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CeO2–ZrO2 solid solutions supported with Rh and Pt are inves-
tigated as catalysts for reduction of NO by CO. The incorporation
of ZrO2 into the CeO2 framework strongly promotes the reduction
of Ce4+ in the bulk of the support. The effects of the reduction tem-
perature are investigated and it is shown that when bulk oxygen
vacancies are formed in the reduced CeO2–ZrO2 solid solution, NO
is efficiently decomposed on the support to give N2O and N2. The
presence of bulk oxygen vacancies is indicated as the driving force
for NO dissociation, suggesting their indirect participation in the
catalytic cycle. c© 1996 Academic Press, Inc.

INTRODUCTION

In recent years much research has been focused on
cerium oxide based transition metal catalysts because of
their applications in different processes, particularly in
the catalytic treatment of automotive exhausts. CeO2 is
indeed extensively added as a promoter to the current
three-way catalyst (TWC). Several functions are attributed
to this promoter (1, 2), namely (i) stabilization of metal
dispersion and its alumina support; (ii) promotion of water
gas shift and steam reforming reactions, and (iii) oxygen
storage and release capacities under respectively fuel-
lean and fuel-rich conditions due to the redox couple
2CeO2⇀↽Ce2O3+ 1/2O2. The last point is of relevant tech-
nological importance since high oxygen storage capacity
(OSC) allows one to enlarge the operating air/fuel window
and thus it increases the overall efficiency of TWCs in the
working conditions.

To increase the catalytic efficiency of TWCs during a
cold start, close-coupled locations of the converter are usu-
ally employed. Therefore, in the driving conditions the op-
erating temperature may easily exceed 1200 K, requiring
high thermal stability of the catalyst. Upon ageing at such
high temperatures, deactivation of the catalyst may oc-
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cur due to sintering of metal particles, formation of irre-
ducible rhodium species, and collapse of the Al2O3 surface
area. In addition, the OSC of the CeO2 strongly decreases
upon thermal ageing, due to the growth of CeO2 crystallites
and/or formation of CeAlO3 (3). Addition of ZrO2 to the
washcoat improves the thermal stability of the catalyst by
hindering the sintering of the CeO2 particles (4). This sug-
gests that a close interaction between CeO2 and ZrO2 may
thermally stabilize the CeO2. Therefore, incorporation of
CeO2 into a solid solution with ZrO2 might provide a suit-
able way to improve the thermal resistance of the material
due to the ceramic nature of these systems. Furthermore,
in the solid solution, the undesirable decline of the OSC
due to fixation of the Ce4+/Ce3+ redox couple in the 3+
state (CeAlO3, Ce2(SO4)3) should be limited. On the basis
of these considerations we decided to study CeO2–ZrO2

mixed oxides as supports for noble metal catalysts. Our
initial investigation evidenced a remarkable promotion of
the reducibility of Rh-loaded CeO2–ZrO2 solid solutions in
comparison to Rh/CeO2. The OSC as measured by oxygen
uptake was strongly enhanced in comparison to Rh/CeO2

catalysts, independently of the surface area, and this was at-
tributed to the participation of lattice oxygen in the redox
processes (5).

This observation prompted us to investigate the behav-
ior of metal-loaded CeO2–ZrO2 solid solutions as cata-
lysts for the reduction of NO by CO to give N2 and CO2.
This reaction is a key step in the catalytic conversion of au-
tomotive exhausts since it is believed that NO is removed
by its reaction with CO over rhodium. Rhodium promotes
the above reaction due to its ability to efficiently dissociate
NO in comparison to other platinum group metals. NO dis-
sociation is believed to be the rate-determining step of the
reaction, at least at low temperatures (6). Here we report
evidence for NO dissociation occurring over reduced ceria-
containing catalysts, suggesting a new role of both the metal
and ceria in the TWCs under transient conditions. A pre-
liminary report of the present results appeared recently (7).
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EXPERIMENTAL

CeO2–ZrO2 solid solutions were prepared by firing mix-
tures of the oxides (CeO2, Medolla, ZrO2, Harshaw 102)
at 1873 K for 1 h and then cooling to room temperature
(r.t.) at a rate of 10 K min−1. Single point BET areas were
measured by N2 adsorption at 77 K on a Micromeritics sur-
face area analyzer. All the samples showed surface areas
in the range 1–2 m2 g−1. Powder X-ray diffraction patterns
were collected on a Siemens Kristalloflex Mod.F Instru-
ment (Ni-filtered CuKα). Supports were impregnated with
RhCl3 · 3H2O or Na2PtCl6 · nH2O to incipient wetness and
afterwards the catalysts were dried at 393 K overnight. This
procedure was repeated 5–7 times until the nominal metal
loading of 0.5 wt% was attained. The catalysts were then
calcined at 723 K for 4 h.

