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Abstract

Ž . Ž .Nitrous oxide N O was decomposed over Rh supported on ceriarzirconia CerZr composite oxide, and the effects of2

the composition of the oxide and of its calcination temperature on the catalytic performance of Rh were investigated. Ceria
was fragile against high temperature calcination, while addition of Zr remarkably increased its thermal stability to retain high
surface area even at the calcination temperature of 9008C. Rh was supported on these oxides and was calcined at 5508C. The
Rh supported on the composite oxide with a CerZr molar ratio of 7r3 which had been calcined at 9008C exhibited the
highest activity. TEM and ESCA analyses revealed that the Rh strongly interacted with the oxide, and there was a possibility
that a part of Rh even dissolved into its bulk. The Rh exposed to the surface of the composite oxide in a highly dispersed

Žstate exhibited the high catalytic activity. However, when the calcination temperature of the composite oxide CerZr molar
.ratio of 7r3 was increased to 12008C, its surface area decreased remarkably and the supported Rh was present in an

aggregated state. The Rh in this state had only low catalytic activity despite its high surface concentration. q 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Ž .Nitrous oxide N O is manufactured com-2

mercially by the decomposition of ammonium
nitrate or by the catalytic oxidation of ammonia
and is employed mainly as an anesthetic in

w xmedical treatment 1 . It has been used as a
monitoring agent or oxidizing agent in the field
of catalysis. For example, the decomposition of
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N O has been regarded as an appropriate test2

reaction to clarify the function of various cata-
lysts where oxygen species play important roles
w x2–6 . The active oxygen from N O is utilized2

in the synthetic reactions such as oxidative cou-
w xpling or partial oxidation of methane 7,8 , di-

w xrect phenol synthesis from benzene 9,10 , epox-
w xidation of ethylene 11 , partial oxidation of

w xethane 12 , and so on. N O is also attracting2

attention these days from the standpoint con-
cerning the environmental problems because of
its detrimental green house effect as well as its
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w xozone-depleting action 13 . N O is emitted from2

various sources such as combustion systems in
the factories, automobile catalytic converters,
and adipic acid manufacturing process using
cyclohexanol and nitric acid as the starting ma-
terials. Thus, the development of active cata-
lysts to detoxify N O is becoming an important2

issue. However, not so many works have been
reported on the active catalysts to detoxify N O2
w x14–18 . Previously, we found that Rh sup-
ported on ceria exhibited a high activity in the

w xdecomposition of N O 19 . Its high activity is2

ascribed to the inherent function of Rh coupled
with the oxygen deficient sites in ceria which
also decompose N O. The state of Rh on the2

ceria, however, could not be clarified. Subse-
quent investigation using colloidal Rh showed
that Rh interacts very strongly with ceria which
make the detection of its state by TEM analysis

w xdifficult 20 . However, ceria itself has poor
thermal stability, and, when calcined at high
temperatures, it loses its ability to disperse Rh;
Rh aggregates on the surface of Ce. The present
work aims at maintaining the high durability of
ceria against temperature by combining with
zirconia. Rh was supported on the ceriarzirconia
composite oxide and its performance in the
decomposition of N O was investigated in rela-2

tion to its state on the surface of the composite
oxide.

2. Experimental

2.1. Catalyst preparation

The composite oxide of ceria and zirconia
Ž .designated by CerZr was prepared by a co-

Ž .precipitation method. Ammonia 3N was ad-
ded to an aqueous solution containing known

Ž .amounts of cerium III , nitrate and zirconium
Ž .IV oxynitrate until the pH of the solution was
10. The resultant precipitate was washed three
times with enough amount of water and was
dried at 808C overnight, followed by calcination
at prescribed temperatures in air for 3 h. Ceria

Ž . Ž .CeO and zirconia ZrO were prepared ac-2 2

cording to the same method.
Ž .Rh NO was dissolved in deionized water3 3

dispersed with CerZr, CeO or ZrO . After the2 2

solution was stirred for 1 h at a room tempera-
ture, it was evaporated to dryness using an
evaporator. The catalysts thus obtained were
dried at 808C overnight, followed by calcination
at 5508C for 3 h in air. The amount of Rh
loaded was 1 wt.%. The catalysts were pressed
into a disc and were cut into 8–14 mesh size
before use.

2.2. Apparatus and procedure

The decomposition of N O was carried out2

with an ordinary flow reactor under an atmo-
spheric pressure. One milliliter of the catalyst

Žwas charged in a tubular quartz reactor inner
.diameter of 6 mm , and 1% of N O in He was2

passed into the reactor at a space velocity of
6000 hy1. Space velocity was defined as the
ratio of the volumetric feed rate of the reaction

Žgas at a room temperature and under an atmo-
.spheric pressure to the catalyst bed volume.

