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Phase composition, reducibility and catalytic activity
of Rh/zirconia and Rh/zirconia-ceria catalysts
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Abstract

Phase concentrations, crystalline structures and surface or bulk reduction properties of zirconia and ceria-doped zircoina nanophases
prepared via a sol–gel method were studied by X-ray diffraction (XRD) and temperature-programmed reduction (TPR) techniques. Rietveld
refinement showed that both the phase composition and crystallite size of the solids depended on ceria content which related to the degree of
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urface and bulk reducibility. The pure zirconia and the solid doped with 1 wt% ceria consisted of tetragonal and monoclinic phases
olids doped with 25 and 50 wt% ceria contained only one phase with cubic structure. Cerium incorporation into zirconia led to a
tructure distortion and reducibility enhancement of the resultant solids. The Rh loaded zirconia and ceria-zirconia solids would
ydrogen and spillover it onto the support, lowering the temperature for both surface and bulk reduction of the support. A structural d
f the catalytic activity for CO oxidation upon the catalysts support was observed. Catalytic activity of the Rh loaded zirconia-c
olution with cubic phase is quite higher than for the catalysts with the support containing tetragonal and monoclinic phases of zir
atter exhibited an inducing period in the reaction temperatures below 180◦C on the catalytic activity profile that might be a result of
elatively low reducibility of these support.
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. Introduction

Ceria and zirconia are very important catalytic materials
hat have been widely applied as catalyst supports, active
omponents or promoters in many catalytic reactions[1,2].
s an example, zirconium oxide doped with iron and man-
anese and promoted by sulfate, is a promising catalyst for
keletal isomerization of hydrocarbons at low reaction tem-
erature[3,4]. Zirconia has been also used in solid oxide fuel
ells and oxygen sensors due to its defective structure[5,6].
ne of the most important applications of ceria is as pro-
oter in the current three-way catalysts for elimination of
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exhaust gases from automobiles[7,8]. The promoting effec
is originally attributed to its large oxygen storage cap
ity and its ability of transferring lattice oxygen from bu
to surface[9,10]. It is also reported that cerium oxide m
enhance metal dispersion and stabilize the support[11,12].
Although zirconium and cerium oxides play a variety of ro
in many different catalytic reactions, the main drawbac
these two materials is their thermal instability. For insta
the three-way catalysts usually are performed at tempera
above 500◦C, when zirconia or ceria are used as support
catalysts may be easily deactivated at high temperatu
diminishment of active surface or growth of crystallite s
resulted from serious thermal sintering and phase tran
mation [13]. In the application of environmental catalys
the findings to enhance thermal stability of the zirconia
ceria materials by suppressing the crystal growth are a
tive subjects.

381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2005.06.021



250 J.A. Wang et al. / Journal of Molecular Catalysis A: Chemical 239 (2005) 249–256

In recent years, much attention has been paid to the synthe-
sis of ceria-doped zirconia or zirconia-doped ceria materials
because of their unique redox properties, enhanced oxygen
storage capacity and improved thermal stability in compari-
son with ceria or zirconia alone[14]. A variety of synthetic
methods have been applied to obtain ceria-zirconia solids
for catalytic applications. These include high-temperature fir-
ing, high-energy mechanical ball-milling of ceria and zirco-
nia mixture, coprecipitation and sol–gel techniques[15–19].
Among these methods, the sol–gel method was believed to be
very beneficial to obtain nanophases of ceria-zirconia solid
solution with high purity, homogeneity and well controlled
properties.

In the present work, combining both zirconia and ceria
components by a sol–gel synthesis approach, ceria-zirconia
mixed oxides or ceria-zirconia solid solutions with nanocrys-
tals and various phase compositions were obtained. The
Rietveld method was applied to refine the crystalline struc-
tures by which the lattice cell parameters, average crystallite
size and phase concentration of the solids annealed at differ-
ent temperatures were quantatitively determined. The surface
and bulk reducibility of the Rh2O3 loaded ceria-zirconia
nanophases were studied by temperature-programmed reduc-
tion of hydrogen. Finally, the catalytic behaviors of the Rh
loaded sol–gel ceria-zirconia catalysts for CO oxidation were
evaluated.
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Table 1
Atomic fractional coordinates of tetragonal zirconia (space groupP42/nmc)

Atom Site x y z

Zr 2a 0.75 0.25 0.75
O 4d 0.25 0.25 ua

a 0.035 (4) <u< 0.048 (3).

aqueous solution. The supported metal catalysts were dried
at 120◦C for 12 h and then were calcined at 600◦C for 4 h.
Before the catalytic test, all the samples were reduced under
99.9% H2 at 300◦C for 2 h.

