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a b s t r a c t

Both the behaviors of sintering and reactivation of Pt and Rh on various metal oxide supports were
investigated by TEM, CO pulse chemisorption and XAFS analysis. The results suggest that phenomenon
of reversible sintering and re-dispersion to reduced, active metallic sites is related to the electron density
of O atoms in support and to the crystal structure of support.

As a result of in situ XAFS and in situ TEM analysis, Pt reversible sintering and re-dispersion phenomenon
eywords:
latinum
hodium

was observed on CeO2 based metal oxide. The Pt re-dispersion process proceeds by the repetition of (1)
migration of Pt oxide from the surface of large Pt particles, (2) adsorption of Pt oxide on the surface of
CeO2 based metal oxide by strong Pt–O–Ce interaction and (3) reduction Pt oxide and Pt–O–Ce bond.

To achieve a good balance between activity and the sintering suppression, CeO based metal oxide is
d ZrO
r acti
intering
hree-way catalyst
n situ XAFS
n situ TEM

selected as Pt support, an
and Rh on ZrO2 has highe

. Introduction

Recently, for the purpose of purifying carbon monoxide (CO),
ydrocarbons (HC) and nitrogen oxides (NOx) in automotive
xhaust, a three-way catalyst is absolutely necessary and indis-
ensable for every gasoline fueled vehicle. It decreases the emission
f these pollutants drastically, however even more improvement is
eeded in order to meet the stringent emission restrictions planned

or the near future.
One of the biggest issues for three-way catalysts is the degra-

ation of catalytic activity caused by sintering of precious metals
hich serve as active sites [1–4]. Several strategies have been

mployed with the goal of improving the activity of the catalyst
fter aging: improving precious metal dispersion with high surface
rea supports, adding promoters, and improving the thermal sta-
ility of these supports and promoters, etc. [5–11]. However, there
re currently no established methods for suppressing precious met-
ls sintering and this has resulted in the use of large quantities of

oble metals for catalysts to meet the stringent emission standards.
s precious metals are very scarce resources, their consumption
hould be reduced.

∗ Corresponding author. Tel.: +81 55 997 7835; fax: +81 55 997 7879.
E-mail address: hirata@hirohito.tec.toyota.co.jp (H. Hirata).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.11.005
2

2 is used as Rh support. The blended catalyst of Pt on ceria based oxide
vity after aging.

© 2010 Elsevier B.V. All rights reserved.

Through the investigation of the sintering behavior of precious
metals on different support oxides, it was found that some supports
could efficiently suppress precious metal sintering via an anchoring
effect on the supports. In this paper, the sintering behavior and
sintering suppression mechanism of precious metals (Pt and Rh) on
various metal oxide supports are discussed and summarized. The
activity of new catalysts developed on the basis of the sintering
suppression concept is also presented here.

In this research, in order to elucidate the sintering behavior and
reactivation of precious metals, we conducted a systematic investi-
gation of precious metal sintering on various metal oxide supports.
The physical change of precious metal particle size after aging treat-
ment was measured by TEM and CO pulse chemisorption and then
correlated with the binding energy of O(1s) electrons in the oxides
as measured by XPS. The local structure around the precious metal
atoms was analyzed by EXAFS. Furthermore, in order to understand
the behavior of Pt particles under real exhaust conditions, flowing
in situ dynamic observation of in situ XAFS and in situ TEM under
simulated condition were performed.

2. Experimental
2.1. Sample preparation and aging treatment

Preparation of 2 wt% Pt/Al2O3 and 2 wt% Pt/CZY catalysts
was done by the conventional wet impregnation of Al2O3 and

dx.doi.org/10.1016/j.cattod.2010.11.005
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:hirata@hirohito.tec.toyota.co.jp
dx.doi.org/10.1016/j.cattod.2010.11.005
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ig. 1. TEM images of Pt supported catalysts after 800 ◦C aging in air for 5 h. (a) Pt/A
he position of large Pt particles.

ZY (50 wt% CeO2, 46 wt% ZrO2, and 4 wt% Y2O3) powders with
t(NH3)2(NO2)2 aqueous solution. The impregnated powders were
ried overnight at 110 ◦C and calcined at 500 ◦C for 3 h in
ir. These samples are referred to as “fresh catalysts.” Portions
f the fresh sample were aged in air for 5 h at 800 ◦C. This
ging treatment corresponds to an accelerated test for dura-
ility in an oxidative atmosphere. These samples are referred
o as “aged catalysts.” Pt/SiO2, Pt/ZrO2, Pt/TiO2, and Pt/CeO2
or a systematic study were prepared by the aforementioned

ethod, using commercial support oxides, and aged as described
bove.

