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Abstract

In this study, oxygen mobility in LaCoO3 was studied by means of oxygen isotopic exchange. Seven LaCoO3 were synthesized by differen
methods and characterized. The solids present large differences in specific surface area, crystallite size, and redox properties (a
by oxygen desorption and reduction by H2). The results obtained for the exchange reaction showed that the activity was strongly influ
by the crystal size. However, it was observed for all of the solids, that all of the bulk oxygen atoms are available for exchange. A m
of exchange is proposed that supposes the adsorption of an O2 molecule to a reduced cobalt site. Then the adsorbed O2 exchanges with the
surface, and the exchanged atom can diffuse into the grain boundaries and into the bulk of the solid. It is supposed, from these r
grain boundary diffusion proceeds quickly in comparison with bulk diffusion. These results were compared with those obtained for4
oxidation reaction. The mechanism of oxidation was discussed on the basis of a comparison of the results obtained for these two
 2005 Published by Elsevier Inc.
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1. Introduction

Perovskites are mixed oxides with the general form
ABO3. Many different compositions were found to be po
sible for these solids requiring that the electro-neutra
be maintained, and the A and B cations are stable in
decahedral and octahedral environments, respectively. H
ever, only a small number of the possible compositions w
found to present an interesting activity for gas-phase ox
tion reactions. Libby[1] was the first to report a high activit
of some cobalt and manganese-based perovskites for
alytic oxidation reactions. In some cases, perovskites w
found to be as active as conventional supported noble m
catalysts[2,3], in spite of their low specific surface area
This explains why, during the last 30 years, an intense e
has been made to increase activity and to reach a com
* Corresponding author. Fax: +1-418-656-3810.
E-mail address: kaliagui@gch.ulaval.ca(S. Kaliaguine).
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hensive view of the oxidation mechanism[4]. The activity
was found to be mainly dependent on the nature of the t
sition metal in the B position, more than on the nature
the A cation (as long as A is a lanthanide). The activity w
generally found to vary as follows: ACoO3 ≈ AMnO3 >

ANiO3 > AFeO3 � ACrO3 [5,6]. To increase the activity
many authors replaced part of the A and/or B with cati
of other valences. An increase in activity was clearly
served in the case of La3+ replacement with Sr2+ or Ce4+
[7–11]. A change in the valence of the B cation (Co3+/Co2+
or Mn3+/Mn4+) results from these substitutions. Moreov
some adjustment of the anionic or cationic vacancy con
tration in the crystal is also supposed to maintain the elec
neutrality. All of these structural changes strongly mod
the reducibility of the B cation, and then the oxygen mobi
in the perovskite, as observed by temperature-program
reduction (TPR) and oxygen thermo-desorption (TPD-O2).

Misono et al.[6,7,12] were the first to use TPD-O2 as a
measure of oxygen mobility. By this method, the authors dis-
tinguished two kinds of oxygen. The first one, designated as

http://www.elsevier.com/locate/jcat
mailto:kaliagui@gch.ulaval.ca
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α-oxygen, is supposed to desorb from the surface of the s
(O− or O2

− species). The second one,β-oxygen, because o
the large amount desorbed, is supposed to originate from
bulk of the solid (O2−), with simultaneous reduction of som
Co3+ into Co2+. The interpretation of the oxidation reactio
mechanisms was made on the basis of the results of ox
desorption and the temperatures at which surface and
oxygens become reactive[13]. Then, for low-temperature re
actions, like CO oxidation, a suprafacial mechanism with
participation of surface oxygen is proposed. For high te
perature reactions, an intrafacial mechanism, involving
lattice oxygens, is preferred. Nevertheless, a recent stud
the properties of some LaCoO3 prepared by different meth
ods[14] showed that the activity for the CH4 oxidation reac-
tion cannot be correlated with the properties of the sam
in TPD-O2. This study also revealed that theβ-oxygen does
not desorb from the crystal lattice but results from the
duction of some Co3+ segregated in the grain boundarie
The higher rates of oxygen diffusion in the grain bounda
compared with the bulk of the crystals, as observed by S
et al.[15,16], justify this interpretation. Moreover, the resu
obtained for the CH4 oxidation reaction led us to suppo
an important effect of the bulk oxygen mobility on the c
alytic activity [14], even though the activities observed f
this reaction do not correlate with the properties obser
for TPD-O2.

In this work, oxygen isotopic exchange (OIE) was use
measure oxygen mobility. The physical, redox, and catal
properties of the samples studied in this work were descr
in two previous works[14,17]. It was observed that amon
the various catalysts the large differences in activities
the CH4 oxidation reaction were not unequivocally relat
to the specific surface area. Moreover, it was concluded
TPD-O2 was not an appropriate method for measuring o
gen mobility or surface or bulk reactivity. Oxygen isotop

exchange measurements, performed on some supported no

Activation energy for the methane oxidation reaction, supposing a first-o
d Calculated by linear regression on the Arrhenius plots withEa fixed at 22.25

linear regression on the Arrhenius plots.
lysis 234 (2005) 364–375 365
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rate) and to the bulk oxygen mobility. However, such res
for the perovskites are scarce[7,8,12,23]. Under these con
siderations, OIE experiments were designed to explain
terms of oxygen mobility, the differences in specific activ
observed for the methane oxidation reaction.

