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A time-resolved kinetic analysis has been developed for modeling experimental results of '*0/'°0 isotopic exchange
over oxide-supported metal catalysts. Model is based on two very important points: 1) the parallel calculation of surface
and bulk diffusion and 2) the implication of certain O species such as superoxides. This model is based on rate equations
and includes several elementary processes: adsorption on the metal nanoclusters, reactions on the metal nanoclusters,
desorption from the metal nanoclusters, surface and bulk diffusion on/in the oxide support and direct exchange with the
gas phase. On the basis of this model a computer code was developed to determine the kinetic and thermodynamic
parameters of the oxygen isotopic exchange reactions. The characteristics of a Rh/CeO, and Pt/Ce,Zr,_,O, catalysts were
examined in the temperature range between 200 °C and 450 °C.
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1. INTRODUCTION

To meet stringent regulations on exhaust emissions of
spark-ignition engines, converters were progressively
equipped with modern three-way catalysts (TWC)
allowing to simultaneously convert unburnt hydrocarbons
(HC), CO and NO, (NO, NO,,) to untoxic products H,0,
CO; and N, [1, 2]. The catalyst should be active under both
oxidizing and reducing conditions. For that reason, ceria-
based oxides must be used as supports [3]. Such supports
may “absorb” the oxygen in excess and supply oxygen
under reducing conditions. The oxygen mobility on the
surface and in the bulk of such catalysts plays a major role
in the catalytic process. To investigate the oxygen mobility
and to better understand the oxygen pathways, oxygen
isotopic exchange reactions were studied [4, 5].

On oxide-supported metals, '*0/'°0 exchange occurs
through a sequence of well differentiated steps [6 — 9] as
schematized on Fig. 1: 1) dissociative adsorption of %O,
on the metal nanoclusters; 2) transfer of 'O atoms from
the metal particles to the oxide surface; 3) migration of '*O
atoms on the oxide surface; 4)exchange between '*O
atoms and '°O from the oxide. Furthermore, depending on
the reaction temperature, two other steps might be
encountered: 5) internal (bulk) migration and exchange of
0 atoms with '°O from the oxide bulk; 6) direct (non-
dissociative) exchange between '*0, molecules from the
gas phase and dioxygen species on the support.

Depending on the experimental conditions (e.g. the
temperature), two exchange regimes are distinguished [10]:
1) homoexchange, when only oxygen atoms from the gas
phase participate in the exchange processes. Oxygen atoms
from the oxide do not participate. In this case the exchange
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processes exclusively take place on the metal particles.
Homoexchange studies give profitable information on the
oxygen activation step at the metal particles surface;
2) heteroexchange, when oxygen atoms from the oxide do
participate in the reaction. In this case, pure 'O, is
introduced into the reactor and the formation of 1602 and
*0"™0 is followed as a function of time. Heteroexchange
studies give direct information about the kinetics of the
oxygen transportation on the catalyst.

The aim of this paper is to present a real time kinetic
model for analysis of oxygen isotopic exchange on powder
TW catalysts. Model is based on two very important
points: 1) the parallel calculation of surface and bulk
diffusion and 2) the implication of certain O species such
as superoxides. In these solids, the metal clusters act as
porthole for oxygen exchange at the oxide surface and in
the bulk. It is not possible to design specific experiments
allowing to discriminate between the different steps of
exchange. Therefore, the kinetic model should take into
account all the elementary steps involved in the exchange
process: adsorption, recombination and desorption on of
binuclear oxygen species. Experimental kinetic curves of
partial pressures of oxygen species '*0,, '°0, and '*0'°O in
gas phase are first recorded in a close-loop reactor at
temperatures ranging from 200 °C to 450 °C under reduced
pressure (50 mbar). Pt/CeZr; O, (Fig.2) and Rh/CeO,
catalysts were used as model TW catalysts in this study.
From the best fitting of these curves with the theoretical
curves calculated by the kinetic model, information about
elementary steps of oxygen exchange process can be
obtained and the values of parameters such as reaction rate
constants, surface and bulk diffusion coefficients and
activation energies of these processes can be calculated. To
follow the time dependencies of isotope composition on
metal clusters and on the surface layers of oxide (including
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Fig. 1. Scheme of the isotopic exchange mechanism between %0, (g) and '°0 atoms from the oxide over supported metal catalysts
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Fig. 2. Nanometric pictures of the three-way catalysts

deeper monolayers), atomic fluxes crossing the perimeter
of metal clusters are calculated and analyzed. This allows
us to get a deeper insight in all the steps of exchange
process. On the basis of this model, a computer code is
built for analysis of automotive catalysts.

2. EXPERIMENTAL

Oxygen isotopic exchange experiments were carried
out on a ceria-supported rhodium catalyst (0.3 wt-%
Rh/CeO,, Sgpr=27 ng’l, average oxide grain size
260 A, average metal nanocluster particle size = 15 A,
dispersion = 56 %). About 20 mg of the catalyst were used
for each experiment.

