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The influence of benzene coadsorption and potassium promotion on the adsorption of CO on
supported Rh catalysts has been studied using infrared spectroscopy. Benzene coadsorption and
potassium promotion were found to lower the single coordinated CO singleton frequency by about
the same amount (=9 cm™'). With potassium promotion a new peak with a singleton frequency of
about 1795 cm™! was found. It is concluded that benzene-induced redistribution of CO over the

metal surface can explain the effects.

INTRODUCTION

In the Introduction of our preceding pa-
per on Pd catalysts (/) reasons have been
mentioned which made a study of coad-
sorption and promoter effects interesting
from the point of view of catalysis. Before a
general picture of these effects can be sug-
gested it is necessary to collect data on sev-
eral metals, and on identical pairs in the
coadsorption and promoter—adsorbate in-
teractions, as well as to gain information on
various promoters or coadsorbates on one
single metal. This paper extends our pre-
vious study, made with palladium, to rho-
dium.

EXPERIMENTAL

To facilitate comparison between earlier
published results (/, 2) and the results of
the present paper, all details of experimen-
tal work remain unchanged.

Two catalysts have been prepared, one
with ‘‘small”’ and one with “‘large’’ parti-
cles. The first was prepared by homoge-
neous precipitation: a known amount of the
support (Aerosil 150, Degussa), urea, and
rhodium nitrate was mixed (pH ~3) and
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slowly heated upon stirring to 360 K. By
hydrogenolysis of the urea the pH increases
and rhodium hydroxide precipitates on the
SiO; (pH ~8). After calcination at 380 K for
several hours, reduction was performed at
500 K in a H, (25%)/N, stream. The large
particle catalyst was prepared by impregna-
tion and fast drying, followed by the same
steps as those with the small particle cata-
lyst.

Electron microscopy and X-ray line
broadening showed that the catalysts had
particles of approximately 2 and 6 nm, re-
spectively. The large particle catalyst was
used as a basis for preparing the promoted
catalysts (the final state of the promoter be-
ing KOH/K;0); these were prepared in the
manner described in Ref. (/). The composi-
tion is designated by weight percent with
respect to the amount of Rh. The promoted
catalyst had Rh particles with d ~ 6 nm.

The IR spectroscopy, data gathering, and
evaluation were the same as those in the
earlier papers (I, 2). A monolayer CO cov-
erage is defined by the state at 1 Torr (1
Torr = 133 Pa); coverages lower than unity
are calculated from the integrated peak in-
tensity I, with a linear relation being as-
sumed to exist between I and #. Benzene
was adsorbed into the CO layer and by in-
creasing the benzene pressure CO desorp-
tion resulted.
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FiG. 1. Small particle Rh/SiO, catalysts. (A) Ab-
sorption maximum wavenumber of an adsorbed 2CO
layer at different surface coverages, #(CO). (B) Ab-
sorption maximum wavenumber of a mixed 2CO-
BCO layer at 1 Torr pressure. X is the molar '2CO
concentration in the adsorbed layer [X = 2CO/(2CO
+ BCO)] (1 Torr = 133 Pa).

RESULTS

The spectra of CO adsorbed on the Rh
samples, as prepared in this study, are sim-
ple. The spectra at very low CO surface
coverage are dominated by a band at 2012
cm™! in the case of the small Rh particles,
and at 2017 cm ! with the large Rh parti-
cles. At high surface coverages, 6(CO) = 1,
these bands appear at a considerably higher
wavenumber, 2066 cm~!. Next to the main
band, which is ascribed to single coordi-
nated (or ‘“‘linear’’) CO, a small band is
present at 1895 or 1870 cm~!, for small and
large particle rhodium catalyst, respec-
tively. On our standard, well-reduced Rh
sample no twin-CO absorption bands (due
to Rh-dicarbonyls) are observed. This holds
for the small as well as for the large particle
size catalyst. However, the twin-CO ab-
sorption bands can appear in the spectra
after precovering the Rh surface partially
by oxygen.

