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The effect of residual chlorine, originating from catalyst prepara-
tion methods on the chemisorptive properties of Rh/CeO2 catalysts,
is studied employing X-ray photoelectron spectroscopy (XPS) and
temperature-programmed desorption (TPD) techniques on cata-
lysts prepared using Rh(NO3)3 or RhCl3 ·H2O as the metal pre-
cursor. XPS experiments show that, following reduction at 300◦C,
catalysts prepared from RhCl3 ·H2O contain a significant amount
of chlorine species (∼7 at%) while about 30% of cerium exists in
the Ce3+ state, probably due to the formation of cerium oxychlo-
ride (Ce(III)OCl). Rhodium does not undergo complete reduction
following treatment in hydrogen at 300◦C; a portion of rhodium is
in the Rh+ state in Rh/CeO2 catalyst prepared by Rh(NO3)3 while,
in addition, Rh3+ species are also present in Rh/CeO2 prepared
by RhCl3 ·H2O. TPD experiments conducted following hydrogen
or carbon monoxide adsorption on both catalysts in the range 25
to 300◦C reveal that residual chlorine present on the ceria surface
results in suppression of the capacity of the catalyst toward CO
and H2 adsorption and in changes in the relative population of the
adsorbed species. c© 1998 Academic Press

1. INTRODUCTION

The number of publications dealing with ceria-containing
catalysts has increased significantly in recent years as re-
vealed by a relevant review article (1). Noble metal (Rh,
Pt, Pd) catalysts containing ceria as support or promoter
are particularly important, mainly because of their applica-
tions in three-way catalysts for automotive emission control
(1, 2). Noble metals are employed to reduce the amount of
nitrogen oxides and carbon monoxide present in the ex-
haust of internal combustion engines, while ceria is added
to automotive catalysts primarily for its oxygen storage ca-
pacity, which results from its ability to cycle between CeO2

and CeO2−x.
Cerium oxide-containing catalysts are sensitive to seve-

ral factors, including reduction temperature, pretreatment
conditions, and type of metal precursor used for the prepa-
ration of the M/CeO2 catalysts (1). An interesting property
of M/CeO2 catalysts results from the ability of ceria to re-

tain chlorine species on its surface when prepared from a
chlorine-containing salt as the metal precursor. The pres-
ence of the chloride ions, residual from the catalyst prepa-
ration, enhances the stability of cerium in a low oxidation
state with the formation of cerium oxychloride (3). It has
been shown that a tetragonal CeOCl compound remains
on the surface of M/CeO2 catalysts even after reduction in
hydrogen at a temperature of 600◦C or higher (4, 5), influ-
encing the chemisorptive and catalytic behavior of M/CeO2

catalysts.
Bernal et al. (6–9) conducted detailed studies on the M/

CeO2 (M=Rh, Pt, and Pd) system and showed that the ce-
ria support exerts a significant influence on the microstruc-
ture as well as on the chemisorptive and catalytic behavior
of the metal crystallites. Trovarelli and co-workers (10–12)
observed that Rh/CeO2 catalysts possess a unique type of
metal–support interaction which is capable of increasing
the rate of CO and CO2 hydrogenation and the rate of
other types of reactions to a great extent. It was shown
that the enhanced reaction rate is related to the ability of
CeO2 to form several stable CeO2−x suboxides after high-
temperature reduction, through the progressive depletion
of oxygen-deficient phases with oxygen vacancies as pre-
dominant defects (10, 11). The presence of oxygen vacan-
cies promotes COx activation by extracting oxygen.

Several studies have been conducted to identify the num-
ber and nature of CO and hydrogen species adsorbed on
Rh surfaces. Hydrogen chemisorption on Rh(111) yields
a single desorption peak whose maximum varies between
117 and 2◦C with increasing surface coverage (13). TPD
spectra of hydrogen adsorbed on Rh dispersed on several
carriers commonly exhibit a second, activated hydrogen
peak located between 150 and 250◦C, as for example in the
cases of Rh/Al2O3 (14) and Rh/TiO2 (14, 15). This species
has been attributed to the creation of new adsorption sites
on the surface of small metal crystallites or to adsorp-
tion on sites at the metal–support interface (14). At higher
adsorption temperatures, interaction of hydrogen with sup-
ported Rh often results in the appearance of a third hy-
drogen TPD peak originating from the carrier, following a
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spillover process. In the case of ceria-supported Rh cata-
lysts it has been found that, in the presence of highly dis-
persed rhodium, ceria chemisorbs large amounts of hydro-
gen, even at room temperature (6), while over bare ceria
temperatures higher than 200◦C are necessary to activate
the process (6, 9). Hydrogen can be desorbed from ceria
as both H2 (reversible adsorption) and H2O (irreversible
adsorption), the relative population of these two forms de-
pending on the reduction temperature (9).

Carbon monoxide desorbs from Rh(111) (16, 17) and
Rh(110) (18) in a single TPD peak at about 200◦C while a
shoulder that often appears is attributed to CO adsorbed in
the bridged mode. Solymosi and Erdohelyi (19, 20) investi-
gated the effect of the support (TiO2, Al2O3, SiO2, MgO) on
the adsorption and dissociation of CO and on the reactivity
of surface carbon on rhodium catalysts. The authors found
that adsorption of CO on differently supported rhodium
particles at room temperature produces almost identical
infrared spectra and that desorption temperature of CO
is practically the same for all samples (Tmax= 190–200◦C).
During the desorption of CO, however, CO2 is also formed
at temperatures depending on the supporting material. The
authors attributed the formation of CO2 to the dispropor-
tionation of CO on rhodium (19, 20).

CO adsorption on supported Rh generally produces
three distinct adsorption modes, i.e., linear bonded CO and
bridge-bonded CO on Rh0 sites as well as dicarbonyls on
dispersed Rh+ sites (21–24). Several factors have been pro-
posed to be the driving force for the occurrence of Rh+

gem–dicarbonyl species. The factors most frequently re-
ferred to are oxidation of Rh0 by hydroxyl groups which
intend to partially oxidize Rh0 atoms, incomplete reduc-
tion of Rh particles containing a portion of Rh+ sites, and
dissociation of CO followed by oxidation of Rh0 with the
adsorbed oxygen formed (25–28).

The CO–Me/CeO2 system has been investigated by seve-
ral authors (29–33). White’s group first reported that signi-
ficant conversion of CO to CO2 in the TPD of CO, and of
CO2 to CO in the TPD of CO2, takes place over Pt/CeO2

(29–31). This behavior was attributed to the reversible re-
action of CO adsorbed on Pt with a lattice oxygen (or, con-
versely, CO2, with an oxygen vacancy) of the support (30).

The ability of ceria to interact with hydrogen and CO
makes characterization of Rh-containing catalysts by con-
ventional techniques difficult. Benzene hydrogenation, a
structure-insensitive reaction, has been employed to deter-
mine the percentage of metal exposed on low-loaded ceria
supported rhodium (34). It has also been found that the
hydrogen spillover process is blocked to a significant ex-
tent over Rh/CeO2 catalysts prepared by impregnation with
RhCl3 · 3H2O precursor.

In the present work, a detailed H2 and CO chemisorption
study was conducted over Rh/CeO2 catalysts prepared with
RhCl3 and Rh(NO3)3 as metal precursors. The aim of the

work is to evaluate the effect of chlorine species on CO and
H2 chemisorption behavior of Rh/CeO2 catalysts. The sur-
face chemistry occurring on the Cl-free and Cl-containing
surfaces is derived from TPD-MS and XPS spectral results
which reveal the nature and population of hydrogen and
CO adsorbed species.