The oxide we used as a support, supplied by Rhodia
Electronics and Catalysis (La Rochelle, France), was pre-
calcined at 900°C for 6 hours. The catalyst was then
prepared at room temperature by impregnation of the
support, in excess water, with an aqueous solution of
rhodium nitrate (Rh(NO;);). After drying overnight at
120°C, the catalyst was calcined in dry air (30 mL min ")
at 450 °C for 4 hours.

Pt/CeZrO, samples were synthesized as descried
earlier in ref. [11], by high energy ball milling of CeO, and
ZrO, powders and by conventional impregnation using
metal clusters, surface and bulk diffusion and direct
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exchange on surface of support by participation
Pt(NH;),(NO,), as platinum precursor. Detail description
of this experimental method is done in refs. [4, 10, 12].

The experimental setup consisted in a re-circulated gas
manifold consisting in a tubular quartz reactor (Fig. 3), a
re-circulating pump (Metal Bellows MB-41E) to circulate
the gases over the catalyst and a mechanical pump to
evacuate the system before and after each experiment
[4, 10]. An efficient re-circulating pump, operating under
reduced pressure (50 mbar), is necessary to avoid any
diffusion and mass transport effects in the gas phase. Such
a phenomenon would limit the changes in the partial
pressures and then distort the results. 1602, 1802 and '°0"0
were monitored using a Quadrupole Mass Spectrometer
(QMS 420 Balzers) connected to the reaction loop via
thermo-valve (Balzers RVG 050 A). This valve was
calibrated so that the total pressure in the ionization
chamber was kept constant at 10" mbar. For the reactions,
pure gases were used: '°0, >= 99.995 % pure (Air Liquide,
Alphagaz1) and "*0, >= 99 % pure (Isotec).

3. CALCULATION OF THE DIFFUSION
COEFFICIENTS

When surface migration is the rate determining step in
the oxygen exchange reaction, the surface diffusion coeffi-
cient might be calculated using a simple model developed
by Kramer and André [4, 13]. This model assumes circular
sources (metal nanoparticles) distributed on an infinite
surface. Then, the amount of oxygen atoms diffusing on
the support is given by:

% cl8 7, Dt
The initial slope (S;) of the kinetic curve N, vs. \/; gives
the surface diffusion coefficient:
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Fig. 3. Oxygen isotope exchange reactor (MS — Quadrupole Mass Spectrometer; PC — personal computer; P — pressure sensor)

where x,, is the metal loading in the catalyst (wt. %), D is
the dispersion of the metal nanoparticles (%), A4 is the
surface area of the catalyst (m*g™') and f is the surface
atomic concentration in metal nanoparticles (at m ).

When the support exhibits a significant internal
mobility of oxygen, the bulk diffusion coefficient (D)
might be calculated as follows, using a model developed
by Duprez [4] and Kakioka et al. [14]:

t 0
a,—a /
_1nogo—50 A @’ 3)
ag —ag No V7

where p is the oxide density, N, is the total amount of 0
atoms in the gas phase and S, is the slope of the curve

—ln((a; -a! )/(a;f -al )) vs. Wt . g, Gy 0
respectively the atomic fractions in '®0 in the gas phase (g)
and in the solid (s) at time zero, at time ¢ and at the

equilibrium (o). Then, the bulk diffusion coefficient is
expressed as:

SHN, Y
pd )

When the elementary processes (surface and bulk
diffusion) are well separated, these equations allow us to
calculate the diffusion coefficients fro wt-%m the kinetic
curves. In that case, only the initial time of the exchange
process is taken into account for the calculations.
Experimental curves cannot be fitted this way.

However, only the fitting of the entire experimental
kinetic curves can indicate which elementary processes
take place and which one is dominating upon catalysis. For
that reason a kinetic model had to be developed for a better
understanding of the reaction schemes upon exchange on
ceria-based mixed oxides with high oxygen mobility.
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4. KINETIC MODEL
4.1. Exchange on the Metal Nanoclusters

Generally, oxygen exchange on metal nanoclusters
proceeds in three steps: 1) adsorption of dioxygen mole-
cules and dissociation, 2) reaction between oxygen atoms
and formation of dioxygen molecules and 3) desorption of
dioxygen molecules to the gas phase. The third one is not a
limiting step as the activation barrier for desorption of
molecular dioxygen is low. As a result, it is assumed that
dioxygen molecules formed on the metal surface immedi-
ately leave the surface. The time variation of the concen-
tration in the gas phase of the i-th type of dioxygen
molecule consists of two terms: the adsorption and the
chemical reactions contributions.

de \dr ), Ldt )g,

For the kinetic modeling of the surface processes [15], the
adsorption term is usually represented by the Langmuir-
Hinshelwood equation:

(ﬂj = ailicm ,

where ¢; is the sticking coefficient, /; is the flux of
particles to the surface, ¢, is the relative atomic
concentration of metal atoms in the first atomic layer at the
metal nanoparticles surface. This concentration decreases
when the coverage in adsorbed oxygen isotopes ('*O and
16O) increases. In fact, ¢,,+ci+cys is kept equal to 1.

