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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
surface and bulk reducibility. The pure zirconia and the solid doped with 1 wt% ceria consisted of tetragonal and monoclinic phases, while, the
solids doped with 25 and 50 wt% ceria contained only one phase with cubic structure. Cerium incorporation into zirconia led to a crystalline
structure distortion and reducibility enhancement of the resultant solids. The Rh loaded zirconia and ceria-zirconia solids would dissociate
hydrogen and spillover it onto the support, lowering the temperature for both surface and bulk reduction of the support. A structural dependence
of the catalytic activity for CO oxidation upon the catalysts support was observed. Catalytic activity of the Rh loaded zirconia-ceria solid
solution with cubic phase is quite higher than for the catalysts with the support containing tetragonal and monoclinic phases of zirconia. The
latter exhibited an inducing period in the reaction temperatures belowCL80 the catalytic activity profile that might be a result of the
relatively low reducibility of these support.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction exhaust gases from automobi[@s8]. The promoting effect
is originally attributed to its large oxygen storage capac-
Ceria and zirconia are very important catalytic materials ity and its ability of transferring lattice oxygen from bulk
that have been widely applied as catalyst supports, activeto surface[9,10]. It is also reported that cerium oxide may
components or promoters in many catalytic reactidna]. enhance metal dispersion and stabilize the sugdfdri2]
As an example, zirconium oxide doped with iron and man- Although zirconium and cerium oxides play a variety of roles
ganese and promoted by sulfate, is a promising catalyst forin many different catalytic reactions, the main drawback of
skeletal isomerization of hydrocarbons at low reaction tem- these two materials is their thermal instability. For instance,
peraturd3,4]. Zirconia has been also used in solid oxide fuel the three-way catalysts usually are performed at temperatures
cells and oxygen sensors due to its defective stru¢fés. above 500C, when zirconia or ceria are used as support, the
One of the most important applications of ceria is as pro- catalysts may be easily deactivated at high temperature by
moter in the current three-way catalysts for elimination of diminishment of active surface or growth of crystallite size
resulted from serious thermal sintering and phase transfor-

. mation[13]. In the application of environmental catalysis,
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Inrecentyears, much attention has been paid to the synthe-Table 1 _ o
sis of ceria-doped zirconia or zirconia-doped ceria materials Atomic fractional coordinates of tetragonal zirconia (space gipnmg

because of their unique redox properties, enhanced oxygenitom

storage capacity and improved thermal stability in compari-
son with ceria or zirconia alor{@4]. A variety of synthetic

Site X y z
Zr 2a 0.75 0.25 0.75
(e} 4d 0.25 0.25 u?

methods have been applied to obtain ceria-zirconia solids 2 0.035 (4) «u<0.048 (3).

for catalytic applications. These include high-temperature fir-
ing, high-energy mechanical ball-milling of ceria and zirco-
nia mixture, coprecipitation and sol—gel techniq(i&s-19]

aqueous solution. The supported metal catalysts were dried
at 120°C for 12 h and then were calcined at 6@for 4 h.

Among these methodS, the So|_ge| method was believed to b§ef0re the CatalytiC teSt, all the Samp|es were reduced under

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
enttemperatures were quantatitively determined. The surface

and bulk reducibility of the R§O3 loaded ceria-zirconia
nanophases were studied by temperature-programmed redu
tion of hydrogen. Finally, the catalytic behaviors of the Rh
loaded sol—gel ceria-zirconia catalysts for CO oxidation were
evaluated.

2. Experimental
2.1. Preparation of zirconia and ceria-zirconia solids

The zirconia and zirconia-ceria mixed oxides were pre-
pared by using zirconium-propoxide (70% Zr(O-Buw)in
propanol) and Ce(acagcs zirconium and cerium sources.
The synthesis procedure of zirconia was as follows: 11 ml of
Zr(O-Bu), were dissolved into 35.2 ml of absolute ethanol

under continuous stirring to form a homogeneous solution, to

C_

99.9% H 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 Kadiation

and a secondary beam graphite monochromator. Intensities
were obtained in thexange between 20 and 1°1With 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 codg0], 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 fractionW/;) for each phase was deter-
mined from the following relation:

SHNMYV);

— 0,

X Si(NMY),

i

wherei is the value of for a particular phase among the
phases present; i the corresponding refined scale facidr,

is the number of formula units per unit celll is the atomic
weight of the formula unit and théis the volume of the unit
cell.