2. Experimental

2.1. Materials

Seven LaCo1–xFexO3 samples, synthesized by differe
procedures, were used for the OIE reaction (OIE).

Five samples were first prepared by different metho
solid-state reaction (SS), coprecipitation (COP), citrate c
plexation (CIT), and reactive grinding of the single oxid
(RG) and of an amorphous precursor (COPRG). The de
of the synthesis procedures can be found in Ref.[14]. Ta-
ble 1 summarizes some of the physical properties of th
solids. The SS, COP, and CIT samples were prepare
conventional methods. For these solids, the calcination
peratures, necessary to obtain the total conversion of
precursors into perovskite, vary from 600 to 1000◦C. Then,
large differences in crystal domain size (D1) and specific
surface area (SBET) are observed (Table 1). As mentioned
above, the RG sample was prepared by reactive grind
This method involves the replacement of the thermal ene
necessary for the crystallization, with the mechanical ene
exercised during grinding. Then, perovskites are crystall
near the ambient temperature, and solids with very la
specific surface areas can be obtained[24,25]. RG was syn-
thesized in two steps. The single oxides were first gro
for 4 h under O2, in a SPEX laboratory grinder (rotatio
speed= 1040 rpm). At the end of this step, the single o
ide conversion into perovskite is complete. The second
of grinding (20 h) was done with ZnO added to the p

-ovskite. This step results in an in crease of the specific sur-

was
, but

at
ble metal catalysts[18–22], permitted access to the surface
reactivity (by measurement of the initial exchange reaction

face area developed by the solid. The COPRG sample
synthesized under the same grinding conditions as RG

Table 1
Physical properties and first order rate parameters for the CH4 oxidation reaction of the studied samples[14,17]

Sample Elemental
composition

T cal
(◦C)

Crystalline
phasea

SBET

(m2/g)
D1

b

(nm)
Ea

c

(kcal/mol)
A0cor

d

(mol/(g s atm))

SS LaCo0.97O3 1000 P, weak Co 0.4 73.9 25.7 7
COP LaCo0.98O3 700 P 3.5 32.2 21.0 329
CIT LaCo0.96O3 600 P 6.6 26.9 20.6 628
RG LaCo0.80Fe0.20O3 550 P 17.1 16.3 21.7 674
COPRG LaCo0.93Fe0.03O3 550 P, weak Co 18.7 16.5 20.3 1031
Co1 La0.94Co0.97Fe0.03O3 550 P, weak Co 4.2 16.4 22.4 49
Co2 La0.93Co0.90Fe0.10O3 550 P 10.9 16.4 21.0 498

a P, perovskite, Co; cobalt oxide.
b Crystal domain size calculated by means of the Scherrer equationD = Kλ

β cosθ after Warren’s correction for instrumental broadening (β2 = B2 −b2, where
B is the FWHM andb is the instrumental broadening determined by the FWHM of the X-ray reflexion of SiO2, having particles larger than 150 nm,
2θ ≈ 27◦).

c
 rder reaction rater = kPCH4.

kcal/mol, fixed at the mean value of the activation energiesEa obtained by
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an amorphous La–Co solid, prepared by coprecipitation,
preferred to the single oxides as a precursor. RG and CO
were calcined at the same temperature (550◦C). In spite of
the different natures of the precursors, the RG and COP
samples present similar physical properties (Table 1 and
Ref. [14]).

Two other ground samples (designated as Co1 and
in Ref. [17] and in this work) were also studied. These t
solids were milled under conditions different from those
the RG and COPRG samples (with varying grinding tim
and different additives). Then, Co1 was ground for only o
step, without any additive. This resulted in a low spec
surface area (Table 1). Co2 was ground in two steps, like R
and COPRG; however, NaCl was used as an additive ins
of ZnO. An intermediate specific surface area (between
of Co1 and those of RG and COPRG) was obtained. As
be observed inTable 1, all of the ground samples present t
same crystal domain size (16.3–16.5 nm), but the spe
surface areas vary over a large range (between 4.2 m2/g for
Co1 and 18.7 m2/g for COPRG).

For all of the solids, an important difference between
specific surface area (measured by N2 adsorption) and the
theoretical surface area (calculated from the crystal dom
sizeD1, supposing a cubic-shaped crystal) is observed.
is explained by the fraction of surface lost by contact
tween the elementary particles[14], which was previously
attributed to the occurrence of grain boundaries betw
crystals. It was found that theSth/SBET ratio is of great im-
portance in the properties of the solids in TPD-O2 and in the
kinetics of reaction with SO2 [17].

XRD analysis showed that all of the solids presen
the rhombohedral LaCoO3 perovskite structure (JCPDS ca
09-0358) (not shown). A weak signal attributed to Co3O4
(JCPDS card 42-1467) was also observed for the COP
Co1, and SS samples. All of the ground samples prese
iron contamination (fromx = 0.03 for Co1 and COPRG t
x = 0.20 for RG;Table 1). The degree of iron contaminatio
varies as follows:

COPRG≈ Co1< Co2< RG.