Interesting phenomena are observed
when the position of the main absorption
band is studied as a function of either CO
coverage (6(CO)) or isotopic composition X
[X = 2CO/("*CO + CO0)] at maximum sur-
face coverage, 6(CO) = 1. The relevant
data are presented in the Figs. 1 and 2.
There are two remarkable features. First,
the dipole—dipole interaction, that is the in-

teraction which can be eliminated by iso-
topic dilution (3-6), is rather strong. Defin-
ingv(@aod=1—v(td =0 =Ap, we find
Av = 60 and 55 cm~! for small and large
particles, respectively. This dipole—~dipole
interaction can therefore be regarded as re-
sponsible for the entire frequency variation
with surface coverage, §. Second, the two
graphs, 7 as a function of  or X, do not
coincide, but deviate from each other in a
rather pronounced and well reproducible
way. While the v versus X curves do not
differ too much for small and large particle
rhodium catalysts, the # versus 6 curve on
the small particle catalyst differs substan-
tially from the 7 as a function of X curve for
this catalyst. Obviously, the effectively free
sites on a small particle catalyst are distrib-
uted differently when they are created by
either CO vacancies in the adsorbed layer
(the case of the & versus 6 curve) or by PCO
adsorption in a 2CO layer (¥ versus X).
This last conclusion is based on the follow-
ing consideration. The CO-CO interaction
which leads to the increase in absorption
frequency with increasing surface cover-
age, is a resonance interaction between two
oscillating dipoles. Replacing a '2CO by a
BCO molecule has effectively almost the
same consequences as removing a 2CO
molecule from a layer of adsorbed '2CO
molecules (6-8).
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F1G. 2. Large particle Rh/SiO, catalyst. (A) Absorp-
tion maximum wavenumber of an adsorbed 2CO layer
at different surface coverage, 6(CO). (B) Absorption
maximum wavenumber of a mixed 2CO-"CO layer at
1 Torr pressure. X is the molar 2CO concentration in
the adsorbed layer [X = 2CO/(12CO + BCO)).
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F1G. 3. Absorption maximum wavenumber of single
coordinated 'CO on a Rh/SiO, catalyst. (I) Small par-
ticle catalyst. (II) large particle catalyst. (A) CO admit-
ted up to the indicated surface coverage 6(CO). (B) As
(A), but benzene coadsorbed on the surface. §CO) =
1, defined at 1 Torr CO.

The effect of coadsorbed benzene on the
singleton frequency is rather small; there is
a shift of about 8 cm™! for small and 9 cm~!
for large rhodium particle catalysts. Ben-
zene coadsorption influences the form of
the 7 versus # curves, making them more
monotonic. This is shown in Fig. 3.

Without going into detail but just by re-
calling the analogy with the conclusion
made above with regard to Figs. 1 and 2,
one can say that benzene most probably
changes the distribution of CO molecules
and free sites over the surface, making the
distribution more homogeneous. An earlier
paper on Pt (9) reports such effects as well.

Figure 4 shows the effects of K promo-
tion on the spectra of adsorbed CO at #(CO)
= 1, as observed with the large particle rho-
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FiG. 4. IR spectra of the large particle Rh/SiO, cata-
lyst. (A) No ‘‘potassium’ deposited; (B) 45 wt% K
with respect to Rh deposited.

2100+
V aoa0]
o 2080
2060
20404
2020 A
B
025 05 075 10
__.e

— X

F1G. 5. Absorption frequency of single coordinated
12CO on 45 wt% K with respect to Rh, (A) 1 Torr of CO
admitted with X mol% 2CO; (B) CO admitted up to the
indicated surface coverage, 6.

