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Using  a time  resolved  X-ray  absorption  spectroscopy  (XAS)  technique,  we  studied  an  in  situ  dynamic
observation  of  sintering  for Pt particles  supported  on  a ceria-based  oxide  and  Al2O3 supports  under
cyclic  oxidizing/reducing  conditions  at  800 ◦C. The  effect  of  the  support  oxide  and  the amount  of  Pt
loading  on  the  Pt sintering  was  investigated.  The  sintering  of  Pt particles  in  2 wt%  Pt/ceria-based  oxide
could  be  inhibited,  when  compared  to  in 2 wt%  Pt/Al2O3. Moreover,  0.5 wt%  Pt  and  1  wt%  Pt/ceria-based
oxide  with  a lower  Pt loading  brought  higher  stability  of  Pt  against  sintering.  For  a  0.5  wt%  Pt/ceria-based
oxide  catalyst,  sintering  was  completely  inhibited  and  highly  dispersed  Pt particles  (particle  size;  1.5  nm)
latinum
intering
AFS
utomotive catalyst
eria–zirconia
xygen storage capacity

were  maintained  under  redox  cycling  at 800 ◦C.  These  results  lead to the  conclusion  that  Pt–O–Ce  bond
formation  on  the  surface  of a ceria-based  oxide  under  oxidative  conditions  in redox  cycling  inhibits  the
sintering  of  Pt particles,  and  that  the  Pt–O–Ce  anchor  site  (its  strength  and  number)  has  an  important  role
in the  sintering  inhibition  of  Pt particles  on  ceria-based  oxide.  In addition,  we note  and  discuss  apparent
change  in  the  oxygen  storage/release  performance  of ceria-based  oxide  from  the  viewpoint  of  the  Pt

nsic  b
particle  size  and  the  intri

. Introduction

Supported precious metal catalysts such as platinum
Pt)–rhodium (Rh)–palladium (Pd) system have been widely
tilized in various industrial catalysts, especially in the auto-
otive converter to abate harmful gas emissions from gasoline-

r diesel-driven engines. Since three-way catalysts (TWCs) for
asoline-powered vehicles were commercialized in the USA and
apan in 1977 [1],  they have played an important role in the
urification of automobile emissions. Recently, in association
ith growing demands for global environmental protection,
arious improvements such as high catalytic activity, reduced
se of precious metals and increased longevity are demanded
or advanced TWCs. One of the major problems for further
mprovements is the degradation of catalytic activity caused
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ulk  behavior  of ceria-based  oxide.
© 2011 Elsevier B.V. All rights reserved.

by decreases in metal surface area in supported precious metal
catalysts.

Basically, the TWC  consists of precious metals such as Pt, Rh or
Pd, an inorganic oxide support such as Al2O3, and a ceria-based
oxide as an oxygen storage component. These precious metals act
as the active site to purify harmful automotive emission. The pre-
cious metal particles are a few nanometer (nm) in diameter, and
are dispersed on the support oxide. When the TWC  is exposed to
high temperatures, the particle size of the precious metal tends
to increases greatly via either particle diffusion/agglomeration or
through ripening processes. The result is that the active metals are
gradually buried within the bulk of the particle where they can no
longer be used to affect the desired chemical conversions that occur
on the particle surface. Sintering of the precious metal particles dur-
ing operation is a major contributor to decreases in the catalytic
activity, i.e. degradation [2–5]. As early as 1976 Dalla Betta et al.

established thermal sintering as responsible for a 20 fold drop in
the available noble metal area and activity in CO and hydrocarbon
oxidation in Pt and Pd/Al2O3 washcoated monolithic catalysts [6].

Exhaust gases exiting from gasoline engines change quickly
and dramatically during operation. Temperatures can rise tran-

dx.doi.org/10.1016/j.cattod.2011.02.046
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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1 is Toda

