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The structure and adsorption properties of Rh films supported on a ZrO,(100) crystal have been
examined using Auger electron spectroscopy (AES), transmission electron microscopy (TEM), and
temperature programmed desorption (TPD) of NO and CO. For Rh vapor deposition at 300 K, film
growth is close to two dimensional; however, metal particles are formed by heating above ~500 K
or exposure to air. Transmission electron diffraction (TED) indicates that the particles are preferen-
tially oriented with respect to the substrate, which implies that interactions exist between the
support and the Rh. TPD curves for CO are essentially independent of particle size and are similar
to curves obtained on bulk Rh crystals. However, TPD curves for NO are strongly affected by
particle size and film annealing. For particles between 3 and 10 nm formed by annealing, more than
98% of the NO dissociated during TPD from a saturation exposure. For the 10-nm particles, the
TPD results were similar to curves on bulk metals in that N, left the surface from two separate
features: a sharp peak at 440 K due to NO,y + Ny = N, + O, and a broad feature between 450
and 700 K due to N,y recombination. For smaller particles, only the recombination feature was
observed at approximately the same temperature. The implications of these results to understanding
support and particle size effects for NO reduction by CO are discussed. The results do not indicate
strong electronic interactions between Rh and ZrO,, but do suggest that Rh particle morphologies

may be altered by ZrO,, which could, in turn, affect catalytic properties.

INTRODUCTION

The effect of the support on the perfor-
mance of a metal catalyst can be very im-
portant. This is especially true for automo-
tive emission-control catalysts, for which
the choice of support can change both the
activity and the stability. For example, the
activity of Rh/CeO,/Al,0; for NO reduction
by CO at low temperatures is higher than
that of Rh/Al,O, (1), and the stability of Rh/
ZrO, catalysts is reported to be considerably
better than that of Rh/Al,O, (2). The interac-
tions between the support and the metal
which lead to these variations in catalyst
activity and stability are not well understood
at the present time. Providing a better un-
derstanding of these interactions was the
motive of this study.

We have chosen to study NO and CO
adsorption on Rh/ZrO, catalysts because of
the practical importance of this system and
because it appears to be possible to relate
the elementary steps in NO reduction by
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CO, measured in UHV experiments, to ac-
tual reaction rates (3). A nonporous, model
catalyst was examined so that standard sur-
face analysis techniques, like Auger elec-
tron spectroscopy (AES), could be applied
and in order to simplify the interpretation
of the temperature programmed desorption
(TPD) results. On high-surface-area sam-
ples, TPD results are significantly affected
by readsorption and diffusion (4, 5). The
use of a flat, single-crystal substrate also
simplifies the use of transmission electron
microscopy (TEM) and allows the structure
and orientation of the metal particles with
respect to the oxide substrate to be deter-
mined using transmission electron diffrac-
tion (TED) (6, 7).

Previous studies of NO and CO adsorp-
tion on Rh/a-Al,0,(0001) suggested that Rh
particles interact very weakly with an a-
Al,0,(0001) surface (8, 9). Rh grew as three-
dimensional particles for deposition at
300 K, and TPD curves for CO were essen-
tially identical to curves for bulk Rh. The
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NO desorption results were significantly dif-
ferent from TPD curves found on bulk met-
als, but this appears to be related to particle
size and not to support effects (10). Interest-
ingly, changes in the TPD curves with parti-
cle size on the model Rh/a- Al,04(0001) cata-
lyst seem to explain the structure sensitivity
observed with normal catalysts well (3, 10,
23). The TPD results showed that, for very
small particles, a low-temperature, N, de-
sorption feature due to the reaction NO,4
+ N, = N, + O, is eliminated and the
recombination N, desorption feature is
shifted to slightly higher temperatures (8).
These changes probably lead to higher cov-
erages of atomic nitrogen, which blocks the
surface from adsorbing reactants. This
could explain why reaction rates are much
higher on larger Rh particles (10).

In this paper, we shall demonstrate that
Rh appears to interact more strongly with
Zr0,(100) than it does with a-Al,0,;(0001).
For vapor deposition at 300 K, the Rh film
growth is close to two dimensional, and
TED indicates that there is some ordering
of the Rh with respect to the substrate. The
TPD results for both NO and CO from Rh/
Zr0,(100) and from Rh/a-Al,0,(0001) are
similar after metal particles are formed;
however, annealing conditions did affect the
desorption of NO on RWZrO,, even for
multilayer coverages of Rh. This may indi-
cate that the support can affect particle
shape, which in turn could change catalytic
properties.

