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The influence of residual chlorine species, originating from cata-
lyst preparation procedures, on the carbon monoxide adsorption/
desorption characteristics of Rh/CeO; catalysts and on the oxida-
tion state of the supported rhodium particles is studied by FTIR and
X-ray photoelectron spectroscopy. Depending on the preparation
procedure and the experimental conditions, three rhodium species
may coexist on the catalyst surface, i.e. Rh?, Rht*, and Rh3*. The
presence of ClI species is found to stabilize an amount of rhodium
in the Rh®* oxidation state and to alter significantly the CO ad-
sorption and desorption behavior of the catalysts. The kinetic rate
of approach to chemisorptive equilibrium as well as the relative
population and the thermal stability of the adsorbed CO species at
equilibrium are significantly affected by the presence of Cl on the
catalyst surface.  © 1998 Academic Press

1. INTRODUCTION

Rhodium- and ceria-containing catalysts have received
particular attention in recent years mainly due to their use
as components in three-way catalysts (TWC) for automo-
tive emission control (1, 2). Ceria is added to automotive
catalysts primarily for its oxygen storage capacity, which
results from its ability to cycle between CeO; and CeO,_y,
thus operating as a regulator of the oxygen partial pres-
sure over the catalysts. Furthermore, its reducibility may
induce a certain type of metal-support interaction and gen-
erate favorable catalytic sites at the metal-support inter-
face through the progressive depletion of oxygen-deficient
phases with oxygen vacancies as predominant defects (3-5).
The type of metal precursor used in the preparation of
M/CeO, catalysts has been found to drastically influence
the microstructure and catalytic properties of M/CeQ; sys-
tems (6-9). This is due to the unique ability of ceriato retain
chlorine species when prepared using a chloride-containing
metal precursor, possibly due to the formation of a cerium
oxychloride [Ce("OCI] compound (6, 8, 10).

Rhodium, in addition to its importance for NO reduc-
tion in TWC systems (1, 2), has been extensively studied
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due to its unique catalytic properties which are associated
with the relative importance of Rh° species compared with
either Rh* or Rh*, i.e. in controlling selectivity for CO
dissociation and CO insertion in the CO-hydrogenation re-
action (11-15).

Quialitative information concerning the assignment of the
oxidation state of rhodium species can be obtained employ-
ing infrared vibrational spectroscopy of adsorbed CO, while
quantification is more straightforward with the use of XPS.
In this regard, several studies employing XPS have been
conducted to identify the oxidation state of rhodium par-
ticles supported on several carriers (15-20) under various
experimental conditions. Concerning infrared studies of the
CO/Rhsystem, muchwork has been done on rhodium parti-
cles supported on several oxides (15, 20-25) including CeO,
(9, 26).

Yang and Garland (21) were the first who determined
three types of carbonyl species following CO adsorption
on Rh/Al,Og, i.e. gem-dicarbonyl [Rh(CO),], linear [Rhy-
CQ], and bridged [Rh,-CQO] species. In an extensive inves-
tigation of the CO/Rh/AI,O3 system, Rice et al. (22) found
eight different CO/Rh species, depending on the metal
loading, the preparation method and the experimental
conditions employed. The formation of the gem-dicarbonyl
species observed upon CO adsorption on dispersed
rhodium crystallites is usually attributed to disruption of
rhodium particles and oxidation to Rh™ by surface hydroxyl
groups (27, 28) and/or to dissociation of CO followed by
oxidation of Rh® with adsorbed oxygen (12, 29). At ele-
vated temperatures, the disruption process is reversed and
CO adsorption leads to the reductive agglomeration of Rh*
species (28, 30).

The effect of residual chlorine on the chemisorptive prop-
erties of Rh/CeO, catalysts has been examined in a previous
study in this laboratory employing XPS and TPD-MS tech-
niques (31). It was found that Rh/CeO; catalysts prepared
from RhCl; - 3H,0 contain a significant amount of chlorine
species (7 at% to the depth probed by XPS) after reduction
with hydrogen at 300°C, which induces significant changes
to the oxidation state of cerium. The presence of residual
chlorine resulted in a suppression of the capacity of the
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catalyst towards CO and H; adsorption and in changes in
the relative population of the adsorbed species. Further-
more, a strongly adsorbed CO species, which was not ob-
served over Cl-free Rh/CeO,, was found to exist on the
Cl-containing surface following CO adsorption in the tem-
perature range of 25 to 300°C.

In the present work, a detailed FTIR and XPS study of
CO adsorption/desorption behavior was conducted over
0.5% Rh/CeO, catalysts prepared with either RhCl; - 3H,0
or Rh(NOs3)3; as metal precursors. The aim of this work is
to assign the origin of the additional adsorbed CO species
indicated in our previous study (31) and to study the oxi-
dation state of rhodium particles supported on Cl-free and
Cl-containing samples.

