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Abstract 

Via deposition of Rh from the gas phase onto a thin, well-ordered alumina film we have prepared various of 
alumina-supported Rh particle systems. The morphologies and particle sizes have been characterised with spot profile 
analysis LEED and STM measurements. The probabilities for thermally induced dissociation of adsorbed CO at temperatures 
between 350 and 500K were determined from C ls photoelectron spectra. For small aggregates the dissociation activity 
increases with increasing average particle size. After reaching a maximum for particles containing an average of 500 to 1000 
Rh atoms, the fraction of dissociated CO decreases to values closer to those observed on well-prepared Rh single crystal 
surfaces. © 1997 Published by Elsevier Science B.V. 

1. Introduct ion 

In dispersed metal catalysts one makes use of  the 
unique chemical properties of  an ensemble of  small 
metal particles anchored to a support [1]. Many 
attempts have been undertaken to uncover the rea- 
sons for their catalytic behaviour [2]. Several issues 
have emerged from previous investigations, one of  
which we want to briefly address in our study: 

• Is the particular size or morphology of  the 
deposited particle relevant in optimising the rate of  a 
given chemical reaction? 

In the past, transmission electron microscopy [3] 
as well as extended X-ray absorption fine structure 
analysis [4] have been successfully applied to study 
the morphology and structure of  dispersed metal 

catalysts. Recently, these investigations have been 
complemented by studies on model systems. These 
model catalysts consist of  a single crystal substrate 
or a thin film (often an oxide), onto which metals are 
usually evaporated under control of substrate temper- 
ature and metal vapour flux [5,6]. This allows the 
preparation of  relatively narrow particle size distribu- 
tions. Scanning probe techniques as well as electron 
diffraction may be applied in a straightforward fash- 
ion to the thin film systems in order to determine the 
size, shape and height of  the metal particles and, 
from the island density, also the number of  atoms per 
island [7,8]. Since the model systems are being pre- 
pared under ultrahigh vacuum conditions, the chemi- 
cal composition of  the substrate is under control. For 
example, oxide substrates with high crystallographic 
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order and without the presence of hydroxyl groups or 
carbon at the surface may be prepared [9,10]. This 
situation is not easily achieved for real catalysts. The 
model system therefore allows us to explore a limit- 
ing case and compare it with the real systems. 

We have chosen to investigate a certain chemical 
reaction, namely the dissociation of CO on alumina- 
supported Rh as a function of particle size. The 
Rh/AI203 system has been extensively studied in 
the past. In addition, experiments on compact and 
stepped Rh single crystal surfaces are available. 
While on the dispersed catalyst systems CO dissocia- 
tion takes place above room temperature [11,12], 
close-packed Rh single crystal surfaces adsorb and 
desorb CO reversibly [13-16]. Only on some stepped 
metal single crystals [17-20] and on defective Rh 
surfaces [21,22] has CO dissociation been observed. 
The precise nature of the step sites required for 
dissociation, however, is still unclear. 

The results of the few studies that have addressed 
the question on how the dissociation activity depends 
on Rh particle size have been controversial. On the 
basis of a TEM investigation coupled with SIMS and 
TPD measurements, Matolfn et al, come to the con- 
clusion that the fraction of dissociated CO decreases 
with increasing cluster size [23,24]. In this case, 
however, two different oxide substrates were used. 
Later, Nehasil et al., also basing their investigation 
on TPD, found the opposite trend for alumina-sup- 
ported Rh [25]. We have recently published a prelim- 
inary study on a Rh/AI203 model system presenting 
evidence for an increased dissociation rate with in- 
creasing island size [26]. Our analysis was based 
upon the combination of electron diffraction, TPD 
and photoelectron spectroscopy. The island diame- 
terSoinVestigated in the latter study ranged from 5 to 
30A, thus covering a fairly wide range of particle 
sizes. While the spectroscopic evidence for a rate 
increase was clear, the problem remains as to how 
this observation allows us to make connections to the 
much lower single crystal activities. We have there- 
fore studied an even wider range of island sizes 
using preparation of the dispersed metal system at 
low and high temperatures and characterising the 
morphology by spot profile analysis-LEED (SPA- 
LEED) and STM. 

We found that the dissociation probability goes 
through a maximum and declines again. The maxi- 

mum is rather wide and is connected with islands 
containing several hundred atoms. This indicates that 
the particle morphology, rather than the unique elec- 
tronic structure, of an aggregate of particular size is 
responsible for the increase in dissociation rate. 