2. EXPERIMENTAL

Catalyst Preparation

Two 0.5 wt% Rh/CeO2 catalysts were prepared using
RhCl3 · 3H2O and Rh(NO3)3 as metal precursors, employ-
ing the incipient wetness impregnation method. Weighed
amounts of Rh metal precursor were dissolved in 10 ml dis-
tilled water at 25◦C, while 2–10 g of the carrier (Cerium
IV oxide powder 99.9%, Alfa, surf. area: 3.6 m2/g) was
added to the solution under continuous stirring. The sus-
pension was heated at 80◦C to evaporate the water and the
remaining slurry was dried in an oven at 110◦C for 24 h.
The solid residue was subsequently treated with hydrogen
at 300◦C for 2 h. The Cl-containing catalyst prepared using
RhCl3 · 3H2O is designated as Rh/CeO2(Cl) and the Cl-free
catalyst prepared using Rh(NO3)3 as a metal precursor is
designated as Rh/CeO2(N).

For comparison purposes, unmetallized Cl-containing
and Cl-free CeO2 carriers were also prepared. Cl-cont-
aining CeO2 was prepared by impregnation of CeO2 with
an aqueous solution of hydrochloric acid (6.34 g CeO2+
22.9 ml of 0.148 wt% HCl), followed by water evapora-
tion, drying at 110◦C, and reduction at 300◦C as described
above. Chlorine-free ceria was prepared in the same way
by impregnation of CeO2 with distilled water.

XPS Experiments

XPS spectra were carried out in a SPECS LHS 10 spec-
trometer employing the MgKα (1253.6 eV) exciting radia-
tion at 157.5 W. The apparatus consists of three chambers:
the ultra-high vacuum (UHV) chamber, a multipurpose
pretreatment chamber, and an introduction cell. The intro-
duction cell also serves as a sample preparation cell where
the sample can be treated with gases at atmospheric pres-
sure and elevated temperatures. The sample is mounted on
a transfer rod probe and can easily be transferred from one
vessel to the other with little disturbance to the UHV cham-
ber base pressure. Provisions are built into the probe for
direct sample heating. Operation, recording of XPS spec-
tra, and analysis of the raw data are carried out through
a personal computer within the “SPECTRA” acquisition
software supplied by the manufacturer.

The sample, in powder form, is placed in a specially de-
signed stainless-steel holder with dimensions of 9× 12 mm
and height of 1 mm, and pressed at 2 tons for 10 min. The
holder, containing the compressed powder, is then fixed on
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the apparatus transfer rod probe, in contact with a tungsten
wire which allows the temperature of the sample to be con-
trolled by resistively heating the wire. A chromel–alumel
thermocouple in contact with the sample holder enables
temperature measurements.

Reduced ceria is known to be reoxidized when exposed
to air, even at room temperature. Therefore, spectra of the
Rh/CeO2(N) and Rh/CeO2(Cl) samples were obtained fol-
lowing reduction in the high-pressure introduction cell un-
der flowing hydrogen at 300◦C, for 30 min, at atmospheric
pressure. After reduction the sample was cooled to room
temperature under hydrogen flow, evacuated, and trans-
ferred to the UHV chamber for XPS measurements. Spec-
tra were acquired at 25◦C and a minimum background pres-
sure of less than 3× 10−9 mbar.

The characteristic photoemission peaks from Ce(3d),
Rh(3d), O(1s), C(1s), and Cl(2p) core levels were recorded
for each sample. Binding energies were corrected for charg-
ing by reference to adventitious carbon at 284.8 eV. To es-
timate the surface elemental composition of the catalysts,
values of peak areas per scan were first obtained and a
Shirley-type background was subtracted. Finally, normali-
zed peak areas were obtained using empirically derived
atomic sensitivity factors (35).

TPD-MS Experiments

Temperature-programmed desorption–Mass spectrome-
try (TPD-MS) experiments following hydrogen or carbon
monoxide adsorption were carried out on the Cl-free and
Cl-containing 0.5% Rh/CeO2 catalysts and the unmetal-
lized supports, using an apparatus which has been described
in detail elsewhere (36). In a typical experiment, 350 mg of
the sample is placed in a quartz microreactor and pretreated
with an oxidation/reduction cycle to clean and stabilize its
surface. Pretreatment includes heating under He flow to
600◦C for 30 min followed by oxidation at 300◦C under a
flow of a 3% O2/He mixture for 20 min. Oxidation tempe-
rature was maintained at 300◦C to limit the possibility of
Rh sintering. The sample is then purged with He for 15 min
at the same temperature and subsequently reduced under
flowing hydrogen at 300◦C for 30 min. The sample is finally
heated to 600◦C under He flow, maintained at this tempe-
rature for 15 min, and cooled to the desired adsorption tem-
perature, where H2 (30 min) or 1% CO/He (15 min) adsorp-
tion occurs. It is then cooled to room temperature under a
flow of the same absorbent gas, purged with He for 15 min
to remove gas left in the tubing, and subsequently heated
to 600◦C under a flow of helium (40 cm3/min) with a heat-
ing rate of 30◦C/min. After completion of the TPD run, the
sample was again subjected to the oxidation/reduction cycle
mentioned above and was thus prepared for the next ad-
sorption experiment. Analysis of the gases during TPD ex-
periments was done by on-line mass spectrometer (Fisons,
SXP Elite 300 H) equipped with a fast response inlet capi-

llary/leak diaphragm system. MS signals at m/z= 2 (H2),
18 (H2O), 28 (CO), 32 (O2), and 44 (CO2) were continu-
ously recorded. Calibration of the mass spectrometer was
performed based on self-prepared gas mixtures of known
composition. All gases used were of high purity provided by
L’ Air Liquid Hellas and were further purified employing
water and/or oxygen traps.

3. RESULTS

Catalyst Characterization

The surface elemental composition of the reduced Rh/
CeO2(N) and Rh/CeO2(Cl) catalysts calculated from the
normalized peak areas of the Ce(3d), Rh(3d), O(1s), C(1s),
and Cl(2p) core level spectra is shown in Table 1. Ap-
parently, a significant amount of Cl species (7.1 at%) re-
mains on the surface of the Rh/CeO2(Cl) sample after
reduction at 300◦C, in accordance with previous studies
(3–5). Amounts of surface carbon are also present in both
samples. The surface concentration of carbon is almost dou-
ble over Rh/CeO2(Cl) compared to Rh/CeO2(N), although
the catalysts were subjected to the same pretreatment con-
ditions.

Using the values of surface atomic composition of
Table 1, an estimation of the Ce/O atomic ratio can be ob-
tained, which yields CeO2.26 for Rh/CeO2(N) and CeO1.74

for Rh/CeO2(Cl), for the depth probed by XPS. It is ob-
served that the surface oxygen concentration on the Cl-free
sample is higher than stoichiometric, indicating that reduc-
tion with hydrogen at 300◦C leads to the formation of hy-
droxyl groups on its surface. On the Cl-containing sample,
the Ce/O ratio indicates the existence of significant amounts
of cerium in the Ce3+ state. The amount of surface rhodium
atoms calculated from the XPS signals is 0.7 and 1.0% for
Rh/CeO2(Cl) and Rh/CeO2(N), respectively.