EXPERIMENTAL

The experiments were performed in a
UHYV chamber, which has been described
previously (6). The chamber has a base pres-
sure of ~2 X 107! Torr and is equipped
with a cylindrical mirror analyzer for AES,
a Rh source, a calibrated film-thickness
monitor, an ion gun for sample cleaning, and
a quadrupole mass spectrometer for TPD.
The mass spectrometer is mounted inside a
stainless-steel cone with an aperture which
allows directed desorption from the crystal
in order to minimize lead effects. A
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ZrO,(100) crystal, 7 X 7 X 1 mm, was
mounted on a Ta foil which could be re-
sistively heated. The temperature of the
crystal was measured with a chromel-alumel
thermocouple attached to the back side us-
ing a UHV-compatible, ceramic adhesive.

The crystal was initially cleaned by ion
bombardment, heated to ~770 K in 1077
Torr O, for 15 min, and then annealed in
vacuum at 770 K for 30 min. Rh was depos-
ited onto the ZrO, crystal at 300 K without
introducing any impurities detectable by
AES. Adsorption was carried out immedi-
ately upon deposition and after the Rh layer
was heated to various temperatures to in-
duce particle formation. All TPD measure-
ments were carried out with a heating rate
of ~6K/sec, and labeled "NO was used for
all NO adsorption measurements. Follow-
ing TPD runs with NO, the sample was
heated to 770 K in 5 x 10~% Torr H, to
remove chemisorbed oxygen. Particle sizes
for Rh were estimated from the amounts
of metal deposited and the CO adsorption
capacity, assuming spherical particles.
These estimates were later verified by TEM
for a metal coverage of 2 x 10%%/cm?.

Most TEM experiments were performed
on a Philips EM 400T with an accelerating
voltage of 120 kV, although one high-resolu-
tion experiment was performed on a JEOL
4000EX. ZrO,(100) crystals, 2 mm in diame-
ter and 0.2 mm thick, were first thinned by
mechanical grinding and polishing, after
which they were dimpled to a thickness of
~20 pm. The crystals were then ion milled
at 78 K to perforation. After the samples
were checked in the microscope, they were
placed in the same UHV chamber used in
the TPD measurements, cleaned using the
procedures described above, and exposed
to ~2.3 x 10”Rh/cm?. The samples were
then carried in air to the microscope.

RESULTS
Film Growth

Both AES and TEM were used to monitor
the growth of Rh on ZrO,(100). In Fig. 1 the
normalized AES peak intensities for Rh(302
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Fi1G. 1. AES intensities for the Rh(302 eV) and O(510
eV) peaks plotted as a function of metal exposure at
300 K. The filled circles and squares are for ZrO,(100),
while the open points are for a-Al,0,(0001). The solid
lines are calculated intensities assuming layer-by-layer
growth with an electron mean free path of 1.06 nm.

eV) and O(510 eV) are shown as a function
of the Rh coverage following deposition on
Zr0O,(100) at 300 K, along with previous
results for similar experiments on a«-
Al,05(0001) (9). The coverages of Rh were
determined from the metal fluxes measured
by the film thickness monitor, which had
been calibrated in previous experiments (6).
The intensities of the Rh(302 eV) peak are
arbitrary but are on the same scale for both
oxide substrates. The intensities of the
0(510 eV) peak were normalized to the peak
heights of the clean oxide surfaces. Itis clear
that the growth of Rh on Zr0,(100) is very
different from the growth of Rh on a-
Al,04(0001). The O(510 V) peak decreases
much more rapidly with Rh coverage on
Zr0,(100) than on a-Al,04(0001), and the
Rh(302 eV) intensity increases much more
rapidly. This is consistent with the forma-
tion of three-dimensional particles on a-
AL O;(0001) and more two-dimensional films
on Zr0O,(100).

There is also reasonable agreement be-
tween the data for ZrO,(100) and the model
for layer-by-layer growth, shown by the
solid line. For this calculation, we assumed
that the density of the Rh film is the same
as that of bulk Rh and that there are 1 x 10%°
Rh/cm? in a monolayer. The data was then
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fit with a mean-free path of 1.06 nm for the
0O(510 eV) electrons, which is only slightly
larger than the expected value of ~0.7 nm
for electrons of this energy (/I). Previous
work with Pt on ZrO,(100) also indicated
that Pt growth was almost two-dimensional
(7). In that work the investigators also found
the mean-free path to be slightly larger than
expected, and they suggested that the Pt
film was not perfectly two-dimensional but
contained many defects or gaps. This ap-
pears to be true for Rh films as well.

