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Abstract

In this study, oxygen mobility in LaCofwas studied by means of oxygen isotopic exchange. Seven La@ef@ synthesized by different
methods and characterized. The solids present large differences in specific surface area, crystallite size, and redox properties (as measu
by oxygen desorption and reduction by)HThe results obtained for the exchange reaction showed that the activity was strongly influenced
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 mechanism
of exchange is proposed that supposes the adsorption of amof@cule to a reduced cobalt site. Then the adsorbedx®hanges 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 results, th:
grain boundary diffusion proceeds quickly in comparison with bulk diffusion. These results were compared with those obtained fpr the CH
oxidation reaction. The mechanism of oxidation was discussed on the basis of a comparison of the results obtained for these two reactions
0 2005 Published by Elsevier Inc.
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1. Introduction hensive view of the oxidation mechanigd{. The activity
was found to be mainly dependent on the nature of the tran-

Perovskites are mixed oxides with the general formula Sition metal in the B position, more than on the nature of
ABO3. Many different compositions were found to be pos- the A cation (as long as A is a lanthanide). The activity was
sible for these solids requiring that the electro-neutrality 9enerally found to vary as follows: ACqCG¥ AMNnO3 >
be maintained, and the A and B cations are stable in do-ANIO3 > AFeO; > ACIO; [5,6]. To increase the activity,

decahedral and octahedral environments, respectively. How-Many authors replaced part of the A and/or B with cations
ever, only a small number of the possible compositions were of other valences. An increase in activity was clearly ob-

found to present an interesting activity for gas-phase oxida- S€ved in the case of B& replacement with St or CS;
tion reactions. Libby1] was the first to report a high activity L/ ~+1} A change in the valence of the B cation (CgC

! 3+ /MnAt+ ituti
of some cobalt and manganese-based perovskites for cat® Mn d/Mr]{ )rtes?lttr']s fro”ﬁ these su?stlt_unons. Moreover,
alytic oxidation reactions. In some cases, perovskites wereSOMe adjustment of the anionic or cationic vacancy concen-

found to be as active as conventional supported noble metaltrat'?nl'.? th:lfr);s:sl IS alsto Sl:pp?sehd to mamttam tlhe elecci:.t ro-
catalysts[2,3], in spite of their low specific surface areas. neutrafity. of these structural changes strongly modify

This explains why, during the last 30 years, an intense effort Fhe reducibility of the B cation, and then the oxygen mobility

. L in the perovskite, as observed by temperature-programmed
has been made to increase activity and to reach a compre- ! ’ )
y P reduction (TPR) and oxygen thermo-desorption (TPE-O
Misono et al.[6,7,12] were the first to use TPD-0Das a
* Corresponding author. Fax: +1-418-656-3810. measure of oxygen mobility. By this method, the authors dis-

E-mail address: kaliagui@gch.ulaval.céS. Kaliaguine). tinguished two kinds of oxygen. The first one, designated as
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a-oxygen, is supposed to desorb from the surface of the solidrate) and to the bulk oxygen mobility. However, such results
(O~ or O~ species). The second orepxygen, because of  for the perovskites are scarfg8,12,23] Under these con-
the large amount desorbed, is supposed to originate from thesiderations, OIE experiments were designed to explain, in
bulk of the solid (&™), with simultaneous reduction of some terms of oxygen mobility, the differences in specific activity
Co*t into CAt. The interpretation of the oxidation reaction observed for the methane oxidation reaction.
mechanisms was made on the basis of the results of oxygen
desorption and the temperatures at which surface and bulk .
oxygens become reactiy&3]. Then, for low-temperature re- 2. Experimental
actions, like CO oxidation, a suprafacial mechanism with the
participation of surface oxygen is proposed. For high tem-
perature reactions, an intrafacial mechanism, involving the  ggayen LaCe..Fe.Os samples, synthesized by different
lattice oxygens, is preferred. Nevertheless, a recent study Ofprocedures, were used for the OIE reaction (OIE).
the properties of some LaCg@repared by different meth- Five samples were first prepared by different methods:
ods[14] showed that the activity for the Gtxidationreac-  sojig-state reaction (SS), coprecipitation (COP), citrate com-
tion cannot be correlated with the properties of the samples yjexation (CIT), and reactive grinding of the single oxides
in TPD-,. This study also revealed that theoxygen does  (RG) and of an amorphous precursor (COPRG). The details
not desorb from the crystal lattice but results from the re- f the synthesis procedures can be found in Ref]. Ta-
duction of some C¥" segregated in the grain boundaries. ple 1 summarizes some of the physical properties of these
The higher rates of oxygen diffusion in the grain boundaries sgjids. The SS, COP, and CIT samples were prepared by
compared with the bulk of the crystals, as observed by Sakaiconventional methods. For these solids, the calcination tem-
etal.[15,16] justify this interpretation. Moreover, the results  peratures, necessary to obtain the total conversion of the
obtained for the Chl oxidation reaction led us to suppose precursors into perovskite, vary from 600 to 10@0 Then,
an important effect of the bulk oxygen mobility on the cat- |arge differences in crystal domain siz®+) and specific
alytic activity [14], even though the activities observed for syrface areaSgeT) are observedTable ). As mentioned
this reaction do not correlate with the properties observed above, the RG sample was prepared by reactive grinding.
for TPD-O;. This method involves the replacement of the thermal energy,
In this work, oxygen isotopic exchange (OIE) was used to necessary for the crystallization, with the mechanical energy
measure oxygen mobility. The physical, redox, and catalytic exercised during grinding. Then, perovskites are crystallized
properties of the samples studied in this work were describednear the ambient temperature, and solids with very large
in two previous workg14,17] It was observed that among  specific surface areas can be obtaif@t25] RG was syn-
the various catalysts the large differences in activities for thesized in two steps. The single oxides were first ground
the CH, oxidation reaction were not unequivocally related for 4 h under @, in a SPEX laboratory grinder (rotation
to the specific surface area. Moreover, it was concluded thatspeed= 1040 rpm). At the end of this step, the single ox-
TPD-O, was not an appropriate method for measuring oxy- ide conversion into perovskite is complete. The second step
gen mobility or surface or bulk reactivity. Oxygen isotopic of grinding (20 h) was done with ZnO added to the per-
exchange measurements, performed on some supported nasvskite. This step results in an in crease of the specific sur-
ble metal catalystfl8—22] permitted access to the surface face area developed by the solid. The COPRG sample was
reactivity (by measurement of the initial exchange reaction synthesized under the same grinding conditions as RG, but