The flux of particles arriving to the surface is
estimated from the expression:

1j=pjNy (Y ART 2,

where p; is the partial pressure of the j-th type species, M;
is molecular mass of the j-th type species and N, is the
Avogadro number.

)

(6)



The sticking coefficient for oxygen on noble metals
(Pt, Pd, Rh, Ir, Ru) is close to 1.

In our case, the oxygen flux to the surface at 50 mbar
is so high that the metal nanoclusters were considered as
fully covered by oxygen atoms even at the very beginning
of the experiment. Consequently, the oxygen isotopic
composition on the metal surface was considered to be
equal to the oxygen composition in the gas phase. Then,
before each iteration during the calculation, the surface
composition of the metal nanoclusters is obtained from the
following expression:

(4ci6(0)) 4 = (fzz(f) + %mmj@m ~(e16(0) + c15(0)))
, (1)
(ACIS(t))AD = (f36(t) + %f34(f)j(cm — () + Cls(f)))

where fi(f) is the fraction, at time ¢, of the i-th type of
oxygen isotope in the gas phase. The term in brackets gives
the uncovered metal surface at time ¢ after desorption of
the dioxygen molecules (reaction).

The reactions between oxygen atoms taking place on
the metal surface are as follows:

160 + 150 — 160, :
180 + 180 N 18()2 :

160) + 180 _ 160130
The time variations of the oxygen atoms concentrations at

the metal nanoclusters surface, according to the mass
action law, are expressed as :
deyg

( j =—kc (lc +c )

dr ), 18| 5 8 T Cie

d 1 '

(&j _kcl6(_cl6 + CISJ
dt )y, 2

In the last equations, the factor of 1/2 accounts for the
adsorption and the subsequent dissociation of the '*0'*0
molecules from the gas phase. In fact, as far as atomic con-
centrations are considered, and not molecular concentra-
tions, a factor of 1/2 is need. After dissociation, one '*0"*0O
molecule gives only one '°O atom and one '*O atom, while
a '°0, molecule would give two '°O atoms.
Finally, the reaction term in Eq. (5) is given by:

S

®)

&)

dns,

=—= kclzf)
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dni :S_mkcz (10)
dt )y, 2 "

d S

(ﬂj =" ke i6Crg

at ). V

with:
Sm = (NAfm mcatD)/(Cm A/[m)

where: S, is the total surface area of the metal nanoclusters
in the catalyst, f;, is the metal loading in the catalyst, m,,, is
the catalyst sample mass, D is the dispersion of the metal
nanoclusters (ratio between the number of surface metal
atoms to the total number of metal atoms in the
nanoclusters), M,, is the molar mass of the metal and V is
the reactor volume.
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k = Aexp(-Q/RT)
(m2 mol™! s’l), n; and ¢;, respectively represent the volume
and surface concentrations (mol m> and mol m™ respec-
tively), Q is the reaction activation energy (J mol'), 4
(m*mol's™") is the pre-exponential factor, 7 is the
temperature (K) and R is the universal gas constant.

The term in second brackets gives the uncovered part
of metal surface at time ¢ after formed molecules have
desorbed from the surface. This amount of oxygen must be
added to the amount of already adsorbed oxygen of
corresponding isotopes:

{clé(t +At) = c16(0) + (Aeys (1)) .

is the reaction rate constant

. 12
618(t+At)2618(t)+(A018(t))AD (2

To keep balance the same amount of oxygen molecules
must be removed from the gas phase:

N3y (E+ At) = n3, () _;9_,; (0 — (c16(t) + 1)) far ()

n36(L + At) = n36(2) —S_m(cm —(e16(6) + 15 (D)) f36(1) - (13)
2V

34 (L + At) = n34(2) —5_; (0 — (c16(6) + c15()) 14 (0)

Finally, the time variation of the concentration in the gas
phase of the i-th type of dioxygen molecule in eq. (5) is

given by:

dns, _S_m 2 _(d’%zj

a " La ),

dn S dn

= fg—(—%j (14)
a2V da ),

LTI P, %S
dt V dt ).

The terms with index “AD” represents adsorption term
expressed by eq.(13).

4.2. Surface Diffusion

Oxygen atoms adsorbed on the metal particles may
“jump” onto the oxide surface and further diffuse. To keep
the mass balance, it is assumed that the jump of one
oxygen atom from the metal to the oxide is balanced by
another atomic jump from the oxide to the metal particle.
In fact, oxygen atoms do not accumulate on the oxide
surface. Initially, there is no '*O atoms in the oxide and the
concentration gradient of '*O is very high. As follows from
the first Fick’s law, '®0 atoms move from the nanoclusters
to the oxide and this flux is compensated by the flux of '°O
atoms from the oxide to the metal surface. Then, the '°O
atoms arrived at the metal surface might react with other
oxygen atoms and leave the surface as dioxygen
molecules.