The Ce(3d), O(1s) and Rh(3d) photoelectron spectra ob-
tained from the catalysts examined are shown in Fig. 1.
The Ce(3d) spectrum of ceria (Fig. 1A) can be resolved
into eight components (3, 37–39). Peaks denoted as “v”
represent the Ce 3d5/2 contribution and peaks denoted as
“u” represent the Ce 3d3/2 contribution. Interpretation of
the origin of these satellites is controversial and has been
widely studied in the literature (37–39). As observed in

TABLE 1

Surface Elemental Composition of Rh/CeO2 Catalysts Reduced
with Hydrogen at 300◦C

Surface composition (at%)

Catalyst Ce O Rh C Cl

Rh/CeO2(N) 28.6 64.5 1.0 5.9 —
Rh/CeO2(Cl) 29.8 51.8 0.7 10.6 7.1
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FIG. 1. Photoemission spectra of the Ce 3d (A), O 1s (B), and Rh 3d (C) region obtained from the Rh/CeO2(N) and Rh/CeO2(Cl) catalysts
following reduction with hydrogen at 300◦C.

Fig. 1A, the relative intensity of the Ce(3d) peaks of Cl-
containing and Cl-free samples differ markedly. The v′

and u′ bands clearly observed over Rh/CeO2(Cl) are not
pronounced over Rh/CeO2(N). These bands are thought
to be due to the photoemission of the Ce3+ cation, i.e.,
the 3d 94f 1 photoemission final state (39). On the con-
trary, the relative intensity of the v′′(u′′) and v′′′(u′′′) bands
is higher for Rh/CeO2(N). These bands are usually as-
signed to the final state 3d 94f 0 and are not observed for
purely trivalent ionic or metallic cerium compounds (39).
It can, therefore, be concluded that a significant amount of
cerium in Rh/CeO2(Cl) catalyst is in the Ce3+ state, while
in Rh/CeO2(N) the Ce4+ species is dominant.

It has been proposed that the relative amount of Ce4+

in ceria samples can be calculated from the percent area of
u′′′ peak in the total Ce(3d) region (Ce 3d5/2 and Ce 3d3/2),
assuming no preferential enrichment of Ce4+ over Ce3+ or
vice versa (38). This is due to the lack of the 4f 0 configu-
ration in the formal Ce3+ state. The calculated percent area
of the u′′′ peak so defined is shown in Table 2 for the cata-
lysts examined. For comparison purposes, reference val-

TABLE 2

Percent Area of u′′′ Peak in the Total Ce 3d Region
(Ce 3d5/2 and Ce 3d3/2)

Ce3+ concentration
Sample u′′′ in Ce 3d (%) Ref. (at%)

Ce(OH)4 12.4 38 100
7% CeAlO3/Al2O3 0 38 0
Rh/CeO2(N) 11.9 This work 4
Rh/CeO2(Cl) 8.8 This work 29

ues for compounds containing cerium in only the Ce4+

or Ce3+ oxidation state are also given. The u′′′ peak for
Ce(OH)4 amounts to 12.4% in the Ce(3d) region while
for CeAlO3/Al2O3, where cerium is in the Ce3+ state, the
u′′′ peak is absent (38). In our experiments, the u′′′ peak
of Rh/CeO2(N) amounts to 11.9% while for Rh/CeO2(Cl)
it amounts to only 8.8% in the total Ce(3d) region
(Table 2). Assuming a linear dependence between percent
u′′′ and Ce4+ composition it can be estimated, using the
values of Table 2, that approximately 4% of the cerium
atoms are in the Ce3+ state for Rh/CeO2(N) and 29% for
Rh/CeO2(Cl), to the depth probed by XPS. The significantly
higher concentration of cerium in the Ce3+ state observed
for Rh/CeO2(Cl) is most probably due to the formation
of cerium oxychloride. It has been verified (3, 4) that in
Cl-containing ceria catalysts the reduced support is trans-
formed into Ce(III)OCl. Kepinsky et al. (4) found that in
Cl-containing Pd/CeO2 catalysts, CeOCl is formed in signi-
ficant quantities even at reduction temperatures of 300◦C
and that the process is enhanced with increasing tempera-
ture of reduction (4). Similar are the results reported by Le
Normand et al. (3).

The photoemission spectra obtained from the Rh/
CeO2(N) and Rh/CeO2(Cl) catalysts in the O(1s) region are
shown in Fig. 1B. For the Cl-free sample, a broad band is
observed at 528.9 eV accompanied by a high binding energy
shoulder at 533.1 eV. The observed halfwidth of the main
O(1s) peak (3.0 eV) gives evidence for the coexistence of
different types of oxides, i.e., CeO2 and Ce2O3. Although
XPS results indicate the existence of 4% of cerium in the
Ce3+ state (Table 2), it is probable that this value is much
higher in the upper surface layer. The high-energy shoulder
at 533.1 eV indicates the presence of significant amounts
of hydroxyl groups terminating the ceria. The presence
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of these surface hydroxyl groups explains the high
stoichiometry of CeOx, with x= 2.26, observed for
Rh/CeO2(N) (Table 1). For Cl-containing Rh/CeO2, the
O(1s) is sharper and the observed halfwidth (1.5 eV) and
position (529.3 eV) indicate the dominance of one type of
oxide, i.e., Ce2O3. The small high-energy shoulder observed
is probably due to residual surface peroxide groups (40). It
is interesting to notice that no peak due to adsorbed hy-
droxyl groups is present in the O(1s) spectral region of
Rh/CeO2(Cl).

Rhodium 3d photoemission peaks obtained from the
Cl-free and Cl-containing Rh/CeO2 catalysts are shown
in Fig. 1C. For Rh/CeO2(N), four peaks can be distin-
guished, located at 306.8, 308.0, 311.6, and 312.8 eV. For
pure rhodium metal foil, the Rh(3d5/2) and Rh(3d3/2) peaks
occur at 307.0 and 311.8 eV, respectively, with FWHM of
1.6 eV (35). The doublet at 306.8 and 311.6 eV occurs at
comparable binding energies and may, therefore, be at-
tributed to Rh0. The doublet observed at higher binding
energies (Fig. 1C) may be attributed to rhodium particles in
the Rh+ oxidation state (42). The possibility for Rh+ forma-
tion due to surface oxidation caused by the UHV treatment
in the XPS chamber can be excluded here since in another
set of experiments (not shown), where the Rh/CeO2(N)
catalyst was treated with hydrogen at 500◦C, no peaks due
to Rh+ were observed. The presence of Rh+ may be due
either to the incomplete reduction of rhodium at this tem-
perature or to the oxidation of Rh0 by surface hydroxyl
groups. The latter explanation is supported by the presence
of the characteristic peak of hydroxyl groups in the O(1s)
region observed for Rh/CeO2(N) (Fig. 1B). It is evident that
rhodium is not completely reduced by hydrogen at 300◦C.
Similar results have been reported by Baltanas et al. (41),
who observed that Rh supported on MgO does not un-
dergo complete reduction unless treated with hydrogen at
temperatures higher than 400◦C. Kawai et al. (42) also re-
ported single Rh(3d5/2) peaks in their XPS spectra obtained
from Rh/ZnO and Rh/MgO catalysts following reduction
at 200◦C, but the spectra also showed large FWHM values
(>3.5 eV), which were attributed to a convoluted mixture
of two oxidation states.

For Rh/CeO2(Cl) catalyst (Fig. 1C), two broad photo-
emission peaks due to Rh(3d5/2) and Rh(3d3/2) excitation
are observed, located at 307.3 and 312.2 eV, respectively.
These doublets can again be attributed to Rh0 and Rh+ sites,
as in the case of Rh/CeO2(N). Two more peaks may also
be distinguished in the spectrum of Rh/CeO2(Cl) located
at 310.7 and 315.3 eV (Fig. 1C). The binding energy of this
doublet is proper for Rh3+ species (42), indicating that Rh3+

sites are also present on this catalytic surface.
Concluding, the Rh(3d) spectra of Fig. 1C clearly show

that rhodium does not undergo complete reduction af-
ter treatment with hydrogen at 300◦C. Apart from Rh0,
Rh/CeO2(N) still contains rhodium in the Rh+ electronic

state while Rh0, Rh+, and Rh3+ species coexist on Rh/
CeO2(Cl).