2. EXPERIMENTAL

Catalyst preparation. Two 0.5 wt% Rh/CeQO; catalysts
were prepared using RhCl;3 - 3H,0 or Rh(NO3); as metal
precursors, employing the incipient wetness impregnation
method, following the procedure described earlier (31).
Weighed amounts of Rh metal precursor were dissolved
in distilled water at 25°C, while an appropriate amount of
the carrier (Cerium IV oxide powder 99.9%, Alfa, surface
area: 3.6 m?/g) was added to the solution under continu-
ous stirring. The suspension was heated at 80°C to evap-
orate the water and the remaining slurry was dried in an
oven at 110°C for 24 h. The solid residue was finally treated
with hydrogen at 300°C for 2 h. The catalyst prepared using
RhCl; - 3H,0 (Cl-containing) is designated as Rh/CeO,(Cl)
and the one prepared using Rh(NOs3) (Cl-free) isdesignated
as Rh/CeO,(N).

XPS experiments. XPS experiments were carried out
in a SPECS LHS 10 spectrometer employing the Mg k,
(1253.6 eV) exciting radiation at 157.5 W, with the analyser
in the pass-energy mode, at a pass energy of 36 eV. All spec-
trawere acquired at 25°C and a minimum background pres-
sure of less than 5 x 10~° mbar. Hydrogen and CO treat-
ment was conducted in the introduction chamber of the
apparatus where the sample can be treated with gases at
atmospheric pressure and elevated temperature (31). Pre-
treatment of the samples included in situ reduction with hy-
drogen at 300°C for 30 min at atmospheric pressure, cooling
to room temperature under hydrogen flow and evacuation
to 10~3 mbar. Preliminary experiments showed that there
is no difference in the XPS spectra obtained from the sam-
ples whether after reduction at 300°C the sample was either
(a) cooled to room temperature under H; flow or (b) evac-
uated at 300°C and then cooled under vacuum. In a typical
experiment, the sample was heated to the desired tempera-
ture in vacuum (10~2mbar), exposed to H, (or 10% CO/He)
flow of 100 cc/min for 30 min and cooled down to room
temperature under flowing H, (or 10% CO/He). The in-
troduction chamber was then evacuated to 10~° mbar and
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the sample was forwarded to the analysis chamber. The
characteristic photoemission peaks from Ce(3d), Rh(3d),
O(1s), C(1s), and CI(2p) core levels were recorded for each
sample. Binding energies were corrected for charging by
reference to adventitious carbon at 284.8 eV.

FTIR experiments. A Nicolet 740 FTIR spectrometer
equipped with a DRIFT cell was used in the present study.
The cell, containing ZnSe windows which are cooled by cir-
culating water through blocks in thermal contact with the
windows, allow in situ collection of spectra in the temper-
ature range of 20-300°C, at atmospheric pressure. For all
spectra, a 32-scan data acquisition was carried out at a res-
olution of 4.0 cm~1. During measurements, external optics
were purged with dry nitrogen in order to minimize the level
of water vapor and carbon dioxide in the sample chamber.
The sample used (ca 50 mg) was in finely powdered form
and its surface was carefully flattened in order to increase
the intensity of the IR beam by reflection. Before exposure
to 1% CO (in Ar), the catalyst sample was heated in Ar
to 300°C and then the feed was changed to H; for at least
1 h for reduction. The sample was subsequently exposed to
Ar at the same temperature to purge H,. The background
spectra were collected at the desired temperatures before
switching to CO. For studying the thermal stability of the ad-
sorbed CO species, the Cl-free and Cl-containing Rh/CeO,
catalysts were first exposed to CO at 200°C until equilib-
rium was reached. The samples were then cooled to room
temperature in an atmosphere of CO, followed by purging
with Ar for about 3 min. Finally, the temperature was step-
wise increased under Ar flow, and IR spectra were recorded
at desired temperatures.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization

The surface elemental composition of the Cl-free and Cl-
containing Rh/CeO, catalysts was measured by XPS and
has been reported elsewhere (31). It was found that the
Rh/CeQ; catalyst prepared using RhCl; - H,O as the metal
precursor retains a significant amount of Cl species on the
ceria surface (~7 at%) after reduction with hydrogen at
300°C, while a large amount of cerium (~30%, compared
to 4% over Cl-free Rh/Ce0,) exists in the Ce* oxidation
state, probably due to the formation of cerium oxychloride
[ce("NOcCI] (31).