2.3. XRD analyses and the Rietveld refinement

XRD measurements were carried out at room temperature
on a Bruker D8 advance diffractometer with Cu K� radiation
and a secondary beam graphite monochromator. Intensities
were obtained in the 2θ range between 20 and 110◦ with a step
of 0.02◦ and a measuring time of 2.7 s for each point. Crys-
talline structures were refined with the Rietveld method by
using FULLPROF98 code[20], which is especially designed
to refine simultaneously both the structural and microstruc-
tural parameters through a least-squares method. Taking into
account both the particles size and strain broadening effects,
the experimental profiles were fitted with a pseudo-Voigt
function. The weight fraction (Wi ) for each phase was deter-
mined from the following relation:

Wi = Si(NMV )i∑
jSj(NMV )j

%

wherei is the value ofj for a particular phase among theN
phases present. Sj is the corresponding refined scale factor,N
is the number of formula units per unit cell,M is the atomic
w it
c

ent
s g to
t d in
T or-
d oth
t
a of
t s of

T
A

A

C 0
O 5

T
A

A

Z
O
O

. Experimental

.1. Preparation of zirconia and ceria-zirconia solids

The zirconia and zirconia-ceria mixed oxides were
ared by using zirconium-n-propoxide (70% Zr(O–Bu)4 in
ropanol) and Ce(acac)4 as zirconium and cerium sourc
he synthesis procedure of zirconia was as follows: 11 m
r(O–Bu)4 were dissolved into 35.2 ml of absolute etha
nder continuous stirring to form a homogeneous solutio
hich a hydrolysis catalyst (28 wt% ammonia) was drop
ntil reaching pH 10. Thereafter, 2 ml of water were drop
nd the new solution was stirred until gelling. The gel
ried at room temperature in a vacuum for 24 h and the r

ant while solid was calcined at various temperatures fo
n air for further characterization and structure analysis.
ynthesis procedure of the zirconia-ceria mixed oxides
imilar to that shown above, expect that, calculated amo
f zirconium and cerium procursors were simultaneo
dded to obtain a homogeneous solution. The final zirc
eria mixed oxides were noted as 1% CeO2–99% ZrO2, 25%
eO2–75% ZrO2 and 50% CeO2–50% ZrO2.

.2. Preparation of Rh-loaded catalysts

The 0.5 wt% Rh/ZrO2 and 0.5 wt% Rh/zirconia-ceria ca
lysts were prepared by impregnating the ZrO2 and ceria
irconia solids with the appropriated amount of Rh(NO3)3
eight of the formula unit and theV is the volume of the un
ell.

For refining the crystalline structures in the differ
olids, the atomic fractional coordinates correspondin
etragonal, monoclinic and cubic phases are reporte
ables 1–3, respectively. Variation limits of the atomic co
inates from low to high for the monoclinic structure in b

he ZrO2 and 1% CeO2–99% ZrO2 solids at 400 and 600◦C
re reported inTables 4 and 5. The standard deviations

he refinements, showing the variation of the last figure

able 2
tomic coordinate of the cubic structure, space groupFm3m(225)

tom Site x y z

e 4e 0.00 0.00 0.0
4e 0.25 0.25 0.2

able 3
tomic fractional coordinates of monoclinic zirconia (space groupP21/C)

tom Site x y z

r 4e ux uy uz
1 4e vx vy vz
2 4e wx wy wz
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Table 4
Atomic coordinates of the monoclinic structure in the 100% zirconia

Temperature (◦C) Atom x y z

400 Zr 0.272 (1) 0.038 (1) 0.210 (1)
O1 0.094 (6) 0.328 (5) 0.385 (5)
O2 0.477 (6) 0.765 (3) 0.461 (6)

600 Zr 0.2728 (7) 0.0379 (6) 0.2101 (6)
O1 0.080 (4) 0.332 (3) 0.355 (3)
O2 0.464 (4) 0.757 (2) 0.464 (4)

the corresponding number, are given in parentheses. When
they correspond to refined parameters, their values are not
estimates of the possible error in the analysis as a whole, but
only of the minimum possible errors based on their normal
distribution.

