Available online at www.sciencedirect.com

ELSEVIER Catalysis Today 90 (2004) 223-229 ———————
www.elsevier.com/locate/cattod

AVQOL|

CATALYSIS
TODAY

Characterization of the dynamic oxygen migration over Pt/CE(D,
catalysts by®0/%0 isotopic exchange reaction

F. Dong?®*, A. Sud&, T. Tanabé, Y. Naga®, H. Sobukaw&, H. Shinjol,
M. Sugiura?, C. Descormé&, D. Dupre?’

a Applied Catalysis Division, Toyota Centra® Labs. Inc., Aichi 480-1192, Japan
b LACCO, MUR CNRS 6503, Poitiers University, Poitiers 86022, France

Abstract

To characterize the oxygen mobility over metal supported catalysts on a dynamic and in sittf®a%€ isotopic exchange reaction
combined with CO oxidation was designed and exemplified on three kinds of three way catalysts 0 2¥Og(CZ-O, CZ-D and CZ-R).
The obtained oxygen diffusion coefficients, oxygen release rate, and oxygen storage capacity were discussed and correlated with XRD spectra
and other physical parameters. It was found that the oxygen mobility and oxygen storage capacity were parallel to the structural homogeneity
of Zr introduction into the Ce®frame work, and decreased as: CZ-R > CZ-D > CZ-O. These results indicated that this combined isotopic
exchange technique could be used to quantify the surface and bulk oxygen mobility, the oxygen storage capacity and oxygen release rate
over the metal supported catalysts, and could be employed as a meaningful probe into the natuseZvDz@®ygen storage material. The
oxygen mobility is also another important indicator for the development of oxygen storage materials.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction oxygen storage capacity, while the oxygen mobility, espe-
cially on the surface and in the bulk of the oxides, had been
Oxygen storage and release materials containing ceria inscarcely investigated and discussed, more rarely on an in
the automotive exhaust catalysts is a typical example of asitu and dynamic base.
workable concept for oxygen spillover in the creation of  For studying the spillover of chemisorbed species, iso-
the oxygen storage systefi+5], oxygen storage capacity topic exchange reaction had been taken as a useful tech-
(OSC) is currently used as the key parameter for evaluat- nique. Hall and Lutinsk[6] and Carter et al[7] had stud-
ing the performance of an oxygen storage material, and hasied the exchange of Pwith the OH groups of Pt/AlOs. A
been taken as the most important parameter for the develop-similar study over Rh/AIO3 was reported by Cavanagh and
ment of an oxygen storage material. Besides the static oxy- Yates, who followed the H/D exchange by IR spectroscopy
gen storage capacity, the dynamic oxygen mobility or oxy- [8], Quantitative measurements of surface diffusivities were
gen diffusivity plays a very important role on the efficient carried out by Conner and co-workd&10] by means of
oxygen storage capacity and the oxygen storage/release rateq spatially-resolved FTIR apparatus. In 1987, Duprez and
or the oxygen amount that could be actually stored and re- co-workers developed a method of isotopic exchange for the
leased during the transient period in the practical catalytic study of surface mobility16—19] and systematically stud-
process. The oxygen mobility and oxygen storage capacityied the supported metal catalysts and some mixed oxides
are both important parameters for the formulation of a real [11-18] In 2002, C.T. Au had conducted a qualitative study
catalysts or making a new catalyst recipe. As a matter of on the oxygen mobility over GgZro3s5Y 00502 (CZY) —
fact, most published papers were concerned with the staticsupported noble metal catalysts with oxygen isotopic ex-
change reactiof0].
In this research, in order to establish a characterization
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surface to the bulk of the support, we appli€tD/160 impregnation using Pt (N§J2(NO2)2 as platinum precursor

isotopic exchange (IE) reaction technique onto three cat- and then calcined at 50C for 3h in air.