The effect of the initial heating of the Rh
film in vacuum is shown in Fig. 2 for a
coverage of ~5.7 x 10°Rh/cm?. The data
in this figure was obtained by heating the
sample to the indicated temperature for 1
min, cooling it to room temperature, and
taking the spectrum. Above approximately
450 K, there is a significant and irreversible
decrease in the intensity of the Rh(302 eV)
peak and an increase in the O(510 eV) peak.
These results are again similar to those for
Pt on ZrO,(100) and are indicative of particle
formation of a two-dimensional film (7). The
data in Fig. 2 would also be consistent with
migration of Rh into the zirconia; however,
the TEM results to be discussed shortly pro-
vide no evidence for this. It should be noted
that Rh films on «-Al,0,(0001), for which
particle formation occurs during deposition,
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Fi1G. 2. Plot of the AES peak intensities for 5.7 X
10¥Rh/ecm? on ZrO,(100) as a function of temperature
after deposition at 300 K. The decrease in the Rh(302
eV) intensity and increase in the O(510 eV) were irre-
versible.
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FiG. 3. Bright field image following deposition 2.3 x 10 Rh/cm? on ZrO,(100) at 300 K.

do not show similar changes in the AES
intensities with heating (19).

TEM was also used to study the growth
of Rh on Zr0O,(100). Figure 3 shows the
bright field image following deposition of 2.3
x 10P"Rh/cm? at 300 K and indicates that
the Rh exists as closely spaced islands,
~2.0-2.5 nm in diameter. While the amount
of Rh present in the islands is in reasonable
agreement with the amount of Rh originally
deposited on the sample, assuming that the
islands are as high as they are wide, the
fraction of the surface that is uncovered by
Rh is larger than would be expected from
the attenuation of the O(510 eV) peak in
AES at this coverage. We suggest that expo-
sure of the sample to the air may have
caused changes in the film, resulting in the
formation of larger metal particles. This
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has been observed previously for Pt on
Zr0,(100).

At higher magnification, moire fringes,
which are due to the different lattice spac-
ings of Rh and ZrO,, can be observed on
many of the particles in Fig. 4. The fre-
quency of these fringes varies from particle
to particle, indicating that the particles have
differing orientations with respect to the
[100] zone axis of ZrO,. However, there
does appear to be some ordering of the parti-
cles, which can be seen more easily in the
TED pattern in Fig. 5. The bright spots in
the square array are due to the ZrO,(100)
crystal tilted to the [100] zone axis. With the
introduction of Rh, the dashed ring appears.
The ring shows arcs of increased intensity
at 12 positions which correspond to the
Rh{220} reflections. The lattice parameter
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ZrO, lattice fringes

FIG. 4. Bright field image of the same sample as in Fig. 3 at higher magnification.

for Rh, calculated from the position of the
ring, is close to the bulk value (£5%). The
12 maxima in the ring can be separated into
2 hexagons, each rotated 30 degrees with
respect to each other. Since a Rh single crys-
tal oriented on the [111] zone axis should
contain 6 hexagonally arranged, {220} re-
flections, the Rh must be preferentially ori-
ented to 2 equivalent directions which give
rise to these 12 maxima. This result is essen-
tially identical to that obtained for Pt on the
Zr0,(100) surface (7), although the maxima
with Rh are more diffuse than those ob-
served with Pt.

The effect of annealing the overlayer was
also examined by heating the sample in vac-
uum to 850 K for 2 min, with the resulting
bright-field image presented in Fig. 6. The
image shows that the Rh islands have

formed larger particles with an average par-
ticle size of ~3.6—4.0 nm. However, the par-
ticles remain oriented with respect to the
substrate. The diffraction pattern coire-
sponding to this surface is identical to the
one shown in Fig. 5.