For refining the crystalline structures in the different

solids, the atomic fractional coordinates corresponding to
tetragonal, monoclinic and cubic phases are reported in

which a hydrolysis catalyst (28 wt% ammonia) was dropped Tables 1-3respectively. Variation limits of the atomic coor-

until reaching pH 10. Thereafter, 2 ml of water were dropped
and the new solution was stirred until gelling. The gel was

dried at room temperature in a vacuum for 24 h and the resul-

tant while solid was calcined at various temperatures for 4 h
in air for further characterization and structure analysis. The

dinates from low to high for the monoclinic structure in both
the ZrQ, and 1% Ce@-99% ZrG solids at 400 and 60T

are reported inrables 4 and 5The standard deviations of
the refinements, showing the variation of the last figures of

Table 2

synthesis procedure of the zirconia-ceria mixed oxides Was 5, .oordinate of the cubic structure, space grboBm(225)

similar to that shown above, expect that, calculated amounts

of zirconium and cerium procursors were simultaneously

added to obtain a homogeneous solution. The final zirconia- Ce

ceria mixed oxides were noted as 1% Ge@9% ZrQ, 25%
CeO—-75% Zr& and 50% Ce@-50% ZrG.

2.2. Preparation of Rh-loaded catalysts
The 0.5 wt% Rh/Zr@ and 0.5 wt% Rh/zirconia-ceria cat-

alysts were prepared by impregnating the Z&hd ceria-
zirconia solids with the appropriated amount of Rh@$

Atom Site X y z
4e 0.00 0.00 0.00
de 0.25 0.25 0.25
Table 3
Atomic fractional coordinates of monoclinic zirconia (space grBap'C)
Atom Site X y z
Zr 4e Uy Uy Uz
o1 4e Vix Vy Vz
02 4e Wy Wy Wz
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Table 4
Atomic coordinates of the monoclinic structure in the 100% zirconia Zr(Ce)0,-400 °C
Temperature®C) Atom X y z
400 Zr 0.272 (1) 0.038 (1) 0.210 (1) Ce(wt%)
o1 0.094 (6) 0.328 (5) 0.385 (5)
02 0.477 (6) 0.765 (3) 0.461 (6) 0
600 Zr 0.2728(7)  0.0379(6)  0.2101 (6) -
01 0.080 (4) 0.332 (3) 0.355 (3) f’d
02 0.464 (4) 0.757 (2) 0.464 (4) =
.‘;7’
g
the corresponding number, are given in parentheses. When E UH A J‘ y\ 1
they correspond to refined parameters, their values are not
estimates of the possible error in the analysis as a whole, but M 2
only of the minimum possible errors based on their normal
distribution.
H " 50
2.4. Measurement of temperature-programmed o sl e B e

reduction (TPR) 20 40 60 80 100
Two Theta (degrees)

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 underWh'le’ Tos is the temperature at which the conversion of CO
a dry nitrogen flow (99.99%) at 45C for 30 min. After- (0 COz reaches 95%.
wards, the samples were cooled down tdBQnder the N
stream. In the reduction step, the sample was progressively ) ]
heated from 30 to 90CC with a heating rate of 10C/min. A 3. Results and discussion
mixture of 10% (v/v) kb in Ar was used as a reducing gas. ] ] ]

The hydrogen consumption as a function of the reduction 3-1. Crystalline structure analysis and Rietveld
temperature was continuously monitored by a cell of thermal réfinement
conductivity detector (TCD).

Fig. 1. XRD patterns of the samples calcined at 200

Crystalline structures, phase compositions and lattice cell
2.5. Catalytic evaluation parameters of four solids were analyzed by XRD technique
and refined with the Rietveld methdeigs. 1 and Zhow the

Catalytic evaluations of the catalysts for CO oxidation
were carried out in a microreactor system with a catalyst
loading of 100 mg. CO (8 vol% in §y mixed with dried air Zr(Ce)0,-600°C

was fed into the reactor. The flow rate of CO and dried air Ce(wtt)
were 20 and 40 ml/min, respectively. The effluentin the outlet M °

of the reactor was analysed by on-line gas chromatography Wi dvn®ovinagArssrhoms

analysis system equipped with a thermal conductivity detec-

tor. The conversion of CO to CQover the catalysts were
Table 5 K‘\
Atomic coordinates of the monaoclinic structure in the 1 wt% Ge@® wt% A 25

