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The adsorption of carbon monoxide on small rhodium particles prepared by vapour deposition
of Rh on either MgO or alumina supports has been investigated by static secondary ion mass
spectrometry (SSIMS) and temperature-programmed desorption (TPD). Part of the CO molecularly
adsorbed on clean particles undergoes dissociation during heating. The dissociation is more im-
portant for smaller particles. The intensity ratios Rh,C*/Rh; and Rh,0*/Rh; measured by SSIMS
have been used to monitor the buildup of surface carbon and oxygen. Carbon recombination with
oxygen followed by thermal desorption of CO is associated with the occurrence of high-temperature
desorption features and with the disappearance of the carbidic and oxidic relative intensity in

SSIMS. Evidence has been obtained for subsurface diffusion of oxygen.

1. INTRODUCTION

Metal catalysts used in most industrial
processes consist of small metal particles
ranging in size from 1 to 50 nm supported
on a porous oxide. It has been shown long
ago that, for so-called structure-sensitive re-
actions, the particle size can affect the cata-
lytic activity by virtue of a size-dependent
distribution of specific adsorption sites on
small metal particles (/-3). Rhodium is a
widely used noble metal catalyst: one of its
most important applications is in automobile
catalytic converters, where addition of Rh
provides high conversion for both the
NO-CO and the CO-0, reactions {4). As a
consequence, numerous studies of CO ad-
sorption and these reactions have been per-
formed in the past. Much attention has been
paid to model studies with well defined cata-
lyst surfaces (single crystals) under well de-
fined vacuum conditions.

It is generally assumed that on transition
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metals located to the left side of a borderline
drawn across the Periodic Table from Co to
W dissociation occurs during CO adsorp-
tion, whereas on transition metals to the
right of the line CO usually adsorbs in mo-
lecular form. Rhodium is close to this
boundary and therefore structural effects on
the adsorption behaviour may be expected.
Theoretical results (5, 6) obtained for CO
adsorption on rhodium single crystals show
that the bonding interaction with the 27*
antibonding orbital increases with the coor-
dination number and that dissociative ad-
sorption at steps is favoured. Partial CO dis-
sociation was reported to occur on Rh(755)
and Rh(331) (7), Rh(110) (8), and Rh(210)
(9, 10). However, the densely packed
Rh(111) (Z1, 12) and Rh(100) (I3, 14) sur-
faces were never found to be capable of
breaking the C-O bond. CO adsorption
studies on Rh model catalysts indicate that
there is not an important size effect (3, /5)
which is related to changes in the distribu-
tion of exposed crystal planes as the particle
size is varied (3).

Static secondary ion mass spectrometry
(SSIMS) and temperature-programmed de-
sorption (TPD) provide a very powerful
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combination for CO adsorption studies.
Studies on a wide range of single-crystal
surfaces over a number of years have dem-
onstrated that SSIMS is able to discern
clearly between the dissociative and the mo-
lecular states of adsorption of CO; the data
can be used to monitor surface coverage of
the adsorbate and the actual stoichiometry
of the CO layer adsorbed on a metal, M. The
coverage and the symmetry of the bonds can
thus be monitored using the relative intensi-
ties of the M, and M,CO* cluster ions
(16-18). It is also possible to correlate the
surface coverage of adsorbed CO during the
catalytic oxidation by monitoring the sum
of ratios M,CO* /M with the reaction rate
d(CO,)/dt. The occurrence of the M,,C,/ ion
clusters in a SSIMS spectrum is indicative
of carbon at the surface (/9).

In the present paper we report on results
obtained in an investigation of CO adsorp-
tion over small Rh particles deposited on
both alumina and MgO.

2. EXPERIMENTAL

The studies reported here were performed
in a specially designed UHV system. This
system contains two chambers which can be
isolated from each other. The main analysis
chamber has facilities for SIMS and temper-
ature-programmed experiments. The sec-
ond preparation chamber was used for sam-
ple preparation and for temperature-
programmed desorption. The rhodium
particles were grown by vapour deposition.
The Rh source was a specially designed
microelectron bombardment evaporation
source, the atomic flux of which was elec-
tronically stabilised and calibrated by a
quartz microbalance. The usual flux em-
ployed for rhodium deposition was 1 x 10"
atoms cm~* s~!. A special sample holder
allowed the transfer of the sample between
the two chambers and also temperature pro-
grammable heating.

