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Abstract — One way of enhancing the thermal stability and NO,, THC and CO conversion of a catalyst is to im-
prove the thermal stability and oxygen storage capacity (OSC) of the ceria. The appropriate mixing ratios of bulk and
stabilized ceria are especially very important for designing Pd-only three-way catalysts. In this paper, we discuss the
surface phenomena of stabilized and unstabilized (bulk) ceria, the OSC of catalysts, and the correlation between ac-
tivity and OSC of Pd-only catalysts with mixing ratios of bulk ceria and stabilized ceria.
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INTRODUCTION

Air pollution due to the emissions from automobiles has be-
come a serious environmental problems in many countries. As
a counter-measure, many industrially developed countries have
strengthened the restrictions on automobile emissions. North
America and Europe in particular have employed more string-
ent regulations [Brisley et al., 1995].

As a result, the number of catalytic converters mounted
on vehicles is increasing, so that the consumption of Pt and
Rh is greatly increased as a catalyst's activator. In this situa-
tion, the consumption of Pt and Rh is likely to continue to
increase in the future. Of the three-way catalyst's components,
rhodium has been thought to be an essential element for the
reduction of nitrogen oxides. But since it is produced in very
small quantities and most of it is used for automobile cat-
alysts, a supply shortage is anticipated. Also, because of the
rarity, maldistribution and high cost of Pt and Rh, its econom-
ical efficiency has deteriorated gradually. Therefore, a three-way
catalyst without rhodium must be developed [Summers, 1988;
Yoon et al., 1997].

Pd, which is cheap and stable in supply compared to Pt
and Rh, is the most likely candidate as a substitute for rho-
dium. However, despite price and availability advantages, a
number of problems have been connected with palladium's
use. Pd deteriorates seriously when used at high temperature
(800°C}) and exhibits low NO, reduction performance under
the reducing condition [Muraki, 1991].

Operation of three-way catalysts at these high temperatures
(above 800°C) results in significant activity losses due to the
sintering of the alumina support, the noble metals and other
catalyst components including the cerium oxide. Numerous
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recent studies have characterized this thermal deactivation
process in terms of support surface area loss, or noble metal
and cerium oxide crystallite growth [Kubish et al., 1991].

It is reported that one way of enhancing the thermal sta-
bility and NO,, THC and CO conversions of a catalyst is to
improve the thermal stability and oxygen storage capacity of
the ceria. Appropriate mixing ratios of bulk and stabilized
ceria are very important for design principles of Pd-only three-
way catalysts [Kubish et al., 1991; Diwell et al., 1991].

EXPERIMENTAL

1. Catalyst Preparation

In order to improve thermal stability and oxygen storage
capacity (OSC) of ceria, stabilized ceria was prepared by co-
precipitating aqueous solution of cerium nitrate and the cor-
responding nitrate of the stabilization agents. Stabilization a-
gents investigated were Zr, La and Nd. Pd-only monolith cat-
alysts were prepared by a washcoating procedure with differ-
ent mixing ratios of bulk ceria and (Ce.Zr)O, as shown in
Fig. 1.
2. Reaction Conditions

The catalysts were evaluated for three-way performance and
light-off temperature. Three-way performance was estimated
with average NO,, THC and CO conversions at A=1.01, 1.00
and 0.99. For the measurement, the A values were varied con-
tinuously from 0.97 to 1.03 with a frequency of +0.5 Hz at
400°C. The performance of light-off (Ts,) was measured at
the temperature of 50% conversions of NO,, THC and CO
under stoichiometric (A=1) conditions at a rate of 10°C/min
from room temperature to 400°C. The space velocity was
40,000 hr™* during the measurement of both three-way perfor-
mance and light-off performance. The activity measurement
apparatus was as shown in Fig. 2.

In this paper, we discuss the surface phenomena of stabiliz-
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Fig. 1. Preparation of Pd-only monolithic catalysts.
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Fig. 2. Activity measurement apparatus.

ed and unstabilized (bulk) ceria, and the OSC of catalysts,
and correlation between activity and OSC of Pd-only catalysts
with mixing ratios of bulk and stabilized ceria.
3.Oxygen Storage Capacity Measurement

Ceria has been traditionally applied as an additive in au-
tomotive catalysts because of its ability to store oxygen and
to improve dispersion of noble metals. Its role as an oxygen
storage component is manifested in the ability of ceria-con-
taining catalysts to store oxygen under lean operating con-
ditions thus promoting conversion of NO, and to release it
under rich conditions by reaction with CO, H, and hydrocar-
bons [Diwell et al., 1991].
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Fig. 3. Oxygen storage capacity measurement apparatus.

Oxygen Release (Rich Side)
CO +2Ce0; — CO; + Ce,0;4

From this OSC mechanism of ceria, we measured OSC of the
catalysts as follows : the catalyst was heated in He flow at 350
°C, then it was oxidized by oxygen, and then CO purged
continuously. From this procedure, the OSC of catalysts was
measured by CO, formation amounts. Fig. 3 shows the OSC
measurement apparatus.

