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The effects of the addition of rhodium to CeO2(70 wt%)^ZrO2 support on hydrogen reduction of the support have been studied.
The effects change significantly with an increase in calcination temperature of the support. The lattice constant of CeO2^ZrO2

decreases with an increase in calcination temperature. The correlation curve between the lattice constant and calcination tempera-
ture as well as that between crystalline growth and calcination temperature has an inflection point at 900�C. Thus, the structure of
the CeO2^ZrO2 solid solutions depends on the calcination temperature. In particular, the structure changes significantly at 900�C
and calcination at 900�C shows amaximum amount of surface oxygen-deficient sites catalyzingN2Odecomposition.Moreover, the
reduction extent at 400�C is directly proportional to rhodium concentration per unit surface area in addition to the considerable
structure change of CeO2^ZrO2. Hence, the localization and/or aggregation effect of rhodium particles also contributes to the
reduction creating surface oxygen vacancy.
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1. Introduction

Ceria has been often used to improve the catalytic
properties, such as (1) oxygen storage and release by
interchanging between CeO2 under oxidizing conditions
and Ce2O3 under reducing conditions [1^12] and (2) sta-
bilization of supportedmetals and supports [13^16]. The
solution of zirconia in ceria increases significantly the
oxygen storage action of ceria and thermal stability of
supported metals and supports. There are many studies
on the correlation between calcination temperature and
the structure of CeO2^ZrO2 [17^20]. It is known that
their crystal phase and ceria structure depend on the
extent of the dissolution of zirconium into the ceria due
to preparation conditions and that the addition of the
metals such asRh and Pt promotes the formation of oxy-
gen vacancies [21]. In addition, the incorporation of zir-
conium metal ions in the CeO2 lattice increases
significantly the amount of oxygen vacancies creating
Ce3�, which may play a crucial role in enhancing NO
and CO conversions [18,22]. The morphology of the pre-
ciousmetal particles and the correlation between the role
of the metal and the structure of CeO2^ZrO2 still remain
obscure, although the morphology and the correlation
may contribute importantly to catalytic activity and
reduction of ceria creating oxygen-deficient sites. We
had studied the application of Rh/CeO2 to N2O decom-
position and reported that this catalyst was very effec-
tive in decomposing N2O even at low temperature and
that the activity was due to the inherent function of rho-
dium coupled with oxygen-deficient sites in the ceria
[23]. However, the number of oxygen-deficient sites in
the ceria is insufficient for practical use and the state of
rhodiumwas not clarified. In this work we tried to incor-

porate zirconia in ceria to increase the amount of oxy-
gen-deficient sites in ceria and its activity. The hydrogen
reduction of rhodium oxide supported on CeO2^ZrO2
calcined at various temperatures from 550 to 1200�C has
been studied. The calcination at 900�C shows a maxi-
mum amount of oxygen-deficient sites on the surface of
the catalyst. The synergistic action due to the rhodium
localized and/or aggregated on the CeO2^ZrO2 surface
contributes to the reduction creating surface oxygen
vacancy in addition to the considerable change of the
CeO2^ZrO2 structure.

2. Experimental

Materials. All reagents used were commercial materi-
als of analytical grade. Hydrogen (purity of higher than
99.9%)was usedwithout further purification.

CeO2^ZrO2 support. The CeO2^ZrO2 support was
prepared by precipitation method adding aq. 3 N NH3
solution to Ce(NO3)3 and ZrO(NO3)2 solution up to the
pH of 10 slowly. The resulting precipitation was washed
with ion-exchanged water, filtered in vacuo, and then
dried at 80�Cover night. The supportwas calcined for 3 h
at a fixed temperature.

Rh/CeO2^ZrO2. In a typical preparation, CeO2(70
mol%)^ZrO2(30 mol%), 1.99 g, was impregnated with
an aqueous solution of Rh(NO3)3, 0.026 g, and the water
was evaporated using a rotary evaporator. The resulting
precipitation was dried for 1 day at 80�C, followed by
calcination for 3 h at 550�C to minimize the effect of
loading temperature on the supportmorphology.

X-ray powder diffraction (XRD). XRD patterns of
the samples were recorded using a Macscience 18
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spectrometer (Ni-filtered Cu K�, 40 kV^50 mA). The
sample was mounted on a sample board and the meas-
urement was carried out immediately. XRD peak posi-
tions of the catalysts are corrected using the peak
resulting from Si powder as a calibrator.