For the experiments described here we
used both thermally oxidised (24 hours in
air at 900 K) aluminium foil and MgO(001)
cleavage as supports for metal particle
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growth. The alumina layer prepared in this
way is a continuous crystalline layer com-
posed of approximately 0.1 um crystals of
vy-alumina (20). The back side of the oxi-
dized Al foil was lightly scribed by a steel
needle and the samples were submerged in
10% NaOH water solution in order to create
very small (several um) windows by dissolu-
tion of aluminium. These windows appeared
in the places of the holes created by the
scribing and were covered by an intact alu-
mina layer on the front side. After the exper-
imental run, disks of 3 mm diameter were
cut from the samples and mounted on the
electron microscope grid holder (without
grid) for transmission electron microscope
(TEM) observation. The particles deposited
on MgO were removed from the support
using the transfer replica method (21).

After Rh deposition the samples were pre-
treated by heating in CO/O, mixture for
I h in order to obtain stabilised particle
structure and morphology. The SSIMS
studies were performed using a quadrupole
mass spectrometer, with range of 1-600
a.m.u. and ion energy filter, and an ion gun
with differential pumping. The primary ion
source provides a beam of argon ions with
energy up to 5 kV and the incident angle on
the sample plane is 45°. The experimental
conditions were examined in order to optim-
ise signal intensities and to minimise damage
caused to the particle surface during the
analysis. Thus a low primary ion current
density was used (5 nA cm~2 at 3 keV),
such that the crystallographic and chemical
integrity of the surface layer was preserved
during the period of study. The conservation
of the integrity of the surface layer was veri-
fied by the stability of the SSIMS signals.
The sample electrostatic charge, due to the
polarisation of insulator supports during the
ion impact, was neutralised by a low energy
electron beam of 200 eV.

By analogy with the approaches estab-
lished for the adsorption systems CO/Pd
and C/Pd (19, 21, 22), we make use of the
ion intensities Rh,CO*, Rh;, Rh,C*, and
Rh, 0" to follow trends in the development
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FiG. 1. SSIMS of Rh particles on MgO.

of the surface coverage of the respective
species: the sum of ion intensity ratios

S, =
3, Rh,X*/Rh; (n = 1,2: X = CO, C, 0).

shows a direct correlation with the coverage
6, of X species. A representative SSIMS
spectrum of the most important ion intensi-
ties obtained for Rh/MgO particles is pre-
sented in Fig. 1. The relatively large signals
of K* and Na™ are due to the high SIMS
sensitivity for these species which are pres-
ent in the support at very low concentra-
tions.

The TPD profiles were recorded with 5
K/s heating rate using a quadrupole mass
spectrometer.

3. RESULTS

3.1. Rhodium Catalyst Morphology

In order to be able to correlate surface
properties and particle structure and mor-

phology, we investigated the mechanism of
Rh particle growth on different supports. It
has been observed that in the case of MgO
and alumina the particles grow three-dimen-
sionally. Particle size and structure depend
on the properties and the temperature of the
support as well as on the deposition rate. It
has been shown that under identical condi-
tions the rhodium deposit gives larger parti-
cles on the alumina support than on MgO.
Similarly the heating under CO/0O, mixture
performed in order to stabilise particle size
causes more important coalescence in the
case of Rh/alumina. This effect can be ex-
plained by longer diffusion lengths of Rh
atoms on alumina than on MgO. More de-
tails about the results of rhodium growth
study will be published in a special paper
(23).

In order to be able to compare the CO
adsorption on particle populations which
are very different in size and density, the
experiments have been performed on two
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F1G. 2. Size histogram of Rh particles deposited on (a) MgO and (b) alumina; d is the particle diameter,
and n{d)/n is the relative number of particles of diameter d.

samples: (A) Rh particles deposited on MgO
(001), average particle size ¢ = 1.3 nm and
average particle density d = 1.0 x 108
cm~?%; and (B) Rh/ALO;, ¢ = 3.3 nm,
d = 2.9 x 10" cm 2. The size histograms
obtained for samples A and B after the
whole experimental run are represented in
Figs. 2a and 2b. The support (substrate)
temperature during deposition was held at
600 K for both samples.