2.2. Isotopic exchange experiments (OIE)

To eliminate kinetic limitation due to gas-phase diffusio
the experiments were carried out in a recycling U-sha
microreactor. The recirculation volume was coupled t
quadrupolar mass spectrometer (MQG Blazers). The
sampling was regulated by a thermo-valve adjusted to m
tain a constant pressure of 1× 10−6 mbar in the ionization
chamber. At this pressure, the vacuum sampling leak
ates a negligible decrease in the pressure in the microrea
Twenty milligrams of catalyst was weighed and inserted
microreactor between two quartz wool plugs. Then the s

ple was fired at its calcination temperature under O2 (ramp=
10 K/min−DO2 = 20 mL/min). Thereafter, the sample
was cooled to room temperature under O2 and then heated
lysis 234 (2005) 364–375

,

r.

again under dynamic vacuum until the temperature of
test was reached (ramp= 10 K/min). For the exchange ex
periments, pure18O2 at a pressure of about 70.0 mbar w
introduced into the nonheated zone of the recirculation
ume (seeAppendix A). This allowed us to maintain a con
stant number of oxygen atoms in the gas phase. This vol
of gas was then expended in the heated zone, yieldi
pressure of18O2 in the total recirculation volume aroun
52.0±1.5 mbar, depending on the temperature of the tes
the case of the equilibration reaction, an equimolar volu
of 18O2 and16O2, instead of pure18O2, was introduced. The
partial pressure evolution of18O2 (mass 36),16O2 (mass 32),
and16O18O (mass 34) was followed on the mass spectro
ter for an experiment time of 90 min. N2 (mass 28) was als
recorded to detect any possible leak. Taking into acco
the error in the volume of gas introduced into the nonhea
zone of the recirculation volume and the error in the temp
ature, a maximum relative error of 1.0% can be estimate
the values of the initial rates of exchange (Eq.(A.5), Appen-
dix A). For rate values calculated at nonzero times, a t
source of error (the decrease in pressure due to the vac
sampling leak) of 2%/h is added.

2.3. Theory

The exchange mechanism can be described by the fo
ing equation:

18O(g) + 16O(s) ⇔ 16O(g) + 18O(s). (1)

Nevertheless, three mechanisms can be distinguished[19,
26–31].

2.3.1. Equilibration reaction
This mechanism results from the adsorption/desorp

of an O2 molecule from the gas phase on the surface of
oxide. This reaction does not require the participation of
oxygen ion from the oxide. Then, the18O and16O fractions
in the gas phase are constant during the test. This rea
can be written as follows:

16O2(g) + 18O2(g) ⇔ 218O16O(g). (2)

2.3.2. Simple heteroexchange
This exchange occurs with the participation of one o

gen ion from the structure of the solid. The two followi
equations characterize this mechanism:

18O18O(g) + 16O(s) ⇔ 18O16O(g) + 18O(s), (3)

18O16O(g) + 16O(s) ⇔ 16O16O(g) + 18O(s). (4)

Because of a reaction order to oxygen close to 1 for
oxides presenting this as the main mechanism, Bore
et al. [32–34] supposed the formation of triatomic spec
(O3

−) on the surface (Eley–Riedel mechanism). The form

tion of a triatomic complex with the two atoms originating
from the gas phase and one atom of the surface atomic layer
is credible because an oxygen dissociation mechanism on
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the surface would present a reaction order to oxygen c
to 0.5. According to Winter[28], a dissociative adsorptio
step requiring an electron transfer from the solid canno
excluded for certain oxides:

O2gas+ (e−|1s−: e− |1s−) ⇔ 2(O−|1s−),

with e−|1s−, centres F2 Seitz.

O2− from the solid can migrate in the anionic vacancies
associates with O− for the exchange reaction:(

18O−|1s−)
1 + (

16O2−|1s−)
2 ⇔(

18O2−| 1s−)
1 + (

16O−|1s−)
2.

Desorption occurs when two (O−|1s−), supposedly mobile
on the surface, come into contact with each other.

2.3.3. Complex heteroexchange
In contrast to the simple heteroexchange, this mechan

supposes the participation of two atoms of the solid at e
step:
18O18O(g) + 216O(s) ⇔ 16O16O(g) + 218O(s). (5)

And in the case of the occurrence of16O18O isotopomers in
the gas phase:
18O16O(g) + 216O(s) ⇔ 16O16O(g) + 18O(s) + 16O(s), (6)
18O16O(g) + 218O(s) ⇔ 18O18O(g) + 18O(s) + 16O(s). (7)

Some oxides were found to present mainly this mec
nism of exchange. Then, among the 53 oxides teste
OIE by Winter [28,29], only CuO, AgO, PbO, and Tb2O3
were found to present this as the main exchange mechan
Boreskov et al.[34], who observed an oxygen reaction ord
near 0.5 for some oxides presenting mainly this mechan
(Cr2O3, V2O5, α-Fe2O3, NiO, etc.), assumed a dissoci
tive adsorption on the anionic vacancies on the surfac
the solid. The formation of a quadriatomic intermediate w
also considered by some authors[35]. The “place exchange
mechanism, which consists only of the displacement o
preadsorbed O2 molecule, and which does not require a
O–O bond scission, was also proposed as a possible m
nism[36]. The study of superoxide (O2−) reactivity, on the
surface of CexZr1–xO2, by isotopic exchange followed b
FTIR showed that the16O2

− superoxides exchanged in o
step and gave18O2

− selectively[37]. This corresponds we
with a place exchange mechanism.