Reduction of the catalyst with hydrogen. The reduc-
tion was carried out by a Cahn electrobalance system.
The catalyst, 50 mg, was weighed accurately and evacu-
ated at 400�C till the sample weight became constant.
Then the sample was exposed at 400�C to 1.25 kPa of
hydrogen, and the reduction extent was measured by the
weight loss of the samples when terminating the reduc-
tion: desorption of water formed by hydrogen reduction
gives the weight loss. The time of introducing hydrogen
was the starting point of the reduction. The vapor pres-
sure of formed water was less than 0.02 kPa in the maxi-
mum reduction case and its vapor effect on the reduction
was negligible.

Surface area. The surface area of the catalysts was
determined by the BET method using nitrogen adsorp-
tion isotherm atÿ196�C.

3. Results and discussion

The reduction of rhodium oxides loaded CeO2(70
mol%)^ZrO2 calcined at different temperatures was
studied. The reduction was completely terminated
within 1 h under the conditions. The influence of calcina-
tion temperature on the reduction is shown in figure 1.
The extent of the reduction of Rh/CeO2^ZrO2 increases
with an increase in calcination temperature. It is well
known that, below 227�C, rhodium oxides loaded on
other reducible oxides like TiO2, Ta2O5, and CeO2 are
reduced to the metal by hydrogen [2,13,18,24]. The over-
weight loss from a stoichiometric value, 2.3 mg/g, indi-
cates that the supports calcined at 800^1200�C are
partially reduced, because the theoretical weight loss

Figure 1. Effect of the calcination temperature on the reduction extent
of Rh/CeO2^ZrO2. The sample loaded with 1.0 wt% of rhodium was

reduced at 400�Cunder 1.25 kPa of hydrogen pressure.

a

b

c

Figure 2. X-ray powder diffraction patterns. All samples were loaded
with 1.0 wt% of rhodium. (a) CeO2 calcined at various temperatures,
(b) CeO2^ZrO2 containing 10, 30 and 50 mol% of ZrO2, (c) CeO2

(70mol%)^ZrO2 calcined at various temperatures.
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due to reduction of Rh2O3 to Rh metal is evaluated to
be 2.3 mg/g from its content. The loaded rhodium
enhances the reduction remarkably because the support
was scarcely reduced with hydrogen in the absence of
rhodium.

X-ray powder diffraction patterns of CeO2, CeO2^
ZrO2, andRh2O3/CeO2^ZrO2 were recorded and shown
in figure 2. These XRD patterns were similar to one
another except for CeO2(50mol%)^ZrO2 and the load of
rhodium oxides had little effect on the XRD patterns of
the supports. Furthermore, the peak positions in CeO2^
ZrO2 shift to higher diffraction angle with an increase in
calcination temperature, and those in CeO2 to a lower
one. The sample loaded with more than 4 wt% of rho-
dium showed the XRD peaks resulting from Rh2O3. On
the basis of the literature [25], the peaks of the diffraction
angles of 2� � 29�, 33�, 48�, 56�, 59�, 70�, 77�, and 78�

are attributed to the CeO2 crystal face of (1, 1, 1), (2, 0,
0), (2, 2, 0), (3, 1, 1), (2, 2, 2), (4, 0, 0), (3, 3, 1), and (4, 2,
0), respectively. Thus, the structure of CeO2^ZrO2 crys-
tallites is similar to the fluorite structure of CeO2 crystal.
As shown in figure 2, the peaks resulting from the crystal
face of (1, 1, 1), (2, 0, 0), (2, 2, 0), and (3, 1, 1) are clearly
narrow. These peaks shift to higher diffraction angle
with an increase in ZrO2 content as shown in figure 2b.
This result indicates a dissolution of ZrO2 in CeO2. The
most of ZrO2 is dissoluted in CeO2(90 mol%)^ZrO2 and
CeO2(70 mol%)^ZrO2, whereas some parts of ZrO2 in
CeO2(50 mol%)^ZrO2 remain without dissolution
because the peaks at 2� � 30�, 34� and 50� for CeO2(50
mol%)^ZrO2(50 mol%) are assigned to tetragonal ZrO2
from the literature [27]. The lattice constants for the
CeO2(70 mol%)^ZrO2 are determinable from the nar-
row peaks, considering their crystal structures to be
fluorite-like structure. The effect of ZrO2 content and
calcination temperature on the lattice constant is shown
in figure 3. The lattice constant of CeO2^ZrO2 decreases
with an increase in ZrO2 content and that of CeO2(70
mol%)^ZrO2 also does with an increase in calcination
temperature, while that of CeO2 increased up to lattice
constant of CeO2 crystal, a � 0:5411 nm. The decrease
of the lattice constant in CeO2(70 mol%)^ZrO2 is rea-
sonably explained in terms of dissolution of zirconium
ions, the radius of which is smaller than that of cerium
ions [26]. The weak shoulders at the peaks of (1, 1, 1),
and (2, 0, 0), and the very weak peak at 2� � 50� for
CeO2(70 mol%)^ZrO2 are also attributed to tetragonal
ZrO2. The correlation curve between the lattice constant
and the calcination temperature has an inflection point
at 900�C.