The XPS spectra obtained from the Cl-free Rh/CeO,
catalyst in the Rh(3d) region are presented in Figs. la—c.
The spectrum obtained following in situ reduction of the
Rh/CeO,(N) sample with hydrogen at 300°C is shown in
Fig. 1a. Four peaks can be distinguished in this spectrum,
which can be attributed to two sets of Rh(3d) peaks arising
from two different oxidation states of rhodium: the bands at
306.8 and 311.6 eV originate from one state and the bands
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FIG. 1. Rh(3d) XPS spectra of 0.5% Rh/CeO,(N) catalyst obtained

(a) after H, reduction at 300°C, (b) after CO adsorption at 25°C for 30 min,
(c) after CO adsorption at 300°C for 30 min.

at 308.0 and 312.8 eV from the other. For rhodium metal
foil, the Rh-3ds/; and -3ds, photoemission peaks appear at
307.0 and 311.8 eV, respectively (32). The doublet at 306.8
and 311.6 eV (Fig. 1a) can then be attributed to Rh® species.
The peaks located at 308.0 and 312.8 eV (Fig. 1a) occur at
about 1.2 eV above the binding energy corresponding to
Rh? and can be attributed to Rh* species (16, 18). It is
clear that treatment of the Rh/CeO,(N) catalyst in hydro-
gen at 300°C under the experimental conditions employed
is not adequate to completely reduce the rhodium parti-
cles (Fig. 1a). This is in accordance with the results of other
investigators who have reported similar behavior studying
reduction of rhodium supported on various materials at
comparable temperatures (15, 16, 18).

The XPS spectrum obtained from the Rh/CeO,(N) sam-
ple following exposure to a 10% CO/He mixture at 25°C for
30 min is shown in Fig. 1b. Two broad bands are observed
which may be attributed, as in the case of spectrum 1a, to
the convolution of two doublets of peaks arising from the
existence of Rh®and Rh* species. There appears to be, how-
ever, a small change in the relative population of the Rh°
and Rh species, as can be seen by comparison of the spec-
tra obtained prior to and after CO adsorption (Figs. 1a, b).
It is observed that CO adsorption at 25°C results in a rel-
ative increase of the population of Rh*, as indicated by
the decrease in the resolution between the Rh(3ds,) and
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(Rh3ds/,) peaks (Fig. 1b). This implies that CO adsorption
at room temperature favors oxidation of Rh® to Rh*.

When CO adsorption occurs at 300°C (Fig. 1c), the bands
due to the Rh? particles are the dominant peaks in the
Rh(3d) photoemission spectrum. It is observed that this
treatment leads to almost complete reduction of Rh* to
RhP. Although the bands due to Rh* cannot be clearly dis-
tinguished, a small portion of rhodium may still exist in the
Rh* oxidation state as can be deduced from the FWHM
of the peaks which is about 2.2 eV (Fig. 1c), compared to
1.6 eV observed for the rhodium foil (32).

From the spectra presented in Fig. 1, it becomes evident
that treatment of Rh/CeO,(N) with CO at room temper-
ature results in oxidation of an amount of Rh® to Rh*
(Fig. 1b), while, at 300°C, the same treatment leads to re-
duction of rhodium particles (Fig. 1c). This behavior is in
accordance with the XPS results of Buchanan et al. (19)
who studied the oxidation state of Rh supported on TiO,
as a function of oxidation and reduction temperature. The
authors found that carbon monoxide exposure induces ox-
idative disruption of metallic Rh clusters at temperatures
as low as —110°C, while at temperatures above 200°C, CO
exposure leads to reduction of oxidized rhodium. Similar
results have been obtained from rhodium supported on
TiO,(110) (20) and Al,O3 (16).

Itis interesting to note that CO is a better reducing agent
than H, for rhodium, under the experimental conditions
employed here: Treatment in CO at 300°C leads to almost
complete reduction to Rh° (Fig. 1c), while treatment in hy-
drogen at the same temperature leads to the formation of
both Rh® and Rh* species (Fig. 1a). This is probably due
to the formation of large amounts of hydroxyl groups on
the ceria surface upon treatment of Rh/CeO,(N) catalysts
with hydrogen (31), which may stabilize rhodiumin the Rh*
oxidation state.