TPD-MS Experiments

TPD-MS experiments were conducted employing the Cl-
free and Cl-containing 0.5% Rh/CeO2 catalysts as well as
their unmetallized supports, using the apparatus and fol-
lowing the procedure described in a previous section. TPD-
MS spectra were obtained following hydrogen or carbon
monoxide adsorption in the temperature range of 25 to
300◦C.

Hydrogen Adsorption

(i) Unmetallized CeO2(N) and CeO2(Cl). The TPD-MS
spectra obtained after treatment of unmetallized CeO2(N)
and CeO2(Cl) samples with hydrogen at 300◦C for 30 min
are shown in Fig. 2. It is observed that hydrogen treatment
of CeO2(N) at 300◦C results in the appearance of H2 and
H2O TPD curves which start evolving simultaneously at
temperatures above 300◦C. The hydrogen peak is centered
at about 400◦C. The fact that this peak is symmetric indi-
cates that adsorption is linked to dissociative adsorption.
The H2O curve exhibits a broad band with a maximum
located at 450◦C and still desorbs at temperatures above
600◦C, where the experiment is completed (Fig. 2).

On the contrary, no hydrogen is observed to desorb from
similarly treated CeO2(Cl) samples. The only observed
TPD peak (Fig. 2) is due to water desorption which starts
evolving at about 400◦C, in a lower amount compared to
CeO2(N), indicating that reversible adsorption of hydro-
gen at 300◦C is hindered over the Cl-containing sample,
while irreversible adsorption is diminished.

It should be mentioned that no TPD peaks were ob-
served after treating CeO2(N) and CeO2(Cl) samples with

FIG. 2. TPD-MS spectra obtained following treatment of CeO2(Cl)
and CeO2(N) samples with hydrogen at 300◦C for 30 min.
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FIG. 3. TPD-MS spectra obtained following hydrogen adsorption on
the 0.5% Rh/CeO2(N) catalyst for 30 min at temperatures of 25 (a), 100 (b),
200 (c), and 300◦C (d). Solid lines, H2; dotted lines, H2O.

hydrogen at temperatures below 200◦C, indicating that hy-
drogen interaction with ceria is an activated process. This is
in accordance with the findings of Bernal et al. (6, 9), who
observed that hydrogen chemisorption over bare CeO2 is an
activated process occurring at temperatures above 200◦C.

(ii) Cl-free Rh/CeO2. TPD spectra obtained following
hydrogen adsorption on Cl-free 0.5% Rh/CeO2 catalysts
at temperatures of 25, 100, 200, and 300◦C are shown in
Fig. 3. Three TPD peaks due to H2 desorption are observed,
while smaller amounts of water are also produced. When
hydrogen adsorption occurs at room temperature, two TPD
peaks are observed below 250◦C, located at 110 and 170◦C,
while a high-temperature broad band evolves between 300
and 550◦C. The high-temperature H2 peak evolves at the
same desorption temperature as in the case of the bare
CeO2(N) sample (Fig. 2), indicating that this peak possibly
originates from hydrogen adsorbed on the ceria carrier. The
low-temperature TPD peaks desorbing in the temperature
region below 250◦C may then be attributed to hydrogen
adsorbed on sites linked to the presence of Rh particles.

The peak located at 170◦C increases significantly in
intensity upon increasing adsorption temperature. The
maximum of this peak shifts from 170◦C for Tad= 25◦C
(Fig. 3a) to 200◦C for Tad= 300◦C (Fig. 3d). This shift is
accompanied by a considerable increase in the population
of this species, which is the dominant one at adsorption
temperatures above 200◦C, indicating an activated adsorp-
tion process. The hydrogen peak located at 110◦C is not
significantly affected by adsorption temperature either in
intensity or in location. (Fig. 3). The apparent increase in
intensity is due to overlapping with the activated adsorption
peak. The high-temperature peak desorbing above 300◦C
monotonically increases in intensity upon increasing ad-

TABLE 3

Amount of Hydrogen Desorbed from the 0.5% Rh/CeO2 Cata-
lysts Following Hydrogen Adsorption in the Temperature Range
25–300◦C

Amount of desorbed H2(µmol/g cat)
Adsorption

temperature (◦C) Rh/CeO2(N) Rh/CeO2(Cl)

25 8.4 4.5
100 13.8 7.2
200 24.0 13.8
300 26.8 15.7

sorption temperature and shifts to lower temperatures. The
total amount of hydrogen desorbed from Rh/CeO2(N) as a
function of adsorption temperature is shown in Table 3.

Amounts of H2O are also observed to desorb in addi-
tion to hydrogen from Cl-free Rh/CeO2 (Fig. 3). Although
no water desorbs following hydrogen adsorption at room
temperature (Fig. 3a), increasing adsorption temperature to
100, 200, and 300◦C results in the appearance of H2O-TPD
curves which start evolving at 400, 300, and 250◦C, respec-
tively, in increasing amounts (Figs. 3b–3d). Since no water
was observed to desorb from the unmetallized CeO2(N)
carrier at adsorption temperatures lower than 200◦C, these
observations indicate that the Rh particles favor the forma-
tion of significant amounts of hydroxyl groups on the ceria
surface upon treatment with hydrogen, even at tempera-
tures of 100◦C, which desorb as water in subsequent TPD
experiments.

(iii) Cl-containing Rh/CeO2. The corresponding TPD
spectra obtained from the Cl-containing 0.5% Rh/CeO2

catalysts are shown in Fig. 4. Again, three hydrogen peaks

FIG. 4. TPD-MS spectra obtained following hydrogen adsorption on
the 0.5% Rh/CeO2(Cl) catalyst for 30 min at temperatures of 25 (a),
100 (b), 200 (c), and 300◦C (d). Solid lines, H2; dotted lines, H2O.
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are observed, but the TPD spectra differ significantly from
those obtained from the Cl-free Rh/CeO2 sample. The total
amount of the desorbed hydrogen increases with increasing
adsorption temperature but is significantly lower (Table 3)
than the corresponding quantity observed over the Cl-free
catalysts for all adsorption temperatures examined (com-
pare Figs. 3 and 4).

The low-temperature peak located at 100◦C is not sig-
nificantly affected by the presence of chlorine, although
it is smaller than the corresponding one over the Cl-free
sample. The main difference is the drastic decrease in the
amount of the activated peak which was observed to des-
orb between 170 and 200◦C from Rh/CeO2(N). Its relative
intensity compared to that of the low-temperature peak is
smaller than the corresponding one of the Cl-free sample; it
is broader and its maximum is shifted toward higher desorp-
tion temperature, i.e., above 200◦C. The high-temperature
peak is also affected by the presence of chlorine; it is also
decreased in intensity and cannot be discriminated from the
peak originating from the activated hydrogen species.

In contrast to the Cl-free sample, no water is observed
to desorb from this sample at the adsorption temperatures
examined, indicating that either hydroxyl groups are not
formed or they are strongly held on the surface and do
not combine with adsorbed hydrogen atoms to yield water
under the experimental conditions used. Results from the
XPS experiments indicate that the former explanation is
the most probable: no hydroxyl groups are observed on
Rh/CeO2(Cl) in contrast to Rh/CeO2(N) where a significant
amount of hydroxyl groups are present after reduction at
300◦C.