TPD of CO

To determine the effect of zirconia on Rh,
we first examined the adsorption of CO us-
ing TPD. The results for two metal cover-
ages, 5.7 x 10" Rh/cm? and 0.28 x 10" Rh/
cm?, are shown in Figs. 7(a) and 7(b). These
metal coverages were chosen because they
represent a large (5 monolayers) and small
(<1 monolayer) coverage of Rh. Figure 7(a)
shows the curves obtained immediately
after deposition of Rh at 300 K, conditions
which result in an almost two-dimensional



280

ZAFIRIS AND GORTE

FiG. 5. Transmission electron diffraction obtained following deposition of 2.3 X 10Rh/cm? on

ZrO,(100) at 300 K.

film. Figure 7(b) shows TPD curves ob-
tained from the same surfaces after they had
been heated above 800 K in order to form
Rh particles. The size of these particles was
estimated from adsorption capacities and
metal coverages to be approximately 10 nm
and 3 nm, respectively. For the larger metal
coverage, the shape of the TPD curve is
essentially unchanged by heating and is
identical to that reported for single crystals
and bulk Rh (12-15). The main desorption
peak is centered at ~480 K, with a shoulder
to lower temperatures which may indicate a
second peak near 400 K. For the lower metal
coverage, the 400-K feature is larger than
the peak at 480 K, although the 480-K peak
again becomes larger after the Rh layer is
annealed. For both large and small particles,

the desorption features grow sequentially
with increasing CO exposure, as shown in
Fig. 7(b).

These TPD results are essentially identi-
cal to those obtained in an earlier study of
Rh supported on a-Al,0,(0001) (9). That
study also reported only small changes in
the CO TPD curves with particle size and
showed a relative increase in the intensity
of the lower temperature desorption feature
on smaller Rh particles. The results in that
study were interpreted as indicating that Rh
particle size only weakly influences CO ad-
sorption. This is consistent with the obser-
vation from single-crystal studies that the
crystallographic surface does not affect the
desorption of CO from Rh. The small
changes observed for very small particles
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Rh particle

F1G. 6. Bright field image after annealing the sample in Fig. 3 to 800 K.

could be related to the increased adsorption
stoichiometry which has been reported for
small particles of Rh (/9); however, the gen-
eral conclusion is that adsorption bonds do
not appear to be strongly affected by particle
size or crystallographic surface. The results
of our present study suggest that the pres-
ence of Zr0,(100) also had little influence on
the adsorption properties of Rh for CO, even
for low Rh coverages for which most of the
Rh is in contact with ZrO,(100).

TPD of NO

The adsorption of NO on Rh, as measured
by TPD, has been shown to be dependent
on particle size and crystallographic surface
(8, 12, 13, 16, 17). This makes it difficult to
separate support effects from morphological
effects, since changes in the TPD curves

could also be due to particle shape or parti-
cle size. However, the similarity between
the TPD curves for NO reported in this pa-
per and those obtained previously for Rh on
a-ALO5(0001) (8) suggest that ZrO, did not
radically change the adsorption properties
of Rh.

We first examined TPD curves from sur-
faces which had been annealed prior to ad-
sorption in order to form three-dimensional
particles. The results for three particle sizes
are shown in Fig. 8. Since oxygen could not
be removed thermally in our experiments,
only the peaks at m/e = 31 ("'NO) and m/e
=30 (**N,) are shown. For the largest parti-
cles, the TPD curve is very similar to that
observed for Rh single crystals, with the
exception that a larger fraction of the NO
dissociates. The molecular NO desorbs at
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Fi1G. 7. TPD curves for CO at saturation exposures (a) for unannealed Rh films on ZrO,(100) and (b)
for Rh films after annealing to 800 K. The particle sizes shown in (b) were calculated from dispersion
measurements, and the smaller curves were obtained following a lower exposure to CO.

the same temperature, ~430K; but, assum-
ing equal sensitivities for N, and NO, ap-
proximately 98% of the NO dissociates on
the 10-nm particles compared to 55% on
Rh(111) (12). The N, desorbs from two well-
defined features which are also observed on
Rh(111). The first, a sharp peak at ~440 K,
has been identified on several Rh crystals as
being due to the reaction NO,y + N4 = N,
+ O,4. The second broad feature between
450 and 700 K has been assigned to the re-
combination of dissociatively adsorbed ni-
trogen. The temperature for this process is
dependent on crystallographic surface, with
the peak temperature occurring at ~700 K
on Rh(100) compared to ~550 K on Rh(111)
and Rh(110) (12, 13,16, 17). On the Rh parti-
cles, the recombination peak is broad and
may indicate a range of different types of
desorption states. For the smaller Rh parti-
cles, all of the NO dissociates and the 440-
K, N, desorption feature disappears. Only
the recombination N, feature is observed.
This feature appears to shift to slightly

higher temperatures when the particles de-
crease in size from 6 to 3 nm; however, the
basic features remain the same.