s
c
q
c
a
t
a
i
a
L
s
s
i
n
y
a
l
a
o
o
o
l

p
r
s
o
a
t
o
t
o
o
a
a
d
n
s
t
s
t
m
t
t
t
i
m
t
a
g
i

2

2

r
o
C
p
a
o
i
a

34 Y. Nagai et al. / Catalys

iently to high values in excess of 800 ◦C in the case of modern
ar catalysts, and the exhaust gas composition itself fluctuates
uickly between oxidative and reductive compositions. Specifi-
ally, the activity of Pt supported catalysts decreases significantly
fter high temperature aging in an oxidative atmosphere due to
he sintering of Pt particles compared with that in a reductive
tmosphere [2,3]. In our previous study [7],  we reported that Pt
n 2 wt% Pt/ceria-based oxide did not sinter after aging treatment
t 800 ◦C in air but did markedly sinter in 2 wt% Pt/Al2O3. Using Pt
III-edge extended X-ray absorption fine structure (EXAFS) under ex
itu condition, we found that the Pt–O–Ce bond (i.e., the Pt–oxide
upport interaction) acted as an anchor and inhibited the sinter-
ng of Pt particles on ceria-based oxide. From the coordination
umber of Pt–O and Pt–Ce shells estimated from curve-fitting anal-
sis, it could be concluded that this Pt–O–Ce bond was  formed
t the surface of the support and not in the bulk [7].  A simi-
ar Pt–O–Ce surface complex on a ceria-based oxide support was
lso reported by Diwell et al. and Murrell et al. [8,9]. If this the-
ry is correct, the loading amount of Pt supported on ceria-based
xide would have a significant effect on the sintering behavior
f Pt particles, because the number of surface Pt anchor sites is
imited.

To verify the Pt anchor effect on Pt sintering, in the current
aper, we observe, through the application of in situ and time
esolved X-ray absorption spectroscopy (XAS), the dynamics of Pt
intering in Pt/ceria-based oxide supports. We  use various amounts
f Pt loading, and reproduce in situ conditions of redox cycling
t high temperature, to be as close as possible to the real situa-
ion of the autoexhaust operation. In the current case, real time
bservation of changes in the noble metal structure were made at
he Pt LIII-edge using the fluorescence yield variant (Turbo-XAS)
f energy dispersive XAS, developed by Pascarelli et al. at ID24
f the ESRF [10]. The combination of low levels of Pt in the cat-
lysts, with high levels of heavy, absorbing, elements such as Ce
nd Zr severely compromises the conventional, transmission based,
ispersive XAS experiment. Moreover, and to date, Quick Scan-
ing EXAFS has not been shown to fare any better for sample
ystems such as these for the time resolutions required to study
hese processes. In order, therefore, to obtain a window into the
tructural-reactive behavior of Pt in these systems with a suitable
ime resolution the fluorescence variant has been adopted as it per-

its Pt LIII-edge X-ray absorption near edge structure (XANES) on
he required timescale even for these taxing samples [11]. Impor-
antly, this approach allows us to actually observe and quantify
he size and loading dependence of both the Pt particle behavior
n situ and as it occurs rather than in an ex situ and post mortem

anner. In addition, we are also able to obtain a window into how
he changes in the average size of the Pt nanoparticles relates to
pparent changes (measured using mass spectrometry) in the oxy-
en storage/release capacity (OSC) of the ceria-based oxide material
tself.

. Experimental

.1. Catalyst preparation

Pt/Al2O3 and Pt/ceria-based mixed oxide (Ce–Zr–Y mixed oxide,
eferred to as CZY) catalysts were prepared by the following meth-
ds. Al2O3 as a support oxide was supplied by Nikki Universal
o., Ltd.: its crystal structure was �-type. CZY powders as a sup-

ort oxide was prepared using a coprecipitation process with
queous NH3 using Ce(NO3)3, ZrO(NO3)2 and Y(NO3)3 in aque-
us solutions. The precipitate was dried at 110 ◦C and calcined
n air at 700 ◦C for 3 h. CZY contains 50 wt% CeO2, 46 wt% ZrO2
nd 4 wt% Y2O3, and its crystal structure was cubic. 2, 1 and
y 175 (2011) 133– 140

0.5 wt% Pt/CZY and 2 wt%  Pt/Al2O3 catalysts were prepared by
the conventional wet impregnation of CZY and Al2O3 powders
with Pt(NH3)2(NO2)2 aqueous solution. The impregnated powders
were dried overnight at 110 ◦C and then calcined at 500 ◦C for 3 h
in air.

2.2. Catalyst characterization

The specific surface areas of the samples were estimated
using the N2 adsorption isotherm at −196 ◦C by the one-point
Brunauer–Emmett–Teller (BET) method using an automatic sur-
face analyzer (Micro Sorp 4232II, Micro Data Co., Ltd.). The samples
were degassed in flowing N2 at 200 ◦C for 20 min.