alysts of Pt/Ce@-ZrO,, which have the same Ce/Zr ra-

tio of 1:1 but a different structure. One improvement we 2.2. Characterization

made was to combine CO oxidation with the |IE reaction,

thus enabled the previous IE reaction technique to accom- The specific surface areas were measured padorp-

plish a dynamic and in situ measurement of the oxygen tion, one point BET method on Micro Sorb 4232l (Micro

spillover rates as well as the oxygen storage capacity andData Co. Ltd.). Pt dispersion was analyzed by CO chem-

oxygen release rate. Through correlating the IE reaction re-ical adsorption in a flow type adsorption apparatus using

sults with XRD and other physical parameters, we tried to CO pulse gas (OHKURA RIKE R6015-S). Pt particle sizes

reveal the relationship between the structure and the ac-and the grain sizes of Ce€ZrO; oxides were determined

tual oxygen mobility, to gain a deeper insight and under- by Sherrer equation from XRD spectra (RINT2200, Rigaku

standing to the oxygen storage materials. This hopefully Co. Ltd., with Cu Kx radiation).

give us some useful hints for the actual catalyst formulation

and optimization of the efficient oxygen storage capacity 2.3. Isotopic exchange reaction

of an oxygen storage material to its theoretical limit, thus

to enhance the performance of the automotive three way As shown inFig. 1, the isotopic exchange reaction ex-

catalysts. periments were carried out in a re-circulated reactor (ca.
100 cn?), which was coupled to a mass spectrometer (UL-
VAC QMS). The vacuum connection to the mass spectrom-

2. Experimental eter was thermo-regulated so as to maintain a constant pres-
sure of 1.2x 10-% Torr, while the pressure in the reaction
2.1. Catalyst preparation loop was 50 Torr. Under the experimental conditions, the
vacuum connection produces a negligible decrease of the
In this research, three different types of GeDXO; total micro-reactor pressure (1.0 Torr for 4.0h at an initial

(Cz-0, Cz-D, and CZ-R) with the same Ce/Zr molar ratio pressure of 50 Torr). Moreover, no gas phase limiting diffu-
of 1 were synthesizefR9], respectively. CZ-O was pre- sion was observed. The catalyst samples (ca. 30 mg) were
pared by precipitation of Zr(OH)on a fine ceria powder putinto a quartz reactor, first reduced under hydrogen atmo-
(ANA KASEI Co. Ltd., 99.9% purity, specific surface area sphere at 500C for 20 min, and then oxidized under oxygen
of 120 nf/g) using hydrolysis of ZrO(N@), with aqueous  atmosphere at 50 for 60 min. After the above pretreat-
NHs. The solid was dried at 9@C and calcined at 500C ment, evacuated the system for one hour with the sample
for 5hin air. CZ-R was prepared via the same procedure asat 500°C, and then cooled the sample down to the reaction
the CZ-0, except that the oxide was first reduced at 2200  temperature. |E reaction was started after a 50 Torr dose of
for 4h by CO and then re-oxidized at 500 for 3h in pure 180, (99.2% of180, ICON) was introduced, and the
air. CZ-D was prepared by the mechano-chemical reactionwhole system got stabilized. The masses of ¥py), 34

of Ce® and ZrQ powder with high energy ball milling.  (*20'%0), 36 ¢80,) and 28 (N, to detect a possible leak)
Thereafter, Pt (1.0wt.%) was supported by conventional were continuously monitored by the mass spectrometer, thus,

V//// : Oven

E : Catalyst

: Pressure Gauge
Recirculating Pump

Fig. 1. Isotopic exchange reaction apparatus.
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the partial pressure variation of the oxygen isotopomers, The rate of exchangég) is the first parameter which can
P-36 {80,), P-34 {80'%0), and P-32%f0,) were contin-  be determined in the isothermal isotopic exchange reaction
uously recorded at the temperature of reaction. The total (ISIE). From the partial pressure values, we can first define
pressure (P-36, P-34, and P-32) remained virtually constant.the 180 atomic fractiomg in gas phase at each timas:

