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Abstract This paper reviews the progress in our devel-

opment of the three-way catalyst with a noble metal sin-

tering suppression technology based on the support

anchoring effect. The catalytic activity on this catalyst is

far superior to the conventional catalyst, but with lower

noble metal loading.
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1 Introduction

Nowadays, automobile is necessary and indispensable for

our daily life. More than 50 million cars are manufactured

every year, and totally over 700 million cars are being used

worldwide. Gasoline-engine cars emit the pollutants of

carbon monoxide (CO), hydrocarbons (HC), and nitrogen

oxides (NOx) in the exhaust gases. Since three-way cata-

lysts were introduced for detoxifying the three pollutant

gases in the US and Japan in 1977, they played an

important role for environmental protection and be abso-

lutely necessary in each vehicle. They reduce the pollutant

emission drastically, but more efforts are still needed to

improve the catalytic performance and meet the upcoming

more stringent emission restrictions.

The circumstance met by the exhaust catalysts is far

more different from that of catalysts used in chemical

factories. The composition, temperature, and flow amount

of automotive exhaust gases vary continuously with driving

conditions. The automotive catalyst is requested to purify

infinitesimally small amounts of the toxic gases in the

exhaust perfectly under the unsteady condition, and

meanwhile has a life-long durability.

Basically, the three-way catalysts are composed of

several components, including noble metals, Pt and Rh as

the active site, alumina-based supports with a high surface

area even at high temperatures, and ceria-based oxides as

an oxygen storage component. One of the biggest issues for

three-way catalysts is the degradation of catalytic activity

caused by sintering of noble metals as active sites. Many

attempts had been tried to improve catalytic activity after

ageing the catalysts, such as enhancing the noble metal

dispersion with high surface area supports, adding some

promoters, and improving thermal stability of these sup-

ports and promoters, etc [1–11]. Thermal stabilization of

alumina support has been conducted. Addition of rare earth

and alkaline earth compounds to alumina in a transition

state has prevailed as one of the most useful techniques

[6, 7]. The thermal stability of ceria-zirconia compound as

oxygen storage material has been largely improved by

mixing with nano-sized alumina particles as a diffusion

barrier [10, 11]. However, no efficient solution for sup-

pressing noble metals sintering had been established and

eventually resulted in the large usage of noble metal in the

automotive three-way catalysts to meet the stringent

emission restrictions. On the other hand, as the very sparse

resources, the usage of noble metals as active sites should

be reduced as much as possible for the automotive

catalysts.

Through the investigation of sintering behavior of noble

metals on the oxide supports, it was found that some sup-

ports could efficiently suppress noble metal sintering that is

caused by anchoring effect on the supports. As a result, a
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new three-way catalyst has been successfully developed by

applying this concept.

In this paper, the progress in the development of the new

three-way catalyst is reviewed. The sintering behavior of

noble metals, particularly Pt, is explained first by a sys-

tematical investigation on clarifying the effect of ageing in

exhaust gases atmosphere. The suppression mechanism of

Pt on cerium-based oxide and anchoring effect on the

catalysts are then discussed, and the development process

of the new three-way catalyst is also presented.

2 Sintering Behavior

Characterizations of deactivation phenomena on thermally

aged catalysts are extremely important in terms, not only of

improvement in the catalyst life, but also of suitable use of

noble metal resources as described above.

It was well known that severe thermal experiences of the

catalysts lead to the sintering of noble metals and lose

catalytic activity. Sintering of noble metals has been

widely investigated and the sintering rate of noble metals is

largely dependent on the experimental conditions, e.g.,

substrate morphology, purities of catalyst species and

support materials, composition of ageing atmospheres,

temperature, and time [12–17]. In particular, ageing

atmosphere in high temperature region was the key point

for noble metal sintering through our experience. There-

fore, noble metal sintering and variation in the activity of

noble metal catalysts were systematically characterized

with a simplified catalyst system, a single noble metal

loaded on alumina support and aged in various atmo-

spheres with various oxygen contents [18]. Figure 1 shows

the catalytic activity of an aged Pt catalyst in 5 vol% O2

synthetic exhaust gas at 1,100 �C compared with that of the

fresh one. Clearly the activity of the aged Pt catalyst

degraded significantly. The NO conversion profiles over

the catalysts aged in gases with various O2 contents are

shown in Fig. 2. With increasing O2 contents in the aged

atmosphere, the catalytic activity decreased apparently.