Powder X-ray diffraction (XRD) experiments were carried out in
air at room temperature using a RINT2000 (Rigaku Co., Ltd.) diffrac-
tometer with Cu K� radiation (1.5406 Å). The catalyst powder
was pressed into wafers and affixed to standard-sized microscope
slides. The Pt catalyst samples were reduced by 5% H2 (N2 balance)
at 400 ◦C for 30 min  before the XRD measurements.

The average particle size of Pt metal was measured using a CO
pulse adsorption method [12]. The catalysts were pre-treated in
flowing pure oxygen, and then pure hydrogen at 400 ◦C. With this
reductive treatment of hydrogen, Pt is reduced to Pt metal. CO
pulse adsorption was  carried out in flowing He at −78 ◦C. At this
temperature, the CO uptake on ceria support was almost entirely
suppressed, and CO was adsorbed to only the surface of Pt [13].
The average particle size was calculated from CO uptake assum-
ing that CO was adsorbed on the surface of spherical Pt particles at
CO/(surface Pt atom) = 1/1 stoichiometry.

2.3. In situ and dynamics Turbo-XAS/mass spectrometry
measurement

Real time observation of the sintering behavior of Pt particles
was made by in situ time resolved Turbo-XAS (T-XAS) in fluo-
rescence mode at ID24 (ESRF) [10]. The experimental set-up for
the T-XAS and quick gas changing from an oxidative to reduc-
tive atmosphere is shown in Fig. S1 in the Supplementary data.
In T-XAS, a narrow slit (120 �m wide) is scanned through the poly-
chromatic fan of radiation downstream of the crystal, selecting a
monochromatic beam. Incoming X-rays (I0) and fluorescence X-
rays (I1) were recorded by two Si-diode detectors. The I0 diode
was placed perpendicularly with respect to the beam, and the I1
diode was placed facing the sample and oriented perpendicular
to the incident beam direction in order to minimize elastically
scattered radiation. The sample (60 mg)  was  pressed to a disk
(5 mm�) and placed in an in situ cell equipped with a rapid gas
switching system, allowing the gas flow to be alternated over the
sample from an oxidative to reductive atmosphere. The cell was
designed for fluorescence XAS detection at high sample tempera-
tures (Tmax ∼ 800 ◦C), while minimizing dead volume. A detailed
description of this specially designed in situ XAS cell and the
measuring diodes (I0 and I1) on the beamline can be found in
the publication of Guilera et al. [14]. Throughout the sintering
experiment, the pellet samples were heated to 800 ◦C under cyclic
oxidizing/reducing conditions. Gas mixtures of 4 or 20% O2 in
He (150 cm3/min) and 3% H2 in He (150 cm3/min) were intro-
duced alternately into the cell every 60 s by using a gas-actuated
switching valve. Mass spectra of the main gas components were
measured by using Pfeiffer Oministar quadrupole mass spectrome-

ter. Pt LIII-edge XAS spectra were collected approximately every 6 s.
Background subtraction and normalization were performed using
the REX2000 program Ver.2.5.9 (Rigaku Corp.). Pt foil was  used as
a reference sample for accurate energy calibration of the XANES
spectra.
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Fig. 1. Variations in the detected ion current of m/z 2 and m/z 32. 

. Results and discussion

.1. Structural characterization

Some basic characteristics of the catalysts prepared in this
tudy are summarized in Table 1. CZY support has a cubic struc-
ure, and its specific surface area value is 99 m2/g. The BET
Brunauer–Emmett–Teller) surface area of �-type Al2O3 support
185 m2/g) is higher than that of the CZY support. The BET surface
reas of the CZY and Al2O3 supports after calcination at 800 ◦C
or 3 h were 58 and 154 m2/g, respectively. The high temperature
reatment resulted in 40% decreases in the surface area of the CZY
upport. The Al2O3 support has a high thermal stability compared
ith the CZY support. The average size of Pt metal particles for

hese catalysts was estimated from XRD and the CO chemisorption
ethod. No diffraction peaks from the Pt(1 1 1) could be detected

n any of Pt/CZY and Pt/Al2O3 catalysts, because of their small
article size. This indicates that there are no large Pt metal particles

n these samples. The same observation applies to the result of
O chemisorption method. The average Pt particle sizes in Pt/CZY
nd Pt/Al2O3 are about 1 nm,  suggesting that the Pt particles after
reparation are highly dispersed on the support. There was  no
hange in the particle size on the loading amount of Pt supported on
ZY.