The crystal size was determined from the half-width
of the peaks at (1, 1, 1), (2, 0, 0), (2, 2, 0), and (3, 1, 1)
using Scherrer's equation [28]. The growth of the crystal
size with calcination temperature is shown in figure 4 for
(1, 1, 1), (2, 0, 0), (2, 2, 0), and (3, 1, 1) planes. The crystal
size increases with an increase in calcination tempera-
ture. The correlation curve between the crystal size of

CeO2^ZrO2 and calcination temperature has also an
inflection point at 900�C. These inflection points are well
corresponding to the diffusionless tetragonal (t)$cubic
phase (c) transformation in CeO2(70wt%)^ZrO2 around
the c$t equilibrium temperature reported for CeO2^
ZrO2 crystallites by Yashima et al. [29]. The influence of
calcination temperature on the crystal size growth in
CeO2 is much larger than in CeO2^ZrO2. This indicates
that the dissolution of zirconium ions to CeO2 depresses
the crystal size growth. The crystalline anisotropy of
crystal growth is small because the variation of crystal

Figure 3. Effect of the content of ZrO2 and calcination temperature
on lattice constant. The lattice constant was calculated from the peak

positions of (1, 1, 1), (2, 0, 0), (2, 2, 0) and (3, 1, 1).

Figure 4. Effect of calcination temperature on crystal growth. (.)
Calculated from the (1, 1, 1) peak, (-) calculated from the (2, 0, 0)
peak, (/) calculated from the (2, 2, 0) peak, (1) calculated from the (3,

1, 1) peak.
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size is little among different crystal faces, as shown in
figure 4. The result supports that theCeO2^ZrO2 crystal-
lites grow nearly equally to all crystal faces with an
increase in calcination temperature under the condi-
tions.

The surface area of the catalysts was measured by
the BET method, and the effect of calcination tempera-
ture on the surface area is shown in figure 5. The surface
area decreases with an increase in calcination tempera-
ture. The decrease corresponds well to the growth of the
crystal size in figure 4.We have reported that the decom-
position of N2O is catalyzed by oxygen-deficient sites in
ceria. The decomposition should occur predominantly
on the oxygen-deficient sites in the surface regions of
ceria because the adsorption sites of N2O are present on
the surface. It is known that hydrogen reduction at 347^
397�C favors the change in surface state from Ce4� to
Ce3� with Rh/CeO2 [2,13,30^32]. From the similarity of
the structure of CeO2^ZrO2 to that of CeO2, assuming
the surface reduction in Rh/CeO2^ZrO2 to occur first of
all, the amount of oxygen-deficient sites on the ceria sur-
face is determinable from the surface area, ceria content
and oxygen loss shown in figure 1. The number of the
CeO2 unit cell in the surface regions is expressed by an
equation, Sob=a2, where Sob and a are the observed BET
surface area and lattice constant of the catalyst, respec-
tively. The number of CeO2 in the surface regions is
expressed by the equation 4� 0:70Sob=a2, because a unit
cell contains four CeO2 molecules and the CeO2 content
is 70 mol%. Considering the surface reduction to be
2CeO2 �H2 ! Ce2O3 � VO �H2O", where VO is oxy-
gen vacancy, the amount of oxygen-deficient sites creat-
ing Ce3� in the surface regions is calculated from
2:8Sob=2a2 and the oxygen loss shown in figure 1, and the
plot of the amount vs. calcination temperature is shown
in figure 6. Laachir [32], and Shyn [31] reported that the
surface reduction occurred in easily reducible surface
Ce4� and nonstoichiometric oxides. The amount of oxy-

gen-deficient sites increases up to 900�C and decreases
above 900�Cwith a decrease in surface area. The surface
vacancy proceeding N2O decomposition is a maximum
around 900�C. This finding is also consistent with the
significant changes of lattice constant and crystal
growth at 900�C.