The temperature of the catalyst bed was in-
creased at a rate of 58Crmin with an electric
furnace, and the remaining N O at the exit of2

the reactor was determined with a gas chro-
matograph. It was confirmed that the diffusion

Ž .of the reactant N O inside the catalyst granule2

was not rate-limiting; the reaction rate was inde-
pendent of the size of the catalyst particle.

2.3. Analyses

N O was determined with a Shimadzu GC-8A2

gas chromatograph equipped with a thermal
conductivity detector on an activated charcoal

Ž .column 1 m at 908C. Stoichiometric amounts
of N and O were produced from N O as2 2 2

Ž .determined on a molecular sieve column 3 m
at 1008C. ESCA and TEM analyses were car-
ried out by the use of a Shimadzu ESCA 750
spectrophotometer and a Hitachi H-800 trans-
mission electron microscope, respectively. In
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order to get the clear TEM image of Rh, the
catalysts were reduced under a hydrogen atmo-
sphere at 4008C for 1 h. XRD patterns of the
catalysts were obtained with a Rigaku Denki
Geigerflex 2012 X-ray analyzer.

3. Results and discussion

ŽAfter the CerZr composite oxides including
.CeO and ZrO were calcined at various tem-2 2

Ž .peratures, Rh 1 wt.% was supported on these
oxides with the treatment at 5508C. Fig. 1 shows
the effect of the Zr content on the surface area
of the Rh supported CerZr. CeO is fragile2

against high temperatures, and its surface area
drastically decreases with an increase in the
calcination temperature. On the other hand, Zr
helps retain high surface area despite the fact
that ZrO itself does not show high durability2

against temperature. For example, the sample
with 30 mol% of Zr retains the surface area of
21.2 m2rg even after the calcination at 9008C,
while the surface area of CeO treated at the2

same temperature is only 1.2 m2rg. Interest-
ingly, there are two maxima in the surface area
at every calcination temperature: one at low Zr
content and the other in the higher Zr content
region. Ce and Zr form composite oxides with

Fig. 1. Effect of the composition and calcination temperature on
Ž . Ž .the surface area of Rh–CerZr. Calcination temperature 8C : v

Ž . Ž . Ž . Ž .550, ` 600, h 700, B 800, I 900. Rh was supported on
the oxides and was calcined at 5508C in air for 3 h.

Fig. 2. Effect of the composition and calcination temperature on
the catalytic activity of Rh–CerZr in the decomposition of N O.2

Ž . Ž . Ž . Ž .CerZr atomic ratio: v 100r0, ` 90r10, h 70r30, B

Ž . Ž . Ž .50r50, I 30r70, l 10r90, e 0r100. Rh loaded: 1 wt.%,
N O: 1.0% in He, catalyst: 1 ml, space velocity: 6000 hy1. The2

temperature of the catalyst bed was increased at a rate of 58Crmin,
and the activity of the catalyst is expressed by the temperature at

Ž .which 50% of N O was decomposed T .2 50

the composition of Ce Zr O and Ce Zr O0.75 0.25 2 2 2 7
w x21 . Although the appearance of the two peaks
may be due to the formation of these composite
oxides, the XRD analysis shown below did not
indicate their presence. Thus, the cause for the
two peaks is not known.

The result of the decomposition of N O on2

these catalysts is shown in Fig. 2. The activity
wof the catalysts expressed by the temperature of

Ž .x50% conversion of N O T was plotted2 50

against the calcination temperature. When the
calcination temperature of CeO was increased2

from 550 to 6008C, the catalytic activity in-
creased. However, the further increase in the
temperature resulted in a remarkable deactiva-
tion of this catalyst. When Zr was incorporated,
the higher activity was generally attained at
higher calcination temperature: the activity of
the catalysts with CerZr calcined at high tem-

Ž .peratures 800 and 9008C is much higher than
that of the catalysts in which Rh was supported
on the CeO calcined at the same temperatures.2

Especially the catalyst prepared with the com-
posite oxide containing 30 mol% of Zr and

w Ž .calcined at 9008C denoted as Rh–CerZr 7r3 -
x900 has almost the same activity as the Rh
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Fig. 3. XRD analysis of Rh–CerZr. The calcination temperature
Ž . Ž . Ž . Ž . Ž .of the oxides was 9008C. Ce mol% : A 100, B 90, C 70, D

Ž . Ž . Ž . Ž .50, E 30, F 10, G 0. v ZrO2 The lattice constant of CeO2

was calculated on the basis of the four peaks assigned by the mark
Ž .B .

w xloaded CeO calcined at 6008C Rh–CeO -6002 2

which has the highest activity among the
RhrCeO series. In a separate experiment, the2