Table 1 lists the Pt particle sizes obtained from XRD data

on the aged catalysts. The particle size remarkably

increased with increasing O2 content. It is known that

Pt-supported on alumina sinters easily under oxidative

conditions [12–14]. The results shown in Fig. 2 and Table 1

demonstrate that sintering of Pt particles is accelerated by

increasing O2 content in the ageing atmosphere, and leads to

the deterioration of the activity of Pt catalysts. Similar

results were gained on Rh loaded alumina catalyst (Fig. 3),

namely with increasing oxygen concentration, the Rh

Fig. 1 Light-off performance in the simulated exhaust gas on the

fresh Pt alumina catalyst and the aged one in 5 vol% O2 simulated

exhaust gas at 1,100 �C for 5 h [18]

Fig. 2 NO conversion profiles on the aged Pt alumina catalysts in

various O2 content exhaust gas at 1,100 (or 1,000) �C for 5 h [18]

Table 1 Pt particle sizes on the aged catalysts [18]

Atmosphere Pt particle size (Å)

N2 116

5% O2
a 495

Air 545

a Simulated exhaust gas

Fig. 3 NO conversion profiles on the aged Rh alumina catalysts in

various O2 content exhaust gas at 1,100 (or 1,000) �C for 5 h [18]
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particle size increased and consequently the catalytic

activities decreased. The effect of Pt sintering on the cata-

lytic activity was more significant compared with that of

Rh. The degree of sintering depends on the vapor pressure

of a given species on the catalysts.

These results suggest the importance to suppress the

noble metal sintering, particularly Pt, in oxidizing atmo-

sphere. Therefore, Pt is subjected to the principal species

for sintering suppression.

3 Sintering Suppression and the Mechanism [19]

Through the catalyst development, it was found that Pt

sintering behavior differed by the kinds of supports. Fig-

ure 4 shows the transmission electron microscopy (TEM)

images of Pt/alumina and Pt/CZY as ceria-based oxide

after ageing treatment at 800 �C in air for 5 h. On the aged

Pt/alumina, Pt particles larger than 100 nm were observed,

while on the other hand, no explicit Pt particles are

detected on the CZY by energy dispersive X-ray analysis.

Moreover, the results by the CO pulse adsorption method

indicated that Pt on the alumina sintered markedly, but did

not on the ceria-based oxide (Fig. 5).

To clarify the cause of the inhibited Pt sintering on

CZY, the state of the aged catalysts was investigated by

X-ray absorption fine-structure (XAFS). Figure 6 shows

the X-ray absorption near-edge structure (XANES) spec-

trum at Pt L3-edge for the aged catalysts and reference

samples. The steeply rising absorption edge is referred to as

the ‘‘white line’’. In the case of the Pt L-edge XANES, the

absorption intensity of the white line reflects the vacancy in

the 5d orbital of Pt atoms [20]. A large white line was

observed on oxidized Pt, whereas a small white line was

observed on reduced Pt. The white line intensity of Pt/

alumina was the same as that of Pt foil, suggesting that the

Pt on alumina was in the Pt metal state after the ageing. In

contrast, the white line intensity of Pt/CZY was similar to

that of PtO2, implying that high-oxidation state Pt species

was present mainly in the aged Pt/CZY. The average oxi-

dation state of Pt can be quantitatively evaluated from the
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Fig. 6 Pt L3-edge XANES spectra for supported Pt catalysts after

aged at 800 �C in air with the standard samples of Pt foil and PtO2

powder [19]
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white line intensity and the oxidation state of PtOx on some

metal oxide supports [21]. On the basis of this linear

relationship, the estimated oxidation state of Pt was zero in

the aged Pt/alumina, and 3.53 in the aged Pt/CZY. It is well

known that PtO2 decomposes to Pt metal under oxidizing

conditions from around 600 �C according to the thermo-

dynamics phase diagram [22]. Pt existing in metal state on

alumina after ageing at 800 �C in the oxidizing atmosphere

was consistent with the thermodynamic speculation. On the

other hand, the CZY support could stabilize a high-oxi-

dation state of Pt even after ageing. Thus, it is suggested

that the strong metal-support interaction in the Pt/CZY

under oxidizing condition causes the stabilization of the

high-oxidation state of Pt.

Fourier transforms (FT) of the aged catalysts and refer-

ence samples are presented in Fig. 7. The quantitative

curve-fitting analysis of the extended X-ray absorption fine-

structure (EXAFS) spectra was performed for the inverse

FT on the Pt-oxygen and Pt-cation (Pt, Ce and Zr) shells. In

the FT spectrum of Pt foil, the peak at 2.76 Å is assigned to

Pt–Pt bond. In the FT spectrum of PtO2 powder, the peaks at

2.04 and 3.10 Å are assigned to the Pt–O and Pt–O–Pt

bonds, respectively. As for the aged Pt/alumina, only the

intense peak at 2.76 Å, which corresponds to the Pt–Pt

bond, was observed. The FT spectrum of Pt/alumina coin-

cided with that of Pt foil. The coordination number (CN) of

the Pt–Pt shell in the aged Pt/alumina was 11.5, indicating

that the Pt metal particles on alumina after ageing were at

least 20 nm in size [23]. The FT spectrum of Pt/CZY after

ageing was obviously different from that of the Pt/alumina.