2.4. Subsequent CO oxidation ol — (/2) Py + Py (1)
9 Phe+ Piy+ Piy

Following the isotopic exchange reaction, 22.5 Torr of
pure CO was introduced into the reaction loop and then con-
ducted CO oxidation at 50C€. The partial pressure varia-
tions of G0 (P-28), G060 (P-44) and &0'80 (P-46)
were continuously monitored until the reaction reached an dorg daf
equilibrium. The integration of the produced®, and Re = _Ngﬂ = NSE (2)

C160%0 was calculated as OSC, and the oxygen release hereN. andN the total ber of ) .
rates were derived from the resulting slopes 8f@ and ~ WNEr€Ng andi\s are the fotal number of oXygen atoms in
C160180 with time gas phase and the number of exchangeable oxygen atoms

at the oxide surface, respectiveRg(in atoms per square
meter and per time unit) can be obtainedHy. (3}

The rate of exchangdie, equals to the rate of disappear-
ance of'®0 from the gas phase, therefore it was possible to
determineRe by Eq. (2)

3)

3. Principle and mathematics R NaPr (Ve Ve dag
ET77SR (f TC)E

3.1. Mechanism with the isotopic exchange reaction
whereN, is the Avogadro’s numbeR; the total pressures

Boreskov and Novakov420,21] classified three types the oxide BET area (f), Rthe ideal gas constant; andV
of exchange reaction on the oxide surfaces. (1) The the volumes of the heated and unheated zones of the reactor,
homo-exchange (or equilibration) occurs without any par- respectively, and; and T¢ the temperatures of the heated
ticipation of thel®0 atoms of the oxide, and the isotopic and unheated zones of the reactor, respectively.
oxygen fraction in the gas phase remains constant during
the exchange reaction. (2) Simple hetero-exchange that oc-3.3. Coefficients of oxygen surface and bulk diffusion
curs with the participation of only one oxygen atom of the
oxide. (3) Multiple hetero-exchange that occurs with the ~ When the surface migration is the rate determining step
participation of two oxygen atoms of the oxide. According ©Of oxygen migration, the rate of exchange depends both
to Winter’s study over a great number of oxideg], type upon the coefficient of surface diffusiodd) and the spe-
3 exchange is rarely encountered, and most oxides follow Cific perimeter [o) of the particles are considered as circular
type 2 exchange. For the metal supported catalysts in thissources of oxygen atom species. Previously used by Kramer
work, the isothermal isotopic exchange belongs to type 2 and Andre[23], Cavanagh and Yatg8], and Duprez and
exchange, the simple hetero-exchange. Miloudi [24], the number of atoms diffused at the beginning
Measurements of surface mobility can be carried out by Of exchange reactionyg, would amount to:
hetero-exchange on the metal-supported catalysts. The metal , — .
particles are reggarded as portholzzlﬁm atoms),/ acting as }\’e = AN Cueoy/wDst - With Io = N(27r) ()
the donors of mono-atomic oxygen species. The mechanismyhere G20, r, andl o are the concentration of isotopTI%O,
with 180,10 isotopic exchange reaction includes the fol- the radius, and the circumference of the metal partidies (
lowing several steps: (#f0, molecules adsorb and disso- particles per rf), respectively.
ciate on the metal particles; (2JO atoms transfer from the This model is applicable if the concentration'8® on the
metal to the support or spillover step; (8D atoms migrate  metal particles remains constant during the experiment. So
on the top surface of the support and go further into the bulk jn the case of isotopic exchange reaction, this model could
of support; (4)!%0 atoms exchange withO atoms of the  only be used at the start of exchange reaction wH&
support; (5)°0 and*80 atoms back-spillover and recom-  concentration, €0, equals to the oxygen surface concen-
bine to 1°0*80) or %0, molecules, and desorb from the tration on metal surface particles. Under these conditions,
catalyst surface. the coefficient of surface diffusion could be calculated by

the following Eq. (5)
3.2. Reaction rate of the isotopic exchange

T S1 2 . Né
Under certain conditions, the coefficients of surface and of Ps = (Z) CisIo with §; = dvi )
bulk oxygen diffusion could be quantified. The mathematical ©

equations used to determine these parameters are discussedhere S is the initial slope of the curve representing the
in this section. variation of N, as the function/z.
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For the bulk oxygen diffusion phenomenon, we can deter-
mine the coefficient of oxygen bulk diffusiobg,according
to Kakioka’'s mode[25] as the followingEq. (6}