CO Adsorption

(i) Unmetallized CeO2(N) and CeO2(Cl). TPD spectra
obtained following CO chemisorption on CeO2(N), in the
temperature range of 25 to 300◦C, are shown in Fig. 5. After
adsorption at 25◦C, no CO is observed to desorb from ceria.
Only a broad CO2 band, which starts evolving at 350◦C, is
present in the TPD spectrum (Fig. 5a). Increasing adsorp-
tion temperature to 100◦C results in the appearance of a
small CO peak located at 300◦C and in an increase of the
amount of CO2 which starts desorbing at ca. 300◦C (Fig. 5b).
The CO peak becomes clearly pronounced upon increas-
ing adsorption temperature to 200 and 300◦C (Figs. 5c and
5d). In addition, increasing CO adsorption temperature
above 200◦C results in the appearance of a second CO2

band at about 250◦C. The amounts of desorbed CO and
CO2 as a function of adsorption temperature are listed in
Table 4.

On the contrary, similarly treated CeO2(Cl) catalyst did
not exhibit the same behavior in the TPD experiments: Nei-
ther CO nor CO2 was observed to desorb at the adsorp-
tion temperatures examined, indicating that the presence
of chlorine on the ceria support significantly influences its

FIG. 5. TPD-MS spectra obtained following treatment of CeO2(N)
with CO at temperatures of 25 (a), 100 (b), 200 (c), and 300◦C (d). Solid
lines, CO; dotted lines, CO2.

chemisorptive properties by hindering CO interaction with
ceria.

(ii) Cl-free Rh/CeO2. TPD-MS spectra obtained follow-
ing CO chemisorption on Cl-free Rh/CeO2 catalysts in the
temperature range of 25 to 300◦C are shown in Fig. 6. It is
observed that CO and CO2 desorb from the catalyst surface
in quantities and temperatures which strongly depend on
adsorption temperature.

When CO adsorption occurs at 25◦C, a single CO peak
is observed at around 100◦C (Fig. 6a). CO2 exhibits an in-
tense peak at the same temperature followed by a broad
CO2 spectral feature which extends to 550◦C. Increasing
adsorption temperature to 100◦C results in the appearance
of a second CO peak, which appears as a high temperature
shoulder, desorbing at around 150◦C. This peak increases in
intensity and shifts to higher desorption temperatures (200–
250◦C) upon increasing adsorption temperature to 200 and
300◦C (Figs. 6c and 6d). In parallel, the intense peak of

TABLE 4

Amounts of CO and CO2 Desorbed from the Cl-Free and Cl-
Containing CeO2 and Rh/CeO2 Samples Following Carbon Mono-
xide Adsorption in the Temperature Range 25–300◦C

Amount of desorbed species (µmol/g cat)

CeO2(N) CeO2(Cl) Rh/CeO2(N) Rh/CeO2(Cl)

Tads (◦C) CO CO2 CO CO2 CO CO2 CO CO2

25 — 1.70 — — 0.38 6.70 0.89 1.88
100 0.22 1.21 — — 0.67 7.59 1.29 2.23
200 1.43 2.5 — — 0.98 6.34 1.22 2.99
300 1.65 2.54 — — 1.03 8.30 1.65 3.05
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FIG. 6. TPD-MS spectra obtained following treatment of Rh/
CeO2(N) with CO at temperatures of 25 (a), 100 (b), 200 (c), and 300◦C (d).
Solid lines, CO; dotted lines, CO2.

CO2 located at 100◦C for Tad= 25◦C (Fig. 6a) is progres-
sively lowered in intensity with increasing adsorption tem-
perature, while the onset of the CO2 desorbtion band shifts
to higher temperatures (Figs. 6b–6d). The amounts of the
desorbed species of Fig. 6 are listed in Table 4.

(iii) Cl-containing Rh/CeO2. TPD spectra obtained
after CO chemisorption on the Cl-containing 0.5% Rh/
CeO2 catalyst are shown in Fig. 7. These spectra differ
markedly from the corresponding ones obtained from the
Cl-free catalyst (Fig. 6). CO adsorption at room tempera-
ture leads to the appearance of three CO peaks located at
about 100, 200, and 300◦C, of which only the first appears in
the corresponding spectrum of Rh/CeO2(N) (Fig. 6a). The

FIG. 7. TPD-MS spectra obtained following treatment of Rh/
CeO2(Cl) with CO at temperatures of 25 (a), 100 (b), 200 (c), and 300◦C (d).
Solid lines, CO, dotted lines, CO2.

peak at ∼200◦C can be correlated to the activated species
observed to desorb at 150–250◦C from Rh/CeO2(N), which
was only present at adsorption temperatures above 100◦C.
The high-temperature CO peak at 300◦C (Fig. 7a) was not
observed over the Cl-free sample in the adsorption tempe-
rature range examined, indicating that its origin is related
to the presence of chlorine on the surface of the catalyst.
Concerning CO2, it exhibits a very small peak at 100◦C and
an intense peak located at 300◦C, accompanied by a high-
temperature shoulder extending up to 500◦C (Fig. 7a). The
absence of the CO2 peak at 100◦C is the striking differ-
ence between Cl-containing (Fig. 7a) and Cl-free (Fig. 6a)
Rh/CeO2 samples.

Increasing adsorption temperature results in an increase
of the amount of desorbed CO and in the pronounced ap-
pearance of the activated CO peak in the desorption tem-
perature region of 200–250◦C (Fig. 7), which is also the case
for the Cl-free catalyst. Increasing adsorption temperature
alters CO2 curves quantitatively but not qualitatively: The
amount of desorbing CO2 increases upon increasing ad-
sorption temperature, while, in contrast to the Cl-free sam-
ple, only minor amounts of CO2 are produced at tempera-
tures below 250◦C. The amounts of desorbed CO and CO2

as a function of adsorption temperature are listed in Table 4.

4. DISCUSSION

Hydrogen Adsorption on CeO2 and Rh/CeO2

The appearance of both H2 and H2O desorbing from
CeO2(N) (Fig. 2) indicates that interaction of this sample
with hydrogen at 300◦C leads to both irreversible reduc-
tion of ceria, i.e., water formation, and reversible reduc-
tion, i.e., chemisorption of hydrogen, which can further be
desorbed upon heating as H2. According to TPR experi-
ments reported in the literature (1), reduction of unmetal-
lized CeO2 surfaces begins at about 300◦C, the reduction
temperature employed in the present study, leading to a su-
perficial reduction Ce4+→Ce3+, whereas the mass reduc-
tion sets at much higher temperatures, ca. 800◦C (1). The
TPD curves observed in Fig. 2 indicate that hydrogen treat-
ment at 300◦C leads to partial reduction of the cerium ox-
ide surface: Hydrogen dissociatively adsorbs on CeO2(N),
forming hydroxyl groups. During the TPD experiments, hy-
drogen atoms either recombine to form H2 or desorb as
water after recombination with surface hydroxyl groups.
Over CeO2(Cl) these steps occur to a lesser extent; higher
reduction temperatures are probably needed to obtain the
same results. The presence of chlorine on the surface seems
to hinder hydrogen adsorption and formation of hydroxyl
groups. The formation of hydroxyl groups upon treating ce-
ria with hydrogen has been verified with FTIR experiments
(9, 43), where it was found that their amount increases with
increasing reduction temperature up to 400◦C. Above this
temperature, the corresponding ν(OH) band decreases in
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intensity due to the thermally induced desorption of water.
Apart from hydroxyl species, another form of hydrogen
storage on ceria has been proposed by Fierro et al. (44, 45)
and involves the formation of ceria “bronzes.”