2.1. Materials

Table 1
Physical properties and first order rate parameters for thedXidiation reaction of the studied samp|éd,17]
Sample Elemental Teal Crystalline SBET D;° Ea° Aocod
composition (°C) phasé (mz/g) (nm) (kcal/mol) (mol/(g s atm))
SS LaC@ 9703 1000 P, weak Co a 739 257 7
COP LaC@.9g03 700 P 35 322 210 329
CIT LaC 9603 600 P 66 269 206 628
RG LaCq goFep.2003 550 P 171 163 217 674
COPRG LaC@.g3Fep.0303 550 P, weak Co 18 165 203 1031
Col Lay.94Cp.97F€0.0303 550 P, weak Co 2 164 224 49
Co2 L&.93C00.90F€n.1003 550 P 109 164 210 498

@ P, perovskite, Co; cobalt oxide.

b Crystal domain size calculated by means of the Scherrer equatien;5%; after Warren's correction for instrumental broadenifig & B2 — b2, where
B is the FWHM andb is the instrumental broadening determined by the FWHM of the X-ray reflexion of,3i@ving particles larger than 150 nm, at
20 ~ 27°).

C Activation energy for the methane oxidation reaction, supposing a first-order reaction=&tBcy, .

d Calculated by linear regression on the Arrhenius plots \&iHixed at 22.25 kcalmol, fixed at the mean value of the activation enerdigobtained by
linear regression on the Arrhenius plots.
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an amorphous La—Co solid, prepared by coprecipitation, wasagain under dynamic vacuum until the temperature of the

preferred to the single oxides as a precursor. RG and COPRQGest was reached (ramp 10 K/min). For the exchange ex-

were calcined at the same temperature (85D In spite of periments, puré®0, at a pressure of about 70.0 mbar was

the different natures of the precursors, the RG and COPRGintroduced into the nonheated zone of the recirculation vol-

samples present similar physical propertidahle 1 and ume (seéAppendix A). This allowed us to maintain a con-

Ref.[14]). stant number of oxygen atoms in the gas phase. This volume
Two other ground samples (designated as Col and Co2of gas was then expended in the heated zone, yielding a

in Ref.[17] and in this work) were also studied. These two pressure of®0, in the total recirculation volume around

solids were milled under conditions different from those of 52.0+ 1.5 mbar, depending on the temperature of the test. In

the RG and COPRG samples (with varying grinding times the case of the equilibration reaction, an equimolar volume

and different additives). Then, Col was ground for only one of Y0, and'0,, instead of puré80,, was introduced. The

step, without any additive. This resulted in a low specific partial pressure evolution 680, (mass 36)1°0, (mass 32),

surface areal@ble 1. Co2 was ground in two steps, like RG  and'0'80 (mass 34) was followed on the mass spectrome-

and COPRG; however, NaCl was used as an additive insteader for an experiment time of 90 min.,Nmass 28) was also

of ZnO. An intermediate specific surface area (between thatrecorded to detect any possible leak. Taking into account

of Col and those of RG and COPRG) was obtained. As canthe error in the volume of gas introduced into the nonheated

be observed iTable 1 all of the ground samples present the zone of the recirculation volume and the error in the temper-

same crystal domain size (16.3—16.5 nm), but the specificature, a maximum relative error of 1.0% can be estimated in

surface areas vary over a large range (between 4/ fior the values of the initial rates of exchange (E&4.5), Appen-

Col and 18.7 fyg for COPRG). dix A). For rate values calculated at nonzero times, a third
For all of the solids, an important difference between the source of error (the decrease in pressure due to the vacuum

specific surface area (measured by &tisorption) and the  sampling leak) of 2%h is added.