Intensity (a. u.)

measured at various temperatures between 50 andCl00
The light-off reaction temperatur€s, is defined as the tem-
perature at which the conversion of CO to £®@aches 50%,
ZrO, sample
Temperature“C) Atom X y z
} " 50

400 Zr 0.272 (2) 0.034 (1) 0.217 (2) ot

o1 0.115(7) 0.354 (6) 0.378 (6)

02 0.478 (6) 0.759 (4) 0.450 (6) 20 40 60 80 100

600 zr 0.271(1)  0.031(1)  0.214(6)
o1 0.031(6) 0.386(5)  0.340(3)
02 0.537(4)  0.748(2)  0.452(4)

Two Theta (degrees)

Fig. 2. XRD patterns of the samples calcined at 800
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Table 6
15F 600 °C Phase concentration (wt%) as a function of zirconia content
Samples Temperature Monoclinic  Tetragonal  Cubic
£ 1.0} o
=
=]
2 1 W%Ce0, -99 wi% Zr0, 100% ZrG 288 g? (i) g; (j)
e () @
x 1% CeQ—-99% 400 40 (4) 60 (1)
ZrOy
O_O- ‘ 1 (] II:I IIIIIIIII I? ,.lllll“llllll II-IIIIHE . ‘L:' :J'” . 600 47 (3) 53 (1)
boverleresta et - ‘ 25% CeQ-75% 400 100
20 40 60 80 100 20,
Two theta (degree) 600 100
Fig. 3. ARietveld refinement plot of the 1% Ce&9% ZrQ solid calcined 50% CeQ-50% 400 100
at 600°C. Experimental data are indicated by cross, and the calculated curve Zr0;
obtained after the refinement is indicated with a continuous line. The upper 600 100

tick masks correspond to tetragonal structure and lower tick masks corre-

spond to monoclinic structure. The continuous curve under the tick marks %. th les had | h ith cubi
represents the difference between the experimental and the calculated data50 wt%, the samples had only one phase with cubic struc-

ture, indicating that cerium and zirconium ions are uniformly
XRD patterns of the four samples calcined at 400 anc’€Q0  distributed forming a solid solution.
respectively.Figs. 3 and 4show the Rietveld refinement Table 7shows the crystallite size of each phase in the dif-
plots of 1% Ce@-99% ZrQ and 25% Ce@-75% ZrQ ferent samples calcined at various temperatures. It was seen
samples calcined at 60C. Phase compositions of the zir- thatthe crystallite size linearly decreased as the cerium oxide
conia and ceria-zirconia samples obtained from the Rietveld @mountincreased up to 25 wt% Ce@ 400°C. It diminished
refinements are reported Fable 6 The pure zirconia cal-  from 19.7 to 15.4nm for the tetragonal phase, and 9.9nm
cined at 400C consisted of 51 wt% tetraganol and 49wt% for the cubic phase when the cerium oxide concentration
monoclinic phase. When the sample was annealed &t®00 increased from O to 1 and 25%. When the calcination tem-
phase transformation from tetragonal to monoclinic occurred, perature was raised from 400 to 60D, the crystallite size of
that resulted in 17 wt% tetragonal phase further transferring the 25% Ce@-75% ZrQ sample slightly grew from 9.9 to
to monoclinic phase. When 1wt% ceria was incorporated 10.4 nm, while, thatwould be 15.2-22 nm for the sample con-
into the zirconia lattice, the resultant material annealed at taining 50 wt% ceria. These results indicate that addition of
400°C chiefly consisted of 60 wt% tetragonal phase along Ceriainto zirconiain an appropriate amount, i.e., 1 or 25 wt%,
with 40 wt% monoclinic phase, while, after 600 of calcina- would effectively suppress phase transformations and inhibit
tion, it contained 53 wt% tetragonal and 47 wt% monoclinic, Crystal growth, and therefore, enhance the thermal stability
the increment of monoclinic concentration was only 7 wt% Of the solid. High concentration of ceria in the ceria-zirconia
which is much less than the 17 wt% that occurred in pure solid may result in the crystallite size larger after calcination
zirconia. This result clearly reveals that even a very small at high temperature as in the case of 50% &€80% ZrG.
amount of added ceria may partially inhibit zirconia phase ~ The lattice cell parameters of the tetragonal, monoclinic
transformation. As the ceria content increased to 25 andand cubic structures in the different samples annealed at 400
and 600°C are reported iffables 8 and 9t is noted that the
lattice cell parameter contracted 0.6% for 25% Gel®%

