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Redox Behavior of High Surface Area Rh-Loaded Ce0.5Zr0.5O2

Mixed Oxide

Cerium oxide is widely employed as a promoter in the au-
tomotive three-way catalysts (TWCs) due to its high oxygen
storage/release capacity (OSC). The OSC acts as an oxy-
gen pressure regulator in the converter which allows one to
maintain a high efficiency for the TWC (1). This has stimu-
lated a strong interest in the investigation of redox proper-
ties of CeO2-based catalysts (2). Recently, we disclosed that
a Ce0.5Zr0.5O2 mixed oxide with a surface area of 64 m2 g−1

showed an unusual improvement of the redox behavior
upon sintering induced by a repetitive reduction/oxidation
of the solid solution (3, 4). In the present paper the re-
dox behavior of the above Rh-loaded Ce0.5Zr0.5O2 is re-
ported. The influence of the thermal/redox treatment on
the H2 chemisorption is also addressed. Data obtained on a
Rh/CeO2 catalyst are included to elucidate the role of ZrO2.

The Ce0.5Zr0.5O2 solid solution was synthesized by a ho-
mogeneous gel route from Ce(acac)4 and Zr(O-Bu)4 pre-
cursors (Aldrich) according to a previous report (5). Briefly,
the two precursors were refluxed in ethanol for 2 h, and
then after evaporation of the solvent, the resulting gel was
digested at 363 K for 2 days and finally dried at 393 K. The
obtained solid was calcined at 773 K in air for 5 h. CeO2

was kindly provided by Dr. L. Murrel. Metal impregnation
was carried out by the incipient wetness method using a
solution of RhCl3·nH2O to obtain a Rh nominal loading of
0.5 wt.%. The catalysts were dried at 393 K overnight and
calcined at 773 K for 5 h. Henceforth, these samples are
indicated as fresh ones.

Temperature programmed reduction (TPR) and oxygen
uptake measurements were carried out as previously de-
scribed (3). The oxidation was carried by a pulse technique
at 700 K to ensure a full oxidation in the bulk of the solid
solution (2). To minimize the contribution from adsorbed
species to the TPR, all the samples were treated in Ar
(20 ml min−1) at 900 K for 5 h before the initial TPR exper-
iment. N2 adsorption isotherms at 77 K and H2 chemisorp-
tion were carried out on a Micromeritics ASAP 2000 an-
alyzer. The catalysts (≈0.5 g) were reduced in a flow of
H2 (20 ml min−1) at a heating rate of 10 K min−1 up to the
selected reduction temperature. After 2 h at this tempera-
ture, they were degassed at 673 K for 5 h and cooled under
vacuum to the adsorption temperature. Typically an equi-
libration time of 20 min was employed. The adsorbed vol-

umes were determined by extrapolation to zero pressure
of the linear part of the adsorption isotherm. FT-Raman
spectra were performed on a Perkin Elmer 2000 FT-Raman
spectrometer with a diode pumped YAG laser and a room
temperature (RT) super InGaAs detector. The laser power
was 50–200 mW. Powder X-ray diffraction patterns were
collected on a Siemens 700 diffractometer using Ni-filtered
CuKα.

Fresh Ce0.5Zr0.5O2 features two peaks at 880 and 1010 K,
respectively (Fig. 1, trace 1). The former peak is attributed
to a reduction process occurring almost concurrently at the
surface and in the bulk of the solid solution, while the lat-
ter one is associated with a process in the bulk (3). The
sample was then oxidized at 700 K and recycled in further
reduction/oxidation experiments. The reduction pattern is
strongly affected as shown in trace 2 of Fig. 1. Remark-
ably, the reduction/oxidation treatments promote the re-
duction in the recycled Ce0.5Zr0.5O2 since it is completed
by 900 K.