theoretical surface area (calculated from the crystal domain

size D1, supposing a cubic-shaped crystal) is observed. This 2.3. Theory

is explained by the fraction of surface lost by contact be-

tween the elementary particlg¢s4], which was previously The exchange mechanism can be described by the follow-

attributed to the occurrence of grain boundaries betweening equation:

crystals. It was found that th&/Sger ratio is of great im- 18 16 16 18

portance in the properties of the solids in TPR-#hd in the Oe) + 70 < 7O) + 06 (@)

kinetics of reaction with S@[17]. Nevertheless, three mechanisms can be distinguifted
XRD analysis showed that all of the solids presented 26-31]

the rhombohedral LaCofperovskite structure (JCPDS card

09-0358) (not shown). A weak signal attributed to30g 2.3.1. Equilibration reaction

(JCPDS card 42-1467) was also observed for the COPRG, This mechanism results from the adsorption/desorption

Col, and SS samples. All of the ground samples present anof an G; molecule from the gas phase on the surface of the

iron contamination (fromx = 0.03 for Col and COPRG to  oxide. This reaction does not require the participation of any

x = 0.20 for RG;Table ). The degree of iron contamination ~0xygen ion from the oxide. Then, tH80 and’®0 fractions

varies as follows: in the gas phase are constant during the test. This reaction

can be written as follows:

COPRG~ Col< Co2< RG.
160, (g) + 1802(g) © 21800 g). 2)

2.2. Isotopic exchange experiments (OIE) 232, Simple heteroexchange

This exchange occurs with the participation of one oxy-
gen ion from the structure of the solid. The two following
equations characterize this mechanism:

To eliminate kinetic limitation due to gas-phase diffusion,
the experiments were carried out in a recycling U-shaped
microreactor. The recirculation volume was coupled to a
guadrupolar mass spectrometer (MQG Blazers). The gas!®0'80) + 10 < 800y + 180(s), (3)
sampling was regulated by a thermo-valve adjusted to main-
tain a constant pgressure c)>/f><110—6 mbar in theJ: ionization  ©. 0@ + %0 & 1°0°0(g) + °0ys) )
chamber. At this pressure, the vacuum sampling leak cre-Because of a reaction order to oxygen close to 1 for the
ates a negligible decrease in the pressure in the microreactoroxides presenting this as the main mechanism, Boreskov
Twenty milligrams of catalyst was weighed and inserted in a et al. [32—-34] supposed the formation of triatomic species
microreactor between two quartz wool plugs. Then the sam- (O3™) on the surface (Eley—Riedel mechanism). The forma-
ple was fired at its calcination temperature undg(@mp= tion of a triatomic complex with the two atoms originating
10 K/min—Dg, = 20 mL/min). Thereafter, the sample from the gas phase and one atom of the surface atomic layer
was cooled to room temperature under &nd then heated is credible because an oxygen dissociation mechanism on
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the surface would present a reaction order to oxygen close 0,
to 0.5. According to Wintef28], a dissociative adsorption
step requiring an electron transfer from the solid cannot be

excluded for certain oxides:
Oogas+ (67]0s: €™ [Os7) < 2(0|0s),
with e"|ds™, centres F2 Seitz.
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O?~ from the solid can migrate in the anionic vacancies and
associates with Ofor the exchange reaction:

(1Bo"10s7)1 + (1e0* [Os7)2
(180%7|0s7)1 + (Y07 [Os7)2.

Desorption occurs when two (QiJs™), supposedly mobile
on the surface, come into contact with each other.

15
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CRYSTAL DOMAIN 1 CRYSTAL DOMAIN 2

Grain
Boundary
2.3.3. Complex heteroexchange

In contrast to the simple heteroexchange, this mechanism
supposes the participation of two atoms of the solid at each
step:

180180 (g) + 2180(s) « 180180 + 2180s). (5)

And in the case of the occurrence’8D'0 isotopomers in

the gas phase:

180160(9) + 2160(5) & 160160(9) + 180(3) + 160(8)1 (6)
180160(9) + 2180(5) & 180180(9) + 180(5) + 160(5)_ (7)
Some oxides were found to present mainly this mecha-
nism of exchange. Then, among the 53 oxides tested in
OIE by Winter[28,29] only CuO, AgO, PbO, and T®s
were found to present this as the main exchange mechanism.