The corresponding spectra obtained from the CI-
containing sample are presented in Figs. 2a—c. The spec-
trum obtained following reduction with hydrogen at 300°C
for 30 min is shown in Fig. 2a. Two broad peaks located at
about 307.3 and 312.3 eV are clearly observed, which may
again be attributed to the existence of rhodium particles
in both the Rh® and Rh* oxidation states. These species
were also present over the Rh/CeO,(N) sample (Fig. 1a). It
is observed that treatment of Rh/CeO,(Cl) with hydrogen
at 300°C is inadequate to completely reduce rhodium par-
ticles, as in the case of the Cl-free sample. In addition to
the doublets due to Rh® and Rh* species, two weak bands,
appearing at 310.3 (shoulder) and 315.1 eV can also be dis-
tinguished. This doublet, which is not observed over the CI-
free sample, can be attributed to the existence of rhodium
particles in a higher oxidation state: The binding energy of
Rh3* in as-prepared catalysts derived from RhCl3-3H,0
appears in the range of 310.2-310.7 eV (16, 33, 34) while
the mean value of the Rh(3dsy,) binding energy of rhodium
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FIG. 2. Rh(3d) XPS spectra of 0.5% Rh/CeO,(Cl) catalyst obtained
(a) after H, reduction at 300°C, (b) after CO adsorption at 25°C for 30 min,
(c) after CO adsorption at 300°C for 30 min.

in Rh**-containing compounds is 310.3 eV (18). It is then
reasonable to suggest that the doublet observed at 310.3
and 315.1 eV (Fig. 2a) is due to a Rh** species. XPS results
of the present study (not shown) indicate that chlorine is
present on the Rh/CeO,(Cl) surface under all experimental
conditions reported here. It can then be deduced that the
presence of Rh3" species is associated with residual chlo-
rine of the support, originating from the catalyst prepara-
tion method.

When the hydrogen-treated Rh/CeO,(Cl) sample was ex-
posed to CO at 25°C for 30 min, the spectrum shown in
Fig. 2b was obtained. This complex spectrum is due to the
convolution of peaks associated with the presence of Rh?,
Rh*, and Rh®* species, as described above. It is observed
that the peaks due to Rh° are significantly lowered in inten-
sity, while those ascribed to Rh* are now clearly resolved.
The Rh3* doublet cannot be distinguished due to overlap-
ping with the much more intense bands of Rh. It is evident
that exposure of the Rh/CeO,(Cl) sample to CO at room
temperature results in oxidation of a significant portion of
the reduced Rh° species, indicating that the presence of
chlorine strongly favors the formation of Rh™* upon interac-
tion of rhodium with CO at room temperature. As a result,
the surface of the Cl-containing catalyst contains significant
amounts of Rh®, Rh*, and Rh* species under the present
experimental conditions.
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The spectrum shown in Fig. 2c was obtained following
CO adsorption on Rh/CeO,(Cl) at 300°C, for 30 min. As
in the case of the Cl-free sample (Fig. 1c), a significant
amount of the rhodium particles is reduced to Rh®, while
small amounts of Rh* are possibly still present on the sur-
face. It is interesting to notice that the doublet attributed to
Rh3* species (310.3 and 315.1 eV) is still clearly observable,
indicating that treatment with CO at 300°C does not result
in the reduction of this species. The failure to completely
reduce Rh®* with CO at elevated temperatures provides
additional evidence that this species is most probably sta-
bilized by the Cl-containing support. This is in accordance
with the work of Johnston et al. (14) who found evidence
that y-Al,O3-supported rhodium particles may be bonded
to residual chlorine and proposed that the presence of chlo-
rine ions may be necessary to stabilize Rh™ entities.

Considering the role of chlorine in forming and/or sta-
bilizing Rh™ and Rh** species on Rh/CeO,(Cl) catalysts,
the following arguments can be made: The formation of
Rh* sites is usually attributed to oxidation of Rh® by hy-
droxyl groups present on the surface of the support and/or
to the dissociation of CO followed by oxidation of Rh® with
the adsorbed oxygen (12, 27-29). In a previous study (31) it
was shown by XPS and TPD-MS experiments that hydroxyl
groups are not present on the Cl-containing Rh/CeO,(Cl)
surfaces after reduction in hydrogen at 300°C. However, if
the rhodium particles are associated with chlorine species
of the support, then the latter can be the charged counter-
parts of the oxidized rhodium ions. It is then reasonable to
suggest that, as in the case of the hydroxyl groups, chlorine
may play the role of the intimate ion pair of the oxidized
rhodium particles.

It should be noted here that UHV treatment in an XPS
chamber could possibly lead to some surface redox chem-
istry (i.e., ceria reduction, Rh oxidation). However, our
results indicate that such phenomena are not responsible
for the observed Rh™ and Rh®* photoemission peaks. For
example, no peaks due to oxidized Rh appear following
treatment of Rh/CeO,(N) with H; at 500°C (not shown),
indicating that UHV treatment does not result in measur-
able redox phenomena under the experimental conditions
employed here.

3.2. FTIR Experiments

CO chemisorption over the Cl-containing and Cl-free
Rh/CeQ; catalysts was studied at adsorption temperatures
of 25 and 200°C, employing FT-IR spectroscopy. Ther-
mal desorption experiments were also conducted following
equilibrium CO adsorption at 200°C to identify the nature
of the thermally stable CO species.