RESULTS & DISCUSSIONS

1. Comparisons of XRD and B.E.T. Surface Area Results
Between Bulk and Stabilized Ceria

The XRD peak intensities of aged (950°C, 12 hrs) bulk ceria
were very much increased compared to fresh bulk ceria as
shown in Fig. 4. It was considered that CeO, particles were
crystallite growth under high temperature conditions as being
reported [Kubish et al., 1991].
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Fig. 4. XRD patterns of Bulk Ceria (Ce0Q,) (before and after
aging).
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Fig. 5. XRD patterns of stabilized ceria [(Ce.Zr)O,] (before and
after aging).

This result showed that bulk ceria was very weak for ther-
mal stability. In the case of (Ce.Zr)O,, there was no signifi-
cant change of peak intensities before and after aging, and
rather decreased compared to peak intensities of fresh (Ce.Zr)O,,
at (2, 0, 0) and (3, 1, 1) phases, as shown in Fig. 5. 1t was
considered that crystalline growth of CeO, was hindered by
addition of Zr. That is, (Ce.Zr)O, has much better thermal re-
sistance than that of bulk ceria. The peak intensities of (CeO,.
La,05) and (CeO,Nd,Os) after aging (950 °C, 12 sy were very
much increased compared to fresh peak intensities as shown
in Fig. 6 and Fig. 7. These results mean that (CeO,.La,05)
and (Ce0,.Nd,0;) have less thermal resistance than that of
(Ce.Z1)O,.

The above XRD analysis results coincide with the B.E.T.
surface area results as shown in Table 1. In general, B.E.T.
surface areas of bulk ceria and stabilized ceria were decreas-
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Fig. 6. XRD patterns of stabilized ceria (CeO,.La,0;) (before
and after aging).
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Fig. 7. XRD patterns of stabilized ceria (Ce0..Nd,0,) (before
and after aging).

Table 1. B.E.T. surface area of various ceria
B.E.T. surface area (m’/g)

Decrement

Types of ceria

Fresh Aged ratios (%)
Bulk ceria 212 1.8 99.2 %
(Ce.Zr)0, 142 17.4 87.7%
(Ce0,.La,05) 14 52 62.9%
(Ce0,.Nd,03) 19 10.6 442 %

ed after aging (950°C, 12 hrs). Before and after aging, the de-
crement ratios of B.E.T. surface area on stabilized ceria were
less than that of bulk ceria. Even though the decrement ra-
tios of B.E.T. surface area on (CeQ,.La,0;) and (Ce0,.Nd,05)
were better than bulk ceria and (Ce.Zr)O,, we couldn't expect
satisfactory oxygen storage capacity because of its small B.
E.T. surface area before and after aging.

From these results, we have chosen (Ce.Zr)O, in order to
enhance thermal stability and OSC of CeQ,.
2. Results of OSC Measurement

Bulk ceria has less oxygen storage capacity than (Ce.Zr)O,
before and after aging as shown in Fig. 8, 9.

From these results, we found that the addition of Zr pro-
motes the oxygen storage capacity compared to bulk ceria. It
was considered that CeO, particles convert into fine particles
by addition of Zr, so that the dispersion of CeO, was improv-
ed. After aging (950°C, 12 hrs), the oxygen storage capacity
of bulk ceria was very much decreased compared to fresh
bulk ceria, while (Ce.Zr)O, was enhanced after aging than be-
fore aging.

From the XRD results of (Ce.Zr)O, as shown in Fig. 5, it
was considered that after aging, the peak intensities grow slight-
ly except (2, 0, 0) and (3, 1, 1) phases, so that the (2, 0, 0) and
(3, 1, 1) phases may be active phases for improving oxygen
storage capacity.

The CO, formation amounts were very much decreased until
30 minutes, and then maintained so. It was considered that sur-
face reaction proceeded until 30 minutes, and then CO react-
ed with the oxygen within (Ce.Zr)O, structure. Therefore, we
suggest that Zr promotes the surface reaction and not the mi-
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Fig. 8. OSC measurements of bulk ceria (CeQ,) and stabiliz-
ed ceria [(Ce.Zr)O,] before aging {@: bulk ceria, A:
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Fig. 9. OSC measurements of bulk ceria (CeQ,) and stabilized
veria [(Ce.Zr)0,] after aging 950°C, 12 hrs [@: bulk
ceria, A: (Ce.Zr)0,).

gration rate of bulk oxygen to the surface of the particles
[Belton et al., 1997].