A mathematical description of the rates of exchange
equilibration, under the conditions of the tests, can be fo
below (seeAppendix A).

3. Results and discussion

3.1. Exchange reaction
3.1.1. Nature of the oxygen exchanged
Fig. 1presents the different steps to be distinguished dur-

ing exchange. The first step, (1) inFig. 1, consists of an
lysis 234 (2005) 364–375 367

.

-

Fig. 1. Scheme of oxygen exchange on LaCoO3.

Fig. 2. Evolution of the partial pressure of the different oxygen isotopom
versus time of reaction—CIT exchanged at 539◦C for 90 min.

adsorption of an O2 molecule on the surface of the soli
This adsorption is followed by the exchange, with the p
sible formation of a triatomic surface species[27], or after
dissociative adsorption of18O2 in the anionic vacancies, fo
lowing the mechanism described in[28]. Then, the O2 ex-
changed molecule (16O18O in Fig. 1) desorbs. The surface
exchanged18O atom can then diffuse on the surface (
in the bulk (3), or in the grain boundaries (4). It is su
posed from previous results[14] and other works[15,16,38]
that grain boundary diffusion proceeds at a higher rate
bulk diffusion. Then surface and grain boundaries can lo
cally be considered to be quickly exchanged and presen
same concentrations of18O and16O as the gas phase. Und
these considerations, the bulk diffusion proceeds at the s
rate, anywhere from the surface or from the grain bounda
(Fig. 1, step 3+ 3′).

◦
Results of an exchange experiment, obtained at 539C
on the CIT sample, are presented inFig. 2. A decrease in the
18O2 partial pressure (P36) with time is observed from the
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Fig. 3. Evolution of18O fraction in the gas phase (αt
g) versus time of re-

action—CIT exchanged at different temperatures for 90 min. (Equilibr
is calculated assuming the fractions of18O in gas phase and bulk solid a
equal.)

Fig. 4. Evolution of number of atom exchanged (Nt
ex) versus time of re-

action—CIT exchanged at different temperatures for 90 min. (Equilibr
is calculated assuming the fractions of18O in gas phase and bulk solid a
equal.)

beginning of the test. This decrease is immediately follow
by an increase in18O16O partial pressure and, to a lesser
tent, by an increase in the partial pressure of16O2 (P32). In
the last 30 min, the three partial pressures reached a pla
The evolution of the18O fraction in the phase gas (αt

g) and
the number of oxygen atoms exchanged (Nt

ex) as a function
of time of reaction, obtained for the CIT sample exchan
at different temperatures, are presented inFigs. 3 and 4,
respectively. It is clear from these figures that the plat
corresponds to the end of the exchange, when the solid
the gas phase present the same fractions of18O and16O.
Nakamura et al.[12] already reported a high oxygen mob
ity in La1–xSrxCoO3. The author observed a high activity

◦
exchange for temperatures higher than 300C on LaCoO3.
An important increase in activity for the exchange reaction
with the strontium substitution degree was also reported by
lysis 234 (2005) 364–375

.

the authors. For La0.4Sr0.6CoO3, they observed that, afte
reaction at 300◦C, all of the oxygen atoms from the sol
were exchanged. However, it can logically be supposed
all of the oxygen atoms of LaCoO3 can also exchange at
higher temperature. This is in line with the observation t
the exchange proceeds at a higher rate at higher tempera
(Fig. 3), and then the equilibrium is more quickly attaine
The results obtained on LaCoO3 strongly differ from the re-
sults obtained for LaFeO3 [7] and LaMnO3 [8], which were
found to present a low bulk oxygen mobility.

Moreover, the gas phase was verified to be equilibra
The theoretical gas-phase mole number of16O2 was cal-
culated from those of18O2 and 18O16O at each time o
the experiment. The calculated partial pressure of16O2 was
found in all cases to be equal to the experimental partial p
sure (P32), showing the fast equilibration of the isotopome
in the gas phase with the surface (no surface accum
tion). The CIT sample, after 90 min of exchange at 539◦C,
presents a repartitionP34:P36:P32 of 26.5:11.0:15.5 mbar
After complete exchange, the calculated gas-phase p
pressure (fromNg and Ns) would be P34 = 26.6 mbar,
P36 = 13.3 mbar,P32 = 13.3 mbar (P 2

34 = 4P32P36). This
is near the values obtained on CIT after 90 min of excha
at 539◦C. It is clear from these results that essentially
of the oxygen of the solid sample is available for excha
(Figs. 3 and 4). Moreover, the exchange limited to the a
cessible and theoretical surfaces would correspond to a
low decrease inαt

g (less than 1% for the exchange of t
accessible surface and less than 2.5% for the exchan
the theoretical surface). These values are quickly attaine
the range of temperature in which the tests were perform
and the time at which they were reached cannot be prec
measured (Fig. 3). In addition, the values ofαt

g attained at
the end of the test, largely below the theoretical values
culated for the exchange of the accessible and theore
surfaces, showed the high mobility of the bulk oxygen.