3.2.1. CO chemisorption on Rh/CeO,(Cl). The FTIR
spectra obtained following CO chemisorption on the Rh/
CeO,(ClI) catalyst at room temperature are shown in Fig. 3.
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FIG.3. FTIR spectra obtained from the reduced 0.5% Rh/CeO,(Cl)
catalyst at 25°C (a) before exposure to CO, and after exposure to 1%
CO/Ar mixture for (b) 1 min, (c) 15 min, (d) 60 min, (e) 120 min.

Following exposure of the reduced sample (Fig. 3a) to an
1% CO/Ar mixture for 1 min, only a small, broad band is
detected above 2100 cm™* (Fig. 3b). As time of exposure in-
creases to 15 min, three bands, located at about 2136, 2100,
and 2033 cm™!, become clearly detectable (Fig. 3c). Pro-
longed exposure to CO, up to 2 h, does not result in any
significant change in the band at 2136 cm~1. However, the
twin bands observed at 2100 and 2033 cm~* develop con-
tinuously during the 2-h period and become the dominant
bands observed in the region of 1880-2180 cm~* (Figs. 3d,e).
The twin bands at 2100 and 2033 cm™! are attributed to
the symmetric and antisymmetric stretching mode, respec-
tively, of a Rh™-gem-dicarbonyl [Rh*(CO);] species (22).
The band at 2136 cm ™1 is not usually observed over reduced
rhodium catalysts and is located in the spectral region,
where CO/Rh** species are expected to absorb (22, 23).
As will be shown later, this band is not observed over CI-
free Rh/CeO; catalysts and, therefore, is attributed to a CO
species adsorbed on rhodium bound to chlorine. Although
it is not possible to obtain straightforward evidence con-
cerning the coordination environment of the CO species
adsorbed on the Rh**, in the sequel we will refer to this
species as Rh®*Cl3(CO) to indicate that Rh®* is associated
to residual chlorine of the support. It should be mentioned
here that high frequency IR bands in the region of 2122
to 2131 cm~! have also been reported by Jin et al. (35)
and Primet et al. (36, 37) following CO adsorption on pre-
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oxidized Pt/CeO; and Pt/Al,O3 catalysts, respectively, and
were assigned to CO adsorbed on metal atoms either bound
to oxygen or bound to partially oxidized metal clusters. In
the present work, the presence of Rh—O species remaining
on the catalyst should be excluded since before exposure
to CO the sample was treated with hydrogen at 300°C for
1 h. Supporting evidence for the assignment of the 2100 and
2033 cm~! bands to CO species adsorbed on Rh* and of the
2136 cm~! band to CO species adsorbed on Rh* is given by
the XPS measurements of the present study (Fig. 2) where
it is clear that rhodium species in these oxidation states ex-
ist over Rh/CeQO,(ClI) catalysts following CO adsorption at
room temperature.

There are certain features of interest concerning the
relative population and kinetics of adsorption of CO on
Rh/CeO,(Cl): As observed in Fig. 3, the CO band at
2136 cm~!, associated to CO adsorbed on Rh* sites,
reaches its maximum intensity very fast following exposure
to CO at room temperature, while the twin bands at 2100
and 2033 cm~! due to the gem-dicarbonyl species on Rh*
sites continue to develop with time-on-stream for 120 min
(Fig. 3e). It is interesting to notice that no bands due to
CO adsorption on Rh? sites are observed in these spectra,
as also happens in the case of low metal-loaded, well dis-
persed catalysts, where only gem-dicarbonyl is observed,
due to the existence of well-isolated rhodium particles on
the support (22). This should not be the case here since the
XPS experiments show that asignificantamount of Rh® sites
exist on the Rh/CeO,(Cl) catalyst following adsorption of
CO at room temperature (Fig. 2b).

To further investigate these phenomena, CO chemisorp-
tion on the Rh/CeO,(Cl) catalyst was also conducted at
an elevated temperature of 200°C, since increasing ad-
sorption temperature can kinetically favor CO chemisorp-
tion. The spectra obtained following CO chemisorption on
Rh/CeO,(Cl) at 200°C are shown in Figs. 4a—f. After expo-
sure to the 1% CO/Ar mixture at 200°C for 5 min, only the
band at 2136 cm~! due to the Rh**Cl3(CO) species is ob-
served (Fig. 4b), which further increases in intensity during
10 min on stream (Fig. 4c). Three more bands appear in the
spectral region of 2000 to 2100 cm™%, after 15 min on stream,
located at 2038, 2070, and 2100 cm™! (Fig. 4d). The bands
at 2038 and 2100 cm~! are due to the Rh*-gem-dicarbonyl
specieswhich was also observed following CO adsorption at
room temperature (Fig. 3). The band at 2070 cm™%, which
was not observed in Fig. 3, can be attributed to linearly
bonded CO on RhC sites (21, 22). Finally, after prolonged
exposure to CO, two broad bands at around 1880 and
1930 cm~* gradually develop. These bands can be attributed
to two types of bridge-bonded CO on Rh sites (21, 22).