.2. Feasibility test of the experimental set-up for in situ T-XAS

To test the feasibility of in situ T-XAS experiment, we  first
hecked the response of the gas switching in this system. Fig. 1
resents variations in the detected ion current of m/z  2 (H2) and

/z 32 (O2) in the outlet gas. 4 or 20% O2/He (150 cm3/min) and

% H2/He (150 cm3/min) were introduced alternately into the
ell every 60 s at room temperature. The gas flowing over the
ample was quickly changed between an oxidative and reductive
tmosphere.

able 1
he Catalyst samples, BET surface area and Pt particle size.

Catalysta Pt loading (wt%) Support 

Pt/CZY 2 Ce–Zr–Y mixed oxide,b cubic-type 

Pt/CZY 1 ↑
Pt/CZY 0.5 ↑ 

Pt/Al2O3 2 �-Al2O3

a For sample description, see Section 2.
b Ce–Zr–Y mixed oxide contains 50 wt%  CeO2, 46 wt% ZrO2 and 4 wt%  Y2O3.
c The BET surface area after calcination at 800 ◦C for 3 h is given in the parentheses.
d The catalyst samples were reduced by 5% H2 (N2 balance) at 400 ◦C for 30 min  befor
idth.
e The diffraction peak from the Pt particles could not be detected.
Fig. 2. Pt LIII-edge XANES spectra for standard samples of Pt foil and PtO2 powder
measured by Turbo-XAFS in fluorescence mode.

Next, Pt LIII-edge XANES spectra were collected using T-XAS in
fluorescence mode. Normalized XANES spectra for standard sam-
ples of Pt foil and PtO2 powder are shown in Fig. 2. The features
present in these XANES spectra are in excellent agreement with
those expected for these reference materials from a conventional
scanning EXAFS experiment. The steeply rising absorption edge is
referred to as the “white line.” The white line of the Pt LIII-edge
XANES arises from the electron transition of the 2p3/2 mainly to
5d5/2 and 5d3/2 orbitals. The contribution of the p–d orbital tran-
sition in the white line at LIII-edge is ca. 50 times stronger than
that of p–s transition [15]. Since the absorption intensity of the
white line reflects the vacancy in the 5d orbitals of Pt atoms, the

white line intensity is expected to be an indication for the oxida-
tion state of Pt. The intensity of the white line increases with the
decreasing d-band occupancy, and a large white line intensity is
observed on oxidized Pt such as PtO2. In contrast, a small white

BET surface area of support (m2/g) Pt particle size (nm)

XRDd CO pulse

99 (58)c NDe 1.1
↑  NDe 1.1
↑ NDe 1.0
185 (154)c NDe 1.0

e the XRD measurements. Average particle size was estimated from Pt(1 1 1) line
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ine intensity is observed on reduced Pt such as Pt foil. Besides, the
bsorption energy at the top of the white line peak changed accord-
ng to the Pt oxidation state. The peak top energy of white line for
he Pt foil slightly shifted to low energy (ca. 1.0 eV), compared with
he PtO2. This energy shift in oxidation state is smaller than the
ctual natural width of the LIII-edge of Pt (5.31 eV) [16]. Therefore,
he most obvious way to evaluate the change in oxidation state in

ur experiment is to look at the white line height due to the creation
f electronic vacancies in the 5d orbital. Fig. 3 shows serial time-
esolved XANES spectra of Pt-supported catalysts used in this study.
pectra were collected approximately every 6 s. These spectra give
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containing extremely absorbing matrixes). In this study, the qual-
ity was sufficient for measuring, after normalization, the height of
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dent especially on the spectra for the 0.5 wt%  Pt/CZY. In general, the
pre-edge absorption, a shoulder peak below the rising absorption

2.2
1 wt % Pt/CZY

1.6

1.8

2.0

1.0

1.2

1.4

W
h

it
e

 l
in

e
 p

e
a

k
 h

e
ig

h
t

0 200 0 400 0 600 0 800 0 100 00
Tim e / sec

2.2
Pt/Alwt%

1.6

1.8

2.0

2 2O3

1.0

1.2

1.4

W
h

it
e

 l
in

e
 p

e
a

k
 h

e
ig

h
t

1000080006000400020000

Tim e / sec

d 0.5 wt% Pt/CZY and 2 wt% Pt/Al2O3. 4% O2/He and 3% H2/He  gases were alternately
xperiment for 2 wt% Pt/CZY.