S |4D
|n(0l6 — ag) = —;—QJTB\/;—i- In(eg” — Otg)

where p and S are the density and the surface area of the
sampleNy is the total amount of oxygen atoms in gas phase,
respectively, andxg, ag, ag® are respectively, the atomic
fractions of'80 in gas phase at time t, in solid phase at time
t =0, and in gas phase at equilibrium.

The measurement of the final sloge(when the surface is
reaching the exchange equilibrium) of the curve representing
—In(aly — ad/a™ — &) versusy/7 allows us to calculate the
coefficient of bulk oxygen diffusion:

()

pS
4. Results and discussions

(6)

T
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4.1. Structural characterization of Ce€ZrO, oxides
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For the automotive exhaust catalysts, spillover has been
developed into a workable concept instead of simply being
used to explain a certain phenomenon. To develop a spillover
process in a multi-component catalytic system, such as our Pt
supported catalysts, at least two distinct phases are needec .
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Fig. 2. XRD patterns of the three Ce@rO, oxides.

proximity (Co-gelled, co-precipitated or one phase impreg-

nating the other) or even simply physically mixed. The anal-

ysis of the structure and the closeness of the different com-
ponents or phases will be very important for our envisaging
the whole spillover process, and help us to gain an insight
into the nature and the functions of the components in the
automotive catalysts.

The physical parameters with the Ce@xO, solids are
listed in Table 1 The XRD patterns shown as iRig. 2
indicated that CZ-O is a mixture of a cubic Ce@hase
and a tetragonal ZrPphase, and CZ-D and CZ-R are the
mono-phasic CgsZrg 502 solid solution with a cubic struc-
ture. Upon high temperature reduction, Gef¥O, oxide
transforms into a pyrochlore type ¢&.07,s phase with
< 0.07[27]. In such a phase, Ce and Zr ions are distributed

Table 1
Physical parameters of the catalysts

Catalysts Surface area Metal Metal particle Oxide grain

(m?g1) dispersion size (nm) size (nm)
(%)
1% Pt/CZ-D 37 59 2 20
1% Pt/CZ-O 104 23 5.2 10
1% Pt/CZ-R 3 2 59 200

in an ordered arrangement-CeysZrps502 was obtained
by mild oxidation of the pyrochlore-type structure. In that
structure, Ce ions and Zr ions have similar arrangement to
that of pyrochlore-type structun®6,27] XRD pattern of
CZ-R corresponds ta-CeysZrgs02. This result indicates
that Zr ions were homogeneously substituted in to the £LeO
lattice. CZ-D was also found to have a cubic phase struc-
ture. It shows that CZ solid may easily be prepared by high
energy ball milling[28]. In the case of CZ-D, due to peak
broadening, it is difficult to estimate how homogeneous Zr
ions are introduced.

Peak broadening could originate either from the small par-
ticle size or from a non-homogeneous solid solution. Ce/Zr
atomic ratios were measured by EDX analysis during TEM
observation§29]. The Ce/Zr ratio for CZ-R was almost con-
stant at 1.0, while this ratio varied between 0.2 and 1.4 for
CZ-D. This result indicated that the distribution of Zr ions
into CeQ framework in CZ-D was not as homogeneous as
in CZ-R. To summarize, the homogeneity of Zr introduc-
tion into the Ce@ framework decreased as: CZ-R > CZ-D
> CZ-0O. Nagai et al[30] had also verified the structures of
these 3 oxides by Ce K-edge and Zr K-edge X-ray absorp-
tion fine structure (XAFS).
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60 cussion for many years. The results obtained from isotopic
& 504 exchange reaction are believed to provide a quantitative evi-
8 dence to clarify this issue. |IE reaction rates and oxygen diffu-
g 40 sion coefficients at 41C are listed inTable 2 The surface
3 30| diffusion rate for CZ-F{R%) is nearly four times larger than
_S- ” the bulk diffusion rate or the equilibrium 1E rat®g°),while
g itis 3.8 times larger for CZ-D, and 26 times larger for CZ-O.
A 10 f These results implied that, the OSC contribution from the
04 bulk could also be counted as an important part in the total
0 oxygen storage and release performance. As list@dlire 2

