has been
calculated for Pt surface atoms that are missing 4 neighbors.
However, at step edges the Pt atoms are missing up to 6
neighbors. Measurements of Moest et al. (15) have shown
the validity of the broken bond model in explaining the
segregation behavior of Pt/Rh. Therefore,1G is taken to be
directly proportional to the number of missing neighbors.
Van Hardeveld and Hartog (32) report 18 atoms miss-
ing 7 neighbors, 42 atoms missing 6 neighbors, 60 atoms



426 JANSEN

missing 5 neighbors, 6 atoms missing 4 neighbors, 12 atoms
missing 3 neighbors, and 72 atoms missing 2 neighbors in
a 377-atoms-sized truncated hexagonal bipyramid. (More
spherical clusters give similar results.) Using these numbers,
correction for the enhanced segregation at step edges gives
for the Pt0.725Rh0.275 a surface composition of Pt0.866Rh0.134.

Since the formation of RhO2 is thermodynamically more
favorable than that of PtO2 (19), the metal support inter-
action will further deplete the surface in Rh and enhance
Pt segregation. Therefore, the obtained Pt0.866Rh0.134 might
still be an overestimation of the actual Rh surface percent-
age. If the cluster–support interface is assumed to consist
entirely of Rh oxide, due to the more favorable metal–
support interaction, segregation would yield a Pt0.909Rh0.091

cluster surface. The Pt0.909Rh0.091 corresponds to a Rh de-
pletion of 91/275= 0.33, which is in agreement with the
experimentally determined value, which equals 0.31±0.02.
Using Pt0.909Rh0.091 for the surface concentration, Eq. [4]
still gives d= 2.7 nm for the average cluster diameter of the
Pt/Rh/CeO2/Al2O3 three-way catalyst. Hence, the agree-
ment found between the experimentally and the thermo-
dynamically determined Rh depletion indicates once more
the validity of the average noble metal cluster size as deter-
mined with LEIS.

3.6. General Applicability of LEIS to Determine the Size
of Clusters with Different Shapes

In this study the cluster sizes of two reduced clusters with
contact anglesα = 115◦ have been determined. The method
presented can also be used to determine the size of clusters
with other contact angles. Even the size of hemispherically
shaped clusters (α= 90◦), which are encountered in oxi-
dized clusters (20, 24), can be determined. Therefore, Fig. 3
gives cθ as a function of α and, as explained in (24), the vis-
ible fraction ϑ does not change for 90◦ ≤α≤ 180◦. Hence
the method can be used for all kinds of pseudospherically
shaped clusters.

4. CONCLUSIONS

A method for determining the average cluster size of
supported catalysts using LEIS data has been presented.
For Pt/γ -Al2O3, agreement between the average cluster
sizes determined with this method and that determined with
TEM has been shown. LEIS has been successfully applied
to determine the average noble metal cluster size of a ceria-
supported commercial three-way catalyst. The average no-
ble metal cluster size of the commercial three-way catalyst
is 2.7 nm.

LEIS analysis of Pt/Rh/γ -Al2O3 and Rh/γ -Al2O3 sho-
wed a Rh surface depletion with a factor of 0.31± 0.02 on
Pt/Rh/γ -Al2O3 after reduction at 573 K. This is in agree-

ment with thermodynamic calculations yielding a factor of
0.33 when assuming 2.7-nm clusters that are reduced at
ET AL.

573 K. Hence, the presence of a significant number of pure
Rh clusters on the similarly prepared Pt/Rh/CeO2/γ -Al2O3

catalyst is very unlikely. The Pt/Rh/CeO2/γ -Al2O3 catalyst
therefore contains mixed Pt/Rh clusters that are strongly
enriched in Pt after reduction. Since the average cluster size
as determined with LEIS has been used for the thermody-
namical calculations, the agreement found with the exper-
imentally determined Rh depletion provides an additional
indication of the validity of the determined cluster size.

The high sensitivity of LEIS for metals permits cluster
size determination down to metal loadings of some 10 ppm
in the outermost atomic layer of the surface. Moreover, the
accuracy of LEIS increases with increasing dispersion, since
LEIS selectively detects atoms in the outermost atomic
layer. Hence, very small clusters can be determined with
the highest possible accuracy, whereas microscopic meth-
ods require a minimum cluster size. Moreover, the average
cluster size determined with LEIS reflects a statistical av-
erage over several square millimeters of catalyst, whereas
microscopic techniques probe only minute areas.
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