The position of the first peak at 2.02 Å was close to that of

PtO2, and this peak was fitted with the Pt–O bond. It should

be noted that the second evident peak, which was absent

in both Pt foil and PtO2 powder, was found 3.01 Å. A

curve-fitting simulation of this second peak was carefully

performed, and this peak was concluded to be a Pt–O–Ce

bond. The CN of Pt–Ce shell in the aged Pt/CZY was 3.5.

This value is lower than the saturated CN of 12 in a cubic

fluorite structure, indicating that Pt ions exist on the surface

of the CZY support. In addition, intense Pt–Pt or Pt–O–Pt

peaks could not be observed in the aged Pt/CZY, suggesting

that there are no large Pt metal or oxide particles on the

support. In other words, highly dispersed Pt oxides are

present on the surface of the CZY support. Figure 8 shows

the FTs of the aged Pt/CZY, which in the same spectrum

mentioned in Fig. 7, and the reduced Pt/CZY after ageing.

The aged Pt/CZY was reduced by 5% H2 at 400 �C. After

the reducing treatment, the Pt–O peak in the aged Pt/CZY

decreased significantly, and the Pt–O–Ce peak almost dis-

appeared. In addition, intense Pt–Pt peak could not be

observed in the reduced Pt/CZY. These results suggest that

the Pt–O–Ce bond breaks by the reduction treatment and

that Pt metal particles are highly dispersed on the CZY

support. According to the results from the CO pulse method

mentioned above, the estimated average size of Pt metal

particles in the reduced Pt/CZY after ageing is ca. 1 nm.

Based on the observations above, Fig. 9 illustrates the

sintering suppression mechanism of Pt supported on ceria-

based catalyst. In the case of alumina support, since the

interaction between Pt and alumina is weak, Pt particles are

apt to migrate across the surface of the alumina and sinter

easily in oxidizing high temperature condition. In contrast,

the ceria-based oxide support stabilizes a high-oxidation

state of Pt, and then the formation of the rigid Pt–O–Ce

bond acts as an anchor. The formation of the Pt–O–Ce

bond on the support suppresses the sintering of Pt.

In order to generalize the Pt-support interaction, a sys-

tematic investigation was conducted on Pt catalysts sup-

ported on various oxides, such as SiO2, TiO2, etc. On

various Pt catalysts after ageing test in air, (1) Pt particle

size by the CO pulse method, (2) Pt oxidation state by

height of white line in XANES spectra, and (3) electron
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Fig. 7 Fourier-transforms of Pt L3-edge EXAFS spectra for sup-

ported catalysts after aged at 800 �C in air and the standard samples
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density of oxygen in the supports by X-ray photoelectron

spectroscopy (XPS) binding energy of O 1 s electron, were

characterized. In terms of the electron density of oxygen in

the support, the binding energy of the O(1 s) electron in the

support oxide was analyzed by XPS. The binding energy of

the O(1s) electron decreased as SiO2 [ Al2O3 [ ZrO2 [
TiO2 [ CeO2 [ CZY. Figure 10 shows the correlation

among the three factors, and these three factors are per-

fectly correlated with each other. That is, the white line

height increases with decreasing binding energy of the O1S

electron. Subsequently, Pt particle size increases as the

electron density of oxygen in the support decreases. As a

result, the sintering suppression effect on Pt can be con-

trolled by the electron density of oxygen in the support

through the Pt-support interaction.

Considering the application of this concept toward a

practical use, Pt should be metallic state in stoichiometic

atmosphere of main driving condition, and form Pt–oxide

bond in occasional oxidizing condition. It was found that

cerium-based oxide is suitable for Pt to achieve a good

balance between catalytic activity and suppression the

sintering (Fig. 11).

4 Specification and Development

Thermal durability of cerium oxide is insufficient for

automotive use. Therefore, cerium-based compound

containing some additives such as cerium–zirconium oxide

are generally used in practical exhaust catalyst. From the

results of XAFS analysis described above (Fig. 7), the

Pt–O–Ce is identified to form on cerium site with neigh-

boring cerium as cation site in cerium-based oxide.