Boreskov et al[34], who observed an oxygen reaction order
near 0.5 for some oxides presenting mainly this mechanism

Fig. 1. Scheme of oxygen exchange on LaGoO
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(Cr03, V205, a-FeO3, NIiO, etc.), assumed a dissocia-
tive adsorption on the anionic vacancies on the surface of
the solid. The formation of a quadriatomic intermediate was

Time (min)

Fig. 2. Evolution of the partial pressure of the different oxygen isotopomers
versus time of reaction—CIT exchanged at 889for 90 min.

also considered by some auth{85§]. The “place exchange”
mechanism, which consists only of the displacement of a . )
preadsorbed ®molecule, and which does not require any adsorptlon qf an © molecule on the surface of'the solid.
0-0 bond scission, was also proposed as a possible mechal Nis adsorption is followed by the exchange, with the pos-
nism[36]. The study of superoxide ¢O) reactivity, on the  Sible formation of a triatomic surface speci@s], or after
surface of CeZri_,O,, by isotopic exchange followed by dlss_00|at|ve adsorp'_uon éfo, in the anionic vacancies, fol-
FTIR showed that thé%0,~ superoxides exchanged in one 10wing the mechanism described [28]. Then, the @ ex-
step and gav&80,~ selectively[37]. This corresponds well  changed molecule'f0*°0 in Fig. 1) desorbs. The surface-
with a place exchange mechanism. exchanged®0 atom can then diffuse on the surface (2),
A mathematical description of the rates of exchange and in the bulk (3), or in the grain boundaries (4). It is sup-

equilibration, under the conditions of the tests, can be found Posed from previous resulgs4] and other work$15,16,38]
below (seeAppendix A). that grain boundary diffusion proceeds at a higher rate than

bulk diffusion. Then surface and grain boundaries can logi-

cally be considered to be quickly exchanged and present the

same concentrations 80 and'®0 as the gas phase. Under

these considerations, the bulk diffusion proceeds at the same

rate, anywhere from the surface or from the grain boundaries

(Fig. 1, step 3+ 3).

3.1.1. Nature of the oxygen exchanged Results of an exchange experiment, obtained at°&839
Fig. 1 presents the different steps to be distinguished dur- on the CIT sample, are presentedrig. 2 A decrease in the

ing exchange. The first step, (1) Fig. 1, consists of an 180, partial pressure#sg) with time is observed from the

3. Resultsand discussion

3.1. Exchangereaction
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the authors. For LguSr 6C00;s, they observed that, after
reaction at 300C, all of the oxygen atoms from the solid
were exchanged. However, it can logically be supposed that
all of the oxygen atoms of LaCa{xan also exchange at a
higher temperature. This is in line with the observation that
the exchange proceeds at a higher rate at higher temperatures
(Fig. 3), and then the equilibrium is more quickly attained.
The results obtained on LaCg@trongly differ from the re-

sults obtained for LaFe§J7] and LaMnQ [8], which were
found to present a low bulk oxygen mobility.

50

Equilibrium Moreover, the gas phase was verified to be equilibrated.
0 The theoretical gas-phase mole numbert®®, was cal-
0 20 40 60 80 culated from those of®0, and 800 at each time of
time (min) the experiment. The calculated partial pressur€® was
found in all cases to be equal to the experimental partial pres-
Fig. 3. Evolution of180 fraction in the gas phasag) versus time of re- sure (P32), showing the fast equilibration of the isotopomers

action—CIT exchanged at different temperatures for 90 min. (Equilibrium

¢ ( ! ) | in the gas phase with the surface (no surface accumula-
is calculated assuming the fractions8D in gas phase and bulk solid are

tion). The CIT sample, after 90 min of exchange at 539

equal) presents a repartitios4: P3g: P32 of 26.5:11.0:15.5 mbar.
4 After complete exchange, the calculated gas-phase partial
pressure (fromNg and Ns) would be P34 = 26.6 mbar,
Equilibrium P3g = 13.3 mbar, P3» = 13.3 mbar (P324 = 4P33P3g). This

is near the values obtained on CIT after 90 min of exchange
at 539°C. It is clear from these results that essentially all
of the oxygen of the solid sample is available for exchange
(Figs. 3 and % Moreover, the exchange limited to the ac-
cessible and theoretical surfaces would correspond to a very
low decrease imé (less than 1% for the exchange of the
accessible surface and less than 2.5% for the exchange of
the theoretical surface). These values are quickly attained in
the range of temperature in which the tests were performed,
and the time at which they were reached cannot be precisely
o 20 0 60 % measuredKig. 3). In addition, the values ofy attained at

time (min) the end of the test, largely below the theoretical values cal-
culated for the exchange of the accessible and theoretical

Fig. 4. Evolution of number of atom exchangel’() versus time of re- surfaces, showed the high mobility of the bulk oxygen.
action—CIT exchanged at different temperatures for 90 min. (Equilibrium
is calculated assuming the fractions80 in gas phase and bulk solid are
equal.)