3.1.2. Rate of exchange
The values of the rate of isotopic exchangeVex (Eq.(A.5))

were calculated from the slope of the initial linear part of
exchange curves (Fig. 2). In all cases, the number of atom
exchanged at the end of this linear part largely exceeds
number of atoms exchangeable from the accessible su
(SBET) and from the grain boundaries (Sgb = Sth − SBET).
Then the rate of exchange can be considered a measu
the bulk oxygen rate of exchange. The values ofVex ob-
tained at different temperatures are plotted as Arrhe
curves inFig. 5. The highest activity for exchange is o
tained for the COPRG sample. The Co2 and Co1 sam
present activities that are similar, but a little lower than t
of the COPRG sample. Essentially the same activity
obtained for the RG and CIT samples. Their activities
clearly lower than those of the COPRG, Co2, and Co1 s

ples. The COP sample presents a lower activity than the
ground and CIT samples, and, finally, the lowest activity is
obtained for the SS sample. The preexponential factor (Aex)
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Fig. 5. Arrhenius plots of the initial rates of exchange:+, Co1; , Co2;
!, RG;e, COPRG;P, CIT; 1, COP;E, SS; Straight line, two paramete
(Eex andAex) linear regression.

Table 2
Isotopic exchange results

Sample Range of
temperature
(◦C)

Eex
a

(kcal/mol)
Aex

a

(1025 at/
(g min))

Aex cor
b

(1025 at/
(g min))

SS 633–703 35.5 4.9 0.44
COP 445–578 18.6 4.9 3.58
CIT 445–539 17.7 5.1 6.86
RG 445–531 20.1 28.1 7.73
COPRG 373–480 16.1 4.5 17.03
Co1 429–520 14.8 1.5 14.96
Co2 410–496 13.2 0.5 13.40

a Eex andAex, values of activation energy and preexponential factor
culated by linear regression on the Arrhenius plots.

b Calculated by linear regression on the Arrhenius plots withEex fixed at
18.1 kcal/mol.

and activation energy (Eex), obtained by linear regressio
of the Arrhenius plots (Fig. 5), are summarized inTable 2.
The calculated activation energy was found to vary betw
13.2 kcal/mol (Co2 sample) and 35.5 kcal/mol (SS sample)
Only the SS sample presents an activation energy higher
20 kcal/mol. This can be explained by the higher tempe
tures of heating under vacuum for this sample than for
others. As a matter of fact, raising the heating tempera
induces the reduction of more Co3+ into Co2+ on the sur-
face, thus increasing the concentration of the active site
oxygen exchange. Then the slope of the Arrhenius plot d
not correspond to the real activation energy value. Un
these considerations,Eex can be considered as constant
all of the tested samples (18.1 kcal/mol, average of the ex
perimental values). To allow a quantitative comparison
the exchange activities, the preexponential factor was re
culated with the common value of activation energy, as
the case of the CH4 oxidation reaction[14,17]. This regres-
sion still yields a reasonable fit for the Arrhenius plots. T

corrected preexponential factor (Aex cor) can be considered
a measure of the activity for exchange at all temperatures.
The values ofAex cor are plotted against the specific surface
lysis 234 (2005) 364–375 369

Fig. 6. Corrected pre-exponential factor obtained for the oxygen isot
exchange as a function of the specific surface area.

Fig. 7. Corrected pre-exponential factor obtained for the oxygen isot
exchange as a function the theoretical surface area.

area onFig. 6. The SS, COP, and CIT catalysts presented
activity that is partially dependent on their specific surfa
areas (solid line inFig. 6). However, the ground sample
do not satisfy this relation. For example, the CIT samp
which presents aSBET 2.3 times lower than the RG samp
showed a similar activity in exchange. Moreover, the C
PRG, Co2, and Co1 presented the highest activities (do
line in Fig. 6), even though their specific surface areas v
over a large range (from 4.2 m2/g for Co1 to 18.7 m2/g for
COPRG). In comparison, Co1 (4.2 m2/g), which presents
a specific surface area similar to that of COP (3.5 m2/g),
is clearly more active. A better relation can be obtained
tween the activity in exchange and the theoretical sur
area (Fig. 7). For the same crystal domain size (same th
retical surface area), the same activity is obtained, even i
specific surface area is different (differentSth/SBET ratio).
Only the SS sample does not satisfy this correlation. Ne

theless, this sample is clearly less active that the others, and
its activity for the exchange can be considered to be equal to
zero in comparison with those of the other samples (Fig. 7
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and Table 2). The differences in activity observed for th
different ground samples can be attributed to the iron co
mination: the lower the degree of contamination, the hig
the activity in exchange (dotted line inFig. 7). Then the ef-
fect of the iron substitution is to decrease the bulk oxy
mobility. This is in line with the observation made by Nit
dori et al.[7], who reported a low activity of LaFeO3 in the
exchange reaction. Then, it is normal to observe a decr
in oxygen mobility with increasing iron contamination.
was mentioned that surface and grain boundary excha
were too fast to be measured and only the bulk excha
was measured. Then the rate of exchange is a measure
bulk oxygen transfer. Under these conditions, it is norma
obtain a rate of exchange depending on the theoretical
face area. Then, the higher the crystal domain size, the lo
the theoretical surface area, and then, the lower the ra
exchange.