2.4. Measurement of temperature-programmed
reduction (TPR)

The TPR experiments were performed with a Micromerit-
ics 2900 TPD/TPR instrument that was in line with a flow
system equipped with a quartz U-reactor. Prior to measure-
ment, 100 mg of the samples were thermally treated under
a dry nitrogen flow (99.99%) at 450◦C for 30 min. After-
wards, the samples were cooled down to 30◦C under the N2
stream. In the reduction step, the sample was progressively
heated from 30 to 900◦C with a heating rate of 10◦C/min. A
mixture of 10% (v/v) H2 in Ar was used as a reducing gas.
The hydrogen consumption as a function of the reduction
temperature was continuously monitored by a cell of thermal
conductivity detector (TCD).

2.5. Catalytic evaluation

Catalytic evaluations of the catalysts for CO oxidation
were carried out in a microreactor system with a catalyst
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Fig. 1. XRD patterns of the samples calcined at 400◦C.

while,T95 is the temperature at which the conversion of CO
to CO2 reaches 95%.

3. Results and discussion

3.1. Crystalline structure analysis and Rietveld
refinement

Crystalline structures, phase compositions and lattice cell
parameters of four solids were analyzed by XRD technique
and refined with the Rietveld method.Figs. 1 and 2show the
oading of 100 mg. CO (8 vol% in N2) mixed with dried ai
as fed into the reactor. The flow rate of CO and dried
ere 20 and 40 ml/min, respectively. The effluent in the o
f the reactor was analysed by on-line gas chromatogr
nalysis system equipped with a thermal conductivity de

or. The conversion of CO to CO2 over the catalysts we
easured at various temperatures between 50 and 4◦C.
he light-off reaction temperature,T50, is defined as the tem
erature at which the conversion of CO to CO2 reaches 50%

able 5
tomic coordinates of the monoclinic structure in the 1 wt% CeO2–99 wt%
rO2 sample

emperature (◦C) Atom x y z

00 Zr 0.272 (2) 0.034 (1) 0.217 (
O1 0.115 (7) 0.354 (6) 0.378 (
O2 0.478 (6) 0.759 (4) 0.450 (

00 Zr 0.271 (1) 0.031 (1) 0.214 (
O1 0.031 (6) 0.386 (5) 0.340 (
O2 0.537 (4) 0.748 (2) 0.452 (
Fig. 2. XRD patterns of the samples calcined at 600◦C.
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Fig. 3. A Rietveld refinement plot of the 1% CeO2–99% ZrO2 solid calcined
at 600◦C. Experimental data are indicated by cross, and the calculated curve
obtained after the refinement is indicated with a continuous line. The upper
tick masks correspond to tetragonal structure and lower tick masks corre-
spond to monoclinic structure. The continuous curve under the tick marks
represents the difference between the experimental and the calculated data.

XRD patterns of the four samples calcined at 400 and 600◦C,
respectively.Figs. 3 and 4show the Rietveld refinement
plots of 1% CeO2–99% ZrO2 and 25% CeO2–75% ZrO2
samples calcined at 600◦C. Phase compositions of the zir-
conia and ceria-zirconia samples obtained from the Rietveld
refinements are reported inTable 6. The pure zirconia cal-
cined at 400◦C consisted of 51 wt% tetraganol and 49 wt%
monoclinic phase. When the sample was annealed at 600◦C,
phase transformation from tetragonal to monoclinic occurred,
that resulted in 17 wt% tetragonal phase further transferring
to monoclinic phase. When 1 wt% ceria was incorporated
into the zirconia lattice, the resultant material annealed at
400◦C chiefly consisted of 60 wt% tetragonal phase along
with 40 wt% monoclinic phase, while, after 600◦C of calcina-
tion, it contained 53 wt% tetragonal and 47 wt% monoclinic,
the increment of monoclinic concentration was only 7 wt%
which is much less than the 17 wt% that occurred in pure
zirconia. This result clearly reveals that even a very small
amount of added ceria may partially inhibit zirconia phase
transformation. As the ceria content increased to 25 and