As observed in Fig. 4, interconversions between the
surface species occur after prolonged exposure of Rh/
CeO,(CIl) to CO at 200°C. The intensity of the band at
2136 cm™!, attributed to CO adsorption on Rh®" sites,
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FIG. 4. FTIR spectra obtained from the reduced 0.5% Rh/CeO,(Cl)
catalyst at 200°C (a) before exposure to CO, and after exposure to 1%
CO/Ar mixture for (b) 5min, (¢) 10 min, (d) 15 min, () 20 min, (f) 150 min.

reaches a maximum after about 10 min on stream (Fig. 4c)
and tends to be relatively stable. Only after this occurs, the
twin bands at 2100 and 2038 cm~! start developing at a sig-
nificant rate, followed by the bands at around 2070, 1930,
and 1880 cm~1. The band at 2038 cm~! becomes broadened
and shifts to higher frequencies, due to overlapping with
the band at 2070 cm~! (Fig. 4e). After more than 20 min on
stream, the intensity of the band at 2136 cm™ is reduced
significantly, indicating that a portion of the corresponding
rhodium species is reduced by CO (Fig. 4f). Although the
band at 2100 cm~! does not change significantly in inten-
sity for times of exposure longer than 15 min, the linearly
adsorbed CO band at 2070 cm~ develops continuously dur-
ing this period (Figs. 4d—f). The latter band also gradually
shifts to lower frequencies as a result of overlapping with
the gem-dicarbonyl band at ca 2038 cm~1. Apparently, the
development of the linearly adsorbed CO band partly oc-
curs at the expense of the band at 2136 cm™, i.e. a portion
of Rh®* sites are reduced to RhC sites. Equilibrium of CO
chemisorption at 200°C on the different rhodium sites is fi-
nally reached after more than 2 h of exposure to 1% CO/Ar
mixture (Fig. 4f). The most intense bands are now the lin-
early and bridged adsorbed CO on the RhY sites at around
2062 and 1880 cm™!, respectively. The intensity of the band
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at 2136 cm™! is still significant, implying that a consider-
able amount of Rh** species still remains on the surface
and cannot be removed by CO under the conditions of the
present experiment. This has also been verified with the
XPS experiments (Fig. 2).

From the FTIR spectra presented in Figs. 3 and 4, it may
be concluded that the coordination of CO on the Rh®*Cls
sites results in suppression of CO chemisorption on Rh°
sites and in retardation of the rate of CO chemisorption
to reach equilibrium. It seems that such kind of poisoning
effect is not due to geometric blocking but due to a long-
distance electronic interaction. When all the Rh3*Cl; sites
have been saturated with CO, i.e. forming the Rh®*+*Cl3(CO)
species, such kinds of long distance electronic interactions
disappear, permitting the occurrence of CO chemisorption
on Rh? sites.

3.2.2. CO chemisorption on Rh/CeO,(N). In order to
better evaluate the effect of residual chlorine on the inter-
action of CO with Rh dispersed on CeQ,, the chemisorp-
tion of CO on the Rh/CeO,(N) catalyst, which is free of Cl
species, was also studied. Since numerous studies have al-
ready been reported (3-5, 9, 38-40) on CO chemisorption
on Rh/CeQO; at room temperature, only CO adsorption on
the Rh/CeO,(N) at 200°C is presented here to facilitate
comparison with the preceding results.

The spectra obtained following CO chemisorption on the
Rh/CeO,(N) catalyst at 200°C are shown in Figs. 5a—d. At
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FIG.5. FTIR spectra obtained from the reduced 0.5% Rh/CeO,(N)
catalyst at 200°C (a) before exposure to CO, and after exposure to 1%
CO/Ar mixture for (b) 1 min, (c) 3 min, (d) 7 min.
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least three well-separated bands at 2056, 1935, 1820 cm™,
and two shoulder bands at 2090 and 2015 cm~ are observed
after exposing the sample to 1% CO/Ar mixture for 1 min
(Fig. 5b). Increasing exposure time results only in a small
increase in the intensity of all bands. After approximately
7 min on stream, all bands tend to be stable, indicating that
CO chemisorption has reached equilibrium (Fig. 5d). The
intense band at 2056 cm~* corresponds to linearly adsorbed
CO on RhYsites, while the two bands at 1935 and 1820 cm™!
are due to two types of bridged CO on Rh sites. The two
shoulder bands at ca 2090 and 2015 cm™~? are assigned to
gem-dicarbonyl species. Itis observed that the adsorbed CO
species on Rh’sites are dominant, while the gem-dicarbonyl
species are only minor.