N (10"%.at/g)

0 T T T T

3.1.2. Rate of exchange

The values of the rate of isotopic exchargeg (Eq.(A.5))
were calculated from the slope of the initial linear part of the
beginning of the test. This decrease is immediately followed exchange curves{g. 2). In all cases, the number of atoms
by an increase if®0°0 partial pressure and, to a lesser ex- exchanged at the end of this linear part largely exceeds the
tent, by an increase in the partial pressurd®, (Psy). In number of atoms exchangeable from the accessible surface
the last 30 min, the three partial pressures reached a plateaysget) and from the grain boundariesg = Sih — SgeT).
The evolution of the®O fraction in the phase gas) and  Then the rate of exchange can be considered a measure of
the number of oxygen atoms exchangét,) as a function the bulk oxygen rate of exchange. The valuesVgf ob-
of time of reaction, obtained for the CIT sample exchanged tained at different temperatures are plotted as Arrhenius
at different temperatures, are presented-igs. 3 and 4 curves inFig. 5 The highest activity for exchange is ob-
respectively. It is clear from these figures that the plateau tained for the COPRG sample. The Co2 and Col samples
corresponds to the end of the exchange, when the solid andoresent activities that are similar, but a little lower than that
the gas phase present the same fraction¥®of and 160. of the COPRG sample. Essentially the same activity was
Nakamura et al[12] already reported a high oxygen mobil- obtained for the RG and CIT samples. Their activities are
ity in La;— Sr,CoQs. The author observed a high activity in  clearly lower than those of the COPRG, Co2, and Col sam-
exchange for temperatures higher than 30@®n LaCoQ. ples. The COP sample presents a lower activity than the
An important increase in activity for the exchange reaction ground and CIT samples, and, finally, the lowest activity is
with the strontium substitution degree was also reported by obtained for the SS sample. The preexponential facteg)(
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Fig. 5. Arrhenius plots of the initial rates of exchange: Col;Q, Co2;
0, RG;V, COPRGA, CIT; 0, COP;<{>, SS; Straight line, two parameters Fig. 6. Corrected pre-exponential factor obtained for the oxygen isotopic

(Eex and Aey) linear regression. exchange as a function of the specific surface area.
20
Table 2
Isotopic exchange results 187 COPRG, 18.7 g
16
Sample teRn?nge of Eexa Aexa Aex corb No iron contamination (e} 1(13_31;112/
perature (kcal/mol) (102 ay/ (10?5 ay = 141 o Co2 9
(°C) (gmin)) (gmin)) E ] 110.9 mPg
ss 633-703 35 49 044 K
cop 445578 18 49 358 L1 .
cIT 445-539 7 51 6.86 5 8 — RG. 171
RG 445-531 2a 281 773 <a§ 64
COPRG 373-480 16 45 17.03
Col 429-520 18 15 1496 4 COP, 3.5 m?/g Iron contamination
Co2 410-496 12 0.5 1340 2 ,
S8, 0.4 mg
2 Eex andAex, values of activation energy and preexponential factor cal- 0 o) ‘ . ‘ .
culated by linear regression on the Arrhenius plots. 0 10 20 30 40 50 80
b Calculated by linear regression on the Arrhenius plots Fighfixed at S,, (m2g)

18.1 kcafymol.

Fig. 7. Corrected pre-exponential factor obtained for the oxygen isotopic
and activation energyHey), obtained by linear regression exchange as a function the theoretical surface area.
of the Arrhenius plotsKig. 5), are summarized ifable 2
The calculated activation energy was found to vary between area orFig. 6. The SS, COP, and CIT catalysts presented an
13.2 kcaJmol (Co2 sample) and 35.5 kgahol (SS sample).  activity that is partially dependent on their specific surface
Only the SS sample presents an activation energy higher tharareas (solid line irFig. 6). However, the ground samples
20 kcalmol. This can be explained by the higher tempera- do not satisfy this relation. For example, the CIT sample,
tures of heating under vacuum for this sample than for the which presents &get 2.3 times lower than the RG sample,
others. As a matter of fact, raising the heating temperatureshowed a similar activity in exchange. Moreover, the CO-
induces the reduction of more &ointo C&* on the sur- PRG, Co2, and Col presented the highest activities (dotted
face, thus increasing the concentration of the active sites forline in Fig. 6), even though their specific surface areas vary
oxygen exchange. Then the slope of the Arrhenius plot doesover a large range (from 4.2%rg for Co1l to 18.7 /g for
not correspond to the real activation energy value. Under COPRG). In comparison, Col (4.22pty), which presents
these considerationgex can be considered as constant for a specific surface area similar to that of COP (3.3/g),
all of the tested samples (18.1 kgadol, average of the ex-  is clearly more active. A better relation can be obtained be-
perimental values). To allow a quantitative comparison of tween the activity in exchange and the theoretical surface
the exchange activities, the preexponential factor was recal-area Fig. 7). For the same crystal domain size (same theo-
culated with the common value of activation energy, as in retical surface area), the same activity is obtained, even if the
the case of the ClHoxidation reactiorj14,17] This regres- specific surface area is different (differesi/SgeT ratio).
sion still yields a reasonabile fit for the Arrhenius plots. The Only the SS sample does not satisfy this correlation. Never-
corrected preexponential factaddxco) can be considered  theless, this sample is clearly less active that the others, and
a measure of the activity for exchange at all temperatures.its activity for the exchange can be considered to be equal to
The values ofdeycor are plotted against the specific surface zero in comparison with those of the other samplag.(7
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and Table 2. The differences in activity observed for the Finally, the desorption of the exchanged molecule re-
different ground samples can be attributed to the iron conta- sults in the formation of lattice surface oxygen &Ce
mination: the lower the degree of contamination, the higher 02——C03+(surf)).