In order to calculate the gradient of 'O atoms
diffusing on the oxide, the surface around the metal parti-
cles was virtually divided into square-shaped rings as
schematized on Fig. 4. The surface area of these layers
weakly depends on the shape of the metal particles. For
example, the area of one layer around a cubic or a semi-
spherical nanocluster would only differ by a factor of 4/m.
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Fig. 4. Square-shaped layers around the metal nanoclusters on the
oxide surface

In our case, cubic metal particles were considered. The
surface area of L-th square-shaped layer is obtained from
the following expression:

S = 4N(d +(L-Da)a , (15)

where: a is the thickness of one layer, N =S,,/5d 2 s the

total number of metal nanoclusters on the catalyst, d is the
size of one metal nanocluster.

oxide surface surface diffusion

SK—1

.l

K+1
S

bulk )/

diffusion

Fig. 5. Scheme of the layers introduced for surface and bulk
diffusion calculations

Taking into account (i) the area variation of the layers
as a function of the distance from the metal particle and (ii)
the different directions of the oxygen atoms fluxes, the
time variation of the i-th type of atom in the L-th surface
(K=1) layer (Fig. 5) is obtained from the second Fick’s
law, considering finite increments:

[ J :%(A(L—l)(ci(l,L—l)_ Ci(l,L))_
so ¢

A(L)(ci(l,L) +Cl_(1,L+l)»’ ;=
where:

dci(l’L)
dt

16, 18, (16)
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S(L+1)

. (L) (L+D)
if ¢/ —c; >0
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i et <
S

Eq. (16) is also valid for oxygen jumps from/to the metal
particles (L = 0). For layer L =0 Eq. (16) is given by:

( ]S: Ds( D)4 (d%js,

where cl(é’l)

dclg

= 17

is the concentration of '*O atoms diffusing on

the oxide surface in the first layer around metal
nanoclusters, a is the length of atomic jump equal to lattice
parameter.

The number of rings (L) around the metal particle is
not infinite but limited either by the mean distance between
metal particles or by the oxide grain size. The mean
distance (x;) between metal particles is obtained from the
expression:

X = (Sox/ N)'?
and the number of layers is given by:
L=0.5x,/a ,

where S, is the total surface of the oxide.
However, for some catalysts, x,, can be higher than the
oxide grain size (d,,) and in this case:

=0.5d,./a .

mwc

4.3. Bulk Diffusion

Oxygen atoms diffusing on the surface of the oxide
may also diffuse into the bulk of the oxide grain (Fig. 6).
To determine the concentration gradients in the bulk of the
oxide, oxide layers (K) with a thickness # were introduced.
However, considering powder catalysts with cubic shape
grains it is necessary to take into account the fact that the
area of each layer (8% decreases and tends to zero as one
goes deeper and deeper into the oxide bulk. So, these arcas
were calculated according to the following expression:

SE =5 (1-2K-Dh/d,). (18)
surface
diffusion
L+1
—aradG
X
bulk
diffusion ] I h
~ oxide K-1
K
K+1
y

Fig. 6. Arrangement of the monolayers in a cubic oxide grain of a
powder catalyst

The variation of the atomic concentration in oxygen
atoms in one given layer K of the oxide is calculated



according to the second Fick’s law, in a similar way to
surface diffusion.

Taking into account the different fluxes, the variation
of the concentration of the i-th type of oxygen atom in the
K-th bulk layer and in the L-th surface ring takes the
following form:

LK
de-%) _ &(B(Kfl)(cgucl) _chJ())_
P i i
i) h . (19
B(K)(ClgL,K) +Ci(L,1<+1))
where
s LK) LK+l
. ) _ K+1)
T I A
BT =Y s

o (LK) (LK+]
S(K+l)’lfci( ) B <

4.4. Direct Exchange between the Gas Phase and
Binuclear Species Present on the Oxide
Surface

To take into account direct exchange between the gas
phase and binuclear species, which exist on the oxide
surface, the following reactions, occurring at the interface
between the gas phase and — the oxide surface, were
considered [6]:

180180g+160160521801805+160160g :

(20
160160g+180180521601605+180180g.
The corresponding rate equations for the variation of the

1 18 . .
%0, and '*0, surface molecular concentrations upon direct
exchange are:

de; 3
dt S

sup

¢;). 1j=32,36,

i

ey

(nic

where: k;,, is the reaction rate constant and c;, obtained
from Eq. (22), is the average concentration in 1602 and 1802
species at the surface of the catalyst.

1 Linax
i =fp— 2 Y, p=16,18, i=32,36, (22)
2xy 1=l

where f,, is the fraction of binuclear oxygen species at the
oxide surface.

The corresponding rate equation term for the variation
of the oxygen concentration in the gas phase is:

dn,
dt

sup

:ksup(n-c ; —njc,-), i,j=32,36.