F
c lated
c . The
t he tick
m culated
d

Table 6
Phase concentration (wt%) as a function of zirconia content

Samples Temperature
(◦C)

Monoclinic Tetragonal Cubic

100% ZrO2 400 49 (4) 51 (4)
600 67 (4) 33 (4)

1% CeO2–99%
ZrO2

400 40 (4) 60 (1)

600 47 (3) 53 (1)

25% CeO2–75%
ZrO2

400 100

600 100

50% CeO2–50%
ZrO2

400 100

600 100

50 wt%, the samples had only one phase with cubic struc-
ture, indicating that cerium and zirconium ions are uniformly
distributed forming a solid solution.

Table 7shows the crystallite size of each phase in the dif-
ferent samples calcined at various temperatures. It was seen
that the crystallite size linearly decreased as the cerium oxide
amount increased up to 25 wt% CeO2 at 400◦C. It diminished
from 19.7 to 15.4 nm for the tetragonal phase, and 9.9 nm
for the cubic phase when the cerium oxide concentration
increased from 0 to 1 and 25%. When the calcination tem-
perature was raised from 400 to 600◦C, the crystallite size of
the 25% CeO2–75% ZrO2 sample slightly grew from 9.9 to
10.4 nm, while, that would be 15.2–22 nm for the sample con-
taining 50 wt% ceria. These results indicate that addition of
ceria into zirconia in an appropriate amount, i.e., 1 or 25 wt%,
would effectively suppress phase transformations and inhibit
crystal growth, and therefore, enhance the thermal stability
of the solid. High concentration of ceria in the ceria-zirconia
solid may result in the crystallite size larger after calcination
at high temperature as in the case of 50% CeO2–50% ZrO2.

The lattice cell parameters of the tetragonal, monoclinic
and cubic structures in the different samples annealed at 400
and 600◦C are reported inTables 8 and 9. It is noted that the
lattice cell parameter contracted 0.6% for 25% CeO2–75%

Table 7
A

S

1

1

2

5

ig. 4. A Rietveld refinement plot of the solid 25% CeO2–75% ZrO2 cal-
ined at 600◦C. Experimental data are indicated by cross, and the calcu
urve obtained after the refinement is indicated with a continuous line
ick masks correspond to cubic structure. The continuous curve under t
arks represents the difference between the experimental and the cal
ata.
verage crystallite size (nm) as a function of zirconium content

amples Temperature
(◦C)

Monoclinic Tetragonal Cubic

00% ZrO2 400 15.6 (5) 19.7 (5)
600 21.3 (6) 21.8 (6)

% CeO2–99%
ZrO2

400 13.8 (6) 15.4 (1)

600 19.3 (8) 17.9 (4)

5% CeO2–75%
ZrO2

400 9.9 (2)

600 10.4 (3)

0% CeO2–50%
ZrO2

400 15.2 (6)

600 22 (1)
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Table 8
Lattice cell parameters (nm) as a function of zirconium content and annealing temperature

Samples Temperature (◦C) Monoclinic Tetragonal

a b c β a c

100% ZrO2 400 0.5145 (2) 0.5197 (2) 0.5312 (2) 99.02 (2) 0.3594 (1) 0.5277 (1)
600 0.5144 (1) 0.5200 (1) 0.5314 (1) 99.06 (1) 0.3594 (1) 0.5182 (1)

1% CeO2–99% ZrO2 400 0.5142 (2) 0.5200 (3) 0.5311 (3) 99.96 (3) 0.3595 (1) 0.5179 (6)
600 0.5139 (1) 0.5194 (2) 0.5312 (2) 99.01 (2) 0.3504 (1) 0.5180 (1)

Table 9
Lattice parameters (nm) as a function of zirconium content and annealing
temperature

Samples Temperature
(◦C)

Lattice
parametera

Contraction
(%)a

25% CeO2–75
ZrO2

400 0.5364 (2) 0.9

600 0.5375 (1) 0.6

50% CeO2–50%
ZrO2

400 0.5267 (2) 2.7

600 0.5260 (2) 2.8

CeO2 (ref. [15]) 400 0.54127 (7)
600 0.54095 (5)

a It was calculated by comparison the lattice cell parameterawith that of
the refereed CeO2.