3.2. CO Adsorption

CO adsorption was investigated by com-
bining the TPD and SSIMS methods. All the
TPD results were obtained for saturation
CO coverage. Figures 3a and 3b represent

SSIMS data of one complete adsorption/
desorption cycle in comparison with TPD
curves. We can see that there is one main
molecular binding state, hitherto denoted «,
and it exhibits a peak temperature of 440
K. In addition to the «-CO peak a B-peak
appears at 520 K. The occurrence of this
second peak is interpreted as being due to
the recombination of C,4 and O, previously
deposited on the surface during activated
dissociation of CO, i.e., during the heating
procedure. This interpretation is deduced
from the SSIMS data: (i) maximum carbon
concentration occurs after desorption from
the «a-state with simultaneous disappear-
ance of CO,, species, and (i1) surface carbon
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FiG. 3. CO TPD profiles (—) combined with SSIMS 3, Rh,C*/Rh, (H) and 3, Rh,O*/Rh,} (O) (n =
1,2) signal ratios measured at different temperatures. After TPD, the samples were cooled to room
temperature. (a) 1.3-nm Rh/MgO particles and (b) 3.3-nm Rh/alumina particles.
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is removed after desorption of the g3-state.
This is in agreement with our previous re-
sults on Pd (22) and with the results obtained
on Rh(210) (9, /0). Comparison of the a-
and B-peak areas reveals that about 25% and
10% of the adsorbing CO undergoes dissoci-
ation on the A and B samples, respectively.
The small enhancement of carbon surface
concentration observed during sample cool-
ing is probably due to the dissociation of a
small amount of CO species readsorbed
from the background atmosphere (less than
03L,1L = 1.33 x 1074 Pa s), because it
is observed simultaneously with increase of
CO,, concentration. It should be noted that
after the CO/O, treatment and the CO-
adsorption/desorption experiments the
background atmosphere (about 1 x 1077 Pa)
is composed essentially of CO due to the
memory effect of the UHV system. If one
considers that the CO/Rh adsorption stoi-
chiometry (CO coverage) at saturation on
small supported particles is 8, = 0.9 (2/1),
one can estimate that 6, after a-state desorp-
tion is 0.22 for sample A and 0.09 for sample
B. By comparing these values with the
SSIMS signal enhancement it is possible to
quantify the sum of signal ratios S in terms
of absolute carbon coverage. Approximate
values have been calculated from the above
results using the following relationships:

6. = 0.5 S_for smaller particles (sample A)
and
6. = 1.3 S_for larger ones (sample B).

As can be seen in Figs. 3a and 3b, the
variations of oxygen ion intensity ratios, S,
do not correlate with the carbon ion inten-
sity ratios, S., which would be expected
from the stoichiometry of CO dissociation.
After the desorption of the a-state, oxygen
surface concentration decreases while car-
bon surface concentration increases. This
behaviour cannot be simply explained in
terms of removing oxygen from the surface
by its reaction with CO to CO, because in
this case there would be a lack of oxygen
for its recombination with C to CO during
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FiG. 4. 2 Rh,C*/Rh; (W), £,Rh,CO*/Rh, (+), and
2, Rh,0*/Rh; (O) (n = 1,2) intensity ratios as a func-
tion of number N of CO adsorption/desorption cycles
(only a-state desorptions) for Rh/MgO particles.

the B-desorption when carbon is completely
reacted off.

In Fig. 4 the difference between C,, and
0O,; behaviour during CO-adsorption/de-
sorption processes is well seen. The sample
A was treated under oxygen in order to re-
move the surface carbon. We then per-
formed the following series of experiments:
adsorption of | L of CO, desorption of the a-
state only, cooling down to 300 K. Number |
on the x-axis in Fig. 4 indicates the initial
state of the experiment, namely, oxygen and
CO adsorption, numbers 2, 4, 6, and 8 corre-
spond to the a-state desorptions and num-
bers 3. 5, 7, and 9 to the cooling. After the
whole series the a- and B-states were com-
pletely desorbed, (number 10). It is seen that
during the series the carbon surface layer
builds up steeply due to the CO,4 dissocia-
tion whereas the oxygen surface concentra-
tion oscillates. The 10th stage represents the
situation after total CO desorption (after
heating up to 600 K). The carbon layer is
depleted by recombination with accumu-
lated oxygen. Afterwards we continued the
same experiment but with complete desorp-
tions (& + 8). Only small carbon and oxygen
oscillations were observed without accumu-
lation of them (see Fig. 5). Numbers 12, 14,
16, and 18 correspond to the & + @-state
desorption after adsorption of 1 L. of CO.
Numbers 11, 13, 15, 17, and 19 represent
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the state of surface after cooling down to
300 K.