L)

(23)

Upon simulation, this term might be added to Eq. (5)
whenever direct exchange should be included. If such a
process occurs, the oxygen composition at the surface is
changed and surface and bulk diffusion is influenced.
Then, it is necessary to recalculate the oxygen isotopes
distribution in each surface layer L. The time variation of
the concentration in oxygen '°O and '*O atoms in the
surface layer L, following direct exchange, is obtained
from the following expression:
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deP

[,

i,j=32,36, r=16,18.

5. RESULTS AND DISCUSSION
5.1. Pt/Ce,Zr;_,O, Catalyst

Kinetics

(nic; =nje).

= i

j

sup j

xNch

24

Experimental kinetic curves of isotopic composition
change in gas phase are used as initial data. Fitting of these
curves by the above model allows to calculate reaction
rates, diffusion coefficients and activation energies. Here
the isotopic oxygen exchange in Pt/Ce.Zr;.,O, powder
catalysts is analyzed to test the validity of the model.
Experimental results used here are taken from Ref. [16],
where catalyst preparations and their characteristics are
detailed.

Experimental results presented in Figs.7 and 8
(points) show that oxygen spillover takes place. Although
pure "*0, was initially introduced in gas phase, '°O, and
0'0 progressively appear in the reactor gas phase.
Whatever the steps involved in exchange (surface and bulk
diffusion, direct exchange with oxide surface) the oxygen

t=454°C
45 PHCeZro,
40
—— Surface Diffusion only

Exchange on Binuclear Oxygen Species anly

EEE.
754

000 Experiment

Pressure, mbar

50
Time, min
a
50

Surface Diffusion and Exchange on Binuclear Oxygen Species

45 -

40|

t=454°C
PUCeZIO,

35 =
7.5

Pressure, mbar

50

Time, min.
b

Fig. 7. Experimental and fitted curves of time dependencies of
oxygen partial pressure in gas phase during oxygen
exchange on Pt/CeZr; O, -catalyst at ¢=454°C:
a) separating surface diffusion and exchange on binuclear
oxygen species processes and b) including both processes

in calculations



isotope '°O can only be taken from the solid. Fig. 7, a,
shows fitting results including the processes of surface
diffusion (solid lines) and of exchange on binuclear
oxygen species (dot lines), separately (exchange on metal
nanoparticles is always included). In calculations with
participation of binuclear oxygen species it is assumed that
their fraction is 10 % of the total amount of surface oxygen
in support [9]. Kinetic curves for oxygen '*0, and '°O, are
quite well fitted in both cases, however, the curve for
090 in the case of exchange on binuclear oxygen spe-
cies shows a qualitatively different behavior. It seems that
this process was not preeminent. Considering the fitting in
the case of surface diffusion, the results are in a good
agreement for all three curves, although the previous fit
with exchange on binuclear species was a little better for
curve '°0,. Apparently, the two processes, surface diffu-
sion and direct exchange of binuclear species have to be
considered to proceed simultaneously. Fig. 7, b, shows the
excellent fitting obtained in this case and shows that ex-
change essentially proceeds via adsorption, recombination
and desorption on metal clusters and surface diffusion on
oxide while the direct exchange on binuclear oxygen
species has significant influence on exchange rates and
diffusion coefficients. The calculated values of these
parameters for the three different fitting cases are
summarized in Table 1.

45 1

t=400°C

04 PYCeZIO,

254 Surface Diffusion only

7549

—— Surface Diffusion and Exchange on
Binuclear Oxygen Species

Pressure, mbar

50
Time, min.

Fig. 8. Experimental and fitted curves of time dependencies of
oxygen partial pressure in gas phase during oxygen
exchange on Pt/Ce,Zr; O, catalyst at =400 °C including
in calculations surface diffusion with and without
exchange on binuclear oxygen species

The rate of exchange on metal particles k varies by a
factor of 2 and diffusion coefficient D, by factor of 10.
Obviously, the process of direct exchange on support
changes the surface morphology and has a direct impact on
oxygen diffusivity. This decrease in surface diffusion
coefficient can be explained by the fact that a part of the
'®0 appearing in gas phase comes from oxide via a direct
exchange on binuclear oxygen species without any
participation of metal clusters and surface diffusion. The
same explanation can be given for changes in reaction rate
of exchange on metal clusters. In the absence of exchange
on binuclear oxygen species, the whole '°O atoms
appearing in gas phase come integrally from desorption
from metal clusters. The same behavior is observed for
experimental results obtained at other temperatures.

In Fig. 8 experimental (points) and calculated (lines)
are presented including both processes, surface diffusion
and exchange on binuclear oxygen species, obtained at
temperature ¢ =400 °C. Calculations performed at lower
temperatures (303, 334, 359, 370 °C, results not presented
here) showed the same behavior.