the activity in exchange (dotted line Kig. 7). Then the ef- 3. This lattice oxygen can then decompose to regenerate
fect of the iron substitution is to decrease the bulk oxygen the initial sites of exchange, or diffuse directly from
mobility. This is in line with the observation made by Nita- the surface into the bulk. A parallel mechanism de-
dori et al.[7], who reported a low activity of LaFe{n the scribed previously is supposed: quick diffusion in the
exchange reaction. Then, it is normal to observe a decrease  grain boundaries followed by the diffusion of oxygen
in oxygen mobility with increasing iron contamination. It from the grain boundaries into the bulk in the same man-

was mentioned that surface and grain boundary exchanges ner as in surface-to-bulk diffusion.

were too fast to be measured and only the bulk exchange

was measured. Then the rate of exchange is a measure of th&hen the exchange occurs only when a reduced sité{€o
bulk oxygen transfer. Under these conditions, it is normal to ) is available for adsorption. This is in line with a Mars—
obtain a rate of exchange depending on the theoretical sur-vVan-Krevelen mechanism, which is accomplished by alter-
face area. Then, the higher the crystal domain size, the lowernative reduction and oxidation cycles, and which supposes
the theoretical surface area, and then, the lower the rate ofthat the adsorption of an oxygen molecule occurs only when
exchange. a reduced site is available for adsorpt[d0)].

3.1.3. Mechanism of exchange 3.2. Equilibration reaction

We mentioned previously the possible occurrence of two
distinct mechanisms of exchange: simple exchange (Bys.
and (4)and Comp|ex exchange (Eq§)_(7)) In the case The equ”ibration reaction is described by Eq) The
of the LaCoQ perovskites, the decrease in the gas-phase OXygen of the solid does not participate in this reaction. Gen-
180, concentration followed by the increase in the concen- €rally, equilibration proceeds at a lower temperature than
tration of 180160, and, to a lesser extent, HO,, observed ~ €xchange. Then, the COPRG, CIT, and RG samples were
in F|g l' permit us to conclude that the 5imp|e exchange is tested at low temperature in eqU”ibration. The result ob-
the main mechanism on these solids (E@$.and (4). The  tained at 264C on COPRG is presented #ig. 9. The
simple exchange was observed for a large number of singleresults obtained for the three catalysts are plotted in Arrhe-
oxides like SiQ, Al,O3, and ZrQ [19,28] and some com- nius coordinates iftig. 10 The preexponential factord q)
plex oxides like AFeOy4 (with A = Mg, Co, Ni, Zn)[34]. and activation energiest{g) obtained by linear regression
Nevertheless, the complex exchange mechanism (Gjis. on the Arrhenius plots are summarizediable 3 OnFig. 9,
(7)) cannot be excluded. In the case of a pure simple ex- & decrease iR%0, and !0, is observed. These decreases
change, the initial slope of thes, will be equal to 0, which  are accompanied by an increase in @0 partial pres-
is not the case herdig. 2). The simple exchange can be sure. These observations are in line with E). However,
described in elementary steps: in all cases, thé®0, partial pressure decrease is slower than

that of 80, and is delayed by about 1 mifig. 9). Then,

1. Oxygen adsorption may result from the interaction of a small decrease iag is observed. From this result, it is
a site with an excess of electronic charge 3Gd] on possible to conclude that there is no pure equilibration on
Fig. 8 with a gaseous molecule of oxygen. this solid at the temperatures of the test, showing that the

2. The exchange is the second step. Exchange can prooxygen desorption step is slow in comparison with the ex-
ceed with the scission of the O—O bond of the adsorbed change reaction process. In contrast to what was observed
molecule[28]. The formation of a triatomic oxygen by Nakamura et al[12] on La&_,Sr,CoQ3, who supposed
species (@2 [34] (formed between a surface oxy- equilibration on their samples, the phenomenon observed in
gen (CS+—0) and the adsorbed molecule), as repre- that case is only an exchange with a very slow bulk diffu-
sented inFig. 8, cannot be excluded. Then, the oxygen sion and probably slow grain boundary diffusion. This can
molecule exchanges on the surface without scission of explain why almost the same activation energate 3
the oxygen—oxygen bond. Because of the possible oc-is obtained with the two tests (17.5 and 18.1 Koadl for
currence of some carbonate species on the surface ofthe equilibration and exchange, respectively). Because of the
the samples calcined at low temperature (typically 550— low bulk diffusion coefficient, the measure of the initial rate
600°C), it cannot be excluded that some of these surface (Veq) becomes a measure of the surface reactivity. Then, for
carbonate species participate in the exchange reactionthe three perovskites tested, the same surface reactivity is
as proposed recently by Zhang-Steenwinkel ef34l], obtained Fig. 11). However, it was not possible to know ex-
who studied the mechanism of CO oxidation®» on actly the role of the grain boundary diffusion, which seems
Lag gCey 2MnOs. to be negligible, from the results presentedrig. 11
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Table 3

Isotopic equilibration results

Sample Range of Eeq? Aed? Aeqeof
temperature (kcal/mol) (1025 at/ (1025 at/
(°C) (gmin)) (gmin))

COPRG 264-319 18 135 8960

CIT 348-388 13 58 1971

COP 343-398 22 1824 9.71

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

b calculated by linear regression on the Arrhenius plots \iigh fixed at
17.55 kcalmol.