the derived surface and bulk oxygen diffusion coefficients of
Fig. 3. Partial pressure evolution during IE reaction on CZ-R at’@o ~ CZ-R are apparently larger than those of CZ-D and CZ-O.
The surface and bulk diffusion coefficients relate closely
with the nature and the structure of the oxygen storage ma-
4.2. Isotopic exchange reaction rates and oxygen diffusion terial. The derivation of the diffusion coefficients could be
coefficients regarded as a kind of opening of the black box, that is, to take
off the influences caused by the supported noble metals, the
As a matter of fact, CO oxidation method has been con- size and the dispersions of metal particles, and the grain size
ventionally used to characterize the oxygen storage materialof the support oxides, that are included in the formula (4),
[15], although it is just a kind of overall estimation of the (5), and (7). This quantitative evaluation of the diffusion co-
oxygen storage capacity instead of the oxygen mobility. efficients is very important and useful for estimating the ac-
Considering the basics of tH€0/1%0 isotopic exchange tual oxygen storage and release performance, and is also very
reaction, the reaction process and route are the same asrucial for making a new catalyst recipe and the catalyst for-
those of the oxygen in the exhaust on automotive catalysts.mulation, especially for the transient period. Therefore, these
With the labeling function of isotopic oxygen dfO, coefficients could be counted as a very meaningful indicator
180,160 isotopic exchange reaction could be employed for the further development of the oxygen storage materials.
as a dynamic and in situ probe to characterize the oxygen If correlated the initial reaction rate or surface diffusion
mobility. Moreover, if one can erase the effect from the rate with the structures of three kinds of CZ oxides, the
supported metal and the size of the support 0xi8@,/1%0 result for CZ-D seemed a little bit abnormal, that is, the
isotopic exchange reaction could be used to access the nasurface diffusion seemed not parallel to the structure homo-
ture of oxygen storage materials themselves, the surfacegeneity. The metal particle size, the metal dispersion, and

and bulk oxygen diffusion. the homo-exchange reaction results on CZ-D are used to
The partial pressure curves of three molecules evolved make this question clear. Homo-exchange reaction is con-
along with the exchange reaction were plotted &&ign 3. If ducted with the initial equal-mole ratio df0, and°0,,

we take the data obtained on Pt/CZ-R at the reaction temper-being regarded to reveal the activity and the property of the
ature of 460C as an example, the adsorption and decom- supported metals. The homo exchange results on three CZ
position of oxygen molecules on Pt metals would be the fast catalysts at different temperatures are showfign 4 CZ-D
step, or we could regard the diffusion of oxygen atoms to has the highest metal dispersion and smallest metal particle
the top surface through the bulk of oxide would be the con- size among the three catalysts. The homo-exchange results
trol step. This could be also verified by the homo-exchange showed that, the activation energy is in the order of CZ-D
results. The initial reaction region is referred as zone 1 cor- (172kJ/mol) > CZ-O (67 kJ/mol) > CZ-R (19kJ/mol). It
responding to the surface diffusion, and the reaction region indicates that the oxygen adsorption and decomposition on
approaching equilibrium is referred as zone 2 ascribing to Pt/CZ-D is somehow restricted, the oxygen on CZ-R is the
the bulk diffusion. most active among the three samples, and metal particle
How much is the contribution of the surface and the bulk size is favorable for the homo-isotopic exchange reaction.
of the oxide to the total actual oxygen storage and releaseTherefore, when compared with the other two catalysts, the
during the transient period has been under argument and disinitial exchange reaction rate or surface diffusion rate on