dium sample. Figures 5 and 6 show the vari-
ations with #(CO) and X of the main and the
new low frequency absorption bands, re-
spectively. Both figures were obtained with
the large particle sample. It should be noted
that as far as the main CO band is con-
cerned, the ‘“‘linear CO”’ singleton (i.e., at
#(CO) = 0) frequency is only 5-10 ¢cm™!
lower than that obtained with the unpro-
moted Rh sample. The main effect of the
promoters on this band is at §(CO) = 1
(compare the Figs. 2 and 5, at 8(CO) = 1),
where it amounts to about 30 cm™!. Obvi-
ously, the main effect of the potassium pro-
moter on this high frequency CO band is
dilution of the CO layer which is suppress-
ing the CO-CO interactions. Either the low
frequency band can be a band created by a
very large shift of another band (e.g., of the
multicoordinated CO with an absorption at
about 1870 cm™) or it is a newly formed
band, present only on the promoted sam-
ples. However, it is improbable that the
K promoter would shift the singleton
wavenumbers by 5-10 cm ™! with single co-
ordinated CO, but at least 70 cm™! with the
multiply coordinated CO. Thus the second
explanation is more likely. It is interesting
to see that this new low frequency band
shows a pronounced nonlinear behavior
with respect to 8(CO), similar to that of the
analogous band observed with Pd (/). Fur-
thermore, it is worthwhile mentioning that
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TABLE 1

Maximum Dipole-Dipole Interaction Effect

Metal Form Ay (cm™Y) Ref.
Pt(111)  Single crystal 36 3

Pt Powder 40 6, 20
Ir Evaporated film 50 5

Ir Powder 52 15, 16
Pd(100)  Single crystal 35 18, 19
Pd Powders 21-28 2

Rh Powders 55-60 This paper
Cu Single crystal 36 21

Cu Powder ~38 6

the deviation between the v versus X and
versus #(CO) curves is just opposite to that
found on the unpromoted surfaces.

DISCUSSION

That the maximum effect of the dipole-
dipole interactions, Vmax — Vmin = AP, as
established by isotopic dilution experi-
ments, is different for different metals de-
serves attention, This can be seen in Table
1. There is no definitive explanation of this
observation, but it confirms the conclusion
in the literature (/0-14) that at least a part
of the dipole—dipole interactions is medi-
ated by the metal. With Pd powders or Pt
(and to a great extent with Ir, too) the »
versus 6 and ¥ versus X curves almost coin-
cide. They do not do so when CO is allowed
to precipitate into clusters (3, 4, 17) or
when CO can switch among several adsorp-
tion sites such as occurs in particular on
smooth single crystal faces (2, 18, 19).
Rhodium is one of the metals where the two
curves, v versus 6 and ¢ versus X, do not
coincide either. The large difference be-
tween the v versus 0 and the 5 versus X
curves on rough surfaces of small particles
becomes smaller when benzene is coad-
sorbed or when a large particle sample is
used instead of the small particle rhodium
sample (see Fig. 3). Since the singleton fre-
quency (that is the frequency which should
reveal pure “‘ligand’’ or ‘‘electronic struc-
ture”’ effects) does not differ in a pro-

nounced way, one can speculate that the
main influence of benzene coadsorption (or
of smoothing the surface by making parti-
cles larger) on the shape of the 5 versus 6
curves is through the redistribution of CO
over the surface. This tentative conclusion
is supported by the results obtained with
the potassium-promoted rhodium surfaces
(see Figs. 5 and 6).

Here the 7 versus X and # versus 6 curves
differ in just the opposite sense and the
most plausible explanation is that the potas-
sium promoter causes clustering of CO
round the centers (K*) which adsorb CO in
a form having a lower vibration frequency.
The same holds then for the high frequency
(single coordinated or “‘linear’” CO) as well
as for the new (appearing only on promoted
surfaces) low frequency band. A recent
model (24) is in full compliance with our
data.

Our previous paper on Pd (/) reported
that the effect of benzene coadsorption was
(with Pd) particle size dependent. It has
been concluded that either the size of a “‘li-
gand”’ effect is particle size dependent or
benzene causes a redistribution of CO
which is more ‘‘felt’” with small than with
large particles. The data obtained with Rh
(in this paper) point in the direction of the
second explanation. Redistribution of CO
among different sites by benzene coadsorp-
tion is moreover a fact well established by
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F1G. 6. Absorption frequency of the newly formed
adsorption state on the potassium-promoted Rh/SiO,
catalyst. (A) I Torr of CO admitted with X mol% CO;
(B) CO admitted up to the indicated surface cover-
age 6.
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LEED data analysis (22, 23). Thus, al-
though the conclusion cannot be made de-
finitive yet and the particle-size-dependent
ligand effects of coadsorption should still
be considered, new information seems to
favor the explanation by CO redistribution.
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