Previous studies of CO chemisorption on reduced rho-
dium catalysts show that CO chemisorption is a fairly fast
process and that the appearance of gem-dicarbonyl bands
usually takes place after those of linearly and bridge-
bonded CO on Rh® (12, 25, 27, 28). This seems to be the case
for the Rh/CeO,(N) catalyst as well, as observed in Fig. 5.
Adsorption of CO on the rhodium particles reaches equi-
librium very fast (Figs. 5a—d) with the formation of linear-
bonded CO on R sites (2056 cm™1), bridge-bonded CO
on Rh? (1935 and 1820 cm™1), and gem-dicarbonyl species
on Rh sites (twin bands at 2015 and 2090 cm—1).

Comparing the spectra of Fig. 5 with the corresponding
ones obtained from the Rh/CeO,(Cl) sample at the same
adsorption temperature (Fig. 4), it becomes evident that
the presence of Cl species significantly retards the rate of
CO chemisorption and suppresses CO chemisorption on
RhO sites. Only when the Rh®" sites have been saturated
with CO, as indicated by reaching the maximum intensity
of the Rh3*Cl3(CO) band at 2136 cm™* (Fig. 4), do the other
types of chemisorbing sites start to adsorb CO, e.g. form-
ing linearly adsorbed CO, bridged adsorbed CO, and gem-
dicarbonyl species. It seems that the Cl species have little or
no influence on CO chemisorption on localized chemisorb-
ing sites, e.g. Rh¥*Cl3(CO) and Rh*(CO), which are char-
acterized by the feature that the band position is invariable
upon altering surface concentration (Figs. 3 and 4). Ap-
parently, the presence of Cl species increases the relative
population of the Rh*-gem-dicarbonyl species among the
surface CO species. This could be understood in either of
two ways: (i) the presence of ClI species promote the for-
mation of the gem-dicarbonyl species or (ii) they retard the
formation of CO species on RhC sites, both of which lead
to a net result of enhanced relative population of the gem-
dicarbonyl species. The results of the present study indicate
that both of these routes are operable. The XPS spectra
clearly show that the presence of chlorine favors the oxida-
tive disruption of Rh—Rh bond upon CO chemisorption on
the Rh? sites (Fig. 2), while the FTIR spectra presented in
Figs. 3 and 4 show that CO adsorption on RhC is retarded
on Cl-containing Rh/CeQO, catalysts.
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FIG.6. FTIR spectraof CO adsorbed on the 0.5% Rh/CeO,(N) cata-
lyst obtained following equilibrium chemisorption at 200°C, cooling down
to room temperature under 1% CO/Ar mixture and subsequent heating
in Ar flow to: (a) 25°C, (b) 50°C, (c) 75°C, (d) 100°C.

3.2.3. Desorption of CO from Rh/CeO,(N) and Rh/CeO,
(Cl) catalysts. The spectra obtained from the Rh/CeO5(N)
catalyst, following CO adsorption at 200°C, upon increas-
ing temperature under Ar flow are shown in Figs. 6a—d. Five
bands due to the adsorbed CO species, at 2090, 2058, 2025,
1935, and 1820 cm™1, are observed at room temperature
(Fig. 6a). The intensity of all five bands is reduced signif-
icantly as the temperature is increased to 50°C (Fig. 6b).
When the temperature is further increased to 75°C, the in-
tensities of all bands become very weak (Fig. 6¢). Finally, all
CO species are completely removed from the surface upon
heating the sample to 100°C (Fig. 6d).

The corresponding spectra obtained from the Rh/
CeOy(ClI) catalyst are shown in Figs. 7a—f. At least six bands,
located at 2136, 2100, 2066, 2038, 1960, and 1890 cm~* are
observed at room temperature (Fig. 7a). Comparing with
the corresponding spectrum of the Rh/CeO,(N) sample
(Fig. 6a), it is again observed that the Rh/CeO,(Cl) sam-
ple has similar surface CO species, plus an additional one
responsible for the absorption band at 2136 cm 1. The inten-
sity of the five bands at 2100, 2066, 2038, 1960, and 1890 cm ™!
is somewhat reduced as temperature is increased to 75°C
(Fig. 7¢). These bands are completely removed upon reach-
ing 100°C, indicating that the Rh*-gem dicarbonyl species,
and the linearly and bridged adsorbed CO on Rh? sites
have approximately the same order of thermal stability,
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FIG.7. FTIR spectraof CO adsorbed on the 0.5% Rh/CeO,(Cl) cata-

lyst obtained following equilibrium chemisorption at 200°C, cooling down
to room temperature under 1% CO/Ar mixture and subsequent heating
in Ar flow to: (a) 25°C, (b) 50°C, (c) 75°C, (d) 100°C, (e) 200°C, (f) 250°C.

