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A computer model was developed to take into account all the phenomena that can occur in 18O/16O isotopic exchange over Pt/

CeZrOx materials: adsorption/desorption on the metal, surface and bulk O diffusion. Discriminating each step of the exchange

process is no longer necessary: kinetic parameters and O diffusivity can be calculated in a single experiment.
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1. Introduction

Ceria–zirconia solid solutions are well-known oxygen

storage components used in three-way catalyst formula-

tions [1–7]. During the oxygen storage process, diffusion

was shown to be one of the key parameters. This work

deals with the determination of oxygen surface and bulk

diffusion coefficients in CexZr1)xO2 oxides. The method

is based on isotopic exchange measurements between
18O2 molecules, initially introduced in the gas phase, and
16O atoms from the support. In that case, it was shown

that metal particles act as O atoms portholes for the

subsequent migration of oxygen on the oxide [8]. Earlier

diffusion coefficient determinations were based on

Kramer’s and Kakioka’s models [9,10]. However, these

models, initially developed for Al2O3 and V2O5, could

not properly describe high oxygen mobility solids [11].

For that reason, a new kinetic model, describing the

overall exchange process, was required.

2. Experimental

Isotopic exchange experiments were carried out in a

home made apparatus previously described [8–12]. It

consisted of a closed reactor (about 50 mL) equipped

with a recirculating pump to avoid any diffusion effect in

the gas phase. The reactor was connected to a quadru-

pole mass spectrometer for the gas phase composition

analysis (m/e ¼ 32, 34, 36 as well as 28 for leak tests).

Two kinds of experiments were carried out: heteroex-

change and homoexchange.

Heteroexchange experiments are carried out using

pure 18O2 (50 mbar). The rates for 18O2 ‘‘consumption’’

and 18O16O and 16O2 ‘‘formation’’ are derived for the

MS analysis. Generally, heteroexchange occurs via

simple exchange, i.e. atom per atom:

18O2ðgasÞþ
16OðsolidÞ!18O16OðgasÞþ18OðsolidÞ ð1Þ

18O16OðgasÞþ16OðsolidÞ!16O2ðgasÞþ
18OðsolidÞ ð2Þ

However, specially with ceria-based oxides, it was

shown that multiple exchange occurs [5]. In that case,

the two oxygen atoms can be exchanged at once.

Multiple exchange is responsible for the very initial

formation of 16O2 in gas phase:

18O2ðgasÞþ
16O��16OðsolidÞ!16O2ðgasÞþ

18O��18OðsolidÞ ð3Þ

In equation (3), O••O symbolises some binuclear

oxygen species, most probably superoxides [5,13,14].

For homoexchange experiments, a 50–50%
18O2 +

16O2 mixture is introduced on the catalyst

sample (about 20 mg). Such experiments are carried

out to determine the oxygen equilibration rate, that is

the ability of the metal particles to activate the oxygen

molecules (adsorption/desorption):

18O2ðgasÞ þ
16O2ðgasÞ ! 218O16OðgasÞ ð4Þ

In most cases, adsorption/desorption on metals

(especially Rh and Pt) is much faster than the O

diffusion on the oxide supports [15]. In a pure homo-

exchange process, oxygen atoms from the solid do not

participate in the reaction. Consequently, the fraction of
18O atoms in gas phase remains constant (ag ¼ 0.5).

However, for cerium-based materials, O diffusion is so

fast that heteroexchange also occurs upon homoex-

change experiments. For that reason, kinetic modelling

should take into account the two processes (adsorption

and diffusion) with a similar rate level.

Three CexZr1)xO2 samples, with x ¼ 0.5, were

synthesized as described earlier [16]. CZ-O was pre-

pared from the hydrolysis of ZrO(NO3)2 with an

aqueous ammonia solution in the presence of a fine

ceria powder. This solid was dried at 90 �C and
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calcined at 500 �C for 5 h in air. CZ-R was prepared as

CZ-O but the solid was first reduced at 1200 �C in a

CO stream before re-oxidation at 500 �C in air. CZ-D

was prepared by high energy ball milling of CeO2 and

ZrO2 powders [17]. 1%Pt/CZ catalysts were prepared

by conventional impregnation using Pt(NH3)2(NO2)2 as

platinum precursor. They were calcined at 500 �C for

3 h in air. BET areas were determined by N2 adsorp-

tion using a Micro Sorb 4232II apparatus (Micro Data

Co Ltd). X-ray diffraction was used to identify the

crystalline phases and to determine the mean particle

size of these oxides. XRD patterns were collected using

a Rigaku RINT2200 diffractometer. CZ-D and CZ-R

appeared to be monophasic Ce0.5Zr0.5O2 solid solutions

with a cubic structure while CZ-O was shown to be a

mixture of cubic CeO2 and tetragonal ZrO2 phases [16].