3.1.3. Mechanism of exchange
We mentioned previously the possible occurrence of

distinct mechanisms of exchange: simple exchange (Eqs(3)
and (4)and complex exchange (Eqs.(5)–(7)). In the case
of the LaCoO3 perovskites, the decrease in the gas-ph
18O2 concentration followed by the increase in the conc
tration of18O16O, and, to a lesser extent, of16O2, observed
in Fig. 1, permit us to conclude that the simple exchang
the main mechanism on these solids (Eqs.(3) and (4)). The
simple exchange was observed for a large number of si
oxides like SiO2, Al2O3, and ZrO2 [19,28] and some com
plex oxides like AFe2O4 (with A = Mg, Co, Ni, Zn) [34].
Nevertheless, the complex exchange mechanism (Eqs.(5)–
(7)) cannot be excluded. In the case of a pure simple
change, the initial slope of theP32 will be equal to 0, which
is not the case here (Fig. 2). The simple exchange can b
described in elementary steps:

1. Oxygen adsorption may result from the interaction
a site with an excess of electronic charge (Co2+–1 on
Fig. 8) with a gaseous molecule of oxygen.

2. The exchange is the second step. Exchange can
ceed with the scission of the O–O bond of the adsor
molecule [28]. The formation of a triatomic oxyge
species (O3)2− [34] (formed between a surface ox
gen (Co3+–O−) and the adsorbed molecule), as rep
sented inFig. 8, cannot be excluded. Then, the oxyg
molecule exchanges on the surface without scissio
the oxygen–oxygen bond. Because of the possible
currence of some carbonate species on the surfac
the samples calcined at low temperature (typically 5
600◦C), it cannot be excluded that some of these sur
carbonate species participate in the exchange reac

as proposed recently by Zhang-Steenwinkel et al.[39],
who studied the mechanism of CO oxidation by18O2 on
La0.8Ce0.2MnO3.
lysis 234 (2005) 364–375
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Finally, the desorption of the exchanged molecule
sults in the formation of lattice surface oxygen (Co3+–
O2−–Co3+

(surf)).
3. This lattice oxygen can then decompose to regene

the initial sites of exchange, or diffuse directly fro
the surface into the bulk. A parallel mechanism
scribed previously is supposed: quick diffusion in t
grain boundaries followed by the diffusion of oxyg
from the grain boundaries into the bulk in the same m
ner as in surface-to-bulk diffusion.

Then the exchange occurs only when a reduced site (C2+–
1) is available for adsorption. This is in line with a Mar
Van-Krevelen mechanism, which is accomplished by al
native reduction and oxidation cycles, and which suppo
that the adsorption of an oxygen molecule occurs only w
a reduced site is available for adsorption[40].

3.2. Equilibration reaction

The equilibration reaction is described by Eq.(2). The
oxygen of the solid does not participate in this reaction. G
erally, equilibration proceeds at a lower temperature t
exchange. Then, the COPRG, CIT, and RG samples w
tested at low temperature in equilibration. The result
tained at 264◦C on COPRG is presented inFig. 9. The
results obtained for the three catalysts are plotted in Ar
nius coordinates inFig. 10. The preexponential factors (Aeq)
and activation energies (Eeq) obtained by linear regressio
on the Arrhenius plots are summarized inTable 3. OnFig. 9,
a decrease in18O2 and 16O2 is observed. These decreas
are accompanied by an increase in the18O16O partial pres-
sure. These observations are in line with Eq.(2). However,
in all cases, the16O2 partial pressure decrease is slower th
that of 18O2 and is delayed by about 1 min (Fig. 9). Then,
a small decrease inαt

g is observed. From this result, it
possible to conclude that there is no pure equilibration
this solid at the temperatures of the test, showing that
oxygen desorption step is slow in comparison with the
change reaction process. In contrast to what was obse
by Nakamura et al.[12] on La1–xSrxCoO3, who supposed
equilibration on their samples, the phenomenon observe
that case is only an exchange with a very slow bulk dif
sion and probably slow grain boundary diffusion. This c
explain why almost the same activation energy (Table 3)
is obtained with the two tests (17.5 and 18.1 kcal/mol for
the equilibration and exchange, respectively). Because o
low bulk diffusion coefficient, the measure of the initial ra
(Veq) becomes a measure of the surface reactivity. Then
the three perovskites tested, the same surface reactiv

obtained (Fig. 11). However, it was not possible to know ex-
actly the role of the grain boundary diffusion, which seems
to be negligible, from the results presented inFig. 11.
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Fig. 8. Elementary steps of exchange on LaCoO3. *, All these mass transfer steps involve also oxygen vacancies.
Fig. 9. Evolution of the partial pressure of the different oxygen isotopomers
versus time of reaction—COPRG equilibrated at 264◦C for 90 min.
Fig. 10. Arrhenius plots of the initial rates of equilibration:a, COPRG;
Q, CIT; 2, COP; Straight line, two parameters (Eex andAex) linear regres-
sion.
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Table 3
Isotopic equilibration results