4. DISCUSSION

The occurrence of CO dissociation at me-
tallic surfaces is usually interpreted as con-
comitant donation of electrons from the CO
So orbital into unoccupied metal orbitals
and back-donation from metal orbitals into
the CO 2#* orbital (antibonding system). A
large filling of these states upon chemisorp-
tion weakens the C-O bond considerably
and may even lead to its dissociation. It was
shown for Rh that in the case of structural
irregularities of a surface on the atomic scale
there is a very favourable 2#* interaction
resulting in higher 27* orbital occupancy
(5). In the case of small supported particles
the number of edge, corner, and step atoms
related to the number of plane atoms in-
creases with decreasing particle size. For
this reason it seems reasonable to explain
the appearance of surface carbon during in-
teraction of the particle surface with CO by
dissociation of CO adsorbed near the sur-
face irregularities. We can clearly distin-
guish between two different CO-desorption
features (« and B) where the B-peak results
from C,4-0,, recombination. Only desorp-
tion of the a-peak produces an enhancement
of surface carbon concentration (see Fig. 4).
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On the other hand, appearance of surface
oxygen does not correlate with appearance
of surface carbon. Whilst the C,, concentra-
tion increases after a-desorption, the in-
crease of O,y concentration is not observed
by SSIMS. This shows that there is no oxy-
gen adsorbed in the first atomic layer, which
is analysed by SSIMS. Nevertheless, oxy-
gen is present in the sample and it reacts
with the surface carbon during heating of the
sample to 600 K and removes it completely.
The cooling of the particle after a-desorp-
tion produces increase of O,,4 concentration
as well as further accumulation of surface
carbon. Thus O,y concentration oscillates
whilst C,, concentration is builtup steeply.
The disappearance of surface oxygen is in
agreement with a similar effect observed on
Rh(210) (9, 10) which is explained by oxygen
surface penetration leading to the occupa-
tion of subsurface states. A similar effect
has been observed in the case of oxygen
on Rh(110) (24) where a subsurface state is
proposed after heating above 470 K. The
appearance of oxygen at the surface during
sample cooling can be explained by temper-
ature dependent dissociation of CO which
is adsorbed on the surface from the back-
ground atmosphere. The asymptotic in-
crease of the “carbon” curve and the de-
crease in amplitude of oxygen oscillations
in Fig. 4 are due to the blocking of adsorp-
tion sites by deposited carbon which causes
a simultaneous decrease in the dissociative
activity of the surface.

It has been shown that the occupation of
subsurface states on Rh (9, 10, 24, 25) at
higher temperatures is accompanied by rho-
dium surface reconstruction. In the case of
very small particles of a diameter corre-
sponding to ten or a lower number of atoms
the reconstruction would change consider-
ably the particle structure and morphology.
This behaviour could be influenced by oxy-
gen coadsorption with surface carbon as
well as by the coadsorption with CO. It is
difficult to say more about these effects
without the simultaneous investigation of
particle structure changes. In order to be
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able to give more details about the adsorp-
tion-induced phenomena we are performing
in situ investigations of particle structure
and morphology by reflection high energy
electron diffraction (RHEED).

5. CONCLUSION

(1) Vacuum vapour deposition of rhodium
on MgO and alumina supports induces
three-dimensional Rh particle growth with
relatively narrow size distribution.

(2) The combined application of SSIMS
and TPD has revealed that adsorbed CO
partially dissociates during heating to 450
K. Anestimated 25 and 10% of CO adsorbed
on 1.3 and 3.3 nm Rh particles, respectively,
dissociates. Carbon and oxygen recombina-
tion to CO leads to the appearance of a 8-
CO desorption feature at 520 K.

(3) Evidence of subsurface diffusion of
oxygen atoms has been obtained. The -
state has been assigned to CO formation and
thermal desorption after reversible conver-
sion of the subsurface atoms into surface
species.
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