Catalytic experiments were carried out in differential
conditions using a U-shaped quartz microreactor (NO (2%)
in He, total flow 15 ml min−1 or NO (1%) and CO (3%)
in He, total flow 30 ml min−1, GHSV= 12500–50000 h−1).
Typically 0.04–0.08 g of the catalyst (granules 75–350 µm)
were loaded between two layers of granular quartz which
acted as a preheater. Reaction temperature was monitored
by means of a thermocouple located in the catalyst bed. The
effluents of the reactor (NO, N2, N2O, CO, and CO2) were
analyzed by an on-line Hewlett–Packard 5890 II gaschro-
matograph equipped with a thermal conductivity detector
(TCD). Presence of O2 in the effluents could be detected at
the ppm level. The separation of the gaseous mixture, in-
cluding O2, could be achieved by employing Hayesep A and
Porapak Q columns. Research grade purity gas mixtures
(>99.997%) were employed without further purification.
GLC analysis showed the presence of traces of N2O and N2

in the feed mixture which have been taken into account in
the conversion measurements. Temperature programmed
oxidation (TPO) experiments using NO as oxidant were
carried out in a flow of NO (2% in He, 7 ml min−1) at a heat-
ing rate of 2 K min−1 using the same equipment as employed
for the catalytic measurements. Temperature programmed
reduction (TPR) experiments were carried out as previ-
ously described (5), using a conventional system equipped
with a TCD. A flow of H2 (5%) in Ar (25 ml min−1) and a
heating rate of 10 K min−1 were employed. Magnetic sus-
ceptibility was measured with a Metronique MS02 SQUID
magnetometer at 294 K with a static magnetic field of
12.5 kOe. Weighed samples were treated in situ with H2

or NO in a quartz sample holder and sealed under an inert
atmosphere. The susceptibility was corrected for the dia-
magnetic contribution of the sample holder. Estimation of
the degree of reduction was performed by using the value
χ(Ce2O3 at 294 K)= 1.06× 10−5 emu g−1 (8).

X-ray absorption near edge structure (XANES) mea-
surements were carried out at the EXAFS-I station on the
DCl storage ring (energy 1.85 GeV, current 300 mV) at
LURE (Orsay, France). The spectra were collected in the

transmission mode, in the range of energies 5670–5790 eV
by steps of 0.3 eV. A channel-cut Si 331 monochromator was
employed and ionization chambers were filled with air. Ab-
sence of any contribution to the spectrum of photons due to
the third harmonic was accurately checked. Preedge back-
ground was linearly fitted in the region 5680–5710 eV, and
its contribution was then subtracted from the experimental
spectrum. All spectra were normalized to 1 at the energy
of 5790 eV. For the measurements at the Ce LIII edge, a
thin film (5–7 mg cm−2) of the catalyst was deposited onto
a graphite holder from an acetone suspension, which was
then inserted in an in situ XANES cell. The in situ XANES
experiments were carried out using the same conditions as
employed for the NO–CO and NO reactions.

RESULTS AND DISCUSSION

TPR Characterization

Ceria-zirconia solid solutions exist in three different
phases, namely monoclinic, tetragonal, and cubic (9). The
metastable tetragonal phase is easily formed by the ceramic
method in a wide compositional interval (10–50 mol% of
CeO2), and it is fairly stable at ordinary temperatures (10).
Above 50 mol% of CeO2, the cubic phase is formed (10c).
At 50% of CeO2, the cubic phase may be prepared and
easily transforms by thermal treatment into the tetragonal
phase (11). We showed that the kinetics of the redox pro-
cesses are favored in the cubic samples, compared to the
tetragonal ones (5). Moreover, upon increasing the ZrO2