Y. Nagai et al. / Catalysis Today 175 (2011) 133– 140 137

Table 2
�I  and average Pt particle size for the Pt supported catalysts at 800 ◦C.

Catalyst �Ia Average Pt particle size/nmb

Initialc Finalc Initialc Finalc

2 wt% Pt/CZY 0.42 ± 0.03 0.17 ± 0.02 2.5 6.2
1  wt% Pt/CZY 0.45 ± 0.04 0.34 ± 0.04 2.3 3.1
0.5  wt% Pt/CZY 0.71 ± 0.09 0.72 ± 0.08 1.5 1.5
2  wt% Pt/Al O 0.12 ± 0.01 0.05 ± 0.01 8.7 21
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cycling. This result supports that the rigid Pt–O–Ce anchor is highly
stabilized at high O2 concentration. In contrast, since the interac-
tion between Pt and Al2O3 is weak, that is, a rigid Pt anchor site
cannot form, Pt particles transport across the surface of the Al2O3
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a Difference between the white line peak height of the oxidized and reduced sam
b Pt particle size in diameter, estimated from the mean value of �I.  For the corre
c Initial (0 s) and final (after 10,000 s) of the measurement at 800 ◦C under redox 

dge, can be observed in K- or LI-edge XANES, but not in Pt LIII-edge
ANES [17,18].  Therefore, it is reasonable to suppose that this weak
eak is due to factors other than Pt absorption. We  assume that this
eak peak comes from a glitch or a contamination of W (LII-edge at

1,539 eV), but the precise origin of this unexpected peak is as yet
ot well known. However, this feature had almost no influence on
he normalization of XANES spectra and the white line peak height.
he white line peak height in these samples was  changing during
yclic oxidizing/reducing conditions.

.3. Sintering behavior of Pt particles

Fig. 4 shows the temporal change in the white line peak height
f the normalized Pt LIII-edge XANES for the Pt/CZY and Pt/Al2O3
atalysts under cyclical oxidizing/reducing conditions at 800 ◦C. 4%
2/He gas and 3% H2/He gas were alternately introduced into the
ell every 60 s. Pt LIII-edge XANES spectra were collected approxi-
ately every 6 s. The inset in Fig. 4 of 2 wt% Pt/CZY is the enlarged

iew in the first 240 s. Under a reductive atmosphere of 3% H2/He,
he supported Pt is in a metallic state and the white line peak is
ow. On the other hand, under oxidative atmosphere, the surface of
t particles can be oxidized, and the white line peak is high. �I  in
ig. 4 of 2 wt% Pt/CZY denotes the difference between the white line
eak height of the oxidized and reduced samples. From a previous
xperiment, we found that the �I  increased with the decreasing
article size of Pt [11,19].  This was confirmed by the relationship
etween the Pt particle size (Pt dispersion) measured by CO pulse
dsorption method and �I  [19]. An appropriate linear relationship
etween the two factors could be obtained. This suggests that the Pt
articles are oxidized on the surface region, and that the portion of
xidized Pt atoms is proportional to the surface area of Pt particles.
he detailed description of this �I  method and the linear relation-
hip can be found in Fig. S2 in the Supplementary data. Thus, using
he correlation between the Pt particle size and �I,  it is possible
o track the change in average Pt particle size during in situ redox
ycling.

Here, we must mention the white line peak height of the Pt
etallic state under the reductive atmosphere. Vaarkamp et al.

eported that the white line intensity of the Pt metallic state at Pt
III and LII-edge were affected by the particle size of Pt metal par-
icles, and the changes in the intensity were larger for the LII-edge
20]. The differences in the particle size of Pt metallic state have lit-
le influence on the white line peak height of Pt LIII-edge. Actually,
n our case of quick scanning XANES at Pt LIII-edge, the white line
eak height of the Pt metallic state under the reductive atmosphere
as constant within a certain range. In addition, the variations of
I (the difference between the white line peak height of the oxi-

ized and reduced samples) are much larger than the differences

n the Pt metallic state. The �I  method in this study is therefore
ufficiently available to evaluate the Pt particle size.

In Fig. 4, the �I  of 2 wt% Pt/CZY and 1 wt% Pt/CZY at 0 s were
maller than those of 0.5 wt% Pt/CZY and decreased with time.
he �I  of 2 wt% Pt/CZY decreased more rapidly than that of 1 wt%
n Fig. 4.
 between the Pt particle size and �I, see Fig. S2 in the Supplementary data.
g.