To examine these desorption features
more closely, we also measured TPD as a
function of NO exposure, with the TPD
curves for °N, shown in Fig. 9. On the small
particles, there was a shift to higher peak
temperatures with decreasing initial cover-
age, consistent with a second-order desorp-
tion process, but there were otherwise noc
changes. For the large particles, all of the
NO desorbed dissociatively at lower NO ex-
posures. The N,-desorption features were
found to fill sequentially, with the 440-K
peak filling only after the recombination
peak had saturated. The sequential filling
of the two N, peaks implies that the two
features are not due to adsorption on differ-
ent Rh particles.

The change in the desorption curves with
particle size is probably very significant for
understanding the structure sensitivity of
NO reduction by CO on Rh catalysts. It has
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F1G. 8. TPD curves following a saturation exposure
of NO from three different metal particle sizes of Rh
on Zr0,(100). Each sample was annealed to 800 K prior
to NO exposure. The initial metal coverages were i) 5.7
x 105Rh/cm?, ii) 1.0 x 10Rh/cm?, and iii) 0.28 X
10P"Ri/em?.

been reported that Rh single crystals are
much more active than Rh/Al,0; (3), and
that poorly dispersed catalysts are much
more active on a surface area basis than
highly dispersed catalysts (10). A model of
the reaction between NO and CO has shown
that elimination of the low-temperature, N,
desorption process could significantly in-
hibit the overall reaction rate by covering
the surface with dissociatively adsorbed ni-
trogen, which will block the adsorption of
molecular NO and CO. Indeed, Auger spec-
tra of a Rh(111) surface after reaction mea-
surements showed high coverages of nitro-
gen (3) . At the same time, the TPD curves
do not give any evidence that NO dissocia-
tion is inhibited on smaller Rh particles. NO
dissociation was complete for all but the
largest particles investigated.

We also examined NO adsorption on Rh
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films which had not been annealed, with the
results shown in Fig. 10 for metal coverage
of 5.7 x10%/cm? and 1.1 x 10%/cm?. For
the lower Rh coverage, the shape of the TPD
curve is unchanged by annealing. The only
difference is that more °N, left the surface
prior to annealing. For the larger Rh cover-
age, rather broad “N, and “NO peaks
are observed with peak temperatures of
~500 K. There is no clear evidence of the
feature due to NO,; + N, at 440 K, which
was observed for large particles after an-
nealing. Although 5.7 x 10%/cm? corre-
sponds to more than 5 monolayers of Rh and
the adsorption properties of a Rh film this
thick would be expected to approach that of
bulk Rh, this TPD curve does not look like
those taken from large Rh particles or bulk
Rh samples. The most likely explanation for
the differences between the unannealed film
and large particles of Rh is that the unan-
nealed film contains sites which have a dif-
ferent coordination. From the film growth
measurements, we know that the Rh film
formed by deposition at 300 K is metasta-
ble. This film also exhibits a TPD curve for

~10nm
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——M’M

i 1

| |
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F1G. 9. N, TPD curves from Rh/ZrO,(100) for varying
initial NO coverages. The results indicate that the de-
sorption features fill sequentially.
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FiG. 10. TPD curves following NO adsorption on
freshly deposited films of Rh on Zr0O,(100).

NO which is more similar to that found on
small Rh particles. This would again suggest
that the results on smaller particles are due
to morphological rather than support ef-
fects, and that the adsorption measurements
on Rh do not provide evidence for strong
support interactions on ZrO,(100).

DISCUSSION

The main conclusion we have reached
from this study is that interactions between
Rh and ZrO,(100) are relatively weak. Sev-
eral observations point toward this. First,
the growth of the Rh film is not expitaxial.
While film growth is almost two dimen-
sional, Rh forms a hexagonal overlayer on
the cubic substrate and the Rh-Rh bond
distance in the overlayer is close to the bulk
value. The hexagonal orientation of the Rh
layer indicates that there probably is an at-
tractive interaction between Rh and ZrO,,
since this orientation maximizes the contact
between the two phases. The enhanced ther-
mal stability of Rh/ZrQ, compared to Rh/
Al O, catalysts also argues for attractive in-
teractions between Rh and ZrO, (2); how-
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ever, the Rh—Rh bonds must be stronger
than the Rh-ZrO, bonds or else overlayer
growth would be epitaxial. Second, desorp-
tion does not appear to be affected by the
presence of ZrO,. The TPD results for both
CO and NO are very similar to those found
for Rh on a-Al,0,(0001), even for the small-
est particles (8, 9). In particular, the TPD
curves for CO from Rh/ZrO,(100) are very
similar to measurements from bulk Rh sur-
faces. It does not appear that Rh has been
chemically modified in any significant way
by the proximity of ZrO,.