content in the cubic phase, the temperature of the peak as-
sociated with support reduction decreases while the reverse
is observed for the tetragonal phase. On the basis of these
observations we have chosen to investigate as a catalyst for
the reduction of NO by CO, the M/Ce0.6Zr0.4O2 (M=Rh,
Pt) samples. This support composition has the highest ZrO2

content compatible with a stable cubic phase.
The role of ZrO2 in promoting the oxygen exchange pro-

perties of the CeO2-containing supports is exemplified by
the TPR profiles reported in Fig. 1. In the profile of both the
Rh- and Pt-loaded Ce0.6Zr0.4O2 (surface area ≈ 1 m2 g−1)
there appears a strong reduction peak at about 700 K (here-
inafter indicated as LT, low temperature peak). Reduction
of Rh2O3 supported on CeO2 usually occurs at about 370 K
(2). Therefore, keeping in consideration the magnitude of
the peak at 700 K, we attribute the LT peak to the reduc-
tion of the solid solution in the bulk. At variance with this,
PtO2 is reduced at 500 K (2) which suggests that in this case
the reduction of the metal oxide and of the support occur
almost concurrently.

By contrast, low surface area (≈1 m2 g−1) Ce0.6Zr0.4O2,
Rh/CeO2, and CeO2 do not show any peak below 950 K
attributable to support reduction (Fig. 1, traces 3–5). The
absence of the LT feature in Ce0.6Zr0.4O2 is attributed to
the very low surface area of the sample which does not
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FIG. 1. Temperature programmed reduction profiles of (1) 0.5%
Rh/Ce0.6Zr0.4O2, (2) 0.5% Pt/Ce0.6Zr0.4O2, (3) Ce0.6Zr0.4O2, (4) 0.5%
Rh/CeO2, (5) CeO2.

allow an efficient H2 activation. In the presence of the sup-
ported metal, which spills hydrogen over to the support, the
efficiency of the reduction process is enhanced. The reduc-
tion kinetics are then limited by the oxygen mobility in the
bulk which is higher in the solid solution than in pure CeO2

(5). The lower oxygen mobility in the bulk can account for
the lack of the LT feature in both the CeO2 and Rh/CeO2

samples (Fig. 1, traces 4–5). In accordance with this inter-
pretation, we found a strong dependence of the kinetics
of both reduction and oxidation processes upon the struc-
tural properties of the Rh/CemZr1−mO2 (m= 0.1–1) solid
solutions (5).

The ability of the M/CeO2–ZrO2 system to undergo re-
duction at relatively low temperatures is important, in view
of the previous observations that reductive pretreatment
strongly enhances the catalytic activity of a TWC in tran-
sient conditions (12). Similarly, enhancement of activity af-
ter a reduction in H2 have been observed in CO oxidation
(13) and CO2 hydrogenation (14). The rate enhancement
in transient conditions was associated with the formation
of oxygen vacancies located at the periphery of the metal

particles (14). We have therefore focused our attention on
the effects of reduction on the catalytic properties of the Pt
and Rh/Ce0.6Zr0.4O2 catalysts. For the sake of comparison
some selected experiments obtained on Rh/CeO2 are also
reported.

NO Reduction by CO and NO Conversion over Reduced
Catalysts: Effects of Reduction Temperature

The activity of the catalysts reduced at 473 and 673 K was
investigated in a flow reactor. Typically, the catalysts were
reduced in H2 at the chosen temperature for 2 h, deareated
in a flow of He and then aged in the reaction mixture for
6–8 h before the steady state activities were measured.
Apparent activation energies were measured over the
aged catalysts in the course of run-up cycles (heating rate
1 K min−1, from 473 to 600 K). The steady state activities
and the apparent activation energies for the NO and CO
conversions are summarized in Table 1.