Table 2

|IE reaction rates and oxygen diffusion coefficients at 421

Catalysts Pt/CZ-R Pt/CZz-D Pt/CZ-O
Initial IE reaction rateRY , atoms (S*g~?) 1.504 x 10'8 3.899 x 10Y7 1.578 x 10'8
Equilibrium IE reaction rateR® atoms (S1g=1) 3.55 x 10V 1.029 x 10Y 5.7321x 106
Surface diffusion coefficienfDs (m?S1) 2.98 x 10718 1.48 x 10718 423 x 10719

Bulk diffusion coefficient,Dg (m2S~1) 4.33x 10719 1.20 x 10720 7.77 x 10722
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Fig. 4. Homo-exchange reaction on three catalysts.
CZ-D is the smallest. This is reasonable if take the phys- 1800

ical parameters of the supported metal into consideration,
although the surface diffusion coefficients are also closely
related with the structure of the oxides, and parallel to the
homogeneity of Zr introduction into the Ce@ame work.

]
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4.3. OSC performance and the role of Zr

Following the 80/160 isotopic exchange reaction, CO
was introduced into the reaction system to conduct CO ox-
idation, as shown iffrig. 5. From the CO oxidation results, Fig. 6. Oxygen storage capacity (OSC) measured by subsequent CO
the oxygen storage capacity and the oxygen release rateidation at 500C.
were derived as shown iRigs. 6 and 7 respectively. It is
well know that, OSC and oxygen release rates are the overall

sver]:for:rirr\]a?c;r]fort;hi prtopr)ert¥ tﬁf oxyger;tsgorr:gf Im?;enjls, compact characterization technique, and is believed to be a
ch including the tactors ot the supported metal and oxy very useful indictor for the development of a more efficient

%eit?aslltoiigcehr;rztc:etrelililzléster:]; I()Exreicr:'?nnolé?”etd Iillgmseilzsre\?vrif: ISoxygen storage material. Moreover, the obtained OSC and
y Y9 Y. ' oxygen release rates on the three CZ materials were well

the combination of the subsequent CO oxidation, the per- atched with the results measured by TGA metfafi31]
formance of oxygen storage/release could also be accesse({;nd are in good agreement with the oxygen mobilit); and
the structural homogeneity of Zr into the frame work of the

oxides, as CZ-R > CZ-D > CZ-O. This verified the correct-

Pt/CZ-O Pt/CZ-D Pt/CZ-R

Therefore, this combined IE reaction method is being a

§, g 2.1
5 £
:
& g 14
8 8
& 2
3 07
=
)
&

Pt/CZ-O Pt/CZ-D Pt/CZ-R
Fig. 5. Subsequent CO oxidiation at 50D after |IE reaction on CZ-R at
460°C. Fig. 7. Oxygen release rate (ORR) at 5@
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Table 3 for the oxygen storage, where oxygen species are mobile
Oxygen diffusion coefficient in CefaZrO, oxides in the oxide support. In addition to the contribution to the
Oxides Ce@ Ce.15Zr0.8502 ZrO, space effect, we propose that zirconium atoms play a role as
D. at 300C (10 ¥m2s 1) 21 33 5 carriers for the oxygen transfer. From all the above results,
Ea (kJ/mol) a1 39 49 we can conclude that, our isotopic exchange system can be
Dg at 300°C (1028 m?s1) 12 53 41 used as a very valuable characterization technique for the
Ea (kJ/mol) 15 10 14 oxygen spillover rate both on the surface and in the bulk

of the oxide, the dynamic oxygen release rate and OSC,

and also a direct probe to access the nature of the oxygen
ness and the rellablllty of this imprOVEd characterization storage material. The new |ns|ght into the oxygen Storage
method. mechanism is hopefully a meaning indicator for the further

In the oxygen storage/release process, the roles of noblejevelopment of more efficient oxygen storage materials.
metal and cerium are commonly taken as the promoter and
the oxygen storage material, however, what kind of role is
played by Zirconium atoms? So far, Zirconium atoms are References
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