2. Experimental 

The experiments were performed in several ultra- 
high vacuum systems. X-ray photoelectron (XP) 
spectra were recorded at beamline 22 at the Swedish 
synchrotron radiation facility MAX-lab (Lund), Here, 
the apparatus contains a modified Zeiss SX-700 
monochromator in conjunction with a large hemi- 
spherical electron energy analyser [27]. The C l s 
spectra were taken with a total resolution of 0.4 eV. 
All XPS binding energies are referred to the Fermi 
level of the NiAI(II0) substrate. Absolute photon 
energies were determined using photoemission spec- 
tra excited by first- and second-order radiation. The 
crystal was mounted in a wire loop which allowed 
resistive heating, while the sample temperature was 
measured with a NiCr/Ni  thermocouple spot welded 
to the crystal. 

STM images were taken with a room-temperature 
AFM/STM (Omicron). The sample was mounted on 
a small molybdenum plate allowing transfer from the 
preparation stage to the microscope. These structural 
investigations were complemented by SPA-LEED 
measurements in a third chamber. 

The alumina film was prepared via oxidation of a 
clean NiAI(110) single crystal surface according to a 
procedure similar to the one reported previously [9]. 
As opposed to the NiA1 surface, at 90K no CO 
adsorbs on the oxide film. Thus, the quality of the 
oxide could be assessed from the absence of a C l s 
signal after dosage of CO at 90K. Alternatively, 
STM images or LEED spot profiles were taken for 
this purpose. 

Rh metal (Heraeus, > 99.9%) was evaporated 
from a rod via electron bombardment. During evapo- 
ration the sample was put in a retarding potential to 
avoid effects due to Rh ions being accelerated to- 
wards the sample. A calibration of the metal flux 
was obtained by a quartz crystal microbalance. The 
depoosition rates varied between 0.6 and 1.0 A min-- 
(1A Rh corresponds to 7.3 × 1014 cm-2). 
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3. Results and discussion 

Rh deposits have been prepared by evaporation 
from an oven onto a thin, well-ordered alumina film 
grown on a NiAI(110) single crystal. The properties 
of  the oxide film are described elsewhere [9,28]. Fig. 
1 shows large-area STM images of the A1203 sur- 
face after exposure to Rh at 90 and 300K. The 
growth mode of Rh on our substrate is of  Volmer-  
Weber type in both cases. However, while at low 
temperature the distribution of  islands on the oxide 
surface is random, at room temperature heteroge- 
neous nucleation at the characteristic domain bound- 
ary network of the alumina film dominates [29]. 
Most prominent are the straight antiphase domain 
boundaries which cut each of the two rotational 
domains of the oxide film into parallel stripes with 
an average width of  ~ 120 A [28]. In the close up of 
the 90 K deposit (Fig. 2a), these boundaries appear 
as line protrusions (arrow). The additional fine struc- 
ture represents the electronic structure of the hexago- 

nal AI203 surface [28]. The close up of the room- 
temperature deposit (Fig. 2b) shows the presence of 
individual islands which do not coalesce to form a 
metal wire. An explanation for this observation may 
be found by resorting to results obtained for Pt, Pd 
and Ta deposits on the same substrate [30]. We have 
found indications from transmission electron mi- 
croscopy that the lattice of  the deposited metal parti- 
cles is considerably strained due to the strong inter- 
action of the metals with the oxide substrate. There- 
fore, island coalescence may be unfavourable at the 
given temperatures. 

Concerning the morphology of the Rh aggregates, 
we have concluded from SPA-LEED as well as 
from STM measurements that the particles are mostly 
disordered, i.e. most of  them are non-crystalline [29]. 
For the room-temperature deposits, however, at large 
metal exposures a fraction of the particles evolve 
straight edges and a flat top. Their triangular shape is 
consistent with Rh crystallites exposing mainly (111) 
facets. In addition, from STM images (and in the 
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Fig. 1. STM overview images: (a) 0.1A Rh deposited at 90K, 1900,~ × 1900,~ (CCT, U =  +5.1 V, 1=2 .0  nA) and (b) 5.0A Rh 
deposited at 300K, 3000A × 3000,~ (CCT, U = + 1.0V, 1 = 1.3 nA). 
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case of the 90 K deposits also via SPA-LEED) we 
have determined the island density over a wide range 
of metal exposures. From this, the average number 
of atoms constituting the islands can be calculated. 

Summarising the morphology studies, we have 
demonstrated that individual Rh particles of variable 
average size may be prepared. Also, our LEED data 
do not indicate any significant coalescence upon 
elevating the temperature. We now turn to the reac- 
tivity studies. 