There is an interesting difference in the apparent activa-
tion energies observed over the Rh/Ce0.6Zr0.4O2 catalyst re-
duced at 673 K and the other systems investigated: Rh/CeO2

reduced at 473 and 673 K, Rh/Ce0.6Zr0.4O2 reduced at 473 K.
Two apparent activation energies respectively above and
below approximately 500 K were obtained in the first case,
while in all the other cases, the whole range of tempe-
ratures investigated is characterized by a single activation
energy. The change of the activation energies upon reduc-
tion at 473 and 673 K is illustrated in Fig. 2. It is worth
noting the quite low apparent activation energy for NO
conversion below 500 K observed after a reduction at 673 K
on the Rh/Ce0.6Zr0.4O2 catalyst (Table 1, run 2). When the
catalyst, following the thermal cycle above described, is re-
cycled with no intermediate reduction, an increase of the
activation energy for NO conversion is observed (Table 1,
run 3). By contrast, when the catalyst is recycled with an in-
termediate reduction at 673 K, the low apparent activation
energy initially observed is restored. Additionally, consec-
utive reductions decrease the activity of the catalyst (com-
pare runs 1 and 4, Table 1). Metallic Rh atoms can be buried
in the anionic array of the fluorite crystals (15), which may
account for the decrease of activity.

The change of activation energy for NO conversion can-
not be attributed to a change of selectivity from N2O to
N2 on increasing the temperature since we did not observe
strong variations of selectivity in N2O in the various experi-
ments. Moreover, also the activation energy for CO conver-
sion is affected by the reduction at 673 K (Fig. 2.2).

The presence of two distinct activation energies for the
NO–CO reaction was previously observed over Rh/Al2O3

catalysts and it was attributed to a shift of the rate limiting
step (16, 17). Recent evidence (18), however, suggests that it
can be associated with a variation of rhodium particle mor-
phology due to CO-induced agglomeration/disruption pro-
cesses involving the supported rhodium particles. Surface
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TABLE 1

NO Reduction by CO over Rhodium Supported on Ce0.6Zr0.4O2 and CeO2: Reaction Rates
and Activation Energies for NO and CO Conversionsa

Activation energy (kJ mol−1)c

Rateb

(473–500 K) (500–553 K) (473–540 K)
CeO2 Reduction (mol NO converted

Run (mol%) temp. (K) g(catalyst)−1s−1× 108) NO CO NO CO NO CO

1 60 473 4.1 125 130
2 673 3.7 65 100 146 147
3d — 0.6 117 92 146 142
4e 673 1.3 75 96 138 142
5 100 473 3.5 125 130
6 673 2.6 125 134

a Reaction conditions as reported in the Experimental section.
b Steady state reaction rates measured over catalysts aged at 473 K.
c Standard deviation ±8 kJ mol−1.
d Catalyst recycled from run 2.
e Catalyst recycled from run 2.

OH groups promote the oxidative disruption process which
results in a decrease of particle size according to the reac-
tion shown in the following (19).

Therefore, a variation of particle size induced by agglo-
meration/disruption processes could be, in principle, re-
sponsible for the change of activation energy. However,
due to the low surface areas of the present catalysts, a
rather limited amount of surface OH should be available
for the oxidative disruption, which is consistent with the
observation of a single activation energy over both the
Rh/CeO2 and the Rh/Ce0.6Zr0.4O2 reduced at 473 K. Conse-
quently, the presence of two distinct activation energies for
the Rh/Ce0.6Zr0.4O2 reduced at 673 K needs an alternative
explanation.

The reduced CeO2 moieties show a powerful oxygen ab-
straction ability as they are easily reoxidized by a variety of
oxygen-containing compounds such as CO2 (14, 20), H2O
(20), and NO (21). Participation of the reduced Ce0.6Zr0.4O2

in the NO conversion was therefore investigated in the ab-
sence of CO. As shown in Fig. 3.1, reduction at 473 K of
Rh/Ce0.6Zr0.4O2 does not promote a significant NO conver-
sion. In contrast, a reduction at 673 K, results in a significant
NO conversion. No oxygen was detected at the outlet of the
reactor, suggesting that the NO conversion to give N2 and
N2O occurs at the expense of a concomitant oxidation of
the prereduced support.

Notably, the maximum rate of the NO conversion in the
NO–CO reaction is 3.8× 10−8 mol NO converted gcat

−1 s−1,
compared to the value of 3× 10−7 mol NO converted

gcat
−1 s−1 observed in the reaction of NO alone. The in-

hibiting effect of CO on the rate of NO conversion suggests
that either CO can compete for the catalytic sites which are
responsible for NO conversion or surface carbonates may
form which hinder the ability of the support to reduce NO.