0.5- H
600°C
Table 7
-2 Average crystallite size (nm) as a function of zirconium content
= 25 Wi%Ce0, 75 Wi%Zr0,
8 : Samples TemperatureMonoclinic Tetragonal Cubic
2 §S)
=)
x 100% Zr& 400 15.6 (5) 19.7 (5)
0.0 600 21.3 (6) 21.8 (6)
1% CeQ—-99% 400 13.8 (6) 15.4 (1)
L L ZrOy
20 40 60 80 100 600 19.3(8) 17.9 (4)
Two theta (degree)
25% CeQ-75% 400 9.9(2)
Fig. 4. A Rietveld refinement plot of the solid 25% Ce@5% ZrQ cal- Zr0;
cined at 600 C. Experimental data are indicated by cross, and the calculated 600 104 (3)
curve obtained after the refinement is indicated with a continuous line. The 509% CeQ-50% 400 15.2 (6)
tick masks correspondto cubic structure. The continuous curve underthetick  zro,
marks represents the difference between the experimental and the calculated 600 22(1)

data.
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Table 8
Lattice cell parameters (nm) as a function of zirconium content and annealing temperature
Samples TemperatureQ) Monaoclinic Tetragonal
a b c B a c
100% ZrQy 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% CeQ-99% ZrQ 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 a
Samples Temperature Lattice Contraction —
(°C) parameten (%0)? g
25% CeQ-75 400 05364(2) 0.9 s| 7 T—— b
ZrOz ..a
600 0.5375 (1) 0.6 £
[}
50% CeQ-50% 400 0.5267 (2) 2.7 5
(@]
ZrOy o
600 0.5260 (2) 2.8 T c
CeQ, (ref. [15]) 400 0.54127 (7)
600 0.54095 (5)
2 It was calculated by comparison the lattice cell parameeteith that of d
the refereed Ce®
ZrO and 2.8% for 50% Ce&-50% ZrQ, compared to pure

ceria after calcination at 60€. The contraction of the lat- 0 200 400 600 . 800 1000
tice cell parameters is originated from the partial substitution Temperature (*C)
of larger cerium ions by smaller zirconium ions in the struc- fig. 5. TPR profiles of the solids with different cerium content. (a) 100%
ture. The contraction of the cubic lattice cell must resultin a Rh/zrO,; (b) 1% CeQ—-99% ZrQ; (c) 25% CeQ-75% ZrQ; (d) 50%
crystalline structure distortion that strongly favors the forma- CeQ-50% ZrG.

tion of defects by releasing the structural stress or microstrain

induced by the contractid9]. low temperature range between 300 and 850another at
high temperature range between 550 and“€0rhe hydro-
3.2. TPR behaviors gen consumption corresponding to the low temperature peak

in the TPR profile could be assigned to surface reduction

The surface and bulk reducibility of the four solids were of the materials; while, that of the high temperature peak
studied by TPR measurement. TPR profiles are shown inwas attributed to the bulk redution of the soli@2]. It is

Fig. 5and the related data are reportedrable 10 For the found that the peak maximum at the low temperature range

100% zirconia solid, no peak was observed in the TPR pro- (Tim) for the different solids almost remained the same; how-
file, indicating that zirconia is not an easily reducible oxide, ever,the peak maximum atthe high temperattigg) shifted
that is in good agreement with the results of Baron et al. towardsto lowertemperature range and its afgaquasilin-
who reported that no noticeable hydrogen consumption wasearly gained as the cerium content increased.Thheshifted

observed in TPR up to 100C [21]. In the ceria-doped sam- 40 and 75C towards to low temperature range as the ceria

ples, there are two peaks in the TPR curves: one appeared atontent 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

T A Tmh An ATmh
1% CeQ-99% ZrQ 450 M 720 S
25% CeQ-75% Zr 400 M 680 L 40
50% CeQ-50% Zr& 400 M 605 L 75