The presence of Rh dispersed on CeO2 activates hydro-
gen and leads to the appearance of additional hydrogen
adsorption species (Figs. 3 and 4). In the case of Cl-free
Rh/CeO2 (Fig. 3) three TPD peaks, located at ca. 110, 170,
and 400◦C, are observed following hydrogen adsorption at
room temperature. The broad peak at 400◦C evolves at the
same temperature region as the species observed over bare
CeO2(N) (Fig. 2) and therefore can be attributed to hydro-
gen originating from the support. It is well known ((1) and
references therein) that the presence of metal particles dis-
persed on ceria strongly favors hydrogen spillover on the
support and that this spillover process leads to complete
surface reduction of the oxide (6). The present XPS exper-
iments (Fig. 1A, Table 2) show that an amount of cerium
(4%) is reduced to Ce3+ upon interaction of Rh/CeO2(N)
with hydrogen at 300◦C, which most probably is due to re-
duction of the upper surface cerium atoms. The rather low
degree of reduction is due to the low surface area of ceria
(3.6 m2/g). The shift of the high-temperature TPD peaks, at-
tributed to hydrogen adsorption on ceria, to lower tempera-
tures upon increasing adsorption temperature (Fig. 3) could
be due to back-spillover of hydrogen which has been found
to occur at low temperatures, thus preventing a net sepa-
ration between the desorption processes from the metal
crystallites and those recorded at high temperatures, at-
tributed to hydrogen interaction with the support.

Considering the nature of the two H2 peaks with their
maxima located at ca. 110 and 170–210◦C, the former could
be attributed to hydrogen adsorbed on bulk Rh (13), and
the latter to hydrogen adsorbed on sites located at the
metal–support interface (14). Ioannides and Verykios (14)
examined the influence of the carrier (SiO2, Al2O3, and
TiO2) on the interaction of supported Rh with H2 and CO.
TPD spectra of hydrogen revealed two modes of adsorp-
tion on Rh/Al2O3 and Rh/TiO2, one of which was activated.
Their TPD spectra consisted of two peaks at 70–100◦C and
160–200◦C, in accordance with the results of the present
study. The activated mode was not observed over Rh/SiO2.
The activated, strongly adsorbed hydrogen species was at-
tributed to hydrogen adsorbed on Rh located at the metal–
support interface or to the creation of new adsorption sites
on the surface of small Rh crystallites which is expected
to have more defects than the Rh(111) surface (14). Apple
et al. (15) also observed H2 desorption peaks at 80 and 240◦C
after hydrogen chemisorption at 300◦C, accompanied by a
third peak at 540◦C attributed to hydrogen spillover.

Production of water observed to occur during TPD exper-
iments conducted following hydrogen adsorption at tem-
peratures above 100◦C (Fig. 3) indicates that the presence of
Rh favors irreversible reduction of CeO2(N) at lower tem-

peratures. It should be recalled that water was not produced
over bare CeO2(N) at temperatures below 300◦C (Fig. 2).
These observations indicate that oxygen from CeO2(N) is
removed more easily in the presence of rhodium, possibly
due to oxygen migration from the support to the metal par-
ticles. This is in accordance with the work of Zafiris and
Gorte (32), who found evidence that oxygen from ceria can
migrate onto Rh and react with adsorbates on the Rh, start-
ing at approximately 130◦C.

The presence of chlorine on the catalyst surface strongly
influences the properties of Rh/CeO2(Cl) toward hydrogen
adsorption (Fig. 4). The most important difference between
the Cl-free (Fig. 3) and the Cl-containing (Fig. 4) catalysts
is the drastic decrease in the population of the activated
species which, depending on adsorption temperature, des-
orbs between 150 and 250◦C. This species is attributed to
hydrogen adsorbed on sites located at the metal–support
interface. This can be explained by taking into account
that chlorination of the carrier withdraws electrons from
the Rh particles and therefore lowers the capacity of the
metal to adsorb hydrogen. This phenomenon is expected
to be more important in the vicinity of the metal–support
interface, where the activated hydrogen adsorption process
occurs (compare Figs. 3 and 4). Furthermore, XPS experi-
ments showed that a significant amount of Rh3+ species is
present on Rh/CeO2(Cl) (Fig. 1C). These species are prob-
ably located in the metal–support interface, associated with
chloride ions of the support, thus hindering adsorption of
the activated hydrogen species on these sites.

Differences of metal dispersion of Rh on the Cl-free and
the Cl-containing Rh/CeO2 catalysts may also be respon-
sible for the observed differences in the TPD spectra of
Figs. 3 and 4. The XPS results presented in Table 1 indicate
that the Rh dispersion of the Cl-containing catalyst is rather
poor, since the Cl : Rh atomic ratio is 7.1 : 0.7, much larger
than that expected for highly dispersed rhodium which, as-
suming that all chlorine is trapped by the support, should
give a ratio of 3 : 1.

The high-temperature peak attributed to hydrogen ad-
sorption on the support is also affected by the presence of
chlorine; it decreases in intensity and cannot be discrimi-
nated from the peak originating from the activated hydro-
gen species due to overlapping with the activated species
mentioned above. It is known that chlorine hinders hy-
drogen adsorption on the support via spillover processes
(8, 34). It has been shown that the use of rhodium chloride
as the metal precursor blocks the spillover process. Bernal
et al. (8) concluded that the use of RhCl3 as the metal pre-
cursor disturbs the mechanism of hydrogen transfer from
the metal to the support and the chemisorptive properties
of the support itself to a much larger extent than the chemi-
cal properties of the metal. Fajardie et al. (34) attributed the
absence of hydrogen spillover during chemisorption mea-
surements over Cl-containing catalyst to the substitution
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of the ceria lattice oxygen ions by Cl− due to the use of
RhCl3 · 3H2O as metal precursor. A relative inhibition of
hydrogen spillover was also observed by the same authors
when the temperature of reduction was increased from 300
to 500◦C. This phenomenon was attributed to the decrease
in the number of hydroxyl groups which are believed to play
an important role in the spillover mechanism. Indeed, our
experiments of hydrogen adsorption on unmetallized CeO2

(Fig. 2) show that water desorption from the Cl-containing
sample is much lower in quantity compared to Cl-free CeO2.
Similar are the results from the Rh/CeO2 catalysts, where
it is observed that water is produced only over the Cl-
free sample (Fig. 3) and not over the Cl-containing sample
(Fig. 4), indicating the absence of hydroxyl groups formed
on the surface of the latter, which is suggested by the present
XPS experiments (Fig. 1B).

Comparison of the TPD spectra obtained from bare
(Fig. 2) and metallized (Figs. 3 and 4) CeO2 samples indi-
cates that the presence of Rh modifies the support qualities
by activating hydrogen, which leads to surface reduction of
cerium oxide. Therefore, the treatment of Rh-containing
ceria catalysts with hydrogen leads to more important sur-
face reduction, as compared to the bare ceria surfaces, even
at temperatures lower than 300◦C. Hydrogen activated by
precious metal can easily spillover onto the support at low
adsorption temperatures. This phenomenon has been de-
scribed in several studies on the adsorption of hydrogen
on precious-metal-type solids deposited on cerium oxides
(6, 7, 46) and is also observed in the present study.