Preparation of 0.5 wt% Rh loaded catalysts was done using the
ame procedure as the Pt catalyst, however Rh(NO3)3 aqueous solu-
ion was used instead of Pt(NH3)2(NO2)2. Regarding the metal oxide
upports, SiO2, Al2O3, ZrO2, YZ (3 wt% Y2O3 doped ZrO2), and CeO2
ere used. Portions of the fresh sample were aged in air for 5 h at

000 ◦C.

.2. Characterization

The average particle size of Pt metal was determined using a
O pulse adsorption method [12]. The catalysts were pretreated in
owing pure oxygen, followed by pure hydrogen at 400 ◦C. The CO
ulse adsorption was carried out in flowing He at−78 ◦C [13]. At this
emperature, CO uptake on ceria was almost entirely suppressed,
nd CO was adsorbed only on the surface of Pt. The average parti-
le size was calculated from the CO uptake assuming that CO was
dsorbed on the surface of spherical Pt particles at a stoichiometry
f CO/(surface Pt atom) = 1/1.

In the case of the Rh catalysts, the samples were pretreated in
owing pure oxygen, followed by pure hydrogen at 400 or 700 ◦C.
he average particle size was calculated using an adsorption ratio
f CO/(surface Rh atom) = 1.4/1. The remainder of measurement
rocedure was same as for Pt.

The microstructure of the catalysts was investigated by trans-
ission electron microscopy (TEM) using a JEOL JEM-2000EX.
The Pt L3-edge or Rh K-edge X-ray absorption fine structure

XAFS) measurement was carried out at BL01B1 and BL16B2 of

Pring-8 (Hyogo, Japan) [14,15]. The storage ring energy was oper-
ted at 8 GeV with a typical current of 100 mA.

The X-ray photoelectron spectroscopy (XPS) measurements
ere carried out using a PHI model 5500MC with Mg K�
-rays.
atalyst. (b) Pt/CZY (CZY denotes Ce–Zr–Y mixed oxide) catalyst. The arrows indicate

2.3. In situ dynamic observation

In situ XAFS measurements, Pt L3-edge XANES spectra were
measured every 1–6 s at ESRF ID24. 3% H2 (He balance) and 20%
O2 (He balance) gases were introduced to the in situ sample cell
alternately every 60 s at 600 ◦C [16]. In situ TEM observation was
carried out on a specially modified Hitachi model-9500 300 kV HR-
TEM at Toyota, Japan [17]. The in situ experiments involved the
sample being exposed to either vacuum (below 10−5 Pa) or 1 Pa O2
injections at 750 ◦C.

3. Results and discussion

3.1. Analysis of Pt sintering on various metal oxide support

Fig. 1 shows the TEM images of the Pt/Al2O3 and Pt/CZY cata-
lysts after an aging treatment at 800 ◦C in air for 5 h. In the aged
Pt/Al2O3 sample, large Pt particles ranging from 3 to 150 nm were
observed. In contrast, no distinct Pt particles were observed on the
aged Pt/CZY sample. In the aged Pt/CZY sample, Pt was detected by
EDX analysis. This indicates that Pt particles are highly dispersed
on the CZY support.

The average Pt particle size on the Al2O3 support increased sig-
nificantly from 1.0 to 23.6 nm due to the aging treatment. On the
other hand, Pt particles on Pt/CZY maintained a size of 1.1 nm before
and after aging. This indicates that Pt in the Pt/CZY catalyst did not
sinter at all after the aging treatment.

The Fourier transformed Pt L3-edge EXAFS spectra of the aged
catalysts and reference samples are shown in Fig. 2. For the aged
Pt/Al2O3 sample, only an intense peak which corresponds to the
Pt–Pt bond was observed. The spectrum of the Pt/Al2O3 coincides
with that of Pt foil. This indicates that large Pt metal particles exist
on the Al2O3 surface [18].