Pt/CZY. The �I  of 0.5 wt% remained constant within the error bars
until 10,000 s. On the other hand for the 2 wt% Pt/Al2O3 sample, the
initial �I  was significantly small compared to the 2 wt% Pt/CZY, and
almost constant through the measurement. Using the correlation
between the Pt particle size and �I,  the average Pt particle sizes at
the start (0 s) and at the end (after 10,000 s) of the measurement at
800 ◦C are summarized in Table 2.

The first point to be discussed is the support effect on the Pt
sintering in Pt/CZY and Pt/Al2O3 with the same loading amount
of 2 wt%. The average Pt particle size of the 2 wt% Pt/CZY increased
from 2.5 to 6.2 nm.  In contrast, the Pt particles in the 2 wt% Pt/Al2O3
already grew up to 8.7 nm in size when the measurement tem-
perature went up to 800 ◦C, and then Pt sintering led to further
growth (Pt particle size; >20 nm). Before this Pt sintering measure-
ment, the Pt particle size in both Pt/CZY and Pt/Al2O3 estimated
by CO pulse method was  ca. 1 nm as shown in Table 1. The driv-
ing force behind this sintering inhibition of Pt on CZY is attributed
to the strong Pt–oxide–ceria support interaction created under an
oxidative atmosphere [7].  Generally, it is well known that PtO2
decomposes to Pt metal under oxidizing conditions at around
600 ◦C and above according to the thermodynamic phase diagram
[21]. Previous work has shown that the CZY support stabilizes a
high-oxidation state of Pt even at 800 ◦C through the formation of
the surface Pt–O–Ce anchor [7].  Pt sintering is therefore strongly
curtailed. The Pt–O–Ce species are considered to be stabilized at
a high concentration of O2. Therefore, the effect of O2 concentra-
tion under redox cycling on Pt sintering behavior in 2 wt% Pt/CZY
was investigated. Fig. 5 compares the results of 4% O2/3% H2 cycling
(the same data mentioned in Fig. 4), with those using 20% O2/3% H2
cycling. It is clear that an effective inhibition of Pt sintering in the
Pt/CZY is achieved with increasing O2 concentration under redox
500040003000200010000

Time / sec

Fig. 5. Temporal dependence of the white line peak height of Pt LIII-edge XANES
for  20% O2/He and 3% H2/He gases (�) and 4% O2/He and 3% H2/He gases ( ) were
alternately introduced into the cell every 60 s throughout the measurement.
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ig. 6. Temporal dependence of the ratio of outlet to inlet H2 (m/z 2) for 2, 1 and 0.5
ell  every 60 s at 800 ◦C.

upport and easily sinter during a high temperature treatment. It
s well known that the surface area of the support oxide has a con-
iderable influence on Pt sintering [3].  The surface areas of the CZY
nd Al2O3 supports before this Pt sintering experiment are 99 and
85 m2/g, respectively. In addition, the thermal stability of the CZY
upport is lower than that of the Al2O3 support (Table 1). Although
he CZY has a markedly low surface area and the low thermal sta-
ility compared with the Al2O3, the CZY support has the effective
bility to inhibit the Pt sintering. Therefore, the Pt–O–Ce anchor
i.e., the Pt–oxide support interaction) is the main factor of the
intering inhibition of Pt particles supported on CZY during the
igh-temperature redox aging.

The second point to be discussed is the loading amount of Pt
upported on CZY. This Pt anchor effect in Pt/CZY catalyst appeared
redominantly in the 1 and 0.5 wt% Pt/CZY, i.e. at lower loading
mount of Pt. �I  of the 1 wt% Pt/CZY in Fig. 4 decreased slowly
n comparison with the 2 % Pt/CZY. The Pt particle size of the 1 wt%
t/CZY slightly increased from 2.3 to 3.1 nm.  It is noteworthy that �I
f the 0.5 wt% Pt/CZY in Fig. 4 is maintained virtually constant, and
he value of �I  is large, suggesting that the Pt particles in the 0.5 wt%
t/CZY remained highly dispersed. The Pt particle size of 1.5 nm in
he 0.5 wt% Pt/CZY after 10,000 s was the same as that at the start
f the measurement. Based on our observation above, an optimum
mount of Pt loading could exist for the effective inhibition of Pt
intering, corresponding to the Pt anchor site on the surface of ceria-
ased oxide supports. Recently, a quantitative investigation of the
ptimum Pt loading to stabilize Pt atoms through Pt–O–Ce bond
ormation in Pt/ceria-based catalysts was reported by Hatanaka
t al. [22], who stated that “catalysts with a lower Pt loading exhib-
ted less catalytic deactivation and Pt sintering. The ideal Pt loading
as an upper limit at both the catalytic activity and Pt particle
ize of aged catalysts. This upper limit was 0.25 g of Pt for 100 g