Tmi: the temperature corresponding to maximum of the peak at low temperBfyréhe temperature corresponding to maximum of the peak at high temperature;
ATmn: Tmn difference;ATmn = Tmn (25 or 50 wt% ceria)- Tmn (1 Wt% ceria);A: area of the low temperature peallg: area of the high temperature peak; S:
small; M: medial; L: large.
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than the 7.2umol/g for RhhOs reduction. These results,
reveal that the peaks between 200 and qDon Fig. 6b—d

are due to surface reduction of the support, and the peaks
a between 300 and 60C 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@hloaded
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
RhyO3 occurring during hydrogen dissociation as observed
on the PdO supported ¢H;_xOo catalysts by Xu et al.
[23]. It is reasonable to postulate that in the TPR proce-
dure, the dispersed R@3 particles were easily reduced by
d H> to produce metallic Rhclusters. These Rhclusters
might adsorb H 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 Cé*-0 ions is promoted, resulting in the TPR peak
Fig. 6. TPR profiles of the RID3/Zr(Ce)Q solids with different cerium maximum corresponding to both surface and bulk reduction
content. (a) 100% Rh/Zr (b) 1% CeQ—99% ZrQ; (c) 25% CeQ—75% shifting toward lower temperature ranges, this may lead to
Zr0y; (d) 50% CeQ-50% ZrQ. surface reduction of the support together with rhodium oxide.

These results also indicate that largeRk particles do not
indicate that substitution of zirconium by cerium ions in the form on the surface of the ceria-doped solids, hence the Rh
cubic structure could improve the bulk reducibility of the dispersion on these materials are high. Therefore, it can be
solids and this kind reducibility roughly increased when the concluded that ceria doping in the support favors improve-
cerium content in the materials increased. The reduction pro-ment of Rh metal-support interaction, leading to high metal
cess proceeds in two steps, starting with the elimination of dispersion.
surface oxygen atoms that followed bulk reduction at higher

H, Consumption (u.a.)

0 200 400 600 800 1000
Temperature (°C)

temperature. 3.3. Catalytic activity of CO oxidation
Fig. 6 shows the TPR profiles of RBs/zirconia and
RhyOs/ceria-zirconia catalysts. Ifig. 6a, one very sharp Fig. 7 depicts the catalytic activity of the 0.5wt%

peak and a small peak were observed around 180 and240  Rhy/zriconia and 0.5wt% Rh/ceria-zirconia catalysts for CO
respectively. No other peak could be observed in the tempera-oxidation. First of all, the catalysts containing high cerium

ture above 250C. These two peaks were probably attributed content in the support showed higher catalytic activity:
to the reduction of the RI©O3 particles. The first one is due

to the reduction of the well dispersed Kby particles, and

the small one is associated with the presence of the bulk-like

crystallite in the large RfO3 particles on the surface of the

support[9]. For the samples doped with ceriaid. 6o—d),

one sharp peak below 20Q corresponded to the reduction

of the RhO3 particles as ascribed above. Differing from }'/ //

the sample of R¥O3/ZrO,, the small peak corresponding 60

to the reduction of large RID3 particles disappeared. In 50 /[

addition, two peaks are observed: one is between 200 and // f /

300°C, and the other between 300 and 600 The assign- 40 /y j /

ments of these two peaks need to be further discussed. The 30

peak maximized around 25C, as shown itfrig. 6b—d, obvi- 20 // //

ously differentiates from the one at 240 which appeared // / //
/

100

/a4
VI

[(=]
o

[o+]
o

~
o

CO Conversion (%)

in Fig. 6a, the former is wide with a low intensity but the 10

latter is narrow and sharp. Therefore, the peak between 200 0 — ‘ . . ‘
and 300°C in Fig. 8 and c, is not attributed to the reduc- 0 50 100 150 200 250 300 350 400

tion of large RRO; particles. It is also noted that amount of Reaction Temperature (*C)

hydrogen consumption in the low temperature below 300 Fig. 7. CO conversion as a function of reaction temperatures over various