Three peaks at 420, 620, and 1000 K are found for the
fresh Rh/Ce0.5Zr0.5O2 (Fig. 1, trace 3). The peak at 420 K
is attributed to the reduction of the Rh2O3 precursor. A
consumption of 0.023 mmol H2 g−1 is measured for this
peak which is lower than 0.073 mmol g−1 expected for the
Rh2O3 reduction. The difference may be attributed to the
presence of well dispersed Rh2O3 whose reduction may oc-
cur even at subambient temperatures. The presence of the
supported Rh does not affect the peak at 1010 K, but it
modifies that at 880 K as the temperature shifts to 620 K.
A H2 consumption of 0.68 mmol g−1 is measured for the
peak at 620 K. Rh/Ce0.5Zr0.5O2 features a surface area of
53 m2 g−1 (Table 2) and therefore a H2 consumption of
0.25 mmol g−1 is calculated upon application of the linear
relationship between the surface area and H2 consumption
found by Perrichon et al. (6). Note that this is an upper limit
for H2 consumption since it is assumed that the surface con-
tains only Ce4+ sites. Consequently, the peak at 620 K is
attributed to reduction occurring both at the surface and
in the bulk. After oxidation at 700 K, the sample was again
subjected to TPR (Fig. 1, trace 4). All the reduction features
at high temperatures disappear and a single peak at 440 K is
observed. In all subsequent reduction/oxidation cycles, the
TPR profile did not become modified further.
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FIG. 1. Temperature programmed reduction of (1) fresh Ce0.5Zr0.5O2,
(2) Ce0.5Zr0.5O2 seven-fold reduced/oxidized, (3) fresh Rh/Ce0.5Zr0.5O2,
(4) Rh/Ce0.5Zr0.5O2 reduced/oxidized, (5) fresh Rh/CeO2, (6) Rh/CeO2

reduced/oxidized.

Comparison with Rh/CeO2 is significant. Fresh Rh/CeO2

(Fig. 1, trace 5) features strong reduction peaks at 440 and
1080 K. The peak at 440 K is associated with the rhodium
precursor and CeO2 surface reduction. The latter process
is promoted by the supported metal. The peak at 1080 K is
associated with the reduction of CeO2 in the bulk (1). A pe-
rusal of the TPR profile reported in trace 5 of Fig. 1 reveals
also a negative peak centered at about 850 K. Such neg-
ative peaks have been previously observed and attributed
to desorption of H2 and/or evolution of carbonates from
the bulk of the support (6). After oxidation at 700 K, in
the subsequent TPR only two minor peaks below 500 K
are observed which can be attributed to the reduction of
Rh2O3 with different particle sizes (2). The contribution of
the support to the reduction at low temperatures is lost and
the peak at 1080 K is the only relevant reduction feature
remaining (Fig. 1, trace 6).

The oxygen uptakes at 700 K measured in the TPR/
oxidation experiments are summarized in Table 1. Support
reduction is associated with the formation of anionic oxy-
gen vacancies in the solid solution due to the reducible Ce4+

cation. In Table 1, the degree of reduction is reported also
as x in CemZr1−mOx (m= 0.5 or 1 is the Ce molar fraction),
where 2− x represents the total amount of oxygen vacan-
cies formed by the reduction of the solid solution. Even
though some reduction of surface Zr4+ cannot be excluded,
it should only marginally affect the values of the Ce3+ re-
ported in Table 1. Only a minor reduction was found for
a Rh-loaded zirconia dispersed on SiO2 below 1200 K (7)
while no significant variation was detected in the XANES
at the Zr K edge upon reduction of Rh/Ce0.5Zr0.5O2 (8). Re-
duction of ZrO2 in the bulk does not occur below 1200 K (2).

The degree of reduction of CeO2 at 1273 K is indepen-
dent of the sample history, e.g., fresh or recycled. A con-
stant final composition of CeO1.83 is obtained. By contrast,
the ability to adsorb oxygen after a low temperature re-
duction is suppressed by the initial reduction of the CeO2

up to 1273 K. This ability is present only in the fresh sam-
ple reduced at 700 K. The same behavior is observed for
Rh/CeO2. A partial oxidation of Rh0 to Rh3+, which easily
occurs at 700 K, may account for the apparent higher for-
mation of oxygen vacancies in the Rh/CeO2 compared to
CeO2. Consistently, 0.036 mmol O2 g−1 are calculated for
the oxidation of Rh. Note that this amount is one order of
magnitude smaller than the values reported in Table 1. For
Ce0.5Zr0.5O2, a small decrease of the oxygen uptake is ob-
served during the first two runs but after the second recycle,
a constant oxygen uptake is observed in all the subsequent

TABLE 1

O2 Uptake Measured in the TPR/Oxidation Experiments Carried
out on Metal-Free and Rh-Loaded Ce0.5Zr0.5O2 and CeO2