Activation energies

Arrhenius plots of exchange rate constants (k) on
metal clusters in the two different cases: with and without
exchange on binuclear oxygen species are presented on
Fig. 9. Both lines are close to each other and a small
difference of the slope is observed. The activation energy
of exchange on metal clusters decreases from 71 kJ/mol to
67 kJ/mol when binuclear oxygen species can intervene in
the whole process. Other processes cannot affect the
activation energy of exchange on metal clusters. Therefore,
the decrease of activation energy when the direct exchange
on binuclear oxygen species can occur would mean that
this process should be integrated in the global oxygen
exchange on ceria-zirconia-supported platinum catalysts.

Arrhenius plot for reaction rate constant of exchange
on binuclear oxygen species is presented in Fig. 10. The
activation energy (97 kJ/mol) is higher than for exchange
via metal clusters. It follows that this process can be
ignored at low temperature.

The Arrhenius plot for surface diffusion coefficients is
presented in Fig. 11. The activation energy (113 kJ/mol) is
in fair agreement with values obtained for similar catalysts
[12] by simple methods previously proposed by Holmgren
[17] Kramer [13] and Kakioka [14].

Table 1 Values of exchange rate constant on metal particles &, surface diffusion coefficient D, and exchange rate constant on binuclear
oxygen species kg, obtained after fitting of experimental data at # = 454 °C (Figs. 7 and 8) for different processes.

Reaction rate constant on Surface diffusion Reaction rate constant on
Processes metal clusters k& coefficient D; binuclear oxygen species
(m’mol”'s™) (x107%°, m*™") kgup ,(m’mol's™)
Surface diffusion
(Fig. 10, a, solid lin¢) 1517 90 -
Exchange on binuclear oxygen species
(Fig. 12, a, dot line) 3571 - 62
Surface dlfﬁllswn.and exchange on binuclear 1071 9 49
oxygen species (Fig. 12, b)
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o Q=71kJ/mol.
® Q=67 kJ/mol.

1:y=-8.58+19.30/ SD=0.41
2:y=-8.02+19.29/ SD=0.42
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{$)]
T

4,5—. O Surface Diffusion only
40] ® Surface Diffusion and
| Exchange on Binuclear Oxygen Species

LI L L L
1,35 140 145 150 155 160 165 170 175
1000/T(K)

Fig. 9. Arrhenius plot of oxygen exchange rate constant on Pt
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Fig. 11. Arrhenius plot of surface diffusion coefficient

For example, an activation energy of 72 kJ/mol was
found for oxygen exchange on Pt/CeO, catalyst between
330°C and 410°C and a surface diffusion coefficient of
78x 107" m’s" was found for oxygen on Rh/CeO, at
400°C (compare results on Figs.7 and 8 and Table 1).
However, these simple methods are based only on initial
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rates of exchange and cannot represent the global process
as good as with the present model which integers all the
experimental data over one hour of exchange.

Surface composition

For a better understanding of the mechanism of
exchange, time dependencies of concentrations of oxygen
isotopes on the surface of catalyst are presented in Figs. 12
and 13. These values were calculated when fitting the
curves presented in Fig. 7, a, (case of surface diffusion
only). In Fig. 12, the main window shows the composition
evolution on metal clusters during all processing time
(0 min — 50 min). The small window shows the composi-
tion changes during the first second of exchange. As there
is initially no oxygen '®O in gas phase, the metal surface is
covered only by '*O isotopes at the very beginning of
reaction.

During the first seconds, '®O concentration quickly
decreases because of the diffusion from metal to oxide
surface. This flux is balanced by the flux of '°O from oxide
to metal clusters. The isotopic distribution shows an
interesting behavior: it quickly passes through the extrema
values ("°0 maximum and 'O minimum) and then slowly
approaches the steady state. The appearance of minimum
and maximum concentrations of isotopes during exchange
is not unusual. Such behavior is always observed in kinetic
curves at non-steady state regime when at least two
different driving forces act in the system [18, 19]. In this
case, there are fluxes at interface metal-oxide and at
interface gas-metal, produced by the processes of
adsorption-desorption and surface diffusion, which
generate the perturbation in the system at initial stages.

At =10 min. the concentration curves in Fig. 12
approach the steady state regime, which means that stable
concentration gradients are then established on the surface
of oxide. The calculated concentration gradients of isotope
80 at different times are presented in Fig. 13. The abscissa
represents the mean distance between the metal cluster pe-
riphery (L = 0) and a point of the oxide surface. This figure
confirms that at # =10 min. the stable concentration gradi-
ent in surface layer is reached and only weak changes are
further observed (curve 5). Stable concentration gradient
gives continuous increase of the amount of oxygen isotope
"0 in gas phase. It follows that the process of surface dif-
fusion is predominant during the whole exchange time.