is 48.6, 101.9 and 113mol/g for the catalysts doped with catalysts. (a) 0.5wt% Rh/ZeO (b) 0.5Wt% Rh/1% Ce@-99% ZrG; ()
1, 25 and 50 wt% ceria, respectively; those are much more 0.5 wt% Rh/1% Ce@-99% ZrG; (d) 0.5 wt% Rh/1% Ce@-99% Zr(.
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the CO conversion over the catalysts Rh/25% &€B% slowly increased, thus exhibited an inducing period in the
ZrO, and Rh/50% Ce@-50% ZrQ were higher than that  low reaction temperature range. Although the reducibility
of the Rh/1% Ce®-99% ZrQ and Rh/ZrQ. This result of the support exhibits an important effect on the catalytic
reveals that properties of the catalyst support have a strongproperty, crystallite size, structural deformation and metal
impact on the catalytic activity. In the second place, the dispersion also affect the catalytic behavior. For example,
support with cubic structure was more active than that the cubic structure in the 50% Ce&b0% ZrG solid shows
with tetraganol and monoclinic structures. The sample with the best reducibility as shown by the TPR experiments, how-
cubic phase had high homogeneity in which the zirconium ever, its catalytic activity for CO oxidation is slightly lower
and cerium atoms were uniformly distributed in the lat- than the catalyst doped with 25wt% ceria, that is probably
tice. In contrast, zirconia and the zirconia doped with 1wt% derived from the relatively larger crystallite sizes of the sup-
ceria showed inhomogeneity in their phase composition. It port (Table 7.
is reported that the presence of different phases strongly It was reported that rhodium ions can be incorporated
decreases the ionic conductivity in the doped zircdai, into the ceria lattice upon calcination and enhance the metal
which might reduce oxygen diffusion rate from bulk to sur- dispersion and strong interaction between Rh and L£eO
face, and is thus unfavorable to CO oxidation. Moreover, [10,28] High metal dispersion was also assumed to be
as stated above, replacement of the smaller zirconium byachieved by forming Ge yMxO2_x (M =Pt, Pd, etc.J12].
larger cerium ions in the cubic structure locations would High ceria content in the ceria-zirconia solid solution favors
lead to structural deformation and crystal microstrain, that enhancement of rhodium dispersion. This might be one of
usually result in defect formation in the structygs]. The the possible origins responsible for the high catalytic activ-
defective structure might facilitate oxygen ion diffusion or ity of the Rh-loaded ceria-zirconia catalysts with high ceria
transfer from the bulk to the surface that also benefits CO content.
oxidation[9].

Worth of notice inFig. 6is that there is an inducing period
inthe activity profiles for the two catalysts Rh/1% Ce©9% 4. Conclusion
ZrOz and Rh/ZrQ under low reaction temperatures between
50 and 180C. The CO conversion slowly increased until It has been shown that crystal growth, phase concentra-
the reaction temperature reached around°T80The light- tions and crystalline structure of the ceria-zirconia materials
off temperatureTsg, for Rh/Zr&, and Rh/1% Ce@-99% can be effectively controlled by incorporating cerium oxide
ZrO,, was around 220 and 18Q, respectively. However, into zirconia by the sol-gel method. The solid may consist of
the other two catalysts with high ceria content in the support phases with either tetragonal and monoclinic structures or a
did not show inducing behavior. The light-off temperature pure cubic structure, depending on the ceria contentand calci-
Tso for Rh/25% Ce@-75% ZrQ and Rh/50% Ce&-50% nation temperature. The incorporation of cerium into zirconia
ZrOy was approximately 100 and 11G, respectively. These  greatly improves the reducibility of the solid and alters phase
different catalytic behaviors are suggested to be related tocompositions and crystalline structures. It also enhances the
redox properties of the support and interaction between thethermal stability by inhibiting crystallite growth. The loaded
dispersed metals and the support. As shown above, pure zirRh may promote the surface and bulk reduction of the support
conia solid has no reducibility, while, ceria exhibits excellent by means of hydrogen dissociation and spillover from metal
redox property by shifting Cefunder oxidizing conditions  to the support. The Rh/ceria-zirconia catalyst with 25 wt%
to Ce0Og3, and the reverse under reducing condition based on ceria in the support exhibits the highest catalytic activity
the reaction 2Ce&= Ce,03 +0.50. Ceria-doped zirconia  for CO oxidation as compared with other three catalysts,
or zirconia-doped ceria may greatly improve the reduction the light-off reaction temperaturBsg is low up to 100°C.
properties of the mixed solid9,26,27] The catalytic activ- However, over the Rh/Zr9Qand Rh/1% Ce@-99% ZrQ
ity therefore is strongly related to cerium content, which catalysts, CO oxidation degree shows relatively low with a
determines the reducibility of the support. In the period of short inducing period in the low reaction temperatures of
the cold start of reaction, besides the effect resulting from 50-180°C, that might be related to the poor reducibility of
the dispersed metals, the surface oxygen reactivity of thethe support.
support must also be taken into account because CO may
react with surface oxygen to produce £@ue to the high
reducibility of the solids with high ceria content and cubic Acknowledgments
structure, the reactivity of surface oxygen with CO to yield
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