In the present experiments, when chlorine exists on un-
metallized ceria, hydrogen adsorption takes place to a much
lesser extent. The same is true for Rh-containing catalysts:
The hydrogen chemisorption capacity of the Cl-containing
catalysts is significantly suppressed and the relative popu-
lation of the adsorbed species is changed. It is also inter-
esting to note that no water is observed in the TPD spectra
of Rh/CeO2(Cl), indicating that irreversible adsorption of
hydrogen on ceria does not take place. It may be assumed
that the presence of chlorine hinders oxygen migration from
the support to Rh and the concomitant creation of oxy-
gen vacancies. This would imply significant alternations in
the catalytic properties of Cl-containing M/CeO2 catalysts,
since the catalytic properties of ceria are often related to its
ability to store and release oxygen, acting as a regulator of
the oxygen partial pressure over the catalyst. Bernal et al.
(47) suggested that the presence of chlorine in the catalyst
strongly modifies redox behavior of ceria. The authors ob-
served that hydrogen treatment of Cl-containing Rh/CeO2

samples at 350◦C leads to an almost irreversible reduction
of ceria (47) but the presence of Ce3+ species does not nec-
essarily imply the existence of oxygen vacancies. Although
a much deeper irreversible reduction occurs, reoxidation of
ceria becomes much slower with concomitant influence in
its catalytic properties.

CO Adsorption on CeO2 and Rh/CeO2

The TPD spectra of Fig. 5 obtained following adsorption
of CO on CeO2(N) in the temperature range of 25 to 300◦C
show that Cl-free ceria interacts with carbon monoxide,
yielding both CO and CO2 in subsequent thermal desorp-
tion experiments. On the contrary, neither CO nor CO2 is
observed on similar experiments conducted over CeO2(Cl),
indicating that the presence of chlorine hinders interaction
of ceria with carbon monoxide.

CO is known to adsorb on coordinatively unsaturated
metal cations (Lewis acid cites) formed by the removal of
certain OH groups. Li et al. (43) reported that surface un-
saturated sites on CeO2 can be generated by dehydroxyla-
tion at high temperatures and that these sites are vital to
the activation of CO to form carbonate and inorganic car-
boxylate species. It should be recalled that, in the present
experiments, an oxidation/reduction cycle preceded CO ad-
sorption followed by heating to 600◦C under He flow. The
latter step of this pretreatment process results in partial de-
hydroxylation of the surface as observed in the H2-TPD
experiments over CeO2(N) (Fig. 2) and in the concomitant
creation of coordinatively unsaturated sites on the ceria
surface. It may then be assumed that it is on these surface
sites that CO adsorbs, giving rise to the spectral features
observed in Fig. 5.

Concerning the nature of the adsorbed species, it is
known that CO adsorption on clean CeO2 surfaces yields
linearly adsorbed CO, carbonates, and carboxylates (48).
Linear CO adsorption is favored over Ce3+ ions gener-
ated after hydrogen reduction probably due to a slight
retrodonation from Ce3+ to CO (48). The CO TPD peaks
observed in Fig. 5 could then be attributed to linear CO
adsorbed on Ce3+. For ceria, carbon monoxide is a better
reducing agent than hydrogen. It is known that in the pres-
ence of CO, reduction of surface oxygen of CeO2 with for-
mation of oxygen vacancies and CO2 readily occurs even at
room temperature, while stoichiometries close to CeO1.94

and CeO1.86 are observed at 300 and 400◦C, respectively
(1). It is therefore expected that treatment of ceria with
CO in the temperature range examined results in signifi-
cant reduction of the ceria surface in a degree depending
on CO adsorption temperature; i.e., higher temperature
will result in greater surface reduction. If so, the amount
of Ce3+ ions increases with increasing CO adsorption tem-
perature and the population of linear-CO species is also
expected to increase, in accordance with the TPD spec-
tra of Fig. 5. During reduction of CeO2 by CO, carbonates
and carboxylates are also formed. These species decom-
pose upon heating during TPD and may be responsible for
the observed CO2 TPD curves (Figs. 5a and 5b). CO2 may
also be produced by disproportionation of CO to C and
CO2, especially at elevated temperatures, a process that
could lead to the production of the additional CO2 curve
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observed after CO adsorption at 200 and 300◦C (Figs. 5c
and 5d).

It is worth noticing that neither CO nor CO2 desorbs
in the TPD experiments following CO interaction with
CeO2(Cl) in the examined adsorption temperature range.
This implies that CO does not interact with chlorinated ce-
ria surfaces or that this interaction produces surface species
that do not desorb upon heating to 600◦C during TPD. The
absence of CO interaction with Cl-containing ceria is prob-
ably the case here. If oxygen vacancies are needed to sta-
bilize CO adsorption, the occupancy of such sites by chlo-
rine could hinder adsorption. It is generally believed that
CO does not adsorb over chlorinated ceria (34). This is
why conventional static equilibrium methods are applica-
ble to Cl-containing ceria samples. It should also be men-
tioned that carboxylate and bidenate entities are preferen-
tially formed on surfaces prereduced with hydrogen (48).
Hydrogen adsorption experiments presented in a previous
section imply that unmetallized Cl-containing ceria sam-
ples do not interact with hydrogen at 300◦C (Fig. 2), the
reduction temperature employed in the present study, pro-
viding an additional reason for the absence of interaction
between CO and Cl-containing samples. Badri et al. (5)
studied CO adsorption on surface chlorinated ceria and
Cl-containing reduced Pd/CeO2 catalysts at room temper-
ature, employing FTIR. The reduced Pd/CeO2 catalyst was
found to be unreactive toward CO. For Cl-free Pd/CeO2

samples, formate species were produced upon adsorbing
CO. Metal sites were found not to be necessary for the pro-
duction of formate species in H2-reduced ceria, but special
sites were needed, like the monodentate surface hydroxyl
species. Chlorination of such sites would prevent formate
formation (5). The absence of hydroxyl groups could be re-
sponsible for the absence of interaction between CeO2(Cl)
and CO.

As in the case of hydrogen TPD experiments, it is ob-
served that the presence of chlorine alters the chemisorp-
tion properties of the CeO2 surface by reducing its
chemisorptive capacity for CO adsorption.

Carbon monoxide adsorption on Rh/CeO2 catalysts re-
sults in the appearance of several CO and CO2 peaks in
the TPD spectra for both Cl-free (Fig. 6) and Cl-containing
(Fig. 7) samples. TPD spectra obtained from CO adsorbed
on Rh dispersed on high-surface-area carriers are signif-
icantly more complex than the corresponding ones over
model catalysts. Both CO and CO2 peaks are observed to
desorb (19, 20), as in the present experiments.

Extensive infrared studies of carbon monoxide adsorp-
tion on supported rhodium established the existence of
at least three CO species in the adsorbed mode: linear-
and bridge-bonded CO on Rh0 sites and dicarbonyl species
on dispersed Rh+ sites (21–23). CO chemisorption on Rh
sites is a fairly fast process and the appearance of gem-
dicarbonyl bands usually takes place after those of linear-

and bridge-bonded CO on Rh0 sites (26, 27, 49, 50). Upon
thermal desorption, initially formed dicarbonyls are trans-
formed to linear- and bridge-bonded CO on Rh0 and the
CO desorption sequence occurs in the following order:
Rh(CO)2>Rh2(CO)>Rh(CO) (19).

CO desorbs from Rh deposited on amorphous CeO2,
yielding two CO peaks at 140 and 200◦C due to linear and
bridged CO, while CO2 is also produced following interac-
tion of CO with oxygen originating from the ceria (32). For-
mation of another, strongly bonded CO species obtained
from Rh supported on partially reduced CeO2 surfaces has
also been reported (33) and has been attributed to the des-
orption of CO which is bridge-bonded between Rh and
Ce3+ cations on the ceria support.