For the aged Pt/CZY sample, two peaks were observed. The first
peak at 1.7 Å is assigned to the Pt–O bond by comparison to a PtO2
reference. The second peak at 2.7 Å was not observed in either the
Pt foil or the PtO2 sample. As a result of careful analysis, this peak

is assigned as the Pt–O–Ce bond [14]. In addition, intense Pt–Pt or
Pt–O–Pt peaks could not be observed in the aged Pt/CZY sample,
suggesting that there are no large Pt metal or oxide particles on the
CZY surface. In other words, highly dispersed Pt oxides are present
on the surface of CZY.
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ig. 2. Fourier-transformed k3x data of Pt L3-edge EXAFS for supported Pt catalysts
fter 800 ◦C aging in air as compared to standard samples of Pt foil and PtO2 powder.

Based on the observation above, the sintering inhibition mech-
nism of Pt supported on CZY is proposed as follows. In the case
f Pt/Al2O3, since the interaction between Pt and Al2O3 is weak,
obile Pt particles migrate across the surface of the Al2O3 support

nd sinter during an 800 ◦C aging treatment in an oxidizing atmo-
phere. In contrast, Pt supported on CZY has a strong interaction
ith the CZY support. Therefore, the CZY support stabilizes a high-

xidation state of Pt, and then the formation of the rigid Pt–O–Ce
ond acts as an anchor. The formation of the Pt–O–Ce bond on the
ZY suppresses the sintering of Pt.

The average size of the Pt metal particles after the aging treat-
ent on SiO2, Al2O3, ZrO2, TiO2, CeO2 and CZY was estimated using

he CO pulse method. In addition, the binding energy of the O(1s)
lectron in those support oxides was measured by XPS. The bind-
ng energy of O(1s) relates to electron density of the support. Fig. 3

hows the relationship between the binding energy of the O(1s)
lectron and the Pt particle size after aging. The Pt particle size after
ging decreases as the electron density of oxygen increases. This
mplies that the sintering inhibition effect on Pt can be controlled

ig. 4. TEM images of Pt/CZY catalysts. (a) After 800 ◦C aging in air for 5 h. (b) After 100
articles.
 oxide / eV

Fig. 3. Pt–oxide-support interaction and its relation to Pt sintering in an oxidizing
atmosphere.

by the electron density of the support oxide through the Pt–O–M
bond. That is the key parameter of the Pt–oxide-support interaction
and its relation to Pt sintering in an oxidizing atmosphere.

Generally, Pt0 (metal) is considered to be the active site for the
catalytic reaction under automotive exhaust conditions. The CZY
support can stabilize the oxidation state of Pt after aging. There-
fore, Pt on the CZY support must be reducible during the catalytic
reaction. The result of CO pulse experiments suggests that Pt on
CZY is reduced under pretreatment condition (400 ◦C reduction).
Furthermore, our previous investigation of the local structure of Pt
atoms on oxidized Pt/CZY and reduced Pt/CZY by XAFS showed that
Pt on CZY changes to the metallic state after the reducing treatment
[14].

On the basis of these analysis results, CeO2–ZrO2 mixed oxide
(CZY) is selected as the most suitable support for Pt.

3.2. In situ dynamic observation of Pt sintering and re-dispersion
on CZY

The exhaust gas condition from a gasoline engine changes
quickly and dramatically in response to the driver’s operation. The
temperature can reach levels up to 1000 ◦C and the gas condition
changes between oxidative and reductive atmosphere. Fig. 4 shows
reducing atmosphere. For the catalyst aged under oxidizing atmo-
sphere, Pt particles were not observed. In this case, the average Pt
particle size as measured by CO pulse was 1.1 nm. On the other
hand, for the catalyst aged under reducing atmosphere, Pt parti-

0 ◦C aging in reducing atmosphere for 5 h. The arrows indicate the position of Pt
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surements, in situ TEM observations were performed on the Pt/CZY
sample. Fig. 6 shows snapshots of in situ TEM experiments on aged
ig. 5. The height of XANES peak for the sintered Pt/CZY catalyst as a function of time
nd gas condition and the schematic representation of the re-dispersion behavior.
les were observed and the average Pt particle size as measured by
O pulse was 7 nm. In order to observe influence of changing gas
onditions on Pt/CZY, in situ dynamic observation by XAS and TEM
ere employed.