Sample Range of
temperature
(◦C)

Eeq
a

(kcal/mol)
Aeq

a

(1025 at/
(g min))

Aeq cor
b

(1025 at/
(g min))

COPRG 264–319 15.4 13.5 89.60
CIT 348–388 15.9 5.8 19.71
COP 343–398 21.2 182.4 9.71

a Eex andAex, values of activation energy and preexponential factor
culated by linear regression on the Arrhenius plots.

b Calculated by linear regression on the Arrhenius plots withEex fixed at
17.55 kcal/mol.

Fig. 11. Corrected pre-exponential factor obtained for the oxygen iso
equilibration as a function of the specific surface area.

Fig. 12. Arrhenius plots for the first order rate constantk for: +, Co1;
, Co2;", RG; a, COPRG;Q, CIT; 2, COP;F, SS—Regression line

calculated withE = 22.25 kcal/mol[14].

3.3. Role of oxygen in the mechanism of CH4 oxidation

3.3.1. Activity for methane oxidation
The Arrhenius plots for the first-order rate constantk, ob-

tained for the different samples, are presented inFig. 12. The

values of calculated activation energy (Ea) vary between 20
and 26 kcal/mol (Table 1). As in the case of the OIE reac-
tion, we recalculated the preexponential factor, obtained by
lysis 234 (2005) 364–375

Fig. 13. Corrected pre-exponential factor obtained for the CH4 oxidation
reaction as a function of the specific surface area.

direct regression of the Arrhenius plots, by settingEa to a
common value of 22.25 kcal/mol. This still yieds an accept
able fit (solid line inFig. 12). Then,A0cor can be regarded a
a quantitative measure of the catalytic activity.Fig. 13shows
the variation of theseA0cor with the specific surface are
The COP and CIT samples present the same specific a
ity (line with the higher slope). The same observation is a
made for the SS, Co2, and RG samples; however, the lo
slope indicates a lower specific activity. The COPRG sam
presents a specific activity between those of the two gro
whereas Co1 presents a very low specific activity in com
ison with all of the other catalysts. A more detailed analy
of the catalytic activity of these samples for the methane
idation reaction can be found in Refs.[14,17].

3.3.2. Comparison between the two reactions
Figs. 12 and 13obtained for the CH4 oxidation reac-

tion can be compared withFigs. 5 and 6, obtained for the
OIE. First, it is observed that the two processes pre
similar activation energies (18.1 kcal/mol for the OIE and
22.2 kcal/mol for the CH4 oxidation reaction). A compar
ison between the normalized activities for the OIE and
CH4 oxidation reaction is presented inFig. 14. A clear cor-
relation between the two reactions is obtained for the
COP, CIT, RG, and COPRG samples. However, Co1
Co2 do not satisfy this relation. Indeed, it is observed
the activity for the OIE is similar for the COPRG, Co1, a
Co2, whereas large differences, due to the large differe
in specific surface areas (Fig. 13), are observed in the CH4
oxidation reaction. The CH4 preexponential factors can b
plotted as a function ofSth (Fig. 15), as in the case of th
OIE (Fig. 7). The linear relation observed in the case of
OIE between the COPRG, CIT, and COP is maintained.
SS sample presents an activity that can be considered
to zero, in comparison with those obtained for the other s

ples. Then, for these solids, a clear contribution of the bulk
oxygen mobility to the rate of the CH4 oxidation reaction is
noticed. From the order of activity obtained for the ground
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Fig. 15. Corrected preexponential factor obtained for the CH4 oxidation
reaction as a function of the theoretical surface area.

samples, COPRG> RG > Co2 > Co1, we can conclud
that, as in the case of the OIE reaction, the crystal dom
size and the iron contamination strongly affect the catal
activity. However, an effect of the accessible surface are
observed for the methane oxidation reaction, which was
observed for the OIE reaction.

According to the Mars–Van-Krevelen mechanism, t
independent steps have to be distinguished for the CH4 oxi-
dation reaction:

R + O* → P+ * ,

2* + O2 → 2O* ,

where R and P are the reactants and products, O* is the
oxidized sites, and * is the reduced sites. This model

sumes that the supply of the oxygen from the gas phase is
irreversible and occurs only when a reduced site is avail-
able[40]. Then the formation of the oxidation site becomes
ethane oxidation reaction and the initial rate of exchange.