The CO peaks observed at 100 and 200–250◦C from
Rh/CeO2 (N) (Fig. 6) could be attributed to the desorption
of initially formed dicarbonyl species and to desorption of
linear and bridged forms of CO. The low-temperature in-
tense CO2 peak observed in the TPD spectra obtained af-
ter CO adsorption on Rh/CeO2(N) at 25◦C (Fig. 6a) can
be attributed to adsorbed CO oxidized to CO2 by oxygen
originating from ceria and/or oxygen produced by CO dis-
sociation; reduction of CeO2 by CO is known to occur at
low temperatures. Zafiris and Gorte found evidence that
oxygen from CeO2 can migrate onto Rh and react with
adsorbates on the Rh beginning at ∼130◦C (32, 51). Simi-
larly, Jin et al. (30) concluded that carbon dioxide formed
in the TPD experiments conducted following CO adsorp-
tion on Pt/CeO2 catalysts is produced from the reaction of
adsorbed CO with a lattice oxygen atom of ceria. The struc-
ture of CeO2 has been found to influence the rate of oxygen
transfer from the support to the Rh particles (33, 50, 52).
The rate of oxygen migration from ceria to supported Rh
seems to depend on the crystallographic orientation of the
oxide support, while oxygen diffusion is significantly higher
in polycrystalline CeO2.

As the intense CO2 peak at 100◦C evolves simultaneously
with the CO species adsorbed on Rh particles (Fig. 6a) it
can be assumed that it originates from the same adsorbed
species, i.e., CO adsorbed on Rh sites. Part of this species
desorbs as CO while most of it interacts with oxygen mi-
grated from the ceria surface to yield CO2. Considering the
origin of oxygen which reacts with adsorbed CO, it most
possibly is “surface capping” oxygen of the ceria support.
As observed in Fig. 6, increasing adsorption temperature
results in the decrease of the low-temperature CO2 peak
and in a shift of the initiation of the CO2 broad band at
temperatures comparable to those at which adsorption of
CO took place. For example, after CO adsorption at 100◦C,
CO2 starts evolving above this temperature (Fig. 6). This
can be explained as follows: At adsorption temperatures
higher than room temperature, a reaction between CO and
CeO2 rather than CO adsorption takes place. A signifi-
cant amount of CO2 is produced during CO adsorption
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and subsequent interaction with surface capping oxygen
of ceria, leading to oxygen depletion of the ceria surface
and to the concomitant absence of the corresponding in-
tense CO2 peak. Further increasing CO adsorption tem-
perature leads to depletion of oxygen anions originating
from the bulk of ceria, since diffusion of oxygen is favored
at elevated temperatures. The existence of small amounts
of CO2 in the temperature region below 200◦C, even after
CO adsorption at 200 or 300◦C (Fig. 6), can be attributed
to replacement of reacted surface oxygen atoms by dif-
fusion from the bulk ceria lattice during cooling to room
temperature.

Concerning the broad CO2 band observed to desorb
in the temperature range of 200 to 600◦C, it can be at-
tributed to species originating from the ceria surface. As
observed in Fig. 5, amounts of CO2 desorb from unmetal-
lized CeO2(N) following CO adsorption at all temperatures
examined, which can be attributed to the formation of car-
bonate species and/or to the disproportionation of CO. The
broad CO2 band of Fig. 6 can also be attributed to the same
species. It is also possible that part of the CO2 produced
in the TPD experiments is due to dissociation of CO on
rhodium. Solymosi and Erdohelyi (19, 20) first established
that dissociation of CO on supported Rh catalysts occurs at
temperatures above 200◦C.

The striking difference between the CO2 curves obtained
from the Cl-free and the Cl-containing 0.5% Rh/CeO2 cata-
lysts is that for the latter no CO2 is desorbed at tempera-
tures lower than 250◦C. It is evident that carbon monox-
ide adsorbed on Rh is not oxidized by the ceria support to
yield CO2 as in the case of Cl-free catalysts and only des-
orbs as CO. No CO2 is produced in this temperature range,
as oxygen transfer from CeO2 to Rh–CO is hindered due
to the presence of chlorine. As discussed above, chlorina-
tion by the impregnation method followed by ORC dur-
ing pretreatment gives rise to some lattice O2− exchange
with Cl− ions forming Ce(III)OCl (3–5). If this is so, the
presence of chlorine on the Rh/CeO2 catalyst is expected
to hinder the further reduction of ceria and formation of
oxygen vacancies and, consequently, its oxygen storage
and release capacity which improves the performance of
three-way catalysts under fuel-lean and fuel-rich conditions,
respectively.

Of particular interest is the appearance of the new,
strongly adsorbed CO species on the Rh/CeO2(Cl) cata-
lyst, populated even at room temperature and desorbing at
ca. 300◦C in the TPD spectra (Fig. 7), which is absent in
the corresponding spectra obtained from the Rh/CeO2(N)
catalyst. The CO2 peak observed to desorb at the same
temperature can also be assumed to originate from this
strongly held CO species which at these high temperatures
(i.e., above 250◦C) reacts with oxygen originating from the
CeO2(Cl) support to yield CO2. It can also be attributed to
dissociation of irreversibly adsorbed CO.

The origin of the high-temperature CO peak, which was
observed only over the Cl-containing catalyst, can be con-
nected to the presence of chlorine on the ceria surface and
possibly to the presence of rhodium in the Rh3+ oxidation
state. It is well known that the electronic state of supported
rhodium catalysts influences catalytic properties, as for ex-
ample selectivity of CO hydrogenation for production of
oxygen-containing products (42). Since an assignment of
the CO peak at 300◦C cannot be made based on only the
TPD-MS experiments of the present study, the adsorption
and desorption characteristics of CO on the Rh/CeO2(Cl)
will be studied further employing FTIR and XPS and will
be presented in a future publication.

5. CONCLUSIONS

(1) Rh/CeO2 catalysts prepared using RhCl3 ·H2O as the
metal precursor retain 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%) exists in
the Ce3+ oxidation state, probably due to the formation of
cerium oxychloride (Ce(III)OCl).

(2) For unmetallized ceria, the presence of chlorine hin-
ders the reversible chemisorption of hydrogen and the for-
mation of hydroxyl groups upon treatment with hydrogen,
and diminishes its chemisorption capacity for CO adsorp-
tion.

(3) Following reduction with hydrogen at 300◦C, Rh0

and Rh+ sites coexist on both Cl-free and Cl-containing
Rh/CeO2 catalysts, while Rh3+ species are also present on
Rh/CeO2(Cl).

(4) Three hydrogen species are observed to desorb from
Rh/CeO2(N), attributed to hydrogen adsorbed on bulk Rh,
to hydrogen adsorbed on Rh atoms located at the metal–
support interface, and to hydrogen adsorption on the ceria
support, following a spillover process. The presence of chlo-
rine hinders hydrogen adsorption and significantly lowers
the population of the species adsorbed at the metal–support
interface.

(5) Carbon monoxide desorbs from Rh/CeO2(N) cata-
lyst, giving two CO peaks at 100 and 150–210◦C, followed
by large amounts of CO2 produced after interaction of ad-
sorbed CO with oxygen originating from the ceria support.
The presence of chlorine leads to a drastic decrease of pro-
duced CO2, indicating that oxygen migration from chlori-
nated ceria surfaces is hindered. An additional, strongly
held CO species, possibly associated to Rh3+ sites, is also
observed, desorbing at 300◦C.

(6) The presence of chloride on the Rh/CeO2 catalysts
induces alterations to the redox behavior of ceria and the
chemisorptive properties of rhodium which are expected
to significantly alter the catalytic properties of Rh/CeO2

toward CO oxidation and CO hydrogenation reactions.
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