Assuming the CeO2^ZrO2 microlite to be a cube and
giving the density of CeO2(70 wt%)^ZrO2 to be 6.9 by a
proportional allotment of that of CeO2 (7.3) and ZrO2
(5.89), the surface area of the catalyst calcined at 550,
900, and 1200�C is calculated mathematically to be 58,
45, and 35m2/g respectively from the crystal sizes shown
in figure 5. The Sob=Scal ratio is 100% at 550�C, 61% at
900�C, and 50% at 1200�C where Sob is the BET surface
area in figure 5. The microlite aggregates with an
increase in calcination temperature accompanying the
crystal growth: The microlites are separately present at
550^600�Cbecause Sob is equal to the surface area calcu-
lated from crystal size of microlite; several microlites
may aggregate around 900�C to their crystal texture.
About eight microlites may aggregate massively at
1200�C because Sob is equal to the surface area calcu-
lated on the basis of the aggregation of eight microlites.
The profile of crystal growth is thus illustrated in
figure 7.

The contribution of rhodium to the reduction is quite
evident because the addition of rhodium remarkably
accelerates the reduction. The effect of the rhodium con-
centration per unit surface area on the extent of reduc-
tion was studied to reveal the contribution of the loaded
rhodium to the reduction. The amount of hydrogen
reduction ofRh/CeO2^ZrO2 vs. the rhodium concentra-
tion is shown in figure 8. The plot of the reduction
amount vs. the rhodium concentration shows a fairlyFigure 5. Effect of calcination temperature on the surface area.

Figure 6. Change of the amount of oxygen-deficient sites in the surface
of CeO2^ZrO2 with calcination temperature. From the similarity of the
CeO2^ZrO2 structure to that of CeO2, assuming that the reduction sets
in with an elimination of the lattice oxygen in the surface of the Rh/
CeO2^ZrO2, the amount of oxygen vacancies in the surface has been

calculated.
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near straight line for the catalysts, of which supports
have been calcined at various temperatures. Though the
hydrogen reduction rate generally depends on the crys-
talline anisotropy of the crystal face, the overall rate of
the hydrogen reduction is not greatly affected by the
crystalline anisotropic growth of the crystal face of
CeO2^ZrO2 crystallites due to different calcination tem-
peratures, because the CeO2^ZrO2 crystallites grow
nearly equally to all crystal faces with an increase in cal-
cination temperature as described above. In addition,
when not only a higher content of cerium in the neigh-
borhood of rhodium but more fine particles of rhodium
exist, the rhodium is believed to be more easily diffusible
to the ceria; higher surface gives lower rhodium concen-
tration per unit surface and this lower concentration
means a higher content of cerium in the neighborhood of
rhodium as well as more fine particles of rhodium. A
similar diffusion of rhodium was reported for the Rh/
CeO2^ZrO2 system calcined at higher temperature [11].
In addition, the contribution of the structural change to
the reduction should give a curve correlation that has the
reflection point. These findings lead to the conclusion

that an increase in rhodium concentration significantly
accelerates the reduction: the increase accompanies a
localization of rhodium with an aggregation of rhodium
on the surface; the significant acceleration strongly sug-
gests a synergistic action of the localization and/or the
aggregation. The aggregation of rhodium oxides had
already been observed in a similar Rh/CeO2 system
[18,33]. Hence, the straight correlation strongly suggests
that the localization and/or the aggregation of rhodium
means a great deal to enhancing the reduction, that is, a
synergistic action due to the localization and/or the
aggregation of rhodium facilitates the hydrogen reduc-
tion, but a lone rhodium or incorporated rhodium has
little promotion for the reduction. The localization and/
or the aggregation effect also contributes to the reduc-
tion creating the surface oxygen vacancy.

4. Conclusion

The lattice constant and the surface area of 70 mol%
CeO2^ZrO2 decrease with an increase in calcination
temperature and significantly change around 900�C,
whereas the crystal size increases with an increase in
calcination temperature and significantly changes
around 900�C. These findings indicate that the struc-
ture of CeO2^ZrO2 changes with an increase in calcina-
tion temperature and significantly changes around
900�C. Moreover, the plot of the reduction amount vs.
the rhodium concentration shows a fairly near straight
line in addition to the considerable structure change of
CeO2^ZrO2. The straight correlation strongly suggests
that a synergistic action due to the localization and/or
the aggregation of rhodium enhances the hydrogen
reduction of CeO2^ZrO2, but a lone rhodium and/or
incorporated rhodium has little promotion for the
reduction.
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