The catalyst samples were also examined by TEM-

EDX in a HITACHI 2000H microscope. The degree of

incorporation of Zr ions in the ceria lattice was higher

for CZ-R than for CZ-D. The Ce/Zr ratio, determined

by EDX on 10–20 points, was almost constant and

equal to 1 for CZ-R while the Ce/Zr ratio varied from

0.2 to 1.4 for CZ-D [16]. As a result, the homogeneity

of the samples decreased as follows: CZ-R >

CZ-D > CZ-O.

TEM was also used to determine the mean platinum

particles size in parallel with XRD. The Pt(331) diffrac-

tion peak was used for Pt/CZ-O. The main character-

istics are given in table 1.

From the data reported in table 1, additional

parameters could be calculated such as: the number

of metal particle (Nm), the number of oxide grains (Ns)

per m2 of support and the mean distance between

metal particles (assumed to be equal to Nm
)1/2). The

nanometric pictures of the catalyst sample drawn

from these values are shown in figure 1. Statistically,

Pt/CZ-D has virtually one Pt particle on every oxide

grain. The other two catalysts certainly have oxide

grains without Pt particles on top. Several factors may

influence the isotopic exchange rate: the platinum

particle size, the homogeneity of the CexZr1)xO2 solid

solutions. Previous works have shown that homoex-

change was significantly faster on the biggest platinum

particles (typically 5–10 nm) compared to the smallest

ones (1–2 nm) [15]. Moreover, O diffusion is faster on

ceria than on zirconia [8]. This might affect the

performances of Pt/CZ-O where a mixture of CeO2

and ZrO2 crystallites were detected.

3. Results

The results obtained upon homoexchange are pre-

sented below. On figure 2, the evolution of the initial

homoexchange rates as a function of temperature (K) is

given in Arrhenius coordinates. Experiments were car-

ried out in the 300–460 �C temperature range.

Pt/CZ-R was shown to be more active in the

homoexchange reaction than 1%Pt/CZ-D and 1%Pt/

CZ-O. This reactivity order is true over the whole

temperature range. Looking at the metal dispersion, it

is confirmed that the larger the platinum particles, the

higher the reactivity in the oxygen homoexchange

reaction (table 2). Pt/CZ-R has a surprisingly high

activity. This specific behaviour was proposed to be

Table 1

Physical and chemical characteristics of the catalysts

Catalyst

Surface area

(m2 g)1)

Metal particle

size (nm)

Metal dispersion

(%)

Oxide grain

size (nm)

1%Pt/CZ-D 37 2 59 20

1%Pt/CZ-O 104 5.2 23 10

1%Pt/CZ-R 3 59 2 200

Figure 1. Nanometric pictures of the three catalysts.

Figure 2. Arrhenius plot of isotopic homoexchange.
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responsible for the very good catalytic performances of

such a catalytic formulation [16]. In parallel, it

appeared that ag decreased continuously with time on

stream. It was concluded that heteroexchange also

occurred upon homoexchange experiments. An exam-

ple is shown in figure 3. In fact, P32 appears to be quite

constant while P36 regularly decreases with time.

Obviously, there is a continuous diffusion of 16O

atoms from the support to the metal particles upon

homoexchange.

The results obtained on the three Pt/CZ catalysts in

the oxygen heteroexchange reaction are summarized in

figure 4. Pt/CZ-R also appears to be the most active

catalyst in oxygen heteroexchange reaction. Two tem-

perature domains are clearly visible on figure 4. At low

temperature, the reaction has a relatively high activation

energy: 56, 81 and 172 kJ mol)1 for Pt/CZ-R, Pt/CZ-D

and Pt/CZ-O respectively. In this temperature range, the

reaction is normally controlled by the oxygen adsorp-

tion/desorption process on the metal particles [8].

However, a comparison with the activation energies

obtained in the homoexchange reaction, particularly the

inversion between Pt/CZ-O and Pt/CZ-D, shows that

the mechanism of such reactions is complex and involves

several steps (adsorption/desorption; surface diffusion;

bulk diffusion) that might occur at the same time at

comparable rates.

All these results demonstrate that a detailed kinetic

modelling of all the steps involved upon exchange is

required for the processing of the raw data.

4. Kinetic modelling

In the earlier calculations, only the initial exchange

rates were taken into account because it was possible to

carry out experiments under such conditions where one

of the steps of the exchange process (adsorption/

desorption, surface diffusion, bulk diffusion) was rate-

controlling. This is no longer possible with catalysts

presenting a very high oxygen mobility. In order to

describe the isotopic exchange process on noble metal

supported CexZr1)xO2 catalysts, a new computational

program ‘‘PLATINA’’ was developed. The following

steps were considered: (i) oxygen adsorption/desorption

on the metal particles, (ii) oxygen diffusion at the surface

and in the bulk of the oxide and (iii) possible direct

exchange between the support and the gas phase.