100

80

60
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Fig. 11. Corrected pre-exponential factor obtained for the oxygen isotopic
equilibration as a function of the specific surface area.
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Fig. 12. Arrhenius plots for the first order rate constanfor: +, Col;
@, Co2;@, RG; ¥, COPRG;A, CIT; H, COP; ¢, SS—Regression lines
calculated withE = 22.25 kcal/mol[14].

3.3. Role of oxygen in the mechanism of CH,4 oxidation

3.3.1. Activity for methane oxidation

The Arrhenius plots for the first-order rate constanib-
tained for the different samples, are presentdeign12 The
values of calculated activation energy,j vary between 20
and 26 kcglmol (Table 1. As in the case of the OIE reac-
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Fig. 13. Corrected pre-exponential factor obtained for the, ©kidation
reaction as a function of the specific surface area.

direct regression of the Arrhenius plots, by settifigto a
common value of 22.25 kcahol. This still yieds an accept-
able fit (solid line inFig. 12). Then,Agcor can be regarded as

a quantitative measure of the catalytic activitig. 13shows

the variation of theselgcor With the specific surface area.
The COP and CIT samples present the same specific activ-
ity (line with the higher slope). The same observation is also
made for the SS, Co2, and RG samples; however, the lower
slope indicates a lower specific activity. The COPRG sample
presents a specific activity between those of the two groups,
whereas Col presents a very low specific activity in compar-
ison with all of the other catalysts. A more detailed analysis
of the catalytic activity of these samples for the methane ox-
idation reaction can be found in Ref&4,17]

3.3.2. Comparison between the two reactions

Figs. 12 and 13obtained for the Chl oxidation reac-
tion can be compared withigs. 5 and 6obtained for the
OIE. First, it is observed that the two processes present
similar activation energies (18.1 k¢atol for the OIE and
22.2 kcafmol for the CH, oxidation reaction). A compar-
ison between the normalized activities for the OIE and the
CH, oxidation reaction is presented fig. 14 A clear cor-
relation between the two reactions is obtained for the SS,
COP, CIT, RG, and COPRG samples. However, Col and
Co2 do not satisfy this relation. Indeed, it is observed that
the activity for the OIE is similar for the COPRG, Col, and
Co2, whereas large differences, due to the large differences
in specific surface areafif. 13, are observed in the CH
oxidation reaction. The CHpreexponential factors can be
plotted as a function ofy, (Fig. 15, as in the case of the
OIE (Fig. 7). The linear relation observed in the case of the
OIE between the COPRG, CIT, and COP is maintained. The
SS sample presents an activity that can be considered equal
to zero, in comparison with those obtained for the other sam-
ples. Then, for these solids, a clear contribution of the bulk
oxygen mobility to the rate of the Cfbxidation reaction is

tion, we recalculated the preexponential factor, obtained by noticed. From the order of activity obtained for the ground
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1200
the limiting factor in the kinetics. In the first part of this

work, we supposed a mechanism of excharigg.(8) that
implies the adsorption of £) on a reduced cobalt site.
Because of the similarity between the OIE andG#tida-

tion reactions, the same rate-determining step is supposed
for the two reactions, and it is the rate of lattice oxygen
diffusion, which determines the amount of available active
oxygen for the oxidation reaction. However, in contrast to
what was observed for the exchange reaction, the effect of
the specific surface area noticed in the {Cékidation re-
Cot,42mlg L action led us to suppose that not all of the lattice oxygen
! is available for the reaction. The effect of the specific sur-

COPRG, 18.7 m%g
1000

800
RG, 17.1 m*/g

600
Co2, 10.9 m%g

400 -

ACH4 cor (mol/g.s.atm)

200 +

0 10 20 30 40 50 60

face area has been observed by several auhb+l3] The
81 (m%/g) large differences in activity between two solids of the same
_ , _ _ composition, but prepared by different methods, were rarely
Fig. 15. Corrected preexponential factor obtained for they @kdation . -
reaction as a function of the theoretical surface area. explained only by the specific surface area. For example,