f Ce–Zr–La–Pr mixed oxide. Based on the structure and composi-
ion around Pt on the ceria-based oxide, it was predicted that 5 Ce
toms on average interact with one Pt atom to form a Pt anchor site.”
he structure and composition of the forementioned Ce–Zr–La–Pr
ixed oxide is very similar to the CZY support in this study. Since
t/CZY catalysts. 4% O2/He and 3% H2/He gases were alternately introduced into the

the upper limit of the Pt anchor site depends on an aging tempera-
ture, atmosphere and endurance time, a value of 0.25 g of Pt is not
directly applied to that in our study. However, if this value could be
used as an indication, 2 wt% and 1 wt%  Pt would far exceed the value
of 0.25 g Pt. Therefore, it is considered that the number of Pt anchor
sites has an important role in the sintering of Pt particles on ceria-
based oxide under redox cycling. It may  be worth mentioning, in
passing, that an induction period of Pt sintering is observed for the
in the 1 wt% Pt/CZY (Fig. 4). The �I  curve is almost constant until
4000 s, and then the Pt sintering begins to occur gradually. This Pt
sintering behavior seems to have a close relation to the number of
Pt anchor site. The effective anchor sites to inhibit the Pt sintering
would decrease as the surface area of CZY support decreases during
the thermal treatment. In other words, the CZY support has enough
number of anchor sites to stabilize 1 wt% of Pt until 4000 s, and then
the Pt aggregation would start, due to the lack of Pt anchor site with
decreasing surface area of the CZY support. The above discussion
includes speculation, because we  have no definite information on
the temporal dependence of surface area of the CZY support during
thermal treatment. Further investigation is required to estimate the
general validity.

3.4. Oxygen storage/release behavior of ceria–zirconia mixed
oxide

It is well known that ceria oxide and CeO2–ZrO2 mixed oxide
are widely used as a promoters due to their high oxygen stor-
age/release capacity (OSC) based on the reversible redox Ce4+/Ce3+

reaction (CeO2 ↔ CeO2−x + (x/2)O2; x = 0–0.5) [23,24]. Ceria stores
oxygen under oxygen excess conditions and releases it under oxy-
gen deficient conditions in order to maintain the stoichiometric
conditions. In this current set-up of the in situ T-XAS experiment,

not only the XANES spectra, but online mass spectra of the gas
species are simultaneously measured. Therefore, we can evaluate
the OSC performance of the Pt/CZY catalyst during the Pt sintering
measurement. Fig. 6 presents the temporal dependence of the ratio
of outlet to inlet H2 (m/z 2) during the redox cycling of the Pt sin-
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ering measurement. The time scales in Fig. 6 correspond to those
n Fig. 4. The concentration of inlet 3% H2 gas under reductive con-
ition of redox cycling is constant. Since H2 species are oxidized
n the catalyst surface by oxygen released from ceria oxide, the
ower values of this ratio (outlet to inlet H2) indicate the better OSC
erformance.

It has been reported that oxygen storage/release process on the
t/ceria-based oxide mainly involves 3 steps: (1) reaction on the
t surface, (2) oxygen surface diffusion on the ceria oxide and (3)
xygen bulk diffusion into the ceria oxide, and that Pt on the ceria
xide support promotes the process of oxygen storage and release
25,26]. In addition, Dong et al. reported that a smaller Pt particle
ize in Pt/CZY catalyst showed higher OSC performance in CO oxida-
ion reaction [25]. In this study, the Pt sintering for 2 wt% and 1 wt%
t/CZY occurred, whereas highly dispersed Pt particles in 0.5 wt%
t/CZY were maintained. From these remarks, it was  expected
hat the OSC performance of 2 wt% and 1 wt% Pt/CZY gradually got
orse, and the 0.5 wt% Pt maintained the same performance. How-

ver, the results of the experiment were somewhat different from
hat had been anticipated. In Fig. 6, the OSC performance in 2 wt%