FIG. 2. Arrhenius plots for NO ( ) and CO (d) conversions measured
over 0.5% Rh/Ce0.6Zr0.4O2, reduced at (1) 473 K and (2) 673 K.
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FIG. 3. Rate of conversion of NO at 473 K over (1) 0.5%
Rh/Ce0.6Zr0.4O2, reduced at 473 K (m), reduced at 673 K ( ), recycled
and reduced at 673 K (d); (2) 0.5% Pt/Ce0.6Zr0.4O2, reduced at 673 K; (3)
Ce0.6Zr0.4O2, reduced at 1073 K.

The primary role of the support in the conversion of NO
is confirmed by the results shown in Figs. 3.2–3.3; both in
the presence of Pt and even in the absence of the sup-
ported metal, NO is efficiently decomposed, provided that
the Ce0.6Zr0.4O2 solid solution has been reduced at a tem-
perature sufficiently high to allow formation of bulk oxygen
vacancies. Assuming a surface area of 1 m2 g−1 and that only
Ce3+ sites are present on the oxide surface, reoxidation of
the surface of the support should require approximately
12 µmol of NO gcat

−1 (22). At an average rate of NO con-
version of 0.25µmol NO converted gcat

−1 s−1, the surface of
the support will be fully reoxidized after about 50 s of reac-
tion. Therefore, the curves reported in Fig. 3 are associated
with the reoxidation of the bulk of the support, since the
first experimental point reported in Fig. 3 was sampled after
5 min of reaction.

Role of the Ce4+/Ce3+ Redox Couple in the Conversion
of NO: in situ XANES and Magnetic
Susceptibility Measurements

Occurrence of a bulk redox process is evidenced by the
XANES measurement (Fig. 4) which is a bulk-sensitive

technique. The calcined Rh/Ce0.5Zr0.5O2 sample (Fig. 4.1)
shows a typical Ce LIII absorption edge of a pure Ce(IV)
compound with three distinct lines denoted A, B2, and C,
respectively. With the resolution employed here, a structure
B1 appears as a shoulder on the intense B2 line. Attribution
of these lines has been discussed in detail elsewhere (23, 24
and References therein). By contrast, the Ce(III) state is
characterized by a white line denoted B0 which is observed,
regardless of the nature of the Ce(III) compound. This line
is shifted to higher energy by 1.85 eV from the B1 line.

We do not find significant differences between the spec-
tra of pure CeO2 and that of calcined Rh/Ce0.5Zr0.5O2 re-
ported in Fig. 4.1. Small amounts of Ce3+ were observed
for both Rh/CeO2 (23) and Pd/CeO2 (24) prepared from
Cl-containing precursors and they were attributed to the
formation of surface cerium oxychloride species which are
thermally stable up to 723 K (25). The absence of Ce3+

can be attributed to the low surface area which prevents
a strong interaction of the metal particles with the ceria–
zirconia surface. Upon reduction of the calcined sample at
673 K (Fig. 4.2), the presence of the Ce3+ state is clearly de-
tected by the appearance of the Ce3+ B0 white line. Upon
treatment of the reduced sample with a flow of NO at 473 K,
the intensity of the B0 line in the spectrum declines and fea-
tures characteristic of the Ce(IV) state are again obtained

FIG. 4. In situ XANES spectra of cubic 0.5% Rh/Ce0.5Zr0.5 O2: (1) as
prepared; (2) reduced at 673 K, and (3) treated in diluted NO at 473 K.
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(Fig. 4.3). This indicates that refilling the bulk oxygen va-
cancies occurs at the expense of a NO reduction process.
Notably, no appreciable variation of the XANES spectrum
measured at the K Zr edge could be detected in the same
experiment which suggests that Zr takes no active role in
the redox process.

Formation of Ce3+ after reduction at 673 K in the
Rh/Ce0.6Zr0.4O2 sample is confirmed by magnetic suscepti-
bility measurements which showed a magnetic moment of
3.5× 10−6 emu g−1 at 294 K. On the assumption that only
Ce3+ is contributing to the magnetic moment, we estimate,
according to Ref. 8, a composition of Rh/Ce0.6Zr0.4O1.85 af-
ter the reduction at 673 K which is in fairly good agreement
with that of Rh/Ce0.6Zr0.4O1.88 obtained from the TPR ex-
periment (compare Table 3). Upon treatment of this cata-
lyst in a flow of diluted NO, we could not detect any measur-
able magnetic susceptibility, confirming the reoxidation of
the support. The close correspondence between the degree
of reduction as estimated from the magnetic susceptibil-
ity and TPR and the results of the XANES measurements
indicates that the redox process occurs at the Ce sites.