ZrO2 and 2.8% for 50% CeO2–50% ZrO2, compared to pure
ceria after calcination at 600◦C. The contraction of the lat-
tice cell parameters is originated from the partial substitution
of larger cerium ions by smaller zirconium ions in the struc-
ture. The contraction of the cubic lattice cell must result in a
crystalline structure distortion that strongly favors the forma-
tion of defects by releasing the structural stress or microstrain
induced by the contraction[9].

3.2. TPR behaviors

The surface and bulk reducibility of the four solids were
studied by TPR measurement. TPR profiles are shown in
Fig. 5 and the related data are reported inTable 10. For the
100% zirconia solid, no peak was observed in the TPR pro-
file, indicating that zirconia is not an easily reducible oxide,
that is in good agreement with the results of Baron et al.
who reported that no noticeable hydrogen consumption was
observed in TPR up to 1000◦C [21]. In the ceria-doped sam-
ples, there are two peaks in the TPR curves: one appeared at

Fig. 5. TPR profiles of the solids with different cerium content. (a) 100%
Rh/ZrO2; (b) 1% CeO2–99% ZrO2; (c) 25% CeO2–75% ZrO2; (d) 50%
CeO2–50% ZrO2.

low temperature range between 300 and 550◦C; another at
high temperature range between 550 and 850◦C. The hydro-
gen consumption corresponding to the low temperature peak
in the TPR profile could be assigned to surface reduction
of the materials; while, that of the high temperature peak
was attributed to the bulk redution of the solids[22]. It is
found that the peak maximum at the low temperature range
(Tlm) for the different solids almost remained the same; how-
ever, the peak maximum at the high temperature (Thm) shifted
towards to lower temperature range and its area (Ah) quasi lin-
early gained as the cerium content increased. TheThm shifted
40 and 75◦C towards to low temperature range as the ceria
content increased from 1 to 25 and 50 wt%. These results

Table 10
The reduction data of the support samples derived from the TPR profiles

Samples Low temperature peak High temperature peak

Tml Al Tmh Ah �Tmh

1 720 S
2 680 L 40
5 605 L 75

T perature;Tmh: the temperature corresponding to maximum of the peak at high temperature;
� ia);Al : area of the low temperature peak;Ah: area of the high temperature peak; S:
s

% CeO2–99% ZrO2 450 M
5% CeO2–75% ZrO2 400 M
0% CeO2–50% ZrO2 400 M

ml: the temperature corresponding to maximum of the peak at low tem
Tmh: Tmh difference;�Tmh =Tmh (25 or 50 wt% ceria)−Tmh (1 wt% cer

mall; M: medial; L: large.
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Fig. 6. TPR profiles of the Rh2O3/Zr(Ce)O2 solids with different cerium
content. (a) 100% Rh/ZrO2; (b) 1% CeO2–99% ZrO2; (c) 25% CeO2–75%
ZrO2; (d) 50% CeO2–50% ZrO2.

indicate that substitution of zirconium by cerium ions in the
cubic structure could improve the bulk reducibility of the
solids and this kind reducibility roughly increased when the
cerium content in the materials increased. The reduction pro-
cess proceeds in two steps, starting with the elimination of
surface oxygen atoms that followed bulk reduction at higher
temperature.

Fig. 6 shows the TPR profiles of Rh2O3/zirconia and
Rh2O3/ceria-zirconia catalysts. InFig. 6a, one very sharp
peak and a small peak were observed around 180 and 240◦C,
respectively. No other peak could be observed in the tempera-
ture above 250◦C. These two peaks were probably attributed
to the reduction of the Rh2O3 particles. The first one is due
to the reduction of the well dispersed Rh2O3 particles, and
the small one is associated with the presence of the bulk-like
crystallite in the large Rh2O3 particles on the surface of the
support[9]. For the samples doped with ceria (Fig. 6b–d),
one sharp peak below 200◦C corresponded to the reduction
of the Rh2O3 particles as ascribed above. Differing from
the sample of Rh2O3/ZrO2, the small peak corresponding
to the reduction of large Rh2O3 particles disappeared. In
addition, two peaks are observed: one is between 200 and
300◦C, and the other between 300 and 600◦C. The assign-
ments of these two peaks need to be further discussed. The
peak maximized around 250◦C, as shown inFig. 6b–d, obvi-
ously differentiates from the one at 240◦C which appeared
i he
l n 200
a c-
t of
h 0
i th
1 more

than the 7.2�mol/g for Rh2O3 reduction. These results,
reveal that the peaks between 200 and 300◦C in Fig. 6b–d
are due to surface reduction of the support, and the peaks
between 300 and 600◦C are due to bulk reduction of the
support.