After metal growth, the absence of both CO and 
atomic carbon was checked via XPS. Then, 40 L CO 
were dosed at a sample temperature of 90 K. Fig. 3 
shows a series of C 1 s spectra taken at 90 K after 
successive heating steps. The average island size 
amounts to ~ 10000 atoms. At 90 K a strong signal 
at 285.8 eV typical for molecularly-adsorbed CO is 
observed. The peak is not symmetrical and the line- 
shape appears to change prior to the emergence of 
another signal at 350 K. At a substrate temperature of 
500 K only the second peak remains. Its position is 

fully compatible with atomic carbon in its carbidic 
form, as is expected if the feature is due to atomic 
carbon stemming from CO dissociation. In fact, the 
absence of any molecularly-adsorbed CO has been 
checked by X-ray absorption spectroscopy where the 
lack of the C ls --* 27r * absorption is fully compat- 
ible with the above statement [31]. We would like to 
note that the presence of some atomic carbon imme- 
diately after gas dosage at 90 K might point to the 
existence of catalytically active sites dissociating CO 
at low temperatures. 

If we now integrate the signal caused by molecu- 
lar CO at 90K, we determine the amount of ad- 
sorbed CO molecules. Similarly, integration of the 
signal corresponding to carbidic carbon at high tem- 
peratures allows us to determine the quantity of 
dissociated CO. The ratio is equivalent to the proba- 
bility that molecular CO dissociates on a given sam- 
ple. This quantification requires photoelectron 
diffraction effects to be small, which should be best 
fulfilled for the disordered low-temperature deposits. 

a) b) 

Fig. 2. STM close-ups: (a) 0.1 ,& Rh deposited at 90 K, 800/k × 800~, (CCT, U = + 5. IV, I = 2.0 nA) and (b) 5.0 ~, Rh deposited at 
300K, 1000]~ × 1000,~ (CCT, U = +0 .9V,  1 = 1.2 nA). The line protrusions (arrow) are antiphase domain boundaries of the oxide film. 
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Series of spectra similar to the one shown in Fig. 
3 have been recorded for eleven different deposits 
with varying island sizes. Four of these were pre- 
pared by evaporating ° Rh at 90 K (metal exposures 
between 0.6 and 12 A) and seven by deposition at 
300K (metal exposures between 0.5 and 64,~). In 
Fig. 4, the C ls spectra representing the initial state 
(T = 90 K) of molecular CO and the final state (T = 
600 K) of dissociated CO have been superimposed. 

Preliminary results on the low-temperature metal 
deposits have been reported earlier [26]. These sam- 
ples represent aggregates consisting of less than ~ 
800 atoms. As mentioned in Section 1, the probabil- 
ity for CO dissociation increases with particle size as 
revealed by the rise in relative intensity of the C ls 
signal at 284 eV. Rh deposition at room temperature 
allows us to access larger islands containing more 
than 1000 atoms, as well as the range of sizes that 

CO/Rh/AI203 

Average Rh particle size: 
10000 atoms 

C l s  
hv = 380 eV 

..." 
/.,..," 

288 286 284 282 
Binding energy [eV] 

Fig. 3. Series of C Is photoelectron spectra taken after deposition 
of 16,~ Rh at room temperature, dosage of 40LCO at 90K and 
subsequent heating to the indicated temperatures. 

can be prepared at low temperature. Thus the consis- 
tency of the present data with the previously pub- 
lished results can be checked. Clearly, considering 
the relative intensities of molecular and atomic C ls 
peaks, a quick inspection of Fig. 4 shows that the 
rise in dissociation probability with increasing island 
size observed for the low-temperature preparation is 
reversed for larger aggregates. This becomes more 
apparent if we perform a quantitative analysis of the 
peak intensities. 

In Fig. 5 the C ls intensity due to thermally 
dissociated CO relative to the total low-temperature 
C Is signal is plotted as a function of Rh particle 
size. The amount of atomic carbon present immedi- 
ately after CO dosage is indicated as well. The trend 
deduced by inspection of Fig. 4 is confirmed by the 
quantitative analysis. Small particles containing ~ 
100 atoms exhibit a low tendency to dissociate CO, 
while for the larger particles the probability for 
dissociation increases up to the point where the 
aggregates contain ~ 1000 atoms. Beyond this size 
the dissociation activity declines and reaches a value 
closer to either the small Rh clusters or the stepped 
Rh single crystal surfaces. For comparison, we have 
used the value reported by Rebholz et al. [19] for CO 
dissociation on the Rh(210) surface. As mentioned 
above, smooth close-packed single crystal Rh sur- 
faces do not dissociate CO. 

The obvious questions are, why does the CO 
dissociation activity increase as a function of particle 
size, and why does it proceed through a maximum 
for a range of larger cluster sizes and subsequently 
drop to a lower value? 