No. of O2 uptakea

Sample recycles (mmol g−1) x in CemZr1−mOx
b Ce3+ (%)b

Ce0.5Zr0.5O2 0 0.53 1.84 62
2–7 0.46 1.86 54
8c 0.44 1.87 52

Rh/Ce0.5Zr0.5O2 0 0.49 1.86 58
1–3 0.53 1.85 64
4d 0.43 1.88 50

CeO2 0 0.50 1.83 35
1–3 0.50 1.83 35
4c 0.02 1.99 2

Rh/CeO2 0 0.59 1.80 41
1 0.58 1.81 40
2c 0.02 1.99 2

a Measured after the TPR experiment carried out up to 1273 K, standard
deviation ±0.01 mmol g−1.

b Estimated from O2 uptake, values not corrected for Rh oxidation.
c Isothermal reduction at 600 K for 2 h.
d Isothermal reduction at 440 K for 2 h.
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experiments (Table 1). The redox process in Ce0.5Zr0.5O2

is more efficient than in CeO2 since about 50–60% of the
cerium is reduced in the range 700–1273 K, giving a final
composition of Ce0.5Zr0.5O1.84–1.87. The presence of the sup-
ported Rh dose not affect significantly the ultimate value of
the oxygen uptake since a composition of Rh/Ce0.5Zr0.5O1.86

is obtained after the reduction at 1273 K. Noteworthy is the
unusually high efficiency of the Ce3+/Ce4+ redox couple in
the recycled sample after a reduction at a temperature as
low as 440 K (Table 1).

The influence of the thermal treatments on the textural
properties was investigated by means of N2 physisorption
at 77 K. The results are reported in Table 2. Both fresh
Rh/Ce0.5Zr0.5O2 and Rh/CeO2 show isotherms of type IV
and H2 hysteresis according to the IUPAC classification
which are indicative of the presence of a mesoporous tex-
ture. The isotherm of the fresh sample Rh/CeO2 reveals
a substantial contribution from micropores which is quite
limited for the fresh Rh/Ce0.5Zr0.5O2 (Table 2). The im-
pregnation of Ce0.5Zr0.5O2 with the RhCl3 · nH2O and sub-
sequent calcination decrease the surface area from 64 to
53 m2 g−1 which could be associated with some loss of mi-
croporosity upon calcination, even though the total pore
volume is unaffected.

Upon thermal treatment at 900 K, there is a significant
decrease of surface area which, in the case of Rh/CeO2, is
associated mainly with a loss of microporosity (9). Impor-
tantly, further reduction at 473 K, e.g., at surface reduction

TABLE 2

Textural Characterization of Metal-Free and Rh-Loaded CeO2 and Ce0.5Zr0.5O2

and of the Modifications Induced by in Situ Thermal and H2 Treatmentsa

Pore volume (ml g−1)c

Treatmentb Micropore
BET surface area Mesopore

Sample T (K) Gas Time (h) (m2 g−1) Total VBJH Vt VDR

Ce0.5Zr0.5O2 — — — 64 0.06 0.04 0.03 0.025
1000 H2 2 12 0.06 0.06 — —

Rh/Ce0.5Zr0.5O2 — — — 53 0.07 0.06 0.01 0.02
900 N2 5 30
473 H2 2 29

1000 H2 2 18 0.05 0.05 — 0.005
CeO2 — — — 196 0.15 0.08 0.08 0.08

1000 H2 2 12 0.04 0.04 — —
Rh/CeO2 — — — 194 0.17 0.09 0.06 0.08

900 N2 5 164
473 H2 2 154

1000 H2 2 38 0.09 0.085 — 0.01

a All the samples were evacuated at 623 K to a constant pressure ≤2× 10−3 torr prior to N2 adsorption.
b Treatment in flow of N2 (20 ml min−1), H2 (20 ml min−1), before N2 adsorption, the reduced samples were

oxidized at 700 K.
c Values determined from the adsorption isotherm by using: the BJH method in the range 3.5–170 nm; the t plot

and the Dubinin–Radushkevich (DR) plot in the range 2× 10−5–0.1 p/p0; total pore volume calculated at p/p0= 0.98
according to the Gurvitsch rule.

temperature, does not strongly decrease the surface area.
A strong decrease of surface area is observed after reduc-
tion at 1000 K, e.g., at bulk reduction temperature. A sim-
ilar behavior is observed for the Rh/Ce0.5Zr0.5O2. Notably,
the supported Rh interferes with the sintering of the sup-
port during the reduction at 1000 K (Table 2). The redox
cycles destroy all the microporosity initially present while
no significant decrease of pore volume due to mesopores
is observed. The N2 isotherms of the recycled Rh/CeO2

and Rh/Ce0.5Zr0.5O2 are still of type IV, but the hystere-
sis changes to type H3. This is an indication of an exten-
sive pore restructuring. We calculate, according to Barrett
et al. (BJH) (10), average pore diameters of 6.5 and 15 nm
for Rh/CeO2 and Rh/Ce0.5Zr0.5O2, respectively. By contrast,
the fresh samples show porosity only below 5 nm.