Ž .activity of Rh–CerZr 7r3 -900 and Rh–
CerZr-600 was compared with that of silica gel
which was assumed to be an inert substance for
N O decomposition. The comparison was made2

by the temperature at which the rate of N O2

decomposition reached a constant value; the
rate, mol N O decomposedrunit surface area of2

the catalyst in a unit time, was employed for
accurate activity comparison. The rate reached

2 Ž0.005 molrm h obtained under a condition of
.a differential reactor at 212, 223, and 7738C for

Ž .Rh–CerZr 7r3 -900, Rh–CeO -600, and silica2

gel, respectively. Thus, Rh-loaded catalysts ac-
celerate the reaction remarkably compared with

Ž .the thermal reaction on silica gel . Fig. 3 shows
XRD patterns of Rh–ZrrCe, Rh–CeO , and2

Rh–ZrO calcined at 9008C. The Rh–CerZr2

with 30 mol% of Zr and below shows only the
patterns due to cubic CeO phase. However, the2

peaks deviate to higher angle position with an
increase in Zr content; the lattice constant a0

˚was 5.411, 5.400, and 5.373 A for 0 mol%, 10
and 30 mol% of Zr, respectively. This means
that Zr dissolved into CeO to form a solid2

solution. For Zr contents of 50 and 70 mol%,
the peaks due to unknown phase emerged. The
peaks for monoclinic ZrO appeared only after2

an addition of as much as 90 mol% of Zr.
w xFornasiero et al. 22 obtained the same result

for Ce–Zr mixed oxides. No Rh peak was ob-
served in all diffraction patterns. The generally
observed weak peaks for the Rh–CerZr cata-
lysts compared with those of Rh–CeO and2

Rh–ZrO indicate the poor degree of crystal-2

lization of the mixed oxide and reflect the higher
surface area of Rh–CerZr than those of Rh–
CeO or Rh–ZrO as is shown in Fig. 1.2 2

The temperature dependence of the activity
and surface area of Rh–CeO and Rh–2

Ž .CerZr 7r3 is again depicted in Fig. 4 based
upon the data shown in Figs. 1 and 2; the data

Ž .for Rh–CerZr 7r3 calcined above 9008C are
added. The surface area decrease of CeO is2

remarkable with an increase in the calcination
temperature. However, the activity of Rh–CeO2

first increased at a calcination temperature of
6008C and, then, decreased. The decrease in the

Ž .surface area of Rh–CerZr 7r3 against temper-
ature is mild; higher than 20 m2rg of the
surface area was maintained at 9008C. It is
interesting to note that the activity of Rh–

Ž .CerZr 7r3 increased with the calcination tem-
perature up to 9008C despite its monotonous

Fig. 4. Effect of the calcination temperature on the activity and
Ž . Ž . Ž . Ž .surface area of A Rh–CeO and B Rh–CerZr 7r3 . `2

Ž .Surface area, I T . The reaction condition is shown in Fig. 2.50
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surface area decrease. Thus, the surface area of
the catalysts does not necessarily induce the
high catalytic activity. However, further temper-

Ž .ature increase 12008C led to the remarkable
activity loss. The maximum activity of Rh–
CeO was attained with the surface area of 30.12

2 Ž .m rg calcination temperature of 6008C and
Ž .that of Rh–CerZr 7r3 with the surface area of

2 Ž .22.1 m rg calcination temperature of 9008C ;
both values are the same order of magnitude.
Although the oxygen deficient sites of CeO2

induced by the action of Rh work as active sites
w x19 , the main catalyst component is Rh. Thus,
the results shown in Fig. 4 reasonably indicate
the importance of the state of Rh on CeO and2

Ž .CerZr 7r3 whose surface natures are con-
trolled by the calcination temperature.

In the previous work, we investigated the
behavior of colloidal Rh on the surface of CeO2
w x20 . As the CeO calcined at low temperature2
Ž .5508C had high surface area and, therefore,
high surface energy, it interacted strongly with
Rh; some part of Rh even seemed to penetrate
inside the bulk of the CeO . This state of Rh on2

the surface was very active in the decomposi-
tion of methanol to CO and H . However, when2

Rh was supported on CeO calcined at higher2
Ž .temperature 9508C , it aggregated on the sur-

face and no more exhibited high performance
for methanol decomposition. In order to see the
state of Rh in the present case, ESCA and TEM
analyses were carried out. Fig. 5 exhibits the
change in the surface Rh concentration on CeO2

Ž .and CerZr 7r3 against calcination tempera-
tures as observed by an ESCA technique. As the

Žescape depth of 3d electron of Rh mean kinetic
˚.energy: 309.8 eV was calculated to 10 plus A,

the surface Rh concentration defined here is that
˚detected in the layer to about 10 A depth from

w xthe surface 23 . The amount of Rh loaded was
1 wt.% and this amount corresponds to 1.66 and