For the calculations, (i) metal particles were assumed

to be square-shaped, (ii) the oxide surface around the

metal particles was artificially divided as square-shaped

rings (L) and (iii) the oxide bulk was divided in layers

(K). Oxygen diffusion may be described using the second

Fick’s law. The geometrical model used for the finite-

difference resolution of the Fick’s law is shown in

figure 5.

Table 2

Intrinsic homoexchange rates at 300 �C

Catalyst

Metal

dispersion

(%)

Rate of

equilibration

at 300 �C

(at O s)1 m-2
metal)

Apparent

activation

energy

(kJ mol)1)

1%Pt/CZ-D 59 5.8 · 1014 172

1%Pt/CZ-O 23 2.5 · 1017 67

1%Pt/CZ-R 2 3.9 · 1019 19

Figure 3. Evolution with time of the partial pressures of 18O2,
16O2 and

18O16O upon homoexchange at 412 �C on a 1%Pt/CZ-R catalyst.

Figure 4. Arrhenius plot of isotopic heteroexchange.

Figure 5. Geometrical model used for finite-difference calculations.
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The variation of the concentration in 16O atoms upon

surface and bulk diffusion are respectively given by

dc
ð1;LÞ
16

dt
¼
Ds

a2
½AðL�1Þðc

ð1;L�1Þ
16 �c

ð1;LÞ
16 Þ�A

ðLÞðc
ð1;LÞ
16 �c

ð1;Lþ1Þ
16 Þ�

dc
ðK;LÞ
16

dt
¼
Db

a2
½BðK�1Þðc

ðK�1;LÞ
16 �c

ðK;LÞ
16 Þ�B

ðKÞðc
ðK;LÞ
16 �c

ðKþ1;LÞ
16 Þ�

with the following conditions that fix the net direction

of the diffusion flow:

where Sox is the oxide surface and Dox is the oxide grain

size to take into account the decrease of S(K) from the

exterior to the interior of the oxide grain.

Kinetic modelling was successfully applied to deter-

mine both kinetic and thermodynamic characteristics of

the catalysts under study. Oxygen diffusion coefficients

and activation energies were systematically calculated

from the simulation of the raw data, that is the evolution

as a function of time of the oxygen isotopomers’ partial

pressures.

From both homoexchange and heteroexchange

experiments, it was concluded that the activity of

platinum in the oxygen activation is higher in 1%Pt/

CZ-R than in 1%Pt/CZ-O and 1%Pt/CZ-D. In fact,

1%Pt/CZ-D is very little active. This activity ranking

correlates with the platinum particle size: the bigger the

particles, the higher the activity. This observation is in

perfect agreement with previous results [12,15]. A

comparison between the different catalysts has been

made at two different temperatures around 330 and

400 �C. The results of the kinetic modelling are given in

table 3. From heteroexchange experiments, surface and

bulk diffusion were shown to be much faster on 1%Pt/

CZ-R than on 1%Pt/CZ-O and 1%Pt/CZ-D in the

whole temperature range.

In fact, surface diffusion on 1%Pt/CZ-D was 2–3

orders of magnitude slower than on the other two

samples. At 330 �C, surface diffusion coefficient was in

the 10)18 m2 s)1 for 1%Pt/CZ-R and 1%Pt/CZ-O,

which is a common range for the most active formula-

tions in the isotopic exchange reactions. Considering

bulk diffusion coefficient values, one could conclude that

oxygen is pretty immobile in 1%Pt/CZ-D whatever the

temperature. At 300–330 �C, bulk diffusion coefficients

measured for 1%Pt/CZ-R and 1%Pt/CZ-O are compa-

rable to the one previously measured on ‘‘equivalent’’

formulations. Finally, the high activity of 1%Pt/CZ-R in

the isotopic exchange reactions could be directly related

to both a high oxygen surface mobility and a high bulk

oxygen mobility. This behaviour can be paralleled with

the one of CZ catalysts exhibiting better OSC properties

after redox cycling at high temperature [18].

5. Conclusions

A kinetic modelling of the 18O/16O isotopic exchange

was developed in order to derive the parameters

representative for oxygen diffusion at the surface and

in the bulk of Pt/Ce0.5Zr0.5O2 catalysts. For these

catalysts, oxygen mobility is so high that the different

steps of the exchange cannot be easily discriminated

using a simple model.

The results obtained using PLATINA show that a

high temperature pre-treatment under CO leads to an

extremely active catalyst in the isotopic exchange

reaction with an exceptionally high oxygen mobility.
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