The parallel evolution of the texture of both Rh/CeO2

and Rh/Ce0.5Zr0.5O2 indicates that structural, rather than
textural modifications are responsible for the different re-
dox behavior. The modification of the cation sublattice and
the metal–oxygen bonds of the Rh/Ce0.5Zr0.5O2 upon redox
cycles was investigated by XRD and Raman spectroscopy,
respectively. XRD analysis (not reported) shows that the
cation sublattice preserves the cubic Fm3m symmetry. The
Raman spectra of fluorite-type oxides show a single band
of T2g symmetry which is located at 465 cm−1 for CeO2. A
strong broad band at 465 cm−1 was also observed in the
Raman spectrum of Ce0.5Zr0.5O2. Because of the width of
the peak at 465 cm−1 and the presence of additional weak
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FIG. 2. Raman spectra of (1) fresh and (2) reduced at 1273 K/oxidized
at 700 K Rh/Ce0.5Zr0.5O2.

bands, this spectrum was attributed to a t′′ phase (3) which
is characterized by a cation sublattice of Fm3m symmetry
and a tetragonal distortion of the oxygen sublattice (11).
Fresh Rh/Ce0.5Zr0.5O2 features a strong band centered at
465 cm−1, a weak band at 313 cm−1, and a broad band at
about 620 cm−1 (Fig. 2, trace 1). This spectrum is similar to
that of fresh Ce0.5Zr0.5O2 except for the band at 620 cm−1

whose intensity is increased. A band at about 600 cm−1 was
associated with oxygen vacancies created by substitution of
Ce4+ in CeO2-trivalent rare earth mixed oxides (12).

A strong decrease in the relative intensity of the band at
465 cm−1 is observed in the recycled Rh/Ce0.5Zr0.5O2 (Fig. 2,
trace 2). The same behavior was observed on Ce0.5Zr0.5O2

reduced at 1000 K and then oxidized at 700 K, while re-
duction at 1273 K and oxidation at 700 K led to a complete
disappearance of the band at 465 cm−1 (3).

This picture is consistent with an attribution of the im-
provement of the reduction at low temperatures to an in-
creased displacement of the oxygen anions from the tetra-
hedral sites induced by thermal sintering of the Ce0.5Zr0.5O2

in reducing conditions (3). The oxygen displacement favors
a higher oxygen mobility in the bulk accounting for the
modification of the redox behavior. Consistently, EXAFS
characterization of a low surface area Rh/Ce0.5Zr0.5O2 dis-
closed that the insertion of ZrO2 into the CeO2 modifies the
oxygen sublattice (13). Some of the oxygens coordinated to
the Zr4+ preserve the typical Zr–O distances, while two
oxygens are pushed away from the Zr to a nonbonding dis-
tance longer than 0.28 nm. These two oxygens should be
labile, accounting for the unusual promotion of the reduc-
tion in the bulk of the CeO2–ZrO2 solid solutions. Removal
of two oxygens per Zr atom leads to a final stoichiom-
etry of Rh/Ce0.5Zr0.5O1.75. In fact, less oxygen vacancies
are created in the reduction at 1273 K of Rh/Ce0.5Zr0.5O2

(Table 1), suggesting that formation of a nonstoichiomet-
ric defective compound might limit the total degree of
reduction.

The interaction with H2 was studied by volumetric
chemisorption after reduction at 473 and 1000 K (Table 3).

Rh favors an extensive adsorption of hydrogen on CeO2

due to a spillover phenomenon (14). On Rh/CeO2 the H2

spillover can be blocked by lowering the H2 adsorption
temperature which enables one to determine only the H2

chemisorbed on the Rh particles (14). The apparent H/Rh
ratios were measured at 233 and 308 K.