Role of the Supported Metal in the Conversion of NO: NO
Conversion and Temperature Programmed Oxidation
Using NO as Oxidant over Reduced M/Ce0.6Zr0.4O2

and Ce0.6Zr0.4O2

The apparent activation energies for the conversion of
NO were measured (Table 2) following the same scheme as
employed in the NO–CO reaction. They fall in the range of
activation energy observed for NO reduction in the NO–
CO reaction over the Rh/Ce0.6Zr0.4O2 reduced at 673 K.
This suggests that, independently of the presence or nature
of the supported metal, a common reaction pathway is re-
sponsible for the reduction of NO in the two reactions. It is
not possible, however, to rule out some participation of the

TABLE 2

Conversion of NO over Supported and Unsupported Ce0.6Zr0.4O2

Catalysts Reduced at Various Temperatures: Activation Energies
and Selectivity in N2O Formationa

Reduction Activation energyb N2O selectivity
Run Metal temp. (K) (kJ mol−1) (%)

1 Rh 473 71
2 Rh 673 67 89
3c Rh 673 84
4 Pt 673 58 92
5d Pt 673 87
6 — 1073 58 97

a Reaction conditions as reported in the Experimental section.
b Standard deviation ±8 kJ mol−1, measured in the interval of temper-

atures 473–500 K.
c Catalyst recycled from run 2.
d Catalyst recycled from run 4.

supported metal in the dissociation of NO in view of the
different time dependence of the reaction rates reported in
Figs. 3.1–3.3. The selectivity in formation of N2O, which is
the major product of the reaction at low temperatures (16),
may give some insight into the role of the metal in the con-
version of NO. Selectivity of 71% in N2O is observed over
the Rh-loaded sample reduced at 473 K (Table 2, run 1)
which should be associated with NO dissociation occurring
mainly on the Rh metal crystallites. At 473 K, reduction of
the support should be limited essentially to the surface (5).

In the catalysts which were prereduced to create the oxy-
gen vacancies in the bulk, the selectivity increases in the
order: Rh<Pt<metal-free (Table 2, runs 2, 4, 6). This is
consistent with the well-known ability of Rh to easily dis-
sociate NO (26); however, the higher N2O selectivity ob-
served over the samples reduced at 673 K compared to that
reduced at 473 K suggests a limited role of the metal in the
NO dissociation process in the former case. High reduction
temperature should favor rhodium particle sintering and it
has been shown for Rh/Al2O3 catalysts (18) that increase
of particle size favors NO dissociation and consequently N2

formation.
A scanty role of the metal in the NO dissociation is fur-

ther substantiated by TPO of the reduced catalysts using
NO as oxidant (Fig. 5): the TPO of all the Rh, Pt, and metal-

FIG. 5. Temperature programmed oxidation by NO: N2 ( ) and N2O
(d) evolution: (1) 0.5% Rh/Ce0.6Zr0.4O2, reduced at 673 K; (2) 0.5%
Pt/Ce0.6Zr0.4O2, reduced at 673 K; (3) Ce0.6Zr0.4O2, reduced at 1073 K.
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TABLE 3

Conversion of NO over Supported and Unsupported Ce0.6Zr0.4O2 Catalysts Reduced
at Various Temperatures

Reduction H2 consumptionb Equivalent O2 O2 uptaked

Run Metal temperaturea (K) (ml g−1) releasec (ml g−1) (ml g−1)

1 Rh 673 17.5 8.8 10.7
2e Rh 673 10.7
3 Pt 673 20.6 10.3 10.9
4 f Pt 673 9.7
5 — 1073 8.2 4.1 17.9

a Reduction time 2 h, starting from r.t., heating rate 10 K min−1.
b ±1–2 ml H2 g−1, measured during reduction in H2 (5%) in Ar.
c Calculated from the H2 consumption.
d Calculated from the NO conversion experiment, ±2 ml O2 g−1; reduction carried out in pure H2.
e Catalyst recycled from run 1.
f Catalyst recycled from run 3.