the limiting factor in the kinetics. In the first part of th
work, we supposed a mechanism of exchange (Fig. 8) that
implies the adsorption of O2(g) on a reduced cobalt site
Because of the similarity between the OIE and CH4 oxida-
tion reactions, the same rate-determining step is supp
for the two reactions, and it is the rate of lattice oxyg
diffusion, which determines the amount of available ac
oxygen for the oxidation reaction. However, in contrast
what was observed for the exchange reaction, the effe
the specific surface area noticed in the CH4 oxidation re-
action led us to suppose that not all of the lattice oxy
is available for the reaction. The effect of the specific s
face area has been observed by several authors[41–43]. The
large differences in activity between two solids of the sa
composition, but prepared by different methods, were ra
explained only by the specific surface area. For exam
Leanza et al.[41] reported an activity for the CH4 oxidation
reaction on La0.9Ce0.1CoO3 prepared by flame-hydrolys
that is one order of magnitude higher than the same s
synthesized by conventional methods. Bell et al.[43] re-
ported a similar observation after testing six La0.7Sr0.3MnO3

synthesized by different routes. The results obtained in
for these samples clearly showed the effect of the morp
ogy on the oxygen mobility. It is also shown that the oxyg
mobility strongly affects the catalytic activity. Neverthele
the results obtained for the CH4 oxidation reaction led us t
suppose that only a part of the catalyst is active. A sim
model for the description of perovskite morphology is
formation of agglomerates (Fig. 16). Then oxygen mobility
is not affected by this agglomeration and depends only on
crystal domain size. The smaller the crystal size, the hig
the oxygen mobility. However, the methane access is

ited to the external surface area (or BET surface area). Under
these considerations, only the outer zone of the agglomerates
(Fig. 16) is supposed to be active for the oxidation reac-
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Fig. 16. Schematic view of the active zone for the CH4 oxidation reaction
in an agglomerate formed by several elementary crystals.

tion. Nevertheless, the reactivity strongly differs between
samples (Fig. 13), because of the effect of the crystal si
on the oxygen mobility. In this mechanism, the active o
gen availability on the surface is the rate-determining s
and the differences in specific methane oxidation activity
only related to differences in oxygen mobility, generated
the morphological differences.

4. Conclusions

The OIE experiments showed the high reactivity of
oxygen of the LaCoO3 perovskites. It was observed for th
tested samples that all of the structural oxygen is av
able for the exchange. However, large differences in act
were observed between the samples. The activity in
was found to correlate well with the theoretical surfa
more than with the BET surface area. Then, the samp
which have a lower crystallite size, exhibit the highest
tivity in OIE. All of the samples present similar activatio
energies (about 18 kcal/mol). A mechanism that suppos
the adsorption of the oxygen from the gas phase on a
duced cobalt site is proposed. Different steps were dis
guished: adsorption followed by the exchange reaction
the desorption of the exchanged molecule; formation of
tice oxygen, which can diffuse in the bulk of the solid; a
regeneration of the exchange site. It is clear from these
sults that external accessibility is not a relevant param
for the exchange, and that oxygen availability is facilita
by quick diffusion along the gain boundaries. In conclusi
OIE seems to be an adequate method for measuring
oxygen mobility on cobalt-based perovskites, more so t
temperature-programmed oxygen desorption.

These results were compared with results obtained fo
methane oxidation reaction. The two processes present
ilar activation energies (22 kcal/mol for the CH4 oxidation
reaction). In contrast to the OIE reaction, an effect of
BET surface area on the CH4 oxidation reaction is observed
but the mobility of the bulk oxygen remains of great im

portance. Then it was possible, with the results obtained for
OIE, to explain the differences observed in specific activity
in the methane oxidation reaction. The mechanism of oxida-
lysis 234 (2005) 364–375

-

tion is discussed on the basis of the results obtained fo
exchange reaction.
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Appendix A

A.1. Rate of exchange

According to Martin et Duprez[19], the rate of exchang
(Vex, at/(g min)) is calculated from the rate of disappeara
of 18O from the phase gas at timet :

(A.1)Vex = −2Ng
dαt

g

dt
= 2Ns

dαt
s

dt
,

whereNg andNs are the total number of oxygen atoms
the gas phase and the number of oxygen atoms exchang
at the surface of the solid;

αt
g andαt

s are the18O atomic fraction in the gas phase a

the18O atomic fraction at the surface at each time.
αt

g is calculated from the partial pressure of18O2, 16O2

and16O18O at each time:

(A.2)αt
g = 1/2P t

34 + P t
36

P t
32 + P t

34 + P t
36

andNg is obtained as follows:

(A.3)Ng = NAPT

R

(
Vr

Tr
+ Vc

Tc

)
,

whereNA is Avogadro’s number;
PT is total pressure;
R is the gas constant;
Vr andVc, are the volumes of the heated and nonhea
parts of the system andTr andTc are the temperatures o
the heated and nonheated parts of the system.
Then the number of exchanged atoms at each time is

culated from the number of18O atoms at timet :

(A.4)Nt
e = (

α0
g − αt

g

)
Ng.

In the test conditions, the initial rate of exchange was ca
lated from the initial slopes with respect to time of the par

pressure of18O2 (
dP 0

36
dt

) and16O18O (
dP 0

34
dt

):
(A.5)Vex = −NA

R

(
Vr

Tr
+ Vc

Tc

)(
2
dP 0

36

dt
+ dP 0

34

dt

)
.
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A.2. Rate of equilibration

The rate of equilibration, described by Eq.(2), is mea-
sured by the rate of16O18O formation. Then it can be mea
sured experimentally by

(A.6)Veq= −NA

R

(
Vr

Tr
+ Vc

Tc

)
dP 0

34

dt
.
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