The time dependencies of the oxygen atomic '*O (*°0)
flux crossing the total perimeter of metal clusters are pre-
sented in Fig. 14. At #<1 min. the flux is very high and
then rapidly decreases. At the later stages it slowly de-
creases but remains far from being nil. This behavior is not
systematically observed and may depend on sample prepa-
ration. There are many experimental measurements where
a steady-state of partial pressures in gas phase can be ob-
served [12]. In those cases the flux at saturation becomes
virtually nil, which means that the diffusion coefficient
may decrease during process [20]. In the calculations pre-
sented above, the diffusion coefficient was kept as constant
during the whole processing time. However, for samples
showing a quasi-equilibrium behavior before the end of
experiment, the best fitting requires to introduce time
dependence for the diffusion coefficient [21].
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oxide as a result of surface diffusion at different moments
of processing time

Bulk diffusion

Considering the process of bulk diffusion, there are
difficulties to find any qualitative feature in experimental
kinetic curves of gas phase partial pressure which can be
unambiguously linked to bulk diffusion (at least in the re-
sult of Figs.7 and 8). As a rule, this is an unsolved
problem that may arise because such kinetic curves contain
information about the amount of oxygen, which crosses the
interface metal-oxide [22]. Unfortunately, these atoms may
originate from the surface as well as from the bulk of
oxide. The correct answer to this problem could only be
given by additional measurements of elemental composi-
tion using other methods (e. g. SIMS depth profiling).

the total perimeter of metal particles calculated at
different temperatures

The method allowing to discriminate contribution of
surface and bulk diffusion in partial pressure kinetic curves
of gas phase was previously proposed by Kakioka [14].
However, this method is based on the assumption that at
the complete exchange of oxygen on the surface is
achieved before the exchange in deeper layers takes place.
The bulk diffusion coefficients obtained by this method
were between 3 to 4 orders of magnitude less than surface
diffusion coefficient [12]. For samples considered here, as
it is seen in Fig. 14 the surface is neither completely
exchanged during the time of measurement. Additional
calculations showed that during measurement time
25.5 pmol of oxygen '®O were exchanged while initially
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there were 36.7 pmol of oxygen '°O on the surface of
support oxide. Although good fittings were obtained
without any contribution of bulk diffusion (see Figs. 7 and
8), the model with bulk diffusion was performed for
samples of Fig. 7. The curves fitted by this model were
very close to those presented in Fig. 7 (solid lines).
However, the elemental distribution on the surface of oxide
is significantly different. The results are presented in Fig.
15 where the distribution of '*0O at =40 min. in the first
(surface) K =1 and second K =2 (subsurface) monolayers
along the L-axis (surface of support) are presented. Fig. 15
shows that some amount of '*O penetrates into the bulk of
oxide. This penetration is deeper near the metal clusters.
Calculated values for both surface and bulk diffusion
coefficients are presented in Fig. 15. Note that the value
of surface diffusion coefficient decreases from (9x10")
m’s' in the absence of bulk diffusion to (2x107"%) m’s™
with bulk diffusion. The concentration distribution on the
oxide surface (curve K=1 of Fig. 15) can be compared
with curve 5 of Fig. 13 as both are calculated at the same
time. In Fig. 13 (without bulk diffusion) the concentration
of 'O almost linearly decreases with distance from metal
cluster. In Fig. 15 (with bulk diffusion) the same curve
decreases exponentially and seems to be more realistic.
This means that bulk diffusion takes place at least for
samples considered here and can play a significant role.
Calculated values of bulk diffusion coefficient are by one
order of magnitude less than those of surface diffusion.
New calculations were performed with bulk diffusion
coefficient forced to be 4 orders of magnitude less than
surface diffusion coefficient. They showed that the
distribution on the surface was very similar to those of
Fig. 18. However, simulations made with other samples
(e.g. Rh/Ce,Zr| 1O, [21]), diffusion coefficients remained
2 — 4 orders of magnitude less than coefficient of surface
diffusion. Nature of metal as well as pretreatment of the
catalysts can significantly affect the relative values of the
bulk diffusion coefficient. Further works are presently in
progress to elucidate this behavior of ceria-zirconia-
supported noble metal catalysts.

5.2. Rh/CeQ, Catalyst

In Figs. 16 — 18, the experimental results, obtained
upon heteroexchange on a Rh/CeO, sample, are presented.
At the beginning of the reaction, only dioxygen '*0, is
introduced in the gas phase. Experimental results show
that, upon exchange, dioxygen molecules '°O, and '°0'*0
also appear in the gas phase. It clearly indicates that '°O
atoms from the oxide do participate in the reaction. In fact,
at the same time as exchange on metal nanoclusters occurs,
surface diffusion and/or direct exchange also takes place.
The first process is much more likely to occur, while the
second one should take place at higher temperatures [23].
However, the correct answer is obtained only after several
tries to fit the experimental curves, looking for the best
result. Finally, one may observe that bulk diffusion takes
place only after surface diffusion occurred, when a
significant part of the surface oxygen atoms has been
exchanged [14].