Ž .1.53 mol% for CeO and CerZr 7r3 , respec-2

tively. The surface Rh concentrations are the
same order of magnitude as the bulk Rh concen-

Žtrations calculated on the assumption that Rh is
.homogeneously distributed in the bulk oxide up

Ž .Fig. 5. Surface Rh concentration vs. calcination temperature. v

Ž . Ž .Rh–CeO , ` Rh–CerZr 7r3 . Rh loading was 1 wt.%, which2

corresponds to 1.66 and 1.53 mol% loading for CeO and2
Ž .CerZr 7r3 , respectively. The arrows show the points of the

highest activity.

to the calcination temperature of 6008C for Rh–
Ž .CeO and 9008C for Rh–CerZr 7r3 . If the2

charged Rh presides only on the surface, its
surface concentration as estimated by an ESCA
analysis should be higher than that when Rh is
loaded homogeneously in the bulk oxide. Thus,
there is the possibility that the Rh penetrates

Ž . w xinside the CeO or CerZr 7r3 20 . When the2

calcination temperature was further increased,
the surface Rh increased remarkably, indicating
the decrease in the ability of CeO and2

Ž .CerZr 7r3 to incorporate Rh. This corre-
sponds to the noted decrease in the surface areas
shown in Fig. 4: above 6008C for Rh–CeO and2

Ž .above 9008C for Rh–CerZr 7r3 . Figs. 6 and 7
show the TEM photographs and diffraction pat-

Žterns of Rh–CeO -900 calcination temperature:2
. Ž . Ž9008C and Rh–CerZr 7r3 -1200 calcination

.temperature: 12008C . Diffraction ring due to
Rh is observed for both catalysts, and aggre-
gated Rh particles are seen in the TEM pho-
tographs. Therefore, the high concentration of
Rh in these catalysts as observed by the ESCA
analysis is due to the aggregated surface Rh
particles. However, these catalysts are not active
in decomposing N O as is shown in Fig. 4. On2

Ž .the other hand, Rh–CerZr 7r3 -900 showed
no diffraction ring due to Rh and the Rh image
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Ž .Fig. 6. TEM analysis of Rh–CeO -900 calcination temperature of 9008C .2

Ž .could not be obtained. Fig. 8 TEM analysis of
Rh-CeO -600 neither presented the information2

on the state of Rh although the result is not
shown in the figure; the same result was ob-
tained in the previous work for the colloidal
Rh–CeO -550. Thus, Rh must be in a highly2

dispersed state in these catalysts, and a part of

Rh probably dissolves into the bulk of CeO .2

As shown in Fig. 4, the highest activity was
attained at the calcination temperatures of 6008C

Ž .for Rh–CeO and 9008C for Rh–CerZr 7r32

although their surface areas are lower than the
corresponding catalysts calcined at lower tem-
peratures. However, the surface Rh contents are

Ž . Ž .Fig. 7. TEM analysis of Rh–CerZr 7r3 -1200 calcination temperature of 12008C .
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Ž . Ž .Fig. 8. TEM analysis of Rh–CerZr 7r3 -900 calcination temperature of 9008C .

higher for the formers than the latter group as
shown in Fig. 5; the smaller surface area results
in the larger surface Rh content because more
Rh is expelled onto the surface from the bulk
CeO . Therefore, the highest activity is ob-2

tained when the maximum surface concentration
of Rh is attained under the condition that this
Rh is in a highly dispersed state. In other word,
high catalytic activity will not be obtained with
aggregated Rh even if its surface concentration
is high. Therefore, the activity is controlled on
the balance between the amount of surface Rh
and its degree of dispersion. This balance is, in

Žturn, controlled by the surface nature surface
.area of CeO and, hence, by its calcination2

temperature. Incorporation of Zr into CeO ex-2

pands the range which attains this optimum
condition to the higher temperature region.

4. Conclusion

Ž .N O was decomposed over Rh 1 wt.% sup-2

ported on CeO and CerZr composite oxides2

which were calcined at various temperatures.
The oxides with high surface area seemed to
dissolve a part of Rh. The increase in the calci-

nation temperature decreased the surface area of
the oxides, and the Rh was present in an aggre-
gated state on the oxides with small surface
areas. However, the aggregated Rh had only
low activity to decompose N O despite its high2

surface concentration. CeO calcined at 6008C2
Ž .and CerZr 7r3 calcined at 9008C exhibited

the highest performance. The surface concentra-
tion of Rh supported on these oxides was rela-
tively high and this Rh was in a highly dis-
persed state; thus, the Rh exhibited the highest
activity in decomposing N O.2
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