As shown in Fig. 10, 11, oxygen storage capacities of (CeO,,
La,03) and (Ce0,.Nd,05) bave less than that of (Ce.Zr)O: as
expected from BE.T. surface area results. The average oxygen
storage capacities (=the area of below each curve divided by
reaction time) were measured as shown in Fig. 12. As expect-
ed from results of XRD and B.E.T. surface area, {Ce.Zr)O, has
better average oxygen storage capacity than bulk ceria, (CeG..
La,0;) and (Ce0,.Nd,0;). From these results, we have chosen
(Ce.Zr)O; in order to enhance thermal stability and OSC of
CeQ,.

In order to investigate the oxygen storage capacities which
are dependent upon the different mixing ratios of bulk ceria
and (Ce.Zr)0,, we prepared Pd-only monolithic catalysts as
shown in Table 2.

As shown in Fig. 13, ES-3 catalyst, where the mixing ratio
of bulk ceria and (Ce.Zr)O, is 3:1, has better average OSC
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Fig. 10. OSC measurements of (CeQ,.La,0,) and (CeO,.Nd,-
O,) after aging 950°C 12 hrs [@: (CeO,.Nd,O.), &:
{Ce0,.1.a,0,)1.
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Fig. 11. OSC measurements of (Ce.La)0, and (Ce.Nd)O, after

aging 950°C, 12 hrs [@: (Ce0,.Nd,0,), a: (CeO,.La,
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Fig. 12. Average OSC results on various stabilized ceria.
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Table 2. Preparation of Pd-only catalysts with the different
mixing ratios of bulk ceria and (Ce.Zr)O,

Certa mixture

Catalyst Loading amount bulk ceria: (Ce.Zr)O,
ES-1 5:1
ES-2 Pd: 2.8 wt% 4:1
ES-3 Ba: 4.0 wt% 3:1
ES-4 La: 0.9 wt% 1:1
ES-5 1:3

OSC (CO , yield / ppm)

ES-1 ES2 ES3
Pd-Only monolithic catalysts

Fig. 13. Average OSC of various Pd-only monolithic catalysts
(950 °C, 48 hrs aged).

than any other catalyst. From these results, we found that
the optimum ratio of bulk ceria and (Ce.Zr)O, was 3:1.
3. Correlation Between Activities and OSC of Pd-Only Mono-
lithic Catalysts

In order to investigate the correlation between activities
and OSC of Pd-only monolithic catalysts, we measured activ-
ities of Pd-only monolithic catalysts with the different mix-
ing ratios of bulk ceria and (Ce.Zr)O, under 950 °C, 140 hrs

300

e R
NOw

(4]

Light-off temperature. (T)

ES-1 ES-2 ES-3 ES<4 ES-5

Fig. 14. Light-off performance of various Pd-only monolithic
catalysts (950 °C, 140 hrs aged).

September, 1998

Table 3. Oxygen storage amount of Pd-only monolithic cat-
alysts with the different mixing ratios of bulk ceria
and (Ce.Zr)O,

Ceria mixture OSC amount
Catalyst bulk ceria: (Ce.Zr)O, (ppm)
ES-1 5:1 226
ES-2 4:1 183
ES-3 3:1 361
ES-4 1:1 236
ES-5 1:3 214
290 —

280 4

2704

Light-Off Temperature (°C)

T M T T
200 2% 300 150

OSC (ppm)

Fig. 15. Correlation between LOT & OSC of various Pd-only
monolithic catalysts.

aging conditions.

Fig. 14 shows the light-off performance of Pd-only mono-
lithic catalysts. With increasing (Ce.Zr)O, loading amounts,
the light-off performance was enhanced. Especially, ES-3 cat-
alyst where the mixing ratio of bulk ceria and (Ce.Zr)O, was
3:1 had the best light-off performance. '

These results were closely connected with the OSC as shown
in Table 3 and Fig. 15. We found that the light-off tempera-
ture of NO,, THC and CO was inversely proportional to the
OSC of catalysts.

As shown in Fig. 16, even though the three-way perfor-

TWC (% conversion)

ES-1 ES-2 ES-3 ES<4 ES-5

Fig. 16. Three-way performance of various Pd-only monolithic
catalysts.
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Fig. 17. Correlation between three-way performance and (Ce.Zr)-
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mances of THC and CO were similar, the three-way perfor-
mances of NO, conversion were enhanced with increasing
amounts of (Ce.Zr)O, loadings.

As a result, we found that NO, conversions in three-way
performance were proportional to the amounts of (Ce.Zr)O,
loadings as shown in Fig. 17.

CONCLUSIONS

After aging (950°C, 12 hrs), among the various types of
stabilized ceria, (Ce.Zr)O, had the best thermal stability and
OSC, compared to bulk ceria and other stabilized ceria. The
performance of LOT (Ts) was closely connected with the OSC.
On the other hand, three-way performance was not related

to the OSC. However, it was found that NO, conversion of
three-way performance was proportional to the (Ce.Zr)O, load-
ing amounts.

In the design of Pd-only catalysts, characteristics of LOT
(Tso) and three-way performances were dependent on the mix-
ing ratios of bulk and stabilized ceria [(Ce.Zr)O,].
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