free catalysts shows a single broad feature for N2O and N2

evolution centered at 470–505 K.
The H2 consumption and the oxygen uptake measured

in the NO conversion experiments are summarized in
Table 3. The Rh- and Pt-loaded samples show a high capa-
city to exchange oxygen. The comparable values of H2 and
O2, as measured from the reduction and NO conversion, are
in agreement with the occurrence of NO conversion at the
expense of support reoxidation. The values measured for
Ce0.6Zr0.4O2 deserve some comments: the high value of O2

uptake and the low value of H2 consumption are attributed
to the different conditions employed in the reduction in the
TPR equipment and in the flow reactor (5% H2 in Ar and
pure H2 were employed, respectively). In the presence of
the supported metal, H2 activation is highly efficient (com-
pare Fig. 1) and therefore comparable values are obtained.
In its absence, H2 activation on the support is difficult and
therefore use of pure H2 significantly increases the degree
of reduction as compared to the TPR experiment. Con-
sequently, the O2 uptake over the unsupported sample is
about twice that of the Rh- and Pt-loaded samples.

Examination of Fig. 5 reveals that there are some shifts
in the peak temperatures, reoxidation of the unsupported
sample being favored, compared to the metal-loaded sam-
ples. Formation of Ce3+ upon reduction expands the lattice
of the CeO2–ZrO2 solid solution (10) giving a more open
structure favoring the oxidation of the reduced sample.

Selectivities in N2O formation of 94, 95 and 94% were
measured in the TPO respectively for the Rh, Pt, and metal-
free catalyst, suggesting a unique driving force for the dis-
sociation of NO. Significantly, a Rh/Al2O3 catalyst did not
show any measurable N2 and N2O formation in the same ex-
periment. This observation strongly suggests that the driv-
ing force for the dissociation of NO is provided by the pres-
ence of bulk oxygen vacancies formed in the reduction of
the support.

An important role of surface oxygen vacancies or sur-
face oxygen nests (17) in determining the catalytic behavior
of M/CeO2 systems has been emphasized several times (2,
13, 14, 27). The oxygen vacancies associated with reduced
ceria in the proximity of noble metal particles have been
suggested as promoting sites for NO and CO conversions
(13, 27), while only recently long-range effects involving
bulk CeO2 lattice oxygen are being recognized to play an
important role in these phenomena. Thus, CO TPD from a
Rh/CeO2 catalyst showed that migration of lattice oxygen
from CeO2 to the metal occurs (28).

The OSC was increased by formation of a La2O3–CeO2

solid solution in Pt, Rh/La2O3–CeO2/Al2O3 catalysts which
was attributed to the formation of lattice oxygen vacancies
due to La3+ incorporation (29).

Serre et al. (30) have recently observed an enhancement
of the rate of CO oxidation over reduced Pt/CeO2 catalysts
which was attributed to the presence of bulk oxygen vacan-
cies. Participation of lattice oxygen has been recognized in
several oxidation reactions while the present results sug-
gest that the bulk oxygen vacancies play an important role
in promoting the rate of the oxygen exchange reactions also
in a reduction process.

The strong similarities in the TPO behavior between
metal-loaded and metal-free samples strongly suggest that
the activation of NO occurs mainly on the oxide surface.
It has been shown that NO chemisorbs strongly on pure
CeO2 (31). At low temperatures we could not detect any
NO dissociation, i.e., N2O and N2 formation, since the sur-
face oxygen vacancies initially present are immediately an-
nihilated. Upon increasing the temperature, the oxygen mi-
gration in the bulk is promoted and a vacancy concentration
gradient is established, providing the driving force for the
dissociation of the adsorbed NO. The participation of the
metal or of the metal-support interface to the NO dissocia-
tion appears limited, while their role in enhancing the CO
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oxidation rates has been established. Recently, Zafiris and
Gorte (32) found evidence for an important role of oxy-
gen migration from CeO2 to Rh in enhancing the activity
of Rh/CeO2 catalyst in CO oxidation. Such an oxygen mi-
gration will provide the way to regenerate the availability
of support oxygen vacancies for NO dissociation forming a
catalytic cycle such as that depicted in the following.