The experimental results were tentatively fitted,
including only two processes: 1) exchange on the metal
nanoclusters and 2) surface diffusion. One can observe that
the fitting is quite good at the beginning, but some
deviations appear later on. Calculations showed that this
deviation couldn’t be overcome by including bulk diffu-
sion or direct exchange. Theoretical curves showed higher
exchange yield than the experimental results. This means
that, during the reaction, the exchange is getting slower.
Furthermore, we observed that this deviation increases
monotonously with time. This indicates that the exchange
rate is not constant but decreases with time. This could be
explained if the properties of the catalyst (oxidation state
of the metal nanoparticles, stoichiometry of the oxide, etc.)
change with time on stream, that is some kind of
deactivation. It follows that the reaction rate constants and
the surface diffusion coefficient also change with time.
Assuming exponential time dependence for the
deactivation process, the following expressions for the
reaction rate constant and the surface diffusion coefficient
were considered:
R=R,(n+m=*exp(t/n)), ntm=1;
D= Dy, * exp(t/ ) .

The fitted results, introducing Eq. (25), are presented
in Figs. 17 and 18 for heteroexchange reactions respec-
tively carried out at 311 °C and 270 °C on a Rh/CeO, sam-
ple. In that case, both fittings are optimum over whole
reaction time. As good fittings were also obtained for ex-
perimental curves registered for heteroexchange reactions
carried out on the same catalyst at 256, 279 and 327 °C
(not presented here).

Evolutions as a function of temperature of the calcu-
lated values for the reaction rate constants and the surface
diffusion coefficients are displayed (Arrhenius plot) in
Figs. 19 and 20, respectively. Fitting the calculated points
to a line gives access to the activation energies for the
different processes. Activation energies are
QO =75.4kJ/mol for the exchange on the metal particles
and Os=27.0 kJ/mol for the surface diffusion. These
values are in good agreement with the data available in the
literature [12, 17, 23].

(25)
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One can notice that the fittings of the experimental
curves were good enough, even without including bulk
diffusion. This was not surprising if one consider what is
known about oxygen diffusion on ceria. In fact, oxygen
was shown to be poorly mobile in the bulk of ceria
compared to ceria-zirconia mixed oxides. Furthermore,
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from the experimental results one can only state that '°0
atoms diffuse from the oxide to the metal nanoparticles and
then desorb as dioxygen molecules. Unfortunately, it is
impossible to say from which oxide layer (L,K) '°O atoms
come. Only in the case where all surface oxygen atoms
would be exchanged (50 % '°O — 50 % '*0), the kinetic



curves would show qualitative differences. In our case in
fact, the surface area of the catalyst is so high that such a
surface exchange level is never reached.
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Fig. 19. Arrhenius plot for the reaction rate constant on the metal
particles for Rh/CeO,
207 Q,=26.98 kJ/mol.
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Fig. 20. Arrhenius plot for the surface diffusion coefficient for
Rh/CeO,
6. CONCLUSIONS

1. The most complete kinetic model presented here for
oxygen isotopic exchange on oxide supported metal
catalysts leads to a good fit between experimental and
calculated kinetic curves. Model is based on two very
important points: 1) the parallel calculation of surface and
bulk diffusion and 2) the implication of certain O species
such as superoxides. There is a rather good agreement
between kinetic and thermodynamic parameters estimated
by the model and those determined by other methods.

2. The main processes taking place upon oxygen
heteroexchange on a Rh/CeO, catalyst are the dissociative
adsorption — desorption of dioxygen on the metal
nanoparticles and the surface diffusion on the oxide.
Surface '°O atoms are exchanged with diffusing '®O atoms
coming from the surrounding gas phase. The formation of
new dioxygen molecules and the desorption only take
place on the metal nanoparticles.

3. The main processes during oxygen exchange on Pt/
CeZr; O, catalyst are exchange on metal clusters and
surface diffusion. Direct exchange on binuclear oxygen
species as well as bulk diffusion has not an excessive
influence in the 200 °C — 450 °C temperature range but
cannot be ignored, especially at the highest temperatures.

204

4. The problem how to discriminate surface and bulk
diffusion by measuring composition changes in gas phase
remains unsolved. However, the model allows to calculate
reasonable values for the surface and bulk coefficients,
which otherwise could not be made by any other model.
Time-dependent 'O compositions on the metal, at the
oxide surface and in the bulk as well as oxygen fluxes at
the metal particle periphery can also be calculated.

5.In the interval between 250 °C and 330 °C, for
Rh/CeO, the activation energy for the dioxygen activation
on the metal nanoparticles is Q=754 kJmol' and the
activation energy for oxygen atoms surface diffusion is
0,=27.0kIJmol'. At the same time, surface diffusion
coefficient varies from 2.7x10™"° m*s™' to 5.7x10"" m*s™".

6. In the 200°C — 450°C range of temperatures the
activation energy for oxygen exchange on Pt/ Ce,Zr, O,
catalyst is 71 kImol' and preexponential term in
Arrhenius equaton is equal to 2.1x 10®m*mol's™".
Activation energy of surface diffusion O, =113 kJmol
and preexponential term is equal to 2.8 x 10" m?s™".
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