Leanza et al[41] reported an activity for the CHoxidation
reaction on LaoCey 1Co0s prepared by flame-hydrolysis
that is one order of magnitude higher than the same solid
synthesized by conventional methods. Bell et[4B] re-
ported a similar observation after testing six & sMnO3
synthesized by different routes. The results obtained in OIE

samples, COPRG RG > Co2 > Col, we can conclude

that, as in the case of the OIE reaction, the crystal domain
size and the iron contamination strongly affect the catalytic
activity. However, an effect of the accessible surface area is
observed for the methane oxidation reaction, which was not

observed for the OIE reaction. for these samples clear_ly shoyved the effect of the morphol-
According to the Mars—Van-Krevelen mechanism, two ogy on the oxygen mobility. Itis als_o sho_vv_n that the oxygen
independent steps have to be distinguished for the @ mobility strongly affects the cata!ytlc_ activity. Nevertheless,
dation reaction: the results obtained for the GHbxidation reaction led us to
suppose that only a part of the catalyst is active. A simple
R+0 — P+, model for the description of perovskite morphology is the
2 10, 20, formation of agglomerates$-{g. 16. Then oxygen mobility

is not affected by this agglomeration and depends only on the
where R and P are the reactants and productsisQhe crystal domain size. The smaller the crystal size, the higher
oxidized sites, and * is the reduced sites. This model as- the oxygen mobility. However, the methane access is lim-
sumes that the supply of the oxygen from the gas phase isited to the external surface area (or BET surface area). Under
irreversible and occurs only when a reduced site is avail- these considerations, only the outer zone of the agglomerates
able[40]. Then the formation of the oxidation site becomes (Fig. 16 is supposed to be active for the oxidation reac-
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tion is discussed on the basis of the results obtained for the
exchange reaction.

ACTIVE ZONE
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Nanox Inc. is acknowledged for the synthesis of samples
by reactive grinding.
ELEMENTARY PARTICLE

Fig. 16. Schematic view of the active zone for the {ObXidation reaction .
in an agglomerate formed by several elementary crystals. Appendix A

tion. Nevertheless, the reactivity strongly differs between the A1 Rate of exchange

samples Fig. 13, because of the effect of the crystal size
on the oxygen mobility. In this mechanism, the active oxy-  According to Martin et Dupref19], the rate of exchange
gen availability on the surface is the rate-determining step, (Vex, at/ (g min)) is calculated from the rate of disappearance
and the differences in specific methane oxidation activity are of 10 from the phase gas at time
only related to differences in oxygen mobility, generated by .
H H t
the morphological differences. Vo= —ZNQ% _ ZNS%, (A1)
dt dt
where Ny and Ns are the total number of oxygen atoms in
the gas phase and the number of oxygen atoms exchangeable
at the surface of the solid;
af andaf are the'®0 atomic fraction in the gas phase and

the 180 atomic fraction at the surface at each time.
«f is calculated from the partial pressure80,, 160,

4, Conclusions

The OIE experiments showed the high reactivity of the
oxygen of the LaCo@perovskites. It was observed for the
tested samples that all of the structural oxygen is avail-
able for the exchange. However, large differences in activity )
were observed between the samples. The activity in OIE and'°0'®0 at each time:

was foun rrel well with the theoretical surf
as found to correlate we th the theoretical surface, 1/2P§4+P3’,6

more than with the BET surface area. Then, the samples,aé =34 30 (A.2)
which have a lower crystallite size, exhibit the highest ac- P3y+ P3y+ Pag
tivity in OIE. All of the samples present similar activation . - )
. . and N, is obtained as follows:
energies (about 18 kcahol). A mechanism that supposes 9
the adsorption of the oxygen from the gas phase on a re- NAPr (Vi V.
duced cobalt site is proposed. Different steps were distin- Ng = /;e <7r + ?C) (A.3)
r C

guished: adsorption followed by the exchange reaction and
the desorption of the exchanged molecule; formation of lat- \wherenN, is Avogadro’s number;
tice oxygen, which can diffuse in the bulk of the solid; and Py is total pressure;
regeneration of the exchange site. It is clear from these re- g js the gas constant;

sults that external accessibility is not a relevant parameter v, andV;, are the volumes of the heated and nonheated
for the exchange, and that oxygen availability is facilitated  parts of the system arfy and 7 are the temperatures of
by quick diffusion along the gain boundaries. In conclusion,  the heated and nonheated parts of the system.

OIE seems to be an adequate method for measuring bulk  Then the number of exchanged atoms at each time is cal-
oxygen mobility on cobalt-based perovskites, more so than cyjated from the number ¢8O atoms at time:

temperature-programmed oxygen desorption.

These results were compared with results obtained for the ;r _ (ao —al )N ' (A.4)
methane oxidation reaction. The two processes present sim- © g "9/
ilar activation energies (22 kcahol for the CH, oxidation In the test conditions, the initial rate of exchange was calcu-

reaction). In contrast to the OIE reaction, an effect of the |ated from the initial slopes with respect to time of the partial
BET surface_e}rea on the Glxidation reacupn is observe_d, pressure of%0, (dLg?e) and60180 (dLa?A);
but the mobility of the bulk oxygen remains of great im- dt di
portance. Then it was possible, with the results obtained for JPO  4po
OIE, to explain the differences observed in specific activity y,, — _Na (ﬁ + E) <2j + _34>, (A.5)
in the methane oxidation reaction. The mechanism of oxida- R\T: Tc dt dt
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A.2. Rate of equilibration

The rate of equilibration, described by Hg), is mea-
sured by the rate df0'80 formation. Then it can be mea-
sured experimentally by

Na (Vi Vc\dP,
Veg=—— | = + — | —=. A.6
ed R (Tr+TC> dt (A-6)
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