It is of interest to compare previous re-
sults and conclusions for Pt on ZrO,(100)
with those from this paper (7). In results
similar to those for Rh, Pt formed overlayers
which were nearly two-dimensional and
hexagonal in orientation, with Pt—Pt bond
distances close to that of bulk Pt. However,
there were significant shifts in the desorp-
tion curves for CO from submonolayer Pt
coverages on ZrO,(100) compared to CO
from Pt on a-Al,04(0001) or oxidized Al (9,
20). On ALO;, CO desorbed with a peak
temperature near 510 K from small Pt parti-
cles, a temperature close to that found for
highly stepped Pt surfaces, while the peak
temperature was ~460 K for small Pt parti-
cles on ZrO,(100). It was suggested that the
lower peak temperature for Pt on ZrO, is
due to interactions between the Pt atoms
and Zr** cations at the surface (7). This
conclusion is now in question.

While it is certainly possible that Pt could
interact with the Zr** cations more strongly
than Rh does, it is also possible that the
observations on Pt are due to morphological
rather than chemical effects. Pt differs from
Rhin that CO desorption is strongly affected
by surface structure on Pt (18), while TPD
curves for CO from various bulk Rh surfaces
are virtually identical (12-15). Therefore, if
ZrO, were to significantly affect the struc-
ture of the metal particles, one might expect
to see a change in the results for Pt but
not for Rh. Since there is an indication of
attractive interactions between both metals
the ZrO, substrate, morphological differ-
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ences between metal particles on ZrO, and
ALO; appear likely, especially for very
small particles which would probably have
the best contact with the oxide surface.

It is possible to explain changes in cata-
lytic activity as being due to structural ef-
fects. While CO desorption on Rh is not
structure sensitive, alkane hydrogenolysis
has been shown to depend on particle size
(21) and crystal orientation (22). NO reduc-
tion by CO over Rh also appears to be struc-
ture sensitive, with specific rates reported to
increase by almost two orders-of-magnitude
when the catalyst goes from 100% to <10%
dispersion (/0). In our TPD results, we ob-
served significant changes in the N, desorp-
tion features with particle size. The desorp-
tion of N, due to NO,; + N4 = N; + O,y
was only observed on the larger particles,
and there appears to have been a slight de-
crease in the peak temperature of the recom-
bination, N,-desorption peak with increas-
ing particle size. Calculations (3, 8, 10) and
post-reaction AES measurements (3) have
indicated that, under reaction conditions,
the Rh surface is covered with N atoms
which passivate the surface. Clearly,
changes in the desorption rate of N, could
strongly affect the surface coverage of N
atoms and, therefore, reaction rates.

The changes in the activity of Rh catalysts
with support are not as dramatic as changes
observed with particle size. Therefore, dif-
ferences in the N, desorption kinetics for
Rh particles on different supports may be
subtle. A comparison of the TPD curves
for NO from Rh/a-Al,0,(0001) (8) and Rh/
Zr0O,(100) seems to indicate that differences
exist. The feature due to NO,y + Ny =
N, + 0,4 appeared at a smaller particle size
on Rh/a-Al,04(0001), which may be indica-
tive of differences in the structure of the
supported particles. Obviously, the idea
that particle morphologies differ with sup-
port has yet to be definitively demonstrated.
However, we believe it is likely that the
origin of support effects may well be due to
structural changes in the particles in certain
systems, rather than electronic interactions,
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and that zirconia-supported metals may well
be affected by this type of mechanism.

CONCLUSIONS

The interactions between Rh and ZrO,
appear to be relatively weak. Rh films
easily form particles upon heating, and
even the smallest particles show adsorption
properties which are similar to the proper-
ties of bulk metals. However, the interac-
tions between Rh and ZrO, are capable of
preferentially orienting the Rh particles.
For reactions which are affected by particle
size or crystallographic orientation, such
as NO reduction by CO, orientation of
the supported particles may provide the
mechanism for support interactions.
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