Fig. 6. In situ TEM images of the Pt re-dispersion process on Pt/CZ
ay 164 (2011) 467–473

Fig. 5 shows the white-line peak height of the normalized Pt
L3-edge XANES for the sintered Pt/CZY catalyst. The data was col-
lected every 1 s. The white-line peak height changes very quickly,
within 1 s, between the values of reduced and that of oxidized Pt
after switching the gas atmosphere. This result indicates that the
reduction and oxidation of Pt is very fast. While the white-line
peak height under the reducing atmosphere is constant, the height
under the oxidizing atmosphere increases gradually. The difference
between the white-line peak height of the oxidized and reduced
samples corresponds with the particle size of Pt [18]. Using the
relationship between Pt particle size and difference of white-line
peak height [18], we estimate Pt particle size under in situ obser-
vation. The Pt particle size of the aged catalyst decreased from 7
to 5 nm after 60 s, and then to 3 nm after 1000 s. This kind of Pt re-
dispersion was not observed in a conventional Pt/Al2O3 catalyst.
These results suggest that the Pt particles on CZY are easily oxidized
under the 20% O2 gas stream, the newly formed Pt oxide migrates
and is trapped on the surface of CZY through the strong Pt–ceria
support interaction. After that the gas condition changes to the
reducing atmosphere, the trapped Pt ions (Pt2+ or Pt4+) assemble
into smaller Pt metal particles.

In order to verify our interpretation of the in situ XAS mea-
Pt/CZY. In initial state, the size of Pt particle is about 7 nm. After 1 Pa
O2 injection, the Pt particle size changes to about 2 nm. When the
atmosphere changes to vacuum (effectively a reducing condition)

at 750 ◦C. (a) Vacuum, (b) 1 Pa O2, (c) vacuum, (d) 1 Pa O2.
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ig. 7. Rh–oxide support interaction and its relation to Rh sintering in an oxidizing
tmosphere. •: Pretreated at 400 ◦C under reducing conditions, ©: pretreated at
00 ◦C under reducing conditions.

he size of Pt particle increases to approximately the original size
f about 7 nm. After repeating the 1 Pa O2 injection the Pt parti-
le size again reduces to about 2 nm. This result is consistent with
he in situ XAS measurements and suggests reversible sintering and
e-dispersion can be initiated by controlling the atmosphere.

.3. Analysis of Rh sintering on various metal oxide support

For the analysis of the Rh-based catalysts, the same suite of
xperiments was performed as in the previous study of Pt catalysts
15].

Fig. 7 shows the relationship between the binding energy of the
(1s) electron and the average size of the Rh metal particles after

he aging treatment. Basically, the average Rh particle size after

ging decrease as the electron density of oxygen increases. The
verage Rh particle size on SiO2, ZrO2, YZ and CeO2 maintained
lmost same size despite the change in pretreatment temperature
rom 400 to 700 ◦C. On the other hand, the average Rh particle size
n Al2O3 changed drastically after the high temperature treatment.

ig. 8. TEM images of Rh supported catalysts after 1000 ◦C aging in air for 5 h. (a) Rh/SiO
f (b). The arrows indicate the position of Rh particles.
ay 164 (2011) 467–473 471

This suggests that in case of Rh/Al2O3 another factor affects Rh
sintering inhibition.

Fig. 8 show the TEM images of Rh/SiO2, Rh/Al2O3, Rh/ZrO2 and
Rh/CeO2 catalysts after an aging treatment at 1000 ◦C in air for
5 h. In case of aged Rh/SiO2, Rh/ZrO2 and Rh/CeO2, Rh particles
were observed. In contrast, Rh particles were not observed on aged
Rh/Al2O3. However, after 800 ◦C reduction treatment Rh particles
appeared on Al2O3 (Fig. 8b′).

In order to analyze local structure around the Rh atoms, EXAFS
spectra were collected. The Fourier transformed Rh K-edge EXAFS
spectra of the aged catalysts and reference samples are shown in
Fig. 9. The spectrum of aged Rh/SiO2 is similar to the reference
Rh2O3 spectrum. This indicates that large Rh2O3 particles exist on
the surface of SiO2. For the aged Rh/ZrO2, only one weak peak at
1.6 Å was observed. This peak is assigned to the Rh–O bond by com-
parison to the Rh2O3 reference. The weakness of the Rh–O peak
intensity and the absence of the Rh–O–Rh peak at 2.7 and 3.3 Å
suggest that small Rh oxide particles exist on CeO2 surface.