H/Rh= 0.86 is measured at 308 K over Rh/Ce0.5Zr0.5O2

reduced at 473 K. After evacuation at 673 K, H/Rh de-
creases to 0.53, suggesting that the spillover is blocked to
some extent; however, the H/Rh is still twice that measured
at 233 K. Note that after a thermal treatment at 900 K, the
same H/Rh ratio is measured at 233 and 308 K, which indi-
cates that this treatment is able to block the spillover with-
out inducing sintering of the metal particles. By contrast,
the thermal treatment at 900 K does not eliminate the con-
tribution of the spillover to the H2 uptake in the case of
Rh/CeO2 as shown by the changes of H/Rh ratios with ad-
sorption temperature (Table 3). Only after the reduction at
1000 K are equal H/Rh ratios measured on both the catalyst
at 308 and 233 K.

The presence of ZrO2 seems to be responsible for the eas-
ier suppression of the spillover in Rh/Ce0.5Zr0.5O2 than in
Rh/CeO2. However, it could also be related to the stability
of the surface area. After the thermal treatment at 900 K,
there is a 45% and 15% drop of surface area, respectively,
in the former and latter catalysts (Table 2). Changes in the
rate of spilling of hydrogen over the support may account
for the features of the TPR profiles. The suppression of the
spillover by the initial thermal treatment at 900 K results
in a shift of the reduction of the surface of Ce0.5Zr0.5O2 to
higher temperature compared to the reduction of Rh2O3.
By contrast, the reduction of both the surface and Rh2O3

occur concurrently in Rh/CeO2.
Reduction of Rh/CeO2 at 773 K blocks H2 spillover; how-

ever, upon oxidation and subsequent reduction at 623 K, the
rate of H2 spillover was recovered (14). After oxidation at

TABLE 3

Hydrogen Chemisorption on Rh/Ce0.5Zr0.5O2

and Rh/CeO2 Reduced at 473 and 1000 K

Reduction H/Rha H/Rha

Catalyst temperature (K) (308 K) (233 K)

Rh/Ce0.5Zr0.5O2 473b 0.86 —
473c 0.53 0.27
473d 0.27 0.27

1000 0.21 0.20
Rh/CeO2 473d 0.80 0.21

1000d 0.14 0.15

a Hydrogen chemisorption measured at the indicated tem-
perature.

b Fresh sample.
c Sample degassed in vacuo at 673 K for 5 h before reduction.
d Sample pretreated in N2 at 900 K for 5 h before reduction.
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700 K, the peak at 620 K is shifted to 440 K in the TPR pro-
file of the recycled Rh/Ce0.5Zr0.5O2, which suggests that an
efficient H2 activation occurs. The increase in the efficiency
of H2 activation cannot by itself account for the modifica-
tion of the TPR profile of the recycled Rh-loaded sample.
The lack of observation of the peak at 1000 K is consis-
tent with the results observed over the unsupported sample
(Fig. 1, trace 2) and is associated with the promoting effects
of sintering on the redox properties of the Ce0.5Zr0.5O2 solid
solution. The TPR profile of a low surface area (≈1 m2 g−1)
cubic Rh/Ce0.5Zr0.5O2 solid solution showed two peaks at-
tributable to the reduction of the support in the bulk which
was attributed to clustering of oxygen vacancies during the
reduction (2). At variance with this, the TPR of the recycled
Rh-loaded Ce0.5Zr0.5O2 shows a single reduction feature
(Fig. 1, trace 4), suggesting that the role of the supported
metal is not limited to a simple activation of H2. Upon re-
duction of the fresh sample, the surface area strongly de-
creases due to pore-filling and support sintering (3). Such
a process would easily lead to an encapsulation of part of
the metal particles decreasing the H/Rh from 0.27 to 0.20,
as observed after reduction at 473 and 1000 K, respectively,
even though a partial sintering of Rh particles cannot be
excluded.

A model for the reduction process of fluorite oxides in-
vokes filling of oxygen vacancies by transition metal atoms
(15). Such a process could easily interfere with the clus-
tering of oxygen vacancies, thus accounting for the single
reduction peak in the recycled Rh/Ce0.5Zr0.5O2. In addition,
Rh promotes the oxygen migration from the bulk of CeO2

to the surface of the metal particles (16). Further work is
necessary to elucidate the role of the metal in the kinetics
of the reduction process. The above model (15) can also be
invoked for the stabilization of the surface area in the pres-
ence of the supported metal. As shown by SEM investiga-
tion of the Ce0.5Zr0.5O2 (3), the redox cycles induce a strong
sintering of the support via a surface diffusion and/or vapor
transport. Such processes can be suggested also for the sin-
tering of the present Rh-loaded samples since they smooth
the initial surface roughness without inducing pore shrink-
age. Accordingly the decrease of the surface area leaves the
mesopore volume unaffected.
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