Compared to TPR behaviors of the bare support, both sur-
face and bulk reduction temperatures of the Rh2O3 loaded
samples shift to low temperatures, that is clearly related to
ceria content in the support. The surface or bulk reduction
of the support is also possibly affected by the reduction of
Rh2O3 occurring during hydrogen dissociation as observed
on the PdO supported CexTi1−xO2 catalysts by Xu et al.
[23]. It is reasonable to postulate that in the TPR proce-
dure, the dispersed Rh2O3 particles were easily reduced by
H2 to produce metallic Rh0 clusters. These Rh0 clusters
might adsorb H2 and further dissociates it into H atoms,
which then spillovers onto the support where both the sur-
face and bulk oxygen is activated. As a result, the reduction
of the Ce4+–O ions is promoted, resulting in the TPR peak
maximum corresponding to both surface and bulk reduction
shifting toward lower temperature ranges, this may lead to
surface reduction of the support together with rhodium oxide.
These results also indicate that large Rh2O3 particles do not
form on the surface of the ceria-doped solids, hence the Rh
dispersion on these materials are high. Therefore, it can be
concluded that ceria doping in the support favors improve-
m etal
d

3

%
R CO
o ium
c ity:

F arious
c
0

n Fig. 6a, the former is wide with a low intensity but t
atter is narrow and sharp. Therefore, the peak betwee
nd 300◦C in Fig. 6b and c, is not attributed to the redu

ion of large Rh2O3 particles. It is also noted that amount
ydrogen consumption in the low temperature below 30◦C

s 48.6, 101.9 and 113.4�mol/g for the catalysts doped wi
, 25 and 50 wt% ceria, respectively; those are much
ent of Rh metal-support interaction, leading to high m
ispersion.

.3. Catalytic activity of CO oxidation

Fig. 7 depicts the catalytic activity of the 0.5 wt
h/zriconia and 0.5 wt% Rh/ceria-zirconia catalysts for
xidation. First of all, the catalysts containing high cer
ontent in the support showed higher catalytic activ

ig. 7. CO conversion as a function of reaction temperatures over v
atalysts. (a) 0.5 wt% Rh/ZrO2; (b) 0.5 wt% Rh/1% CeO2–99% ZrO2; (c)
.5 wt% Rh/1% CeO2–99% ZrO2; (d) 0.5 wt% Rh/1% CeO2–99% ZrO2.
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the CO conversion over the catalysts Rh/25% CeO2–75%
ZrO2 and Rh/50% CeO2–50% ZrO2 were higher than that
of the Rh/1% CeO2–99% ZrO2 and Rh/ZrO2. This result
reveals that properties of the catalyst support have a strong
impact on the catalytic activity. In the second place, the
support with cubic structure was more active than that
with tetraganol and monoclinic structures. The sample with
cubic phase had high homogeneity in which the zirconium
and cerium atoms were uniformly distributed in the lat-
tice. In contrast, zirconia and the zirconia doped with 1 wt%
ceria showed inhomogeneity in their phase composition. It
is reported that the presence of different phases strongly
decreases the ionic conductivity in the doped zirconia[24],
which might reduce oxygen diffusion rate from bulk to sur-
face, and is thus unfavorable to CO oxidation. Moreover,
as stated above, replacement of the smaller zirconium by
larger cerium ions in the cubic structure locations would
lead to structural deformation and crystal microstrain, that
usually result in defect formation in the structure[25]. The
defective structure might facilitate oxygen ion diffusion or
transfer from the bulk to the surface that also benefits CO
oxidation[9].