In an attempt to answer these questions we note 
that small unsupported Rh cluster ions up to Rhl4 
only adsorb CO molecularly without dissociation, as 
recently shown by Irion and coworkers [32]. The 
smallest aggregates we have been able to investigate 
via photoelectron spectroscopy with an acceptable 
signal-to-noise ratio contain ~ 45 atoms and do 
dissociate some CO. It is possible that for particles 
consisting of less than 20 atoms the CO dissociation 
activity is negligible but it is even more likely that 
the interaction between the aggregate and the support 
changes the electronic structure of the aggregate with 
respect to the unsupported situation. There are indi- 
cations for such strong interactions with the sub- 
strate. STM images show that the smallest particles 
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Fig. 4. C ls photoelectron spectra of CO on Rh deposits evaporated at sample temperatures of 90 K (left) and 300 K (right), before and after 
heating. The mean number of Rh atoms per island is given next to the corresponding spectra. 
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dissociated on Rh(210) is indicated with a dashed line [19]. 
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grow as flat single metal layers in intimate contact 
with the oxide. The aggregates imaged in Fig. 2a, for 
examople, exhibit an average Rh aggregate height of 
~ 3 A, compatible with a single layer. When more 
Rh is evaporated the height of the particles increases, 
and when the particle size exceeds several hundred 
atoms, the dissociation probability increases towards 
the maximum. We therefore feel that the activity for 
dissociation is connected with particle morphology. 
Obviously, as known from single crystal surfaces, 
steps at the surface may induce dissociation. As soon 
as the aggregates consist of more than a single or a 
double metal layer, the ability for the particle to 
accommodate steps increases. In fact, the density of 
steps on a given aggregate will rise until a particular 
size of the aggregate is reached, a critical radius so 
to speak, which may depend on the degree of metal 
surface interaction and metal cohesive energy. After 
this size and shape has been reached the aggregates 
will tend to form regular shapes which contain a 
considerably smaller number of steps, finally expos- 
ing facets resembling single crystal surfaces. These 
changes in morphology then are also responsible for 
the observed reactivities. 

In addition, a steric argument may become impor- 
tant for small aggregates. CO needs at least two 
well-separated sites into which the released carbon 
and oxygen atoms can be accommodated and, there- 
fore, a sufficiently large Rh ensemble is needed in 
order for dissociation to occur [33,34]. Taking the 
limited size of the smallest particles into account, it 
is quite conceivable that on these there is simply not 
sufficient space to accommodate a large concentra- 
tion of dissociation products. In the future it may be 
possible to obtain more detailed information on the 
structure of the dissociation products from scanning 
probe microscopy. 

A more detailed picture of the mechanism of CO 
dissociation, in particular concerning changes in 
bonding characteristics before dissociation, emerges 
from a more sophisticated analysis of the photo- 
electron spectra [35]. Briefly, C ls spectra taken at 
high resolution show that the CO-related signal con- 
sists of two components, indicating the presence of 
different CO species. Upon heating to 300 K, inten- 
sity is transferred between the components. The ex- 
tent of this process is closely correlated with the 
amount of CO dissociated at higher temperatures. 

This points to a partial rearrangement of the CO 
molecules from sites with lower metal coordination 
into more highly coordinated sites where they disso- 
ciate upon further heating. This will be discussed in 
detail in a separate paper [35]. 

4. Conclusions 

The probability for CO dissociation on alumina- 
supported Rh increases with increasing particle size 
for small and medium-sized clusters. This is possibly 
due to the rather strong interaction with the oxide 
support. The dissociation probability goes through a 
maximum for aggregates containing up to 1000 atoms 
after which it decreases until it reaches a value closer 
to activities of stepped single crystal surfaces. The 
correlation to the development of particle height with 
the number of atoms per island suggests that this 
may be connected with the morphology of the aggre- 
gates. It is conceivable that a particular range of 
particle sizes may stabilise an especially high density 
of steps which in turn leads to the observed high 
dissociation activity. This range of aggregate sizes is 
influenced, among other factors, by the metal sub- 
strate interaction as well as by the metal cohesive 
energy. 

Our study shows that for certain reactions rela- 
tively large particle sizes may be relevant. These are 
beyond those intended to be produced via mass- 
selection prior to deposition. However, the question 
as to whether the substrate influences the reactivity 
of small clusters may be effectively tackled by 
mass-selective deposition. 

The present study might also provide an explana- 
tion for the two contradictory observations in the 
literature which report both an increase and a de- 
crease in CO dissociation probability [23-25]. These 
studies might probe the situation on different sides of 
our maximum. Alternatively, the variation of the 
oxide substrate could result in a modified reactivity 
due to changes in metal-support interaction and 
particle orientation. 
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