desorbing from the Rh/CeO,(Cl) surface in the tempera-
ture range between 50-100°C, under the experimental con-
ditions employed. This behavior is generally similar to that
observed over the Rh/CeO,(N) catalyst (Fig. 6). The most
striking feature observed in Fig. 7 is the unusually high ther-
mal stability of the band at 2136 cm~. While the other five
bands disappear completely at temperatures below 100°C,
the 2136 cm~! band does not show any reduction in intensity
at temperatures up to 200°C. Only after heating to 250°C,
the intensity of this band is reduced significantly (Fig. 7f).
This is in accordance with the results of our previous study
inwhich athermally stable CO species was observed to des-
orb from the Rh/CeO,(Cl) catalyst at approximately 300°C
in TPD-MS experiments (31). This TPD peak was only ob-
served over the Cl-containing sample.

At present, it is unclear why CO is bound so strongly on
the Rh3* sites. From the fact that this band is very sharp and
that the band position does not change upon altering the
concentration of the species, it can be derived that CO is
locally bound to one atomic Rh* site. If there is no involve-
ment of other ligands (e.g., Cl species), CO is unlikely to be
bound on Rh3* sites so strongly. It is interesting to note that
the Rh3*Cl3(CO) species is the first one formed upon CO
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chemisorption, and it is also the last one desorbing from the
surface upon heating.

The high thermal stability of the Rh3*Cl3(CO) species
absorbing at 2136 cm~! is rather unexpected, compared to
the lower thermal stability of the other species which ab-
sorb at lower frequencies, since it is reasonable to expect
that the stronger the bond between the carbon and oxy-
gen atom, the weaker the bond between the carbon and
the metal atoms. This “unusual” behavior has been fre-
guently observed and is explained by taking into account
the competition between the desorption process and the
possible surface reactions which may take place during the
temperature programmed desorption (38-40). For exam-
ple, it is not straightforward from the TPD-FTIR spectra
shown in Figs. 6 and 7 to conclude if the disappearance of
the IR bands is due to desorption or reaction of the vari-
ous CO species. In a previous TPD-MS study of the present
catalysts, it was found that large amounts of CO, are pro-
duced upon heating, due to the reaction of the adsorbed
CO species with oxygen originating from ceria. The high
thermal stability of the Rh®**Cl;(CO) species can then be
attributed to its higher resistance to oxidation, compared
to the other adsorbed CO species, which readily become
oxidized.

4. SUMMARY AND CONCLUSIONS

The presence of residual Cl species on the Rh/CeO;
catalyst imposes significant changes in the CO adsorption/
desorption behavior and the oxidation state of supported
rhodium. Over the Cl-containing sample, a significant
amount of rhodium particles exists in the Rh** oxidation
state, in addition to Rh® and Rh*, which is not reduced even
following treatment with H, or CO at 300°C.

Several striking features in the processes of CO adsorp-
tion and desorption on Rh/CeO,, related to the presence of
Cl species are also observed which are summarized below:

1. The presence of Cl species on the Rh/CeO, surface
greatly retards the kinetic rate of CO chemisorption on
rhodium.

2. The selectivity of CO adsorption towards different
types of chemisorbed sites is remarkably altered due to the
preosence of Cl species which inhibit CO chemisorption on
Rh".

3. The first species which appears upon CO chemisorp-
tion on Rh/CeO,(Cl) is Rh3*Cl3(CO), followed by the Rh™*-
gem-dicarbonyl species. Only when all the Rh3*Cl; sites
have been saturated with CO, does CO chemisorption on
Rh? sites occur.

4. The relative population of the various adsorbed CO
species at equilibrium is affected by the presence of Cl
species. While the linearly and bridged CO species ad-
sorbed on Rh? are the dominant ones on the Cl-free Rh/
CeO,(N) surface, significant amounts of Rh3*Cl3(CO) and
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Rh*(CO), species coexist with the linearly and bridged ad-
sorbed CO on the Rh? sites on the Rh/CeQO,(Cl) surface.

5. The thermal stability of the Rh*-gem dicarbonyl
species, and of the linearly and bridged adsorbed CO on
RhYsites is of the same order. All these species desorb from
the surface in the temperature range of 50-100°C, regard-
less of the presence or not of Cl species on the surface. The
Rh3*Cl3(CO) species has a uniquely high thermal stability,
as compared to the other species, and can be retained on
the surface at temperatures up to about 200°C.
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