Worth of notice inFig. 6is that there is an inducing period
in the activity profiles for the two catalysts Rh/1% CeO2–99%
ZrO2 and Rh/ZrO2 under low reaction temperatures between
50 and 180◦C. The CO conversion slowly increased until
t
o
Z r,
t port
d ure
T
Z e
d ed to
r n the
d re zir-
c lent
r s
t d on
t ia
o tion
p -
i ich
d d of
t from
t f the
s may
r
r bic
s ield
C ta-
l that
n nge
i and
t t-
a

slowly increased, thus exhibited an inducing period in the
low reaction temperature range. Although the reducibility
of the support exhibits an important effect on the catalytic
property, crystallite size, structural deformation and metal
dispersion also affect the catalytic behavior. For example,
the cubic structure in the 50% CeO2–50% ZrO2 solid shows
the best reducibility as shown by the TPR experiments, how-
ever, its catalytic activity for CO oxidation is slightly lower
than the catalyst doped with 25 wt% ceria, that is probably
derived from the relatively larger crystallite sizes of the sup-
port (Table 7).

It was reported that rhodium ions can be incorporated
into the ceria lattice upon calcination and enhance the metal
dispersion and strong interaction between Rh and CeO2
[10,28]. High metal dispersion was also assumed to be
achieved by forming Ce1−xMxO2−x (M = Pt, Pd, etc.)[12].
High ceria content in the ceria-zirconia solid solution favors
enhancement of rhodium dispersion. This might be one of
the possible origins responsible for the high catalytic activ-
ity of the Rh-loaded ceria-zirconia catalysts with high ceria
content.

4. Conclusion

It has been shown that crystal growth, phase concentra-
t rials
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he reaction temperature reached around 180◦C. The light-
ff temperature,T50, for Rh/ZrO2 and Rh/1% CeO2–99%
rO2, was around 220 and 180◦C, respectively. Howeve

he other two catalysts with high ceria content in the sup
id not show inducing behavior. The light-off temperat
50 for Rh/25% CeO2–75% ZrO2 and Rh/50% CeO2–50%
rO2 was approximately 100 and 110◦C, respectively. Thes
ifferent catalytic behaviors are suggested to be relat
edox properties of the support and interaction betwee
ispersed metals and the support. As shown above, pu
onia solid has no reducibility, while, ceria exhibits excel
edox property by shifting CeO2 under oxidizing condition
o Ce2O3, and the reverse under reducing condition base
he reaction 2CeO2�Ce2O3 + 0.5O2. Ceria-doped zircon
r zirconia-doped ceria may greatly improve the reduc
roperties of the mixed solids[9,26,27]. The catalytic activ

ty therefore is strongly related to cerium content, wh
etermines the reducibility of the support. In the perio

he cold start of reaction, besides the effect resulting
he dispersed metals, the surface oxygen reactivity o
upport must also be taken into account because CO
eact with surface oxygen to produce CO2. Due to the high
educibility of the solids with high ceria content and cu
tructure, the reactivity of surface oxygen with CO to y
O2 is high; thus, the initial catalytic activity of these ca

ysts containing high cerium content increased so rapid
o any inducing period in the low reaction temperature ra

s observed. However, the surface oxygen in zirconia
he 1% CeO2–99% ZrO2 shows low reducibility, their ca
lytic activity in the low reaction temperature up to 180◦C
ions and crystalline structure of the ceria-zirconia mate
an be effectively controlled by incorporating cerium ox
nto zirconia by the sol–gel method. The solid may consi
hases with either tetragonal and monoclinic structures
ure cubic structure, depending on the ceria content and
ation temperature. The incorporation of cerium into zirc
reatly improves the reducibility of the solid and alters ph
ompositions and crystalline structures. It also enhance
hermal stability by inhibiting crystallite growth. The load
h may promote the surface and bulk reduction of the sup
y means of hydrogen dissociation and spillover from m

o the support. The Rh/ceria-zirconia catalyst with 25 w
eria in the support exhibits the highest catalytic act
or CO oxidation as compared with other three cataly
he light-off reaction temperatureT50 is low up to 100◦C.
owever, over the Rh/ZrO2 and Rh/1% CeO2–99% ZrO2
atalysts, CO oxidation degree shows relatively low wi
hort inducing period in the low reaction temperature
0–180◦C, that might be related to the poor reducibility

he support.
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