t/CZY slightly dropped, while in 1 wt% Pt/CZY it got somewhat
etter, and in the 0.5 wt% sample it clearly improved. It is reason-
ble to suppose that the degradation of the OSC performance in the

 wt% Pt/CZY would be mainly attributed to Pt sintering. However,
he improved OSC of 1 wt% and 0.5 wt% Pt/CZY is incomprehen-
ible. Several groups showed that a high temperature reductive
reatment followed by a mild oxidation strongly modifies the oxy-
en release behavior of the CeO2–ZrO2 mixed oxide because a
yrochlore-type Ce2Zr2O7 forms by the high temperature reduc-
ion of CeO2–ZrO2 which possesses an ordered arrangement of
e and Zr ions [23,27,28].  Similarly, in the current experiment, it

s possible to enhance the OSC performance by high temperature
eduction during the redox cycling at 800 ◦C. Therefore, it is antic-
pated that the “apparent” OSC performance is not only affected
y Pt particle size but also by the “intrinsic” factor in the bulk of
ZY oxide. If this speculation is correct, the changes in the OSC
erformance of the 1 wt% and 0.5 wt% Pt/CZY catalysts are inter-
reted as follows. In the case of 1 wt% Pt/CZY, the Pt particle size

ncreases but OSC enhancement due to intrinsic factors surpasses
he Pt sintering effect. Since the Pt particles in the 0.5 wt% Pt/CZY
emain highly dispersed, the improvement of the inherent OSC per-
ormance becomes available. However, this discussion, due to the
ack of knowledge of the intrinsic factor in the CZY bulk, remains

 matter of debate. In the current experiment, we  estimated the
pparent OSC by the mass measurement of outlet H2 gas, but the
evel of Ce reduction during the oxygen release process, that is the
ntrinsic OSC of CZY oxide, was not quantified. A Ce K-edge XANES

easurement could make it possible to directly evaluate the intrin-
ic OSC of CZY oxide. The combination of Ce K-edge measurement
or the inherent OSC, Pt LIII-edge measurement for the Pt particle
ize and online mass spectrometry for the apparent catalytic per-
ormance must clarify the whole picture of the degradation in the
WCs. We  plan to make the foregoing comprehensive investigation.

. Conclusion

We have exploited the Turbo-XAS technique in fluorescence
ode to perform in situ real time observation of Pt sintering process

or Pt supported on CZY and Al2O3 supports under cyclic oxidiz-
ng/reducing conditions at 800 ◦C. The influence of support oxide

nd Pt loading amount on Pt sintering was investigated. We  mea-
ured the white line peak height of Pt LIII-edge XANES, together
ith online mass spectrometry for the evaluation of the oxygen

torage/release (OSC) performance under cyclic redox conditions
t 800 ◦C. The results obtained are as follows:

[
[
[
[

y 175 (2011) 133– 140 139

a) The sintering of Pt particles in 2 wt%  Pt/ceria-based oxide could
be inhibited under redox cycling at 800 ◦C, when compared to in
2 wt% Pt/Al2O3. In addition, Pt sintering in the Pt/CZY is achieved
with increasing O2 concentration under redox cycling. We  pro-
posed that the strong Pt–O–Ce anchor site in the Pt/CZY under
the oxidizing condition during redox cycling causes the stabi-
lization of high-oxidation state of Pt and the inhibition of Pt
sintering.

b) We  found that 0.5 wt%  Pt and 1 wt% Pt/ceria-based oxide with
a lower Pt loading brought higher stability of Pt against sinter-
ing. Especially, the Pt particles in the 0.5 wt% Pt/CZY remained
highly dispersed. The Pt particle size of 1.5 nm in the 0.5 wt%
Pt/CZY after 10,000 s was  the same as that at the start of the
measurement. The Pt anchor site (its strength and number) has
an important role in the sintering inhibition of Pt particles on
CZY under cyclic redox conditions.

(c) The OSC performance in 2 wt% Pt/CZY slightly dropped, while in
1 wt% Pt/CZY it got somewhat better, and in the 0.5 wt%  sample
it clearly improved. It is presumed that these changes in OSC
performance depend on not only Pt particle size but also the
intrinsic factor in the bulk of CZY oxide.

Finally, through this research, we  have determined an important
guide that catalyst design at the atomic level is necessary in order
to develop high performance and longevity catalysts for practical
use.
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