In case of aged Rh/Al2O3, two peaks were observed. The first
peak at 1.6 Å is assigned to the Rh–O bond peak. The second peak
at around 2.5–3.0 Å was not observed in either the Rh foil or the
Rh2O3 sample. This peak is assigned as the Rh–O–Al peak. This indi-
cates a strong interaction exists between Rh and Al through O atom
[15]. Weng-Sieh et al. showed that Rh forms hexagonal Rh2O3 in
an oxidizing atmosphere above 650 ◦C which results in epitaxial
stabilization of hexagonal Rh2O3 on Al2O3 [19,20]. On the basis
of analytical results and previous knowledge, we believe that Rh
supported on Al2O3 diffuses into the Al2O3 lattice where it is sta-
bilized by the strong Rh–O–Al bond. In this case, this chemical and
structural interaction affects the Rh behavior on Al2O3.

As is the case with Pt, Rh0 (metal) is considered to be the active
site for the catalytic reaction under automotive exhaust conditions.

The results of CO pulse and TEM observation suggest that the inter-
action between Rh and Al is too strong to reduce the oxidized Rh
back to its metallic state using the current reducing treatment.
The aged Rh/Al2O3 needs a higher temperature reduction to form
metallic Rh on Al2O3 compared to other supported Rh catalysts.

2, (b) Rh/Al2O3, (c) Rh/ZrO2, and (d) Rh/CeO2. (b′) After 800 ◦C reduction treatment



472 H. Hirata et al. / Catalysis Today 164 (2011) 467–473

Rh-Rh

10

Rh foil
X1/3

Rh-O Rh-O-Rh

Rh2O3

Rh/SiO2M
a
g
n
itu

d
e
 o

f 
F

T
 /
 Å

-4

Rh/Al2O3

Rh/ZrO2

Rh-O-Al

6543210

R / Å

F
a
p

I
s
t
[
s

a

3

p
c
o
Z

a
b
o
c
f
i
i

ig. 9. Fourier-transformed k3x data of Rh K-edge EXAFS for supported Rh catalysts
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owder.

n our previous study of Pt/MgO showed the strong Pt–O–Mg bond
uppress Pt sintering, however this strong Pt–O–Mg bond is difficult
o decompose to change active metallic Pt by reducing treatment
21]. These results suggest too strong interaction between active
ite and support is not suitable for reactivation of catalyst.

On the basis of these analysis results, CeO2 and ZrO2 are selected
s the most suitable support for Rh.

.4. Development of new catalyst

On the basis of previous results, three types of catalysts were
repared. Catalyst A, Pt and Rh coexisted on a ceria based oxide;
atalyst B, blend of Pt and Rh supported separately on a ceria based
xide; and catalyst C, blend of Pt on ceria based oxide and Rh on
rO2. The total amount of Pt and Rh on each catalyst was same.

The catalytic activities of the three catalysts after an aging test
t 1000 ◦C are shown in Fig. 10 [22]. The catalyst C exhibited the
est activity. We suggest that the reason is as follows: (1) the
xidation state of Rh on ZrO is more metallic compared to on
2
eria based metal oxides because the electron density of oxygen
or ZrO2 is lower than for ceria based oxide, (2) Pt and Rh sinter-
ng are efficiently suppressed by their own matched metal–support
nteractions.
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Fig. 10. Catalytic activities after aging test at 1000 ◦C.
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Fig. 11. Performance of the developed catalyst in engine bench test after the engine
aging.

Based on the concept of the support anchoring effect, a new 3-
way catalyst (monolithic catalyst) was designed. Pt and Rh were
separately and respectively loaded on CeO2-based and ZrO2-based
oxides. Fig. 11 shows the catalytic activity of the developed catalyst
based on an engine test after aging [23]. Compared to the conven-
tional catalyst, this developed catalyst showed a higher catalytic
activity.

4. Conclusion

Pt particle size after aging depends on the electron density of
oxygen in the support and Pt-support interaction is the key to sin-
tering inhibition. CZY (CeO2–ZrO2–Y2O3) is a better support for
Pt.

The result of in situ dynamic observations suggest the presence
of reversible Pt sintering and re-dispersion on CZY. The driving
force of this Pt re-dispersion is attributed to the strong Pt–O–Ce
interaction that forms under oxidizing atmosphere.

Rh particle size after aging depends on electron density of
oxygen in support and structural interaction (e.g. Rh diffuse into
support Al2O3). ZrO2 is a better support for Rh.

On the basis of these analysis results, a new 3-way catalyst was
developed. The blended catalyst of Pt on ceria based oxide and Rh
on ZrO2 has higher activity after aging. This suggests the optimiza-
tion of the metal–support interaction is useful for improvement of
catalyst durability.
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