Accordingly, the amount of the site for Pt–O–Ce bond

can be estimated from cerium composition and surface area

of each cerium-based compound. Figure 12 shows the

effect of Pt loading amount on a cerium-based oxide

Pt

Alumina OOOOCeria-based

PtPt

CeCe

Pt metal (Pt0) Pt ion (Pt2+, Pt4+)

support support

Fig. 9 Mechanism illustration

of the Pt sintering inhibition on

the conventional Pt/alumina and

the Pt/ceria-based oxide
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Fig. 11 Conceptual scheme of a suitable support for Pt [26]
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(CeO2(55 wt%)-ZrO2) after ageing test at 950 �C [24].

D[dis] means the difference of the Pt dispersion on the aged

catalyst from that on the fresh one. In this case, the amount

of site for Pt–O–Ce bond corresponds to 0.25 wt%

Pt loading amount on the sample. The result indicates that

Pt did not sinter at all when Pt loading is lower than

0.25 wt%, while Pt sintered when its loading is higher than

0.25 wt%. The degradation tendency of catalytic activities

on these samples correlated very well.

Figure 13 shows the catalytic activities of 0.1 wt% Pt

loaded on three different supports. Among the three cata-

lysts, the catalytic activity of the catalyst with cerium-

based oxide support did not degraded and turned out to be

the highest even after the ageing test at 900 �C [25].

Cerium-based oxide is suitable for Pt support to achieve

a good balance between catalytic activity and the sintering

suppression as described above. On the other hand, for Rh

catalyst, zirconia-based oxide was found to meet the

requirements by the similar mechanism. Rh is more stable

in the oxide state and thus generates stronger interaction

with oxide supports compared with Pt in oxidizing condi-

tion. Therefore, due to its lower electron density than ceria-

based oxide, zirconia-based oxide support is suitable for Rh

support.

Considering a catalyst configuration with noble metals

of Pt and Rh and support oxides, three-type of catalysts was

compared; (1) both Pt and Rh coexistence on ceria-based

oxide, (2) blend with Pt and Rh supported separately on

ceria-based oxide, (3) blend with Pt on ceria-based oxide

and Rh on zirconia-based oxide [26]. Figure 14 shows

catalytic activity of the three after ageing test at 1,000 �C.

The last one which Pt loaded on the ceria-based oxide and

Rh on zirconia-based oxide, exhibited the best catalytic

activity, because the sintering of Pt and Rh were both

efficiently suppressed by the interaction with their own

suitable supports.

From these results, a new three-way catalyst was

designed with the concept of the support anchoring effect.

Figure 15 shows the catalytic activity in engine test after

engine ageing treatment [27].

The developed catalyst in which Pt loaded on ceria-

based oxide and separately Rh on zirconia-based oxide

shows high catalytic activity compared with the con-

ventional one although the developed catalyst contained

fewer precious metal. This catalyst has been put into

practical use in gasoline-engine automobiles since

2005.

5 Conclusion

One of the biggest issues for three-way catalysts is the

degradation of catalytic activity caused by sintering of

noble metals as active sites. Suppression of the noble
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metal sintering, particularly Pt, was studied systemati-

cally leading to the successful development of a new

three-way catalyst. It was found that the Pt sintering on

the catalysts occurred in high temperature ageing, espe-

cially under oxidizing atmosphere. The atomic level

X-ray absorption analysis on the support effect to the Pt

sintering was conducted under an oxidizing atmosphere

and it revealed that, the Pt–O–M (M: cation of oxide,

i.e., cerium oxide) bond formed on some oxide supports

(MOx) acting as an anchor to suppress the Pt sintering,

and the strength of the Pt–oxide support interaction well

correlated with the electron density of oxygen in the

support oxide.

Considering the actual application with this concept of

Pt-support interaction, Pt on the catalyst should be in a

metallic state under stoichiometric atmosphere of main

driving condition, and form Pt–oxide bond occasionally

under oxidizing condition. To achieve a good balance

between catalytic activity and the sintering suppression, it

was found that ceria-based oxide is suitable for Pt. The

effect of Pt loading amount on Pt sintering was investi-

gated to ascertain the proper Pt amount on ceria-based

oxide supports. Pt sintering did not occur with a certain Pt

loading amount after an oxidizing durability ageing, and

its catalytic activity also did not deteriorate at all after

the ageing. This Pt amount corresponded well with the

number of Pt–O–Ce sites on the support. For the catalysts

with the same Pt loading but on the other different oxide

supports, such as zirconia and alumina, their catalytic

activities deteriorated severely after the ageing, while on

the other hand, zirconia-based oxide was verified to be

the appropriate support for Rh through the similar

investigation.

Through optimizing the configuration of Pt and Rh in

the catalyst, a novel three-way catalyst with Pt loading on

ceria-based oxide and separately Rh on zirconia-based

oxide was devised and developed successfully. This cata-

lyst with lower noble metal content exhibited higher cat-

alytic activity compared with the conventional catalyst

after a durability test.
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