Above 500 K, the oxygen mobility is high enough to al-
low annihilation of all bulk oxygen vacancies, which de-
stroys the vacancy concentration gradient. No dissociation
of NO occurs over the reoxidized support and therefore we
measure an activation energy of 125 kJ mol−1 for NO con-
version, which is associated with a metal-catalyzed cycle.

The effects of recycling on the activity of the Rh/
Ce0.6Zr0.4O2 catalyst is another point worthy of discussion.
The attribution of the inhibition period observed in the de-
composition of NO (Fig. 3.1) to a reoxidation of Rh atoms
buried in the fluorite lattice (23) should be discharged. By
recycling the catalyst with an intermediate reduction, the
inhibition should still be present. On the contrary, when
the reduction/reoxidation cycles are repeated, the catalyst
becomes more prompt to sustain the redox cycle and the
inhibition period is no longer observed. Our previous inves-
tigation (5) has shown that the rate of the bulk reduction
process is related to the structural properties and particu-
larly to the presence of structural defects. Upon reduction
of CeO2, a strong expansion of the lattice is observed due
to the larger Ce3+ (0.11 nm) ionic radius compared to that
of Ce4+ (0.097 nm) and subsequent reoxidation shrinks the
lattice parameter (23). It appears reasonable that upon re-
peating the redox cycles, the stress due to these continuous
changes of the lattice parameter may easily induce forma-
tion of structural defects, promoting oxygen mobility in the
framework. The oxygen mobility is rate-limiting the redox
processes in the bulk, Higher mobility will therefore result
in an increase of the initial rate of the bulk reoxidation. This
is a rather important observation since the OSC of CeO2 is
generally associated with surface redox processes (2, 27, 33).

Favorable effects of reduction of CeO2 on the CO con-
version activity of a Pt–CeO2 containing TWC increased as
the mean particle size of CeO2 decreased from 100 nm to
6.7 nm (13). The reduction of CeO2 is promoted upon de-
creasing the particle size and therefore formation of bulk
oxygen vacancies is favored. We observed in the course of
TPO experiments carried out on samples of Rh/CeO2 of
high surface area that reoxidation of the surface by NO
occurs even at r.t. which suggests that surface oxygen va-
cancies should be immediately annihilated in the reaction
conditions.

Recently, it has been found (34) that the strong enhance-
ment of CO2 hydrogenation observed after a reduction at
773 K of a Rh/CeO2 catalyst (14) is strongly dependent
on the crystallite size of the CeO2. Over Rh/CeO2–SiO2

catalysts, this effect is no longer observed for particle size
below 8 nm, since CeO2 appeared to be spread over the
SiO2 surface and no crystalline CeO2 phase was detected.
All these observations are consistent with the role of bulk
oxygen vacancies in enhancing the activity of CeO2-based
catalysts. Significantly, Padeste and Baiker observed that an
air pulse brings a TWC into an oxidized state which reduces
the NOx and hydrocarbon conversions and only after a re-
duction by a rich exhaust was good efficiency again attained
(35). Therefore, in view of the above discussion, the strong
promotion of the bulk redox processes in the metal-loaded
CeO2–ZrO2 solid solutions compared to Rh/CeO2 makes
these materials of strong interest for automotive applica-
tions, since bulk Ce(IV) sites might become easily available
for redox processes even in transient conditions.

CONCLUSIONS

The results presented here clearly indicate an important
role of bulk oxygen vacancies in promoting NO conver-
sion over metal-loaded CeO2–ZrO2 catalysts. An oxygen
vacancy gradient is indicated as the driving force for NO dis-
sociation, suggesting that it may be responsible for the en-
hanced NO and CO conversions previously observed over
reduced M/CeO2 catalysts (2, 12, 22, 23). XANES mea-
surements show that the Ce4+/Ce3+ redox couple directly
interacts with NO, favoring its reduction over the Ce3+ sites
to give N2 and N2O. ZrO2 does not take an active role in the
NO conversion whereas it is responsible for the enhance-
ment of the oxygen mobility in the bulk (5). This results in
an easy formation of bulk oxygen vacancies. However, the
activation of the reducing agent is difficult on the bare sup-
port and the presence of the